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Modal Noise Mitigation in 850 nm VCSEL-based
Transmission Systems over Single-Mode Fiber

Jacopo Nanni, Simone Rusticelli, Carlos Viana,
Jean-Luc Polleux, Catherine Algani, Federico Perini, Giovanni Tartarini

Abstract—Various short-range optical connections, transmit-
ting either high-bit-rate digital signals, or Radio Frequency
(RF) analog signals can exploit 850 nm Vertical Cavity Surface
Emitting Lasers (VCSELs) as optical source together with the
standard single mode fiber as optical channel. This solution
presents attractive features in terms of reduced cost and energy
consumption. However, bandwidth reduction due to intermodal
dispersion and undesired fluctuations of the received signal due
to modal noise are present in this case. Such effects are studied
theoretically and experimentally, and a cost effective solution
is proposed to reduce their impact. Hence, connections with
Standard Single Mode Fiber (SSMF) length up to 300 m with
3 dB bandwidth of 2500 MHz is demonstrated whilst the modal
noise is reduced to a standard deviation of less than 2 dB.

Index Terms—radio over fiber, radio astronomy, home area
network, RF gain, VCSEL.

I. INTRODUCTION

He employment of vertical cavity lasers (VCSELSs) oper-

ating at 850 nm to realize optical transmission systems
presents attractive aspects. This because VCSELs are inher-
ently low cost components, exhibiting low levels of current
consumption when compared to other types of semiconductor
lasers [1].

VCSELSs operating at 850 nm are usually employed together
with Multi Mode Fibers (MMFs), e.g., to realize optical links
within data centers [2] or to transmit 60 GHz wireless signals
in home-area-networks [3].

Nevertheless, the combined adoption of 850 nm VCSELs
for transmission over ITU-T G.652 Standard Single Mode
Fibers (SSMFs), constitutes an important investigation topic,
because SSMFs present lower cost per meter and lower
sensitivity to bends than MMFs. In addition to this, many
offices and private houses are already equipped with a SSMF
infrastructure at the building stage, in view of the foreseeable
demand from high bandwidth services in the near future [4].

However, key to successful transmission is addressing some
of the potential impairments. With respect to other lasers,
e.g., Distributed Feed Back (DFB) lasers operating in the

J. Nanni and G.Tartarini are with the Dipartimento dell’Energia Elettrica
e dell’Informazione “Guglielmo Marconi” Universita di Bologna, 40136
Bologna, Italy (e-mail: jacopo.nanni3 @unibo.it; giovanni.tartarini@unibo.it).

J.L.Polleux and C.Viana are with Université Paris-Est, ESYCOM (EA2552),
ESIEE Paris, UPEM, Le Cnam, 93162 Noisy-le-Grand, France (e-mail: jean-
luc.polleux @esiee.fr; carlos.viana@esiee.fr).

C.Algani is with Le Cnam, ESYCOM (EA2552), 75003 Paris, France (e-
mail: catherine.algani @cnam.fr).

F.Perini and S.Rusticelli are with Institute of Radio Astronomy, National
Institute for Astrophysics, Via Fiorentina 3513, 40059 Medicina, Italy (e-mail:
f.perini @ira.inaf.it;s.rusticelli @ira.inaf.it).

second (A ~ 1310 nm) and third (A ~ 1550 nm) optical
windows, VCSELs emit much lower optical power, as well
as multiple spectral lines with larger linewidths. At the same
time, SSMFs exhibit a multimode behavior at A ~ 850 nm. For
these reasons the use of VCSEL-based transmission systems
on SSMFs cannot cover long distances. Despite this, their
potential interest is not compromised, because many new ap-
plicative scenarios require only short distances to be covered.
Such systems employ a digital modulation of VCSELSs for the
realization of high-bit-rate connections over distances ranging
from a few tens to a few hundreds of meter [5].

