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Controlling Rayleigh-Backscattering-Induced
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Radioastronomic Applications
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Randall Wayth “"Member, IEEE, Federico Perini, Jader Monari, Giovanni Tartarini "Member, IEEE

Abstract—Radio over Fiber (RoF) Systems exploiting a direct
modulation of the laser source are presently utilized within
important Radioastronomic scenarios. Due to the particular
operating conditions of some of these realizations, the phenomena
which typically generate nonlinearities in RoF links for telecom-
munications applications can be here regarded as substantially
harmless. However, these same operating conditions can make
the RoF systems vulnerable to different Kkinds of nonlinear
effects, related to the influence of the Rayleigh Backscattered
signal on the transmitted one. A rigorous description of the
phenomenon is performed, and an effective countermeasure to
the problem is proposed and demonstrated, both theoretically
and experimentally.

Index Terms—Nonlinearities; Rayleigh backscattering; Ra-
dioastronomy, RoF.

I. INTRODUCTION

HE transmission of radio frequency (RF) signals over the

optical fiber through the so-called Radio-over Fiber (RoF)
technology is nowadays part of many infrastructures related
to applications which include telecommunications (4G/5G
signals distribution, CATYV, etc..), monitoring and radioastro-
nomic signals reception [1]-[4]. Within these scenarios the
advantages of optical fibers with respect to coaxial cables
are exploited to reach higher quality of transmission (such
as lower attenuation and higher bandwidth), lower cost, lower
dimensions and electromagnetic interference immunity.

For those of the aforementioned applications which are
cost sensitive, the RoF systems design can be characterized
by the use of the simple analog transmission, realizing a
direct intensity modulation of the laser source and a direct
detection at the receiver’s end (D-IMDD scheme). This is
the case of significant telecommunications scenarios [5]-[7]
as well as important radioastronomic ones like downlinks of
large dishes belonging to Very Large Baseline Interferometry
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(VLBI) Networks [8], or the downlinks of the planned 130,000
receiving antennas of low RF frequency detection system
within the Square Kilometre Array (SKA) project (SKA-LOW
[9D.

For all these possible RoF applications, one of the major
issues to be faced is the insurgence of nonlinearities in the
input-output characteristic of the system, which determines the
undesired creation of spurious frequency components at the
receiver side placed at the fiber end.

In case of RoF systems operating within the mobile network,
the spurious frequency terms result from the interaction among
the spectral components of the signals transmitted in the
fiber, bringing detriment, for a given signal, both within
its own bandwidth and in the bandwidth occupied by other
signals sharing the same transmission channel [10]. Within
this context, if the fiber utilized is of multimodal type, one
major cause of nonlinearities is given by the presence of
the phenomenon of Modal Noise [11]. This phenomenon
disappears if single mode fibers are utilized, in which case
nonlinearities are typically caused by the combined action of
laser chirp and fiber chromatic dispersion [12], or by the non
perfect linearity of the slope-efficiency curve exhibited by the
laser source [13]. In these last cases countermeasures must
be taken, like the adoption of appropriate digital predistortion
schemes [14], [15].

When RoF systems are utilized within Radioastronomic
scenarios, the signals coming from sky sources and traveling
in the fiber typically exhibit very low levels of both power
and coherence, and do not consequently give rise to the
generation of spurious frequency components. Together with
the sky signals it has however in this case to be considered
the presence of the so called Radio Frequency Interference
signals (RFIs). Excluding those due to lightning from nearby
thunderstorms, RFIs come from known coherent sources (e.g.
high power FM transmitters located within a few hundreds of
km, artificial satellites, radio and television signals reaching
the site due to tropospheric ducting), and can be considered
as sinusoidal tones whose frequency and maximum amplitude
are regularly registered and monitored. Although their power
levels at the laser input of the RoF link are much smaller
than the typical powers of the input RF signals in RoF
telecommunication systems, in the vicinity of their respective
frequencies RFIs exhibit a power that is much higher than that
of the sky signal. It is therefore very important that the RoF
links realized do not exhibit nonlinear characteristics, since



this would imply the generation of higher harmonics as well
as inter-modulation products of these RFIs, which can have a
detrimental effect on the desired quality of the received signals.

The possible causes of nonlinearity of the RoF link listed
above can actually be eliminated or reduced to negligible lev-
els, in case of Radioastronomic applications. Indeed, choosing
to operate with G.652 single mode fibers, rules out the insur-
gence of Modal Noise in case the optical wavelength utilized is
above 1260nm [16]. Moreover, operating in the second optical
window, i.e. around 1310nm, which guarantees zero chromatic
dispersion maintaining at the same time acceptable attenuation
(due to the distances involved which are typically lower than
10km), reduces to negligible levels the combined effect of
laser chirp and fiber chromatic dispersion. Finally, given the
fact that even after preamplification the RFIs tones powers
reaching the RoF links reach levels around —20dB,,, or less,
the level of the spurious frequencies due to the imperfection
of the laser slope-efficiency characteristic typically falls below
the noise floor.

Other causes of nonlinearity could be given by the interac-
tion of the transmitted signal with portions of itself which are
reflected, e.g. in correspondence to imperfect connectors [17],
or scattered, due to the Brillouin effect [18], [19]. However,
D-IMDD RoF systems for Radioastronomic applications, like
all modern optical communications systems, are furnished by
Angle Polished Connectors (APC), which provide return losses
of the order of 60 dB, and avoid the impairments due to
connectors reflections. Moreover, their already cited typical
length values, together with their corresponding launched
optical powers which are typically not higher than 4 —6 dB,,,
exclude appreciable impairments due to the presence of Bril-
louin scattering [20].

One cause of nonlinearities which in this scenario cannot be
a priori neglected consists instead in the interaction between
the optical signal and its portion which, after having been
backscattered by Rayleigh effect, is reflected at the transmit-
ter’s section of the link and propagates to the receiver’s end.
The effects of Rayleigh Backscattering (RB) in optical fiber
systems have been extensively studied, with a substantial focus
on the undesired reduction of the Signal to Noise Ratio at the
receiver’s end in optical fiber systems for telecommunications
applications. [21]-[23].

However, the insurgence of nonlinearities related to RB in
D-IMDD RoF links has been put into evidence in relatively
recent times [24]. The reason consists in the fact that its
detriments can become important only in presence of particular
combinations of the operating parameters of the optical system
considered, which include e.g. amplitude and frequency of
the modulating signal, combined with the constraint of main-
taining at low levels the total cost of the whole RoF link.
While only in particular cases these operating conditions and
constraint can be appreciated in typical optical systems for
telecommunications, in case of applications like the Radioas-
tronomic ones, this framework constitutes a possible normal
operating condition, and the detriments due to RB-induced
nonlinearities have then to be adequately characterized and
counteracted.