Moreover, the analog modulation of the VCSEL by an
RF signal allows a transparent and robust transmission to
remotely-located processing units through the Radio over Fiber
(RoF) technology. This becomes very useful in applications
related to multivariate fields, such as measurement, moni-
toring, meteorology, defense, telecommunications and radio
astronomy [6], [7].

However, even within short-range links, the different fiber
modes propagating in the SSMF exhibit different group veloc-
ities. This causes the phenomenon of intermodal dispersion,
leading to a bandwidth limitation in case of analog RoF sys-
tems, or to a Bit Error Rate (BER) or Error Vector Magnitude
(EVM) increase in case of digital optical links [8], [9].

Furthermore, the different fiber modes feature time varying
mutual phase differences, since their propagation constants are
differently affected by changes of external quantities like tem-
perature. This characteristic gives rise to the phenomenon of
modal noise, which results in undesired fluctuating behaviors
of the received power [10].

For digital or analog modulation of the VCSEL, key to
the evaluation of the transmission quality is the frequency
response of the whole link, which can be represented by the
RF gain G =10 loglo(PRF,out/PRF,in) where PRF,in and
PrF out are respectively the input and the output RF power
of the link. The undesired fluctuations due to modal noise can
then be evaluated considering either the variance o2 or the
standard deviation o of G [11].

Previous studies of optical links based on SSMFs utilizing
850 nm VCSELSs as optical sources, propose different methods
for the mitigation of the above mentioned impairments [12]—
[16].

The problem has been addressed in [12], where a low
frequency superposition technique is proposed to reduce the
coherence of the optical source and consequently modal noise.
A drawback of this proposal is that it adds complexity to the
system, since the additional RF generator should be tuned each



time depending on the link length and/or the RF frequency
transmitted.

With the aim to reduce the intermodal dispersion, in [13],
a special ITU-T G.652 compliant graded index fiber is uti-
lized, while in [14], [15] different types of fiber mode filters
are realized. However, these solutions are based on ad hoc
components, and their adoption would determine an increase
in complexity and system cost.

With the same objective, in [16], fiber loops of short
diameter are inserted and used as a fiber mode filtering at
the beginning and at the end of the fiber span.

This method is simple so infers lower cost, but repeatability
may be an issue considering the deployment of such systems.
In addition, effectiveness of the solution have been addressed
in terms of system average bandwidth, without considering the
impact of modal noise.

The insertion of a short span of 5 yum-core fiber, which is
truly single mode at 850 nm (SM F5,,,) at the end of the
SSMF strand is finally proposed in [5]. This simple solution,
however has a detrimental impact as modal noise increases.
This has been shown in [17], where the impact of modal
noise in the structure proposed in [5] has been experimentally
studied.

In this paper, a theoretical and experimental study is per-
formed on the impact of modal noise in 850 nm VCSEL-based
transmission links based on SSMEFE. To show its characteristics,
the analysis includes systems with strong discontinuities, like
the one proposed in [5], to which forced temperature variations
are introduced. As a result of the investigation performed,
a simple and repeatable solution is presented to reduce the
system impairments. Instead of inserting a SM F5,,,,, between
the SSMF strand and the photodiode, as proposed in [5], our
solution proposes the insertion of the SM F5,,, between the
VCSEL and the SSMF strand.

Note that the optical channel configuration that results from
the proposal illustrated in this work is similar to the structures
proposed in [18], [19]. However, the context of these works,
both operating at A = 1550 nm, is different, as well as their
investigation. Indeed, in [18] an increase of the bandwidth-
distance product is pursued, while in [19], the study of the
structure is performed for sensor applications. In both cases
the problem of modal noise is not investigated.

The paper is organized as follows. In the next section a
theoretical model will be developed to illustrate the expected
behavior of VCSEL-based transmission systems in terms of
modal noise and intermodal dispersion.

In Section III, experimental results are presented, which
will show the advantages of the proposed solution in terms
of reduction of such impairments in short-range links. Finally,
conclusions will be drawn.

II. MATHEMATICAL MODEL
A. Definition of the problem

The electromagnetic problem consists of modeling the mul-
timodal propagation in a strand of SSMF operating at 850
nm. To give a clearer illustration of the physical phenomena
involved some approximations are made. First of all, for a

SSMF the resulting value of the normalized frequency is
between v € [3.2,4.0]. Therefore, it is assumed that the
number N,, of fiber modes propagating in the SSMF is
Ny, = 2, namely the first (L Fp1) and the second mode (L P 1),
since the third one (L FP51), when present, is just above cutoff.
The assumption is supported by the tolerance values of the
mode field diameter given by the ITU G.652 standard for
A = 1310 nm. The nominal range is [8.6 — 9.5] um with
a tolerance of +0.6 um, hence the mode field diameter is
extended by [8 — 10.1] um. With a typical numerical aperture
of 0.12, the number of propagating modes at the operation
wavelength \,, = 850 nm can be computed.

A second approximation consists in considering the Np,
lines of the VCSEL emission spectrum as independent sources
emitting at different wavelengths separated by a few tenths
of nm one from the other. This is justified by the fact that
the mode partition noise among the different lines of the
VCSEL emission spectrum is typically negligible with respect
to the fluctuations caused by modal noise [20], [21]. The gain
variance o, will then be computed as a weighted sum of the
variances corresponding to each line, which will be assumed
equal (04 ), = 0 jines K =1,..., N), according to:

NL NL
2 _ 2 2 2 2
oG = E ProG.kx = 0G, line E Pk (D
k=1 k=1

In (1) the coefficient p; represents the percentage of power
carried by the k-th line, and then ZszLl pr =1 [22].

The average value of G will instead coincide with the
average RF gain computed considering each line separately:

piPRF out
(G), = ( 10logyq | =55——| ) = (G) k=1,..,Np
P PRFin o)

where ((-)) means that a time average of the quantity (-) is
computed.

To determine the expression of og jine it is necessary to
start from the expression of the field at the output section of
the SSMF strand with length L; due to the generic line of the
spectrum emitted by the VCSEL, which can be written as:

N,

E(t, L)) = ZAiéi(x’y)ej(Qﬂfot—Bi(t)Ll).
i=1

1+ myrcos2n frr(t — 7 L1)]

. Efloin,RF

e J TRE sin[2n7 frr (t—7:L1)] (3)

where fj is the optical carrier’s frequency, &;(z,y) is the
normalized field of the i-th fiber mode, A; is its amplitude
(assumed real), which depends on the excitation field con-
sidered, while (3;(t) is its phase constant. The quantity (;(t)
is assumed as time-varying, due to changes in environmental
quantities, like temperature. The group delay per unit length
of the i-th fiber mode is indicated as ;.

Note that all the quantities listed above are different for
the different lines of the VCSEL emission spectrum. For
the k-th line it should consequently be necessary to write
respectively fox, €ik(2,y), Aik, Bik(t), Tir. However, as



shown above, the expressions of G and o can be determined
from the computation of the correspondent quantities referred
to a generic single line. Once the line is chosen, it will then
be the only one considered in the derivation. The subscript &
can then be omitted for the sake of formal simplicity.

Still referring to (3), frr is the frequency of the modulating
RF signal, while the ratio —/7"-%% can be regarded as
the phase modulation index of the optical wave determined
by the frequency chirp of the laser, and will be indicated
as mp. Within mp, Ky is the laser adiabatic chirp factor,
while Iy, rr is the amplitude of the modulating RF current
tin,RF(t) = Ioin,RF cOS(27 fREL).

The sum Zf\;”i A2 is proportional to the term 7o (Ipias —
I11,), where 1 is the current-power conversion efficiency of the
laser at DC, while I;,s and I; are respectively the laser bias
and threshold currents. With m; the optical modulation index
is indicated, defined as m; = (Mrploin.zr)/[M0(Ibias — Itn)]
where nrr is the current-power conversion efficiency of the
laser at frequency frp.