In the present paper the onset of undesired nonlinear

characteristics in D-IMDD RoF systems will be described
in detail through the derivation of a rigorous mathematical
model, which will be validated through accurate comparisons
with experimental results. The analysis will allow to predict
the insurgence of the problem in RoF systems designed for
Radioastronomic applications. Extending the work presented
in [25], an effective solution to reduce to acceptable levels the
nonlinearities related to RB will subsequently be proposed,
and analyzed, arriving to identify some important design
parameters.

The paper is organized as follows. In Section II the mathe-
matical model which describes the insurgence of nonlinearities
related to RB in D-IMDD RoF systems will be developed.
In Section III it will be evidenced how their impact is of
particular importance in the context of some radioastronomic
applications. In section IV the same developed model will be
utilized to propose an effective countermeasure to the prob-
lem illustrated. In Section V the model will be successfully
tested through a comparison between measured and simulated
behaviors of quantities related to system nonlinearities. The
experimental test will regard also the solution adopted, whose
effectiveness will be confirmed, leading to the optimization of
some of its operating parameters. Finally conclusions will be
drawn.

II. THEORETICAL DESCRIPTION OF THE UNDESIRED
EFFECT

A. Electrical field emitted by the Laser and coupled into the
Optical Fiber

The optical link considered is composed of a DFB laser
source, connected to a span of Standard Single Mode Fiber
(SSMF), directly connected to a PIN photo-detector. The laser,
having respectively threshold and bias currents I;;, and Ip;qs,
is modulated by a current composed of Ny radio frequency
sinusoidal signals expressed by:

N,
Irp(t) = Z Irp,i0cos(wrrt) (D
i=1
in which Irp;o is the amplitude of the ¢—th signal and
where the angular frequencies wgp|i=1,.. n,, all exhibit
values which are well below the relaxation resonance angular
frequency of the laser source utilized.
The difference between the total current injected into the
laser I;p;(t) = Ipias + Irr(t) and the threshold current Iy,
can then be conveniently put in the form:

Lini(t) — Ith = (Inias — Itn) [1 +igrp(t)] =
N,
= (Inias — In) |1+ ) OMI;cos(wrp,t)| (2)
i=1
where the Optical Modulation Index (named also intensity
modulation index) of the i-th signal OMI; = Irp; o0/ (Ipias —
I,1,) has been introduced
According to the physical process described by the Laser
Rate Equations, the injection current Imj(t), influences the
variation in time of the number N.(t) of charge carriers in the



laser active region. This, in turn, determines the time behavior
of the number of photons in the active region, given by:

Np(t) =
+az(ir

Ith) [1 —+ iRF(t) + ag(iRF(t))2+
+ ] = mpIpias — L) [L+ s(t)]  (3)

77 (Ibzas
F(t)° +

where 7, is the linear component of the Photon-Current laser
characteristic curve (considered to be the same for Ip;,s — I3
and for Ipp(t)), while as and as account for second and third
order nonlinearities of the same curve, respectively.

Following the approach proposed, e.g. in [13], [26], a com-
plex representation of the electrical field Er x(t) generated
inside the laser cavity and coupled to the single mode optical
fiber can be introduced. This field oscillates in the vicinity
of the angular frequency wy;, correspondent to the lasing
threshold, and exhibits an amplitude A(¢) and and phase ((t)
which can be expressed as:

ETX (t) = A(t)ejc(t)ejwthte(n

Xejw,,htébl Aomej (K [ Np t)+¢(t)]ejunhté»01 (4)

A(t)el 0o+

from which it results that both A(t) and ((¢) are functions
of N, (t). The expression of A(t) indicates the presence of the
laser intensity modulation. In particular, the constant quantity
Ap is such that AZ represents the proportionality constant
between N, (t) and the optical power emitted by the laser and
coupled into the optical fiber. This implies that the dimensions
of Epx(t) are actually ‘j/Fm (while in [26] they are V/m and
in [13] the field is adimensional), and this will be maintained
in the following for formal simplicity of the mathematical
derivation.

Moreover, the phase ((¢) of the Electrical Field, besides
the laser phase noise contribution ¢(t), exhibits a term
0o(t) = K [ N,(t) which denotes the presence of a phase (or
frequency) modulatlon of the optical field called frequency
chirp [26], generated by the direct modulation of the laser.
Note that, due to the values assumed by wr F77;|,L':17___7 N, in the
expression of ((¢) the transient chirp term could be neglected
[13]. Note also that the value of the coefficient K, which
accounts for both adiabatic and thermal chirp effects, can
vary with the frequency of the term it multiplies. Finally, in
Eq. (4) €py is the normalized mode function referred to the
fundamental LF,;; mode.

As a consequence of the considerations developed above,
the expression of Erx (t) can be rewritten as:

E"TX(t) = Eoy/1+ s(t) - e4i[9(t)+¢(t)]ejwoté'01 )

where Ey = /P, is the electrical field amplitude, with
Py = n(Ipias — Itp) representing the optical power coupled
into the optical fiber if only the bias current were injected, and
where 7 is the Power-Current laser slope efficiency. Moreover,
it is 9(t) = eo(t) — K’I]p([bz‘as — ]th)t, while wy = wyp +
Knp(Iyias —Itn) = 27 fy is the optical frequency of emission.

Putting, for simplicity of notation, Knp = Kj;(wrr),
in the considered case of modulation performed by simple

sinusoidal signals of angular frequency wrr ;, a correspond-
ing phase modulation index can defined as M(wgrp;) =
21K y(wrr,i)IrFio/wrr: [27]. The phase modulation 6(¢)
due to the frequency chirp can then be expressed as:

Ns
= Z M((.L)RFJ;) sin(wRF’it) (6)

i=1
The expression of the field after a length z can be expressed
as follows:

ETx(t, Z) = EO
IO(—F2)+6(t—72)] i

14+ s(t—72)x
J(wot=F2)=3zg,, @)

where 7 is the group delay-per-meter of the fundamental
mode, 3 is its propagation constant, while « is the attenua-
tion coefficient of the fiber material at the optical frequency
considered in neper/m.

B. Description of the RB signal

Because of the imperfections on the refractive index along
the optical fiber, part of the optical signal is scattered, in
both forward and backward directions. As mentioned in the
Introduction, this phenomenon is called Rayleigh Backscatter-
ing (RB) and because of its nature results to be elastic and
therefore linear. The total amount of RB can be seen as the
sum of the contributions of all the scatterers present along the
optical path.

Figure 1 shows schematically the concept of the RB model
considered.

7z = 0\1 Z|1
p1Erx(t,22,) =)

pErx(t, 22;)
Pi+1Erx(t, 22)41) ~ =

17 PR I Y Y
=

Fig. 1: Scheme of the Rayleigh Backscattering (RB) model
considered. See text for details.

In particular, at ttle fiber input section (z = 0) the total
backscattered field Erp(t,z = 0) is given by the sum:

kmaax

> peErx (t,221) (®)

k=1

ERB(t7Z = 0) =

where zj, is the coordinate of the generic scattering section
and k4. is the total number of scattering sections (i.e.
Zkmas = L, where L is the total length of the fiber span).
Moreover, pr = p(zk) is the reflection coefficient at section
2k, while the term 2z; in the argument of Epx takes into
account the round-trip of the scattered field.

Following the model proposed in [23], the quantity py
is assumed to be a time independent zero-mean complex
Gaussian variable. The variance of both its real and imaginary



parts is Ugee{pk}/%m{pk} = %as&zk where « is the Rayleigh
attenuation coefficient, which for the considered wavelengths
can be assumed to coincide with «, while S is the so-called
backscattering factor or recapture factor [28], which depends
on the characteristics of the fiber considered, exhibiting typical
values of the order of 10~2 for the standard G652 fiber.

The quantities pj are also assumed to be delta correlated as
follows:

2 2 . _
* Tor = 2050y /5oy W K=
Elprpn] = )
0 if k+h

where E[-] represents the expected value operator.

The corresponding average optical power back scattered at
the input section Prp(z = 0) can be shown [23] to be given
by:

asS(1 —e~2L) P S(1 — e 2ok
= 1o

Prp(z=0) =P
rp(z=0) =P 200 2

(10)

C. Modeling of the nonlinearities after the RB laser feedback

Despite the presence of an optical isolator, which is part of
the RoF Transmitter (RoF TX) and attenuates the backreflec-
tion by typically 30-40 dB, a small portion of Prp(z = 0)
(or, equivalently, of Erp(t,z = 0)) results to be fed back
into the laser source. This determines [23], [29], [30], among
other effects, the re-emission by the laser itself of a field

\ /L, being

proportional to Erp through a coefficient I =  /
G and Att;s, the laser amplification factor on the reflected
signals and the isolator power attenuation, respectively. Figure

2 illustrates the process that has just been described.

ETX (o4 ERB (t,Z = 0)
i : > —.
' |Laser Isol.| ! A Fiber
|__________?__________)___'
(ROF TX) ERB(t,Z = 0)

Fig. 2: Generation at the input section of a fiber of a replica
of Erp(t,z = 0) propagating in the positive z direction.

This field finally reaches the photodetector placed at the
coordinate z = L together with the transmitted signal Erx.
The current generated by the photo-detector can then be
computed as:

. . 2
iout(t) =R ‘ETX(tv L)+ Erp(t, L)‘
. 2 - 2
~R UETX(t,m\ + |Era(t, L)] +
We{Erx(t,L) - Bhp(t, L)}] (11)
where Epp(t,L) = I‘Zgg“ pxErx(t,2z;, + L), and where
‘R is the Responsivity of the detector.

At the last side of Equation (11), the term |Egrp(t, L)|?
results to be much smaller with respect to the others and
will be neglected in the following. The detected current can
therefore be approximated as:

iout(t) ~
- 2 - -
- R UETX(t,L)‘ + 2Re{ Erx (t, L) B (t, L)} | =

= Gout, 7x (t) + tout,7x,RB(t) (12)

The first term at the right-hand side of Equation (12) would
coincide with the total detected current if the RB effect were
absent, and is given by:

boutyx () = Gout0[1 + s(t — 71)]e”*F (13)

where i,y 0 = R|Eo|* and 7, = 7L. The second term
at the right-hand side of Equation (12) is instead the one
responsible of the presence of the RB-induced spurious terms
in the current power spectrum. From Equations (7) and (8),
its expression is given by:

. —aLr-
'LoutTXYRB (t) =€ Flout,ox

kmagx
28?e{ Z Pi/ 14 st —1)\/1+s(t — 273, — 71)) %

k=1
I [0(t—TL)=0(t—27k —TL)+2B 2+ A(t,275)] — a2k }

(14)

where 1, = 7Tzg, AP(t,27,) = &t — 1) — &t — 7L —
271), and where, from Prosthaphaeresis Formulas, it can be
derived (see Equation (6)) 6(t — 71) — 0(t — 27, — 71) =

N, .

Yol 2M (wrr,i) sin (Wrp,iTk) cos (Wrr,i(t — T — Tk)).

Note that, depending on the expression of s(t), and in par-
ticular on the applicability of the assumption OM[; << 1,3
(see Equations (2) and (3)), the prevailing contribution to the
nonlinearities can be ascribed either to 4oyiqy pp(t) OF to
iO'U«tTX (t)

Indeed, it OM1I; << 1,V1, (as for the case e.g. of SKA-
LOW, where the optical modulation index is generally below
1%), ioutr« (t) can be assumed as a linear function of the
modulating signal, since the terms related to the nonlinearity
of the photon-current laser curve, which are proportional to
(irr(t))?, (irr(t))3,... can be neglected.

Exploiting such relationship, approximations can be per-
formed at the second side of Equation (14), where both
radicands can be just reduced to the unit number. Indeed it
can be straightforwardly derived that this approximation does
not prevent to put into evidence the prevailing contributions
to the distortion terms associated with the phenomenon under
study. The quantity ioytp.x 5 () assumes then the form:

kmaa

. —aLom, 1282 —zk
outrx.np(t) = e @ Qonut,O%e{ E pre’ Bar—azk 5
k=1

ej Ei\]:sl T,k COS (wRF’i(tf‘rLf‘rk))ejAzi)(tQTk) } (15)

where z; , = 2M (wrr;) sin (WRrF,iTk)-



Applying now the Jacobi-Anger expansion e/*o5(¥) —
S ()T (w)e™, where u = x;; and Y = wrp,i(t —
Tr, — Tk), the expression of gy, 5, () finally becomes:

kmaa

Goutx np (t) = €2 4, o Re { Z pred?Prrmaz

k=1
+oo
S D" T (@in) e ()" T, (@, )%
nl,...,nNS:

el (niwrp 1+ +NN,WRF N, )(t—TL_Tk)ejA¢(t727'k) } (16)

If, on the contrary the condition OMI; << 1,Vi is not
respected, then the approximations just performed cannot be
applied. In this case the component 7, (t) can be consid-
ered as the main source of nonlinearity of the link, because
of the presence of the terms of s(¢) multiplied by as, as, etc.
Due to their clear identifiability, in the following paragraph
the two different situations will be separately analyzed.