Note that the L Py and the L Py fiber modes are constituted
respectively by a group of two and a group four rigorously
computed fiber modes (RCFM). The first group of RCFM
contains the H F; in its two polarizations, while the second
one contains the T'Ey; and T'My; plus the H Es; in its two
polarizations.

In (3), a complete coupling is assumed within the two mode
groups, while the coupling between them is assumed to be
negligible [23]. This hypothesis is justified by the fact that
a length L; < 300 m is considered for the SSMF fiber span
and that the environmental perturbations consist in temperature
variations slower than 1 K/min. Different perturbations, for
example a varying mechanical stress, which can force a strong
coupling between LFPy; and LP;; fiber modes even at short
lengths, are out of the scope of this work and are consequently
not considered.

B. Computation of the output current and evaluation of its
behavior

After propagating inside the SM Fy,,, patch of length L,
the field is expressed by:

E(tle +L2) =

o j@mfot—Pigyp.  L2)
= (3151\/11~“5M,L (ZC, )6 Sum ’

N

.ZAiaile—j[Bi(t)Ll].

i=1

: \/1 +my COS[QWfRF(t - TiLl - TlsMFSMm Lg)]
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where €15, (2,y) is the normalized field of the LFy
mode propagating in the SM Fg,m, while S1g,,., (1) is its
phase constant. The quantity

_ 5. 5%
a1 = / € Clgnrmg,, ds 5)
SsMFy

Sum
where SsarFs,,, 1S the cross section of the SM F5,, fiber,
represents the overlap integral between the i-th mode of the

SSMF and the LFP;; mode of the SM Fj,,,. Note that due
to the shapes of the fields of the fiber modes considered, in
case of ideal connection it should be a7 # 0 and as; = 0.
However, due to imperfections in the connection, for example
the presence of connector misalignments, a value ag; # 0 has
to be taken into account. The detected current is proportional
to the optical power received on the photodiode (PD) surface
Spp (aresponsivity R = 1 is assumed). Putting L = L; + Lo,
it is then:

Gout(t) = / |E(t, L)|*dS (6)
Spp

Computing the integral at the second side of (6), the expression
of the output current becomes:

Z’out (t) =
N’Vn

_ 2 2
= E A; ailbllsMme
i=1

(L +mycos2mfrp(t — 1Ly — TLsMFsum Ls)))
+2A1Asana21br1pp,y,,,

“[14+mycos(2m frrAT) cos(2m frp(t — 7))

. [cos(Aﬁ(t)) cos(z cos(2mfrp(t — T)))

+ sin(AB(t)) sin(x cos(2m frp(t — 7))) @)

where the following parameters are defined:

b11sarrs,,, :/s C15nir,,,, [7dS ®)
AB(®) =(Bat) — B (1)) L ©
Ar—n=mh _272)L1 (10)

@ =2 mysin(27 frrAT) (11)
?:M-l-ﬁszvfﬂ Lo (12)

2

S5um

With reference to the last term within square brack-
ets at the second side of (7), the relation ejucos(v)  —

oo 3" n(u)e™ is exploited, where J,, (u) is the Bessel
function of first kind and order n, and where v = x and
v = cos(2m frr(t —7)). Considering only the RF components

of 44yt (t, L), it is possible to write the following expression:

iout,rF(t) =[Ac + Be(t)] cos(wrpt)
+[As + Bs(t)] sin(wrrt)
=R{Lout,rr(t)e’ "'} (13)
where
Lo, rr(t) = [Ac + Beo(t)] — jlAs + Bs(t)]  (14)



is the complex envelope of the bandpass signal, while

N,
A = Z mIA?alzlbllSMFg,Wn
i=1
- cos[2m frr(Ti Ly + T1,5M Py, L2)] 5)
N
As = Z mIA?alzlbllSMFg,Wn
i=1
-sin[27 frp(T L1 + T1,5M Fs,,, L2)] (16)
Bc (t) :2141 A2a11a21b115MF5Wn C(t) COS(27TfRF7i) a7
Bs(t) =241 201102161155y, C(t) sin(2m frp7)  (18)
and where:
C(t) =my COS(?FfRFAT)JQ(w) X (19)

x cos(AB(t)L1) + 2J1 () sin(AB(t) L)