D. Determination of the output Power Spectrum

To analyze the impact of RB on signal distortion we proceed
first in taking the square module of the Fourier Transform
(FT) of 7,y (see Equation (12)). Then, in order to obtain its
Power Spectral Density (or Power Spectrum) PSD,y, the
operator lim7_ %() is applied, where 7 represents the
integration interval of the Fourier Transform. This is necessary
since the considered signal has not finite energy and therefore
integration in the time domain diverges. Moreover, because of
the presence of the statistical quantities pg, the expected value
has to be considered. Formally, the expression of PSD,,; can
be written as:

o 1 ) 2] _
PSDous = Jim_ B [|Fr{iou}’] =

.1 ) .
= Tlgnoo ?E [|FT {iowt,rx} + Fr {lout,TX,RBHQ}

= lim %{E {|f7{z‘m,m}|ﬂ +E {|f7 {iout,Tx,RB}ﬂ +

T—o0

+ E 2Re {F7 {iout,rx } F7 {iout,rx,rB}}] } (17)

where Fr{-} = [’ T7/—32 ) e~I«dt represents the FT operator
computed in the integration interval 7, and where, for sim-
plicity, the explicit dependence on time of the currents to be
transformed has been omitted.

The last side of Equation (17) is composed of three ele-
ments. As a first consideration, the third term at the last side of
Equation (17) can be shown to be null, exploiting the statistical
properties of py for which it is true that E[pg] = 0 Vk. This
reduces PSD,,; to the sum of the individual power spectra of
Goutrx (t) and ioutry np (1), named in the following PSDrx
and PSDrx rp, respectively.

Starting from PSDrx, two different situations can be
obtained, depending on the condition OMI; << 1,Vi. If
this hypothesis is fulfilled, then the following expression of
PSDrx can be written:

PSDT)(( )— hm

N 2
L " (OMI,
e 2 i% 0 {5(w) + Z ( 5 )

X [5(w—wRF,i)+5(w+wRF,i)]}] (18)

where §(-) represents the Dirac generalized function (or
Dirac distribution). As mentioned above, PSDyx in this
case is assumed to be ideal, meaning that the nonlinear
contributions given by the terms ay and as of equation (3)
are negligible.

On the other hand, if the condition OMI; << 1,Vi
is not fulfilled, the expression of PSDrpx will include all
spurious terms which are linear combination of the frequencies
employed. The expressions of some of such terms of particular
interest will be given in the following subsection.

The second term in Eq. (17) represents the Power Spectral
Density PSDrx rp of the spurious terms generated by the
RB feedback. Exploiting the general relation F{Re{g(¢)}} =
L [F{g(t)} + F{g*(t)}], and taking advantage of the statis-
tical properties of p(z) expressed by (9), which imply also
El[prpr]) =0 Vh,k , after a lengthy but direct derivation, the
expression of PSDrx grp can be determined as:

kmaaz

2.2 —2aL 2 _—2az
PSDrx gp(w) ~ 2T Tout,0€ E 0, € kx

k=1
“+oo
x oy 7|Jn1($1,k)|2~-~|JnNs (2, £)|* x lim
nl’;"_nolgsi
. 2
|:5 (w — (nleF,l + e + nNszF,NS)) * {eJA¢(t727—k)}’ :|

19)

where (%) is the convolution operator. Exploiting the
properties of the Dirac distribution, the last factor at the
second side of Equation (19) can be indicated as L(w —
(nwrr1 + -+ + nn, wRFN) 271), where L(w,27) =
im0 7 |]—'T {ernolt: 27’”}‘ represents the equivalent
linewidth of the optical field resulting from the interaction of
Erx with the component of Erp which is delayed by 27y.
Indicating with 7., the coherence time of the optical field,
its expression can be determined [31] as:

E(w 2’7’k =

27
— ¢ Tecoh

2Tcon
1+ (Tcohw)2

5111 w27'k):| [1 e f;’j}
(20)

where the value of 7., [32] can be determined from the
numerical solution of the integral given by:

oo
Tcoh = /
—00

Without direct modulation, this term represents the intrinsic
coherence time of the laser source, mainly limited by the

‘< Erx(t) - Efy(t —€) >’2

= = dg 2
’< Erx(t) - EX(t) >‘



spontaneous emission. Under direct modulation, the spurious
phase modulation due to frequency chirp decreases the value
of T.on, because of the spectrum broadening produced [30].

The output power spectrum consists then in the sum of
PSDrx(w)and PSDrx rp(w), given respectively by Equa-
tions (18) and (19), when the condition OMI; << 1 Vi
is verified. If the aforementioned condition is not verified,
then total power spectrum is considered composed only by
PSDrx(w), in which, differently from Eq. (18), the terms of
second and third order are in this case included.

E. Undesired spurious terms of particular interest

In many practical situations the number of RFIs is Ny, =1
or Ny = 2.

In the first case, the power of the p —th harmonic distortion
term H Dy, , caused by the nonlinear behavior, considering
separately the cases in which the condition OMI; << 1
is respected or not, results respectively from the integral of
equations (18) and (19) over a bandwith B which tends to zero,

centered in pwgrp,1. The expression of H Dy, ., becomes:

2aL

HD =2GampRL x 20702, ge 2% x

PWRF,1
kmax
2 —2azp 2
X E 0, x Jy(z1h) X
k=1

PWRF,1 +§

x lim [ L(w—pwrpa,27K)dw  (22)
B—0
prF,l—g
if OMI, 5 << 1, while otherwise it becomes:
, Coup o OMI?
HDpupry = GanpRyr x 2, 0e > a? 22p_§ (23)

where Ry, is the load resistance and G 4,7p is considered to
take into account the possible presence of an amplifier right
after the photodetector, as it is for the system considered in
Section IV.

For the case OMI; << 1, Eq. (22) shows that HD,,,,,.,
consists in the sum of the square of the p — th order
Bessel Functions of first kind J,,, appropriately evaluated and
weighted over all the k., reflecting sections. To give a
quantitative idea, if one considers the undesired second har-
monic (H Da,,,.,) generation of an RFI signal with angular
frequency wgrp,1 = 27 - 70 M H z, possible typical values at
this frequency of the related parameters are Ky ~ 220 I‘fn Ifj,
Irp10 = 0.5mA. This leads to a value of M(wgp1) =
21K y(wrri)Irri0/wrr1 =~ 1.5. It can be verified also
graphically that for the various k = 1,. .. ky,4, (in correspon-
dence to which the sin (wgrp,17%) randomly assumes values
between -1 and 1) the values of J3(2 - 1.5 - sin (wrp17k))
give in average a non negligible contribution to the final value
of HDaypp s -

Eq. (23) shows instead that if the condition OMI; << 1
is not respected, H Dy, is proportional to the quantities

af, and OM pr , and (see Eq.’s (2) and (3)) for increasing

amplitude of the modulating current Irp 1 o it grows, e.g., as
(IRF,170)4 ifp = 2 and as (IRF71)0)6 ifp =3.

Analogously, for Ny = 2, the power of one of the possible
q — th intermodulation distortion terms IM Dy p iy 4vwpp s
where ¢ = |u| + |v| with u,v = +1,...,£(]g| — 1), results to
be:

IMD

UWRF,1+VWRF2 —
=2GanpRp x 2T%i2%,, je > x
kmax
X Z 03k6_2a2kJg(fﬂl’k);]g(l'z’k)X
k=1

B
UWRF,1TVWRF,2+5

x lim [ L(w —uwrr1 — VWRF2, 2Tk)dw  (24)
B—0
uwRF,1+UwRF,2*%
if OMI;,0OMI, << 1, while otherwise it results to be:
IMDUWRF,lJrﬂwRF,z =
2
. —2a 2|u 2lv] {4
=GanpRr X 2y ge 2P a2oM " oM I '22q_1

(25)

Similarly to what has been observed with reference to the
HDppp, terms, Eq. (24) shows that for the case OM I} <<
1L, IMDywpp+vwrp. COnsists in a weighted sum of products
of the squares of the Bessel Functions of first kind of orders
v and v (J, and J,, respectively), for which the same
quantitative considerations developed above can be applied.

On the contrary, if the condition OMI; << 1 is not
respected, Eq. (25) shows that IMDyypp+vwpp. 1S Pro-
portional to the quantities a2, OMIflu‘, OMI;'U‘, ie. it is
proportional to (Igr1,0)?* and to (Igp1,0)?1"N.

Finally, note that in order to perform correctly the evaluation
of equations (22), (24), it is necessary to take adequately
small values for the average distances zj1 — 2, between two
consecutive reflection sections. Through various simulation
tests it has been verified that convergence to stable, reliable
results can be achieved utilizing values of 10™%m or less.

III. APPLICATION CONTEXTS AND OPERATING
CONDITIONS WHICH MAXIMIZE THE IMPACT OF THE
RB-INDUCED NONLINEARITIES

From the considerations developed, it can be desumed
that the level of a certain undesired spurious frequency term
reaches important values when the corresponding value/values
of the phase modulation index/indexes M are such that the
associated squared Bessel functions of first kind (see Eq.(19),
or also Equations (22), (24)) exhibit relatively high values in
correspondence to the argument given by 2M.

To illustrate a practical example of this relationship, Figure
3 shows the computed behavior of H Dy, for wrr1 =
21 - T0 M Hz, assuming Ky = 220 M Hz/mA, for varying
values of M, ,. The complete set of variables used for the
simulations, which also refers to the system which will be
employed in Section IV, is listed in Table I.
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Fig. 3: Modelled values of HDs, .., (mW) due to RB in a
D-IMDD RoF link. The quantity in abscissa M (wgrp,1) = 27-
K¢Igpi10/wrr, is varied through Irp 1 o, keeping K; and
wRrr,1 at constant values. For low values of Irp 1,0 HDaw o
exhibits a behavior which can be related to J3(2M) (see Eq.
(22)), while for high values of Irp 1, it results proportional
to to (Irr1,0)* (see Eq. (23)).

Irr10

TABLE I: Simulation parameters.

Symbol Physical meaning Value
I Laser threshold current 9 mA
Tpias Laser bias current 37 mA
Popt Laser output power 6 dBm,
Attiso Laser power isolation 20 dB
Teoh,0 Laser unmodulated coherence time 63.6 ns
Gr, Laser power amplification factor 18 dB
K;(7T0 MHz) Laser chirp factor at 70 M Hz 220 MHz/mA
K;(10KHz) | Laser chirp factor at 10KHz MHz | 450 MHz/mA
az Laser 2nd order non-linearity coeff. 0.01
as Laser 3rd order non-linearity coeff. 0.09
o Fiber Power attenuation factor 10~* neper/m
S Fiber Recapture factor 1073
L Fiber Length 10 Km
R PD Responsivity 1 A/W
Ry, Load Resistance 50 Q
Gamp Amplifier Power Gain 22 dB

From the figure it can be appreciated that the HDa .,
due to RB takes place in the range of values of M which
correspond approximately to Irp 10 € [0.4,0.9] mA, which in
turn correspond to values of input RF power levels Prr 1 in, =
%Zi (Irp10)? (with Z;, = 50 input impedance to the
laser transmitter) ranging from ~ —24dB,, to ~ —17dB,,.
Increasing M (i.e. increasing Igp,1,0) the value of H Doy .
decreases, due to the fact that J2(2M) exhibits in this case
lower values. Proceeding further to greater values of M
(i.e. of Igp1,0), it can be observed that starting from A
around 8, which corresponds to Irp 10 ~ 2.7mA and to
Prrin ~ —7.4dBp, HDay,,,, starts again to increase.
This is due to the intrinsic nonlinearity of the laser source,
and, as observed in Subsection II-E with regard to Eq. (23),
it features a behavior proportional to (Irp1,0)*.

Focalizing again the attention on the RB-induced nonlinear-
ities of which Fig. 3 visualizes an example, it can be observed

that, generally speaking, the phenomenon studied can be found
in any RoF system. However, the simultaneous presence of
diverse aspects, which are listed below, must be met, in order
to encounter the problem described.

1) Single downlink cost limitations (e.g. in the order of
100$ or less for a single front-end receiver). This con-
straint implies that no external modulators are utilized
nor optical isolators are inserted in addition to the one
embedded in the laser. The first deficiency results in
the presence of frequency chirp due to direct laser
modulation, while the second implies that a portion of
the sent signal is able re-enter the laser after Rayleigh
back scattering.

2) Relatively low power of the RF tones at the input section
of the lasers. In the representative example visualized
in Fig. 3, values of Prp1,n ~ —20dB,, or less allow
to appreciate the phenomenon. Powers of these orders
of magnitude are low if compared with the ones used
for e.g. typical RoF systems designed for telecommu-
nications applications. In this last case, the higher RF
input powers (e.g. around 0 dB,,,) would indeed “mask”
the phenomenon considered, even if the RoF system
is not equipped with external modulators or additional
isolators.