In the case where there is no SM Fy,,, at the end of the
SSMF span, i,y zr(t) assumes the same formal aspect as
in (13) the only difference being that that in (15) and (16)
the term aflbllsMFSW must be replaced by b;; and in (17)

and (18) the term ai1a21bi,,
Spum

must be replaced by b2,
where

bij =/ € -€;dS i,j=1,2 (20)
Spp

It can be noted that, due to the orthogonality of the SSMF

modes, in case of a photodiode with infinite surface Spp it

should be b11,b20 = 1 and b1 = 0. However, bio # 0 has

to be taken into account because of the finite dimensions of a

realistic photodiode.

The quantities B.(t) and Bs(t) given by (17) and (18) rep-
resent the time dependent contributions due to the temperature
fluctuations, while A, and A, remain constant over time. The
envelope of 4oy, rE(t) is given by

Tout, e ()] = V/(Ac + Bo(1)? + (A + Bs(1)? (21

Since the time dependent terms have zero mean, the magnitude
of the mean of the RF current received can be written as
follows:

HRF = ’<fout,RF(t)>‘ = A2+ A2

The link RF gain G and its average value (G) assume
respectively the form:

(22)

I t)[2
G = 10logy, M (23)
[T in,rF|
/‘%%F
<G> = 1010g10 |:|I()1n RF|2:| (24)

and the resulting expression of o ine 1S therefore given by:

~ 2
Loy t)|?
O line = <{1010g10 [%H> (25)
KRR

The expression given by (25) can be always utilized. In
cases when the following relation holds:

|iout,RF(t)| =~ Ag + "43 +
Ac B As By(t) =

VATt
= prr + Alout, RF (26)

a more treatable expression can be written for o jine. Indeed,

exploiting the relationship 20log;,(1 + ) ~ %x, for
T << 1, it becomes: ‘
20 <AIo2ut,RF>
0G,line = =
o log, (10) LRF
20
ORF @7

- log,(10) pirr

with opp representing the standard deviation of fout’ RF-
When the condition given by (26) is not valid, it is necessary to
compute o, ine through (25). This happens for example if the
LPy; and the L P, fiber modes have almost the same weight
and the frequency considered is such that 27 frr AT is an odd
integer of 7r/2, in which case p g tends to zero. Equation (27)
is anyway useful because it allows to qualitatively describe
some behaviors of 0g jine-

Indeed, in the vicinity of the frequencies mentioned above,
uwrr, wWhich is at the denominator, diminishes its value. At
the same time, it can be observed that orp, which is at
the numerator, depends (see (27) and (26)) on the standard
deviation of the terms B.(t) and B,(t), which in turn (see
(17) and (18)) depend on the standard deviation of the term
C'(t) given by (19). The expression of C'(¢) is composed by the
sum of two addends. The first depends on cos(27 frrAT) and
tends to zero when the frequency frp is such that 27 frr AT
tends to be an odd integer of 7/2. The second addend is
proportional to Ji(x), where z, given by (11), is instead
proportional to sin(27 frrA7) and tends to a maximum for
the same frequencies. The values assumed by x allow typically
to put Ji(z) ~ x/2, and therefore it can be expected that
0, line due to modal noise exhibits high values in the vicinity
of the frequencies frpr where urp tends to a minimum.