3) Relatively Low values of the RF frequencies transmitted
in the optical channel (from few MHz to hundreds of
MHz). As recalled in the beginning of the present Sub-
section, the quantity governing the behavior of the spu-
rious frequencies for a given input tone wrp 1 is M =
2m-Kilpp1,0/wrry = 20 K¢\/2PRE 1 in/ Zin/ fRE1-
Considering again the realistic example visualized in
Fig. 3, the H D3y, ., power can be regarded as apprecia-
ble when the value of M ranges roughly between 1.2 and
2.7. In case of powers Prr 1, which can range from
around —40dB,, to around —20dB,, and taking into
account that it can be taken Ky ~ 200—300M Hz/mA,
such values of M are reached with RF frequencies of a
few tens/few hundreds of MHz. These frequencies do not
belong to the ones transmitted by RoF systems designed
for 4G/5G mobile communications. In this last case, the
values assigned to the RF carrier frequencies start from
around 700M H z and extend at least to some GHz. At
these frequencies, in order to have values of M ranging
roughly between 1.2 and 2.7 it would be necessary to
have powers Prp1 i in the vicinity of 0dB,, or more,
which would cause the nonlinearity due to the laser to
mask the phenomenon, as specified in the previous point.

Figure 4 visualizes in logarithmic scale the considerations
just developed, indicating the possible set of operating fre-
quencies and RF input powers which can give rise to the
phenomenon.

It can be appreciated in such figure the locus where the RB-
related nonlinearities exhibit important values, given by the
yellow stripe which starts from left-below and goes to right-
above. Note that the extreme up-right values of frp; and
Prr1,in identified by such stripe, given by the vicinities of
frr1 ~ 700 MHz and Pgp1n ~ —5dB,, could represent



TABLE II: Radioastronomic facilities formed by a high number of antennas, operating at frequencies of tens/hundreds of M H z,
and proneness of their respective Antenna-to-Processing Room DownLinks (DL) to be affected by RB-induced nonlinearities

Name Location Bandwidth DL Length DL Technology Potentially affected

CHIME [33] Canada 400-800 M H =z Up to 100 m RoF No
GMRT [34] India 50-1500 M H=z Up to 20 Km RF/IF over Fiber Yes
HERA [35] South Africa | 100-200 M Hz | 150 m / 500 m RF over Coax/RoF No
LOFAR [36] Netherlands 10-250 M H=z <200 m RF over Coax No
MWA [37] Australia 80-300 M Hz <5km RF over Coax / RoF Yes
OVRO LWA [38] USA 27-85 M Hz Up to few km RF over Coax / RoF Yes
SKA-LOW [9] Australia 50-350 M Hz <10 km RoF Yes
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Fig. 4. Modelled values of H Dz, (mW) in the D-IMDD
RoF link, whose parameters are reported in Table I, for varying
values of both frp1 = wrp1/(27) and Prp 1 i, keeping Ky
at constant values.

a possible set of values utilized within LTE/5G applications.
Nevertheless, apart from this singular case, the figure confirms
that the values of frp1 and Prp 1,y identified by the locus,
in their majority are typically not utilized in RoF systems for
telecommunications applications.

Moreover, still from Figure 4 it can be clearly appreciated
that a further increase in Prr 1, from the value Prp 1 ipn ~
—5 dB,,, determines a failure in the fulfillment of the condition
OMI << 1. This causes H Dy, to increase for any value
of frr,1, due to the intrinsic nonlinearity of the laser source.

Note finally, that the same considerations just developed and
illustrated with reference to HDayp,,, can be applied in the
analysis of any other undesired spurious term generated within
the D-IMDD RoF link.

The analysis performed within this Section allows then
to affirm that the applicative scenario which can feature the
combined presence of all the aspects listed above is the one of
large radioastronomic facilities, composed by a high number of
antennas, where the observed bandwidths include frequencies
of few tens/few hundreds of MHz.

To give an idea of the importance of these radioastronomic
distributed antenna systems, Table II reports the most im-
portant ones, evidencing how some of them, in relation to
the characteristics of the downlink (DL) which connects each
Antenna to the Central Processing Room, the insurgence of
RB-induced nonlinearities can be potentially experienced.

With the aim to counteract the insurgence of the nonlin-
earities originating from RB in D-IMDD RoF system, the
solution proposed consists in the direct modulation of the
laser source through a further sinusoidal tone, which exhibits
a lower frequency with respect to the one of the RFIs and,
through the cited chirping effect, performs a so called dithering
of the laser frequency.

Note that this solution has already been proposed in the
past, with the aim to reduce interferometric noise in optical
fiber systems, which includes also noise induced by RB [39],
[40]. This is in line with the fact that, as mentioned in the
Introduction, the study of the detriments due to RB has been
substantially focused on the added noise introduced by the
phenomenon, and the countermeasures have consequently been
directed to the solution of this problem. Unlike that, the
nonlinearities due to RB have not so far been put into evidence,
and this proposal to use a dithering tone to reduce to acceptable
levels the impact of the spurious terms generated, highlights a
novel additional beneficial effect related to the application of
this technique.

The model derived in the previous Section can ade-
quately describe the effect of the additional modulation,
which is assumed to be performed with current I, (t) =
Tiith,0 cos(waitnt).

Without loss of generality, for the sake of clarity, as ex-
emplary operating condition it will be considered the case
where two modulating tones are present, one constituted by
a RFI, Ipp1ocos(wrpit) and one by the dithering tone
Laitn,0 cos(Waitnt)-

The undesired spurious terms to be analyzed are the
HDoypp, and HD3yp,, located at angular frequency 2 -
wrr,1 and 3 - wgrF,1, respectively. From Eq. (22), the expres-
sions to be considered are then:

26,2 —2alL
I‘.[DQWRF,1 = GAMPRL x 2T 27’out,06 “rx

kmaz
2 =2 . 2 2
X Z 05, € FEk X JO (xdith,k)Jz (xl,k)x
k=1
2wRF,1+§
x im [ L(w—2wrp1,27)dw (26)
B—0
2wRF,1*€



26,2 —2aL
HD3wRF,1 = GAMPRL x 2I" 27’0ut,06 A x

kmuaz
X Z U§k672azk X Jg(xdithyk)Jg(ka)x
k=1
3wRF,1+g
X lim ﬁ(w - 3(JJRF71, 2Tk)dw (27)
B—0
3WRF,1*%
for OMI; << 1 and otherwise:
oMI?
HDoupy, = GanpRrigu,oe ** a3 =——— (28)
. —oar 2 OMI?
HD3uppy = GanpRLiz 0e " a3 = L 29

The beneficial effect of having introduced the dithering
tone is related to the value assumed by the quantity g i
with respect to z1 . Indeed, taking e.g. the same values
chosen in Subsection II-E for wgrp; and related quanti-
ties, the same average non negligible contribution to the
final value of HDs, .., is given by the terms J3(2-1.5-
Sin (WRE1Tk)) | k=1,....kyman -

On the contrary, the corresponding quantities related to
wqitn, assume different values. In particular, being wg;p, =~
21 - 10kHz, Kg(waitn) ~ 450222 Ty 0 ~ 20 pA, this
give rise to M(wgith) = Mgy, =~ 900. For the various
k = 1,...kmnas the values of JZ(2 - 900 - sin (wgitnTk))
give in average an extremely low value, which in turn mul-
tiplies J3(2 - Mupp, - sin(wrp17k)) and J3(2 - My, -
sin (wrr,17x)), reducing to negligible values the global con-
tribution to H D2y, and H D3y pp ;-

Figures 5a and 5b illustrate the theoretically computed
behaviors of HDs, ., and HDs3,, ., respectively, show-
ing their progressive reduction when the value of Laitn,0 1s
increased. The values of the parameters utilized are wg;tp, =
21 - 10kH 2, K(wairn) = 450 222 wppy =21 - T0 M Hz,
K¢(wrr1) = 220 Afn Ijgz. Behaviors refer to the same quanti-
ties are reported in Fig. 6a and Fig. 6b in 3D fashion.

Tiith, = 0.7TpA]
-6 dith H
3 X 10 (Mg, = 31)

=
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% 0.5
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Fig. 5: Modelled values of HD3yp,, and HD3zyp,, due
to RB in a D-IMDD RoF link, where the introduction of
a dithering tone progressively reduces the impact of these
undesired distortion terms. See text for details.
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Fig. 6: Simulation of HDsyp,., (a) and HD3,,,., (b) ex-
pressed in dB,, obtained varying both M (wgp 1) and Myip.
See text for details.

It has however to be noted that, despite the great reduction
obtained for H Dy, ,, the insertion of the dithering tone is
expected to generate an intermodulation itself with the RFI
tone considered.

This undesired effect must then be adequately kept under
control. Its evaluation can be performed from equations (24)
and (25), through which it is possible to evaluate, for example,
the 2nd order intermodulation product between the dithering
tone and the RFI tone, namely IM Dy, ;. , 4wy, @s follows:

IMDwRF,1+wdith =

=2GampRL X 21122'3“,5706720&)(
Emax
X Z O’ik€72azk J12($1,k)v]12(33dith,k) X
k=1
WRF1HWdith+3

x lim [ L(w —wrF1 — Waith, 27k )dw
B—0

B
WRF1tWdith—5

(30)
if OMI1,OMIg4;, << 1, and otherwise:

R
IMD, = Ganp =L X 2, 0a2OMIZOMI3,,.

WRF,1tWdith
' 2
(31)



RF,1

8 ‘ ‘ 7 60
6

N -80
é 4
s -100

2

—
20 30 40

-120
50
10log, ;M ;i)
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Figure 7 shows the simulation results for ITM Dy, 01 3 +waien
which can be compared with the quantities H Day,,,., and
HD3ypp, reported in Fig. 6a and Fig. 6b. This comparison
shows clearly that in addition to the beneficial effect of reduc-
ing HD2y ., and H D3y, , @ not appropriate level of My
can cause an undesired high value of IM Dy, | +wy;e,- This
happens e.g for 10logyq Mgitr, ~ 30...35 and M(wrp1) ~
1...2. In this example the optimum choice of the dithering
amplitude is the one that gives 10logyq(Main) € [40 — 50]
considering Mrr,1 < 2. This region allows indeed to reduce
of about 20-30dB the level of HDa,p,, and HDsyp,.,
keeping IM Dy pp y+wgirn < —80dBp,.

The comparison among figures 6a and 7 allows to appreciate
also the region where the nonlinearity of the laser response
starts to give its contribution. This impact is visible at the top
of Fig. 6a and at the right-top of Fig. 7, where H Doy ;. ,
and IM D, .\ +wa,, Start to increase proportionally with
M(wgrp1) and ‘with both M (wrr1) and My, respectively.
In particular, while for H Ds,, . , this contribution is due only
by the quantity OM I (see Eq. (28)), for IM D11 i waien
it depends on both OMI; and OM I ;.

Note finally that while this range of My, is given for a
specific case, optimum design parameters of a generic system
can be extrapolated applying directly the equations (22),(23),
(24),(25).

V. EXPERIMENTAL VALIDATION OF THE MODEL
PRESENTED AND OF THE COUNTERMEASURE PROPOSED

To analyze the impact of the nonlinearities produced by RB,
the experimental setup shown in Figure 8 has been utilized.
The optical link evaluated is composed of a 1310 nm DFB
source, operating at Ip;,s— Iy, = 28 mA with an optical output
power of 6 dB,,, connected to a span of 10Km of G652 fiber
followed by a PIN photodetector. These devices are directly
connected each other by using APC connectors to minimize
any possible further reflection in order to evaluate only the
impact of RB.

The input RF signal is generated through three signal gen-
erators SG1, SG2 and SGD which emit the signals Irp1(t),
Irpo(t) and Iy (t), respectively. The generators are con-
nected to the switches S1, S2 and to RF couplers, inserted to
analyze three different cases:

" 10Km G652
LD Ibias

L LNA
Photodiode

Fig. 8: Experimental setup utilized for the characterization of
the nonlinearities due to RB in case of single tone and two
tones with and without the use of the dithering tone. See text
for details.
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Fig. 9: Comparison of measurements and simulation for
HDsypp, (@) and HD3,, ., (b) in presence of single tone
modulation and IM D,y 4+wrp, (©) and ITM Doy oy —wppe s
(d) in presence of two tones modulation.

S1 = (A), S2 — (O).
S1 — (B), S2 — (C).
S1 — (A), S2 — (D).

(1) Single tone modulation:
(2) Two tones modulation:
(3) Use of the dithering tone:

Right after the PIN photodetector, a Low Noise Amplifier
(LNA) with Gapp = 22 dB amplifies the RF component
of i4y¢, While the final power spectrum of the signal coming
out from the LNA is shown by a Spectrum Analyzer (SA).
In order to perform a characterization with respect to
the parameter M, the measurements have been performed
by acting on the currents value variation, keeping fixed the
frequencies of the tones. In case (1) the RF frequency was
chosen to be wrp1 = 27 - 70 MHz, in case (2) it was
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Fig. 10: Impact of the dithering tone amplitude on the trend of
HD3ypp, (a) and HDs3,, ., (b) with respect to M(wrr,1).