C. Numerical results

The model developed has been used to qualitatively predict
the performance of VCSEL-based SSMF transmission links
with different configurations of the optical channel. Table
I lists the values of the electrical and optical quantities of
the modeled system, which are the characteristics of the real
system on which the experimental activity was subsequently
performed. In particular, since the emission spectrum of the
VCSEL utilized presents two lines of approximately the same
weight which prevail over the others by at least 6 dB, it results
in:

1

oG~ —=0G line 28
G 7 Gl (28)

The first analysis has been performed on the characteristics
of a link where a short span (3 m) of SMF5,,, is placed



TABLE I
SOME CHARACTERISTIC QUANTITIES OF THE COMPONENTS OF THE
VCSEL-BASED TRANSMISSION SYSTEM ANALYZED

VCSEL parameters:

- Iip 0.8 mA
- 1o 0.1 mW/mA
NRF 0.1 mW/mA
- Ky 0.6 GHz/mA
©p1 P2 1/2
- Ny, 2
PIN parameters:
R 1 mA/mW
- BpIn 2.5 GHz
IO in,RF 1.2 mA
Tvias 4 mA
To — T1 2.3 ps/m

between SSMF and PD, with SSMF strand length L; = 300
m.
The SM F5,,,, span, which exhibits a single mode behavior
at A = 850 nm, performs an output filtering operation. Indeed,
this solution has been shown to determine an increase of the
passband with respect to the case where only a SSMF strand
is utilized, leading to a BER reduction of digital optical links
[5].

Fig. 1 reports modeled results which compare the per-
formance of the optical link having the SMF5,, at the
SSMF end section, to when only the SSMF is used (without
SM Fs,m).

0 A" A n === ---.._...--'(a)
g_lo SSMF+
2 _pq| *Mum
0 500 1000 1500 2000 2500
f__(MHz)
RF
(b)
@ 5 o sx‘/,sststwF5Mm
o 7 C SSIF, Yeeent e
0

0 500 1000 1500 2000 2500

for (MH2)

Fig. 1. Comparison of simulated results for a transmission link with SSMF
length L1 = 300 m in case of presence and in case of absence of
SM F5,m patch between SSMF and PD. The bandwidth improvement due
to the SM F5,,m, employment can be noticed in (a) while the increase of
the standard deviation o of the fluctuations of G due to modal noise is
shown in (b). The parameters values utilized in the simulation program are:
my = 0.375, A = 0.55, A2 = 0.45,a%, = 0.9,a3, = 0.065,b17 =
0.985, baa = 0.985, b12 = 0.015.

The simulations confirm that the insertion of SM Fs,.,
at the output section of the SSMF improves the available
bandwidth. Fig. 1 (a) shows the behavior of the normalized
gain g = (G) — (G) |maz- It can be noticed that the difference
Ag between the maximum and the minimum values of ¢ is
largely reduced by the introduction of the SM Fy,,, patch
with respect to the case when only the SSMF is present. It is

% -1 r, = 0.4
o =
|'221 ! ‘ ‘ r21=0. 6§ : ‘
0 500 1000 1500 2000 2500
for (MH2)

g (dB)

1000 1500 2000 2500
fRF (MHz)

0 500

Fig. 2. Behavior of g (a) and oG (b) as a function of the RF modulating
frequency as function of the parameter 121 = (A2 /A1)2. A reduction in both
Ag and o can be noticed due to the reduction of As with respect to Aj.
The transmission link considered is the one with SSMF length L; = 300 m
in case of presence of SM F5,p, patch between SSMF and PD.

however important to observe, that, as reported in Fig. 1 (b),
the model predicts an increase of the maximum value o¢|,,,.
of og in the structure proposed in [5], with respect to the
case of the SSMF span alone. Moreover, in the vicinity of
0G|,pa, an enlargement of the bandwidth where the values of
og are relatively high results in the case when the SM F5,,,
is present.

The expression of og jine given by (27), where pgrrp is
present at denominator, suggests that a reduction of the am-
plitude A5 of the LP;; fiber mode would diminish the impact
of modal noise. In fact, reducing the degree of destructive
interference at the detection stage, the presence of the minima
of prr is also reduced, mitigating the effect of modal noise.

This is the main contribution of our proposal to inserting a
SM F5,,,, patch before (and not after) the SSMF strand. The
simulated results reported in Fig. 2 show the expected behavior
of the transmission link in terms of g and 0 when the value of
Ay is gradually reduced with respect to A;. The transmission
link features a SSMF length L; = 300 m and a SM F5,,,
patch between SSMF and PD, and all the other parameters
are the same as in Fig. 1. Positive effects are observed in the
behavior of g (Fig. 2 (a)), since the value of Ag decreases
when Aj is reduced with respect to A;.