WRF1 = 2w - 65 MHz and WRF2 = 27 - 75 MHZ, and
in case (3) it was wrp,1 = 27 - 70 M Hz with wgjy, = 27 - 10
kHz. In all cases the value of the chirp factor for the chosen
frequencies is Ky(wrp1) = Kf(wrrz2) = 220 MHz/mA,
while for the dithering frequency chosen it is K f(wg;tn) = 450
MHz/mA.

The measurements of nonlinearities referring to cases (1)
and (2) are shown in Figure 9a, 9b and 9c, 9d, respectively.
In particular, for case (1) the measurements of H Doy,
and HDs3,,., are shown, while for case (2) it is illustrated
the behavior of IM Dy, +wpp, and IM Doy —wpp - In
both cases the measurements are presented with respect to the
quantity M(wRF)l).

The measured behaviors are compared with the corre-
spondent simulated ones, based on the mathematical model
presented in Section II. A good agreement can be in all cases
appreciated between experimental and theoretical results.

The effects of the implementation of the dithering tone are
shown in Figures 10a and 10b. It can be observed that by
increasing the dithering amplitude even of few pAs, a decrease
for both H Dy, and H D3y, . ., with respect to M (wrr,1),
is present, which is in agreement with the same trend described
by the mathematical model shown in Section II.

Regarding the application under study, SKA-LOW, the
specifications are given in terms of second and third order
Output Intercept Points (OI P, and OI Ps respectively), as it
is typically done for RF systems, and in particular it must be
OIP, > 38dB,, and OIP; > 28dB,, for the all downlink
system (RF electronics and optical link). The quantities O Py
and OIP; are directly related with HDa, .., and H D3y
by the following equations [41]:

OIPy(dB,,) =
2 [Pout,l,O(dBm)] - [HDQwRF,1 (dBm) =+ G(dB)] (32)
OIPs(dB,,) =
1
2 [Pout o(dB)] = 5 [HDs, (4B) +9.54(dB)
(33)

where in the present case it is possible to consider P,y 1,0 ~
Prr,1,im since the amplifier used compensates the losses of

11

the optical link.

Considering now values of input power that can range from
—50dB,;, to —20dB,, (i.e. M(wgrr1) < 2), as for the RFI
signals, it is possible to estimate what are the worst levels
of OIP, and OIP; reached due to RB. In fact, note that,
unlike the classical case studies of RF nonlinearities of 2-port
devices, where the quantities O P, and O P5 do not depend
on the value of the input RF power, in presence of RB-induced
nonlinearities this does not happen, and both OI P, and OI P;
can significantly vary with the input RF power given.

Figures 11a and 11b show the behavior of HDs ., ,
(@) and HDs3,,,,.,, respectively, by varying both M (wrr,1)
and Mg, presenting the quantity in dB,,. In particular,
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Fig. 11: Measurement of HD3yp,, (a) and HD3y ., (b)
expressed in dB,, obtained varying both M(wgrp1) and
Maith.

taking for example M (wgp1) ~ 1, which corresponds to
Pin1o = —26dBy,, it is HDs,,,, ~ —66dB,, and
HD3yppy, = —90dB,,, which means OIP, ~ 0dB,, and
OIP; ~ —5dB,, according to equations (32) and (33).

Indeed, these levels of O P, and OI P5 are far from being
acceptable for the system and even in case it were possible for
the electronic sections of the global receiver to be designed
in order to satisfy the specifications of OI P, and OI Ps, this
should be done at a high cost in terms of devices utilized and
supply power absorbed.



Figures 11a and 1la show instead that applying properly
the dithering technique, it is possible to achieve H Doy, =~
—110dB;, and HD3yp,p, ~ —120dB,y,, leading to OIP; ~
44 dB,, and OI P3 ~ 25 dB,,. These new values allow to ease
the design of the rest of the receiver chain, while satisfying
the overall specifications.

As reported in Section IV despite the remarkable reduction
of the impact of the nonlinearities due to RB, the use of the
dithering tone must be controlled properly in order to avoid
further distortion introduced by the dithering tone itself. In
particular, Figures 11a, 11b and 12 represent experimentally
the concept exposed in Section IV with the simulations,
confirming the optimum region of 101og,,(Mg;tn) € [40—>50]
when M(wrp1) < 2.
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Fig. 12: Measurement of IM Dy, ., 4w, €xpressed in dB,,
obtained varying both M (wgrp 1) and M.

In that region, the value of IMDyp,,tw,,, falls
from about —70dB,, for the most critical point (i.e.
101ogyo(Maitn) =~ 30) to values always lower than —80/ —
90 d B, which for the system under study is well below the
thermal noise at the output of the receiver considering the
finest bandwidth employed, which, in case of SKA-LOW, is
about —70dB,,.

As a final consideration on the use of this technique to
mitigate the effect of RB, an evaluation of the Noise Figure
(NF) of the RoF link has been performed, by switching off
the generators SG1 and SG2 and switching on and off the
generator SGD. Figure 13 shows the experimental results
obtained, comparing the case where no dithering is applied
(i.e. SGD off) with the one where a dithering tone of 10 KHz
with Igin,0 = 1.25 mA is inserted (i.e. SGD on). Based on the
considerations of the previous paragraphs, this value of current
leads to 10log,y M.,,,;,, =~ 47, which falls in the optimum
region of choice of Mgy, according to Figs. 6a, 6b, 7, and
11a, 11b, 12.

From Figure 13 is possible to see that for very low fre-
quency, i.e. below 60MHz, the insertion of dithering reduces
the noise figure up to 5dB around 10MHz. This is due to the
fact that, besides the spurious nonlinearities investigated in this
work, RB generates also low frequency noise [20], [21] which
can be mitigated using the dithering technique [39], [40] as
well as the spurious terms.
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NF (dB)
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200 300 400
Frequency (MHz)
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Fig. 13: Comparison of the measured Noise Figure (NF) for
the RoF link analyzed with and without the use of dithering
tone.

For frequencies higher than 60MHz, a decrease in the order
of 1-2 dB is observed, which typically, and especially for the
application under study, can be regarded as acceptable.

VI. CONCLUSION

The possible creation of undesired nonlinear distortion
terms induced by Rayleigh Backscattering in directly mod-
ulated Radio over Fiber links has been put into evidence
for the first time. A simulation program based on a rigorous
mathematical model has been developed to characterize both
theoretically and experimentally the phenomenon, whose im-
pact can be of particular importance within contexts typical of
Radioastronomic Applications. A possible solution has been
proposed which showed to counteract the nonlinear behavior
described, and that is at the same time of straightforward
realizability.
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