In addition to this, Fig. 2 (b) suggests that important
reductions of o¢g can be expected when the relative weight
of the LP;; fiber mode is reduced with respect to the L Pp;.
In this way we expect that the large reduction of Ay leads
to a low impact of the terms related to modal noise given by
(17) and by (18), in which case the quantity b;2 expressed in
(20) which is expectedly small as well, has to be inserted. In
the next section an experimental analysis will be performed
on VCSEL-based SSMF transmission links to confirm the
previsions of the mathematical model and propose this solution
to reduce the impact of modal noise in these systems.
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Fig. 4. Functional scheme of the experimental setup.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental setup

The experimental setup utilized to characterize VCSEL-
based transmission links based on SSMFs is shown in Fig. 3,
while its functional scheme is drawn in Fig. 4.

A directly modulated 10 Gbps VCSEL (Optowell TP85-
LCPIH) emitted the optical signal into a channel constituted
by a ITU-T G.652 SSMF strand. Short spans (3 m) of Thorlabs
780HP SM F5,,,, could be added before its input and/or after
its output section. The optical receiver was constituted by a
PIN PD (Optowell RP85-LCTON) followed by a RF matching
circuit. As preliminary measurement, the frequency response
(i.e. the RF gain) of the link was measured utilizing as optical
channel two meter of 50 pum core MMF. In this way, the
RF gain caused by the frequency responses of transmitter
and receiver could be determined. This measurement was
utilized to infer the influence on the behavior of (G) and g.
These are determined by the only optical channel when it is
consisting of various combinations of SSMF and SM F5,;y,.
The link exhibited a bandwidth of about 2.5 GHz. A Vectorial
Network Analyzer (VNA) was then used to generate and
receive different frequencies in the bandwidth B = [10 MHz,
2.5 GHz] through port 1 and port 2, respectively.

As mentioned in subsection II-C, short spans of SM F5,,
were utilized in addition to the SSMF strands, because of
their true single mode behavior at A = 850 nm. To emulate
possible conditions causing modal noise, a temperature stress
was produced. This was done by the insertion of the G.652
strand inside a climatic chamber, controlled and monitored
by a Resistor Temperature Detector (RTD) sensor connected
to a digital data acquisition block (see again Fig. 4). All the
measurement instruments were then connected to a PC through
GPIB cables and controlled and monitored with a Labview®
Graphical User Interface. Using the VNA, the measurement of
the behavior of GG versus time due to temperature variations
was performed in a time span of few hours, with a sampling
time of 6 seconds. The quantities (G) and og could be
determined from the values of G(t).

B. Experimental results

Different configurations of the optical channel were con-
sidered to investigate the behavior of modal noise and take
appropriate countermeasures. The first analysis regarded the
effect of the insertion, (see Fig. 4), of an SMF5,,, span
between SSMF and PD. A passband increase can be observed
in Fig. 5 (a), which compares the behaviors of g in the two
cases, with reference to a SSMF strand of length L; = 300
m. The value of Ag has been measured to be about 6 dB in
the frequency range B = [10 MHz, 2.5 GHz|, while the same
quantity showed a much higher value of about 34 dB in the
case when only the SSMF is used.
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Fig. 5. Behaviors of g (a) and o (b) versus frequency of two VCSEL based
transmission links utilizing 300 m of SSMF, respectively with and without
SM F5,m at the end of the SSMF span. The curves reported in (b) coincide
with the curves representing the standard deviation o of the noise figure
N F of the links considered.

However, as expected from the numerical results presented
in subsection II-C, this solution also brings about an undesired
increase of modal noise. Fig. 5 (b) allows to observe the
increase of g, whose maximum value o¢|,,,, is about 6
dB, which is more than 3 dB larger than the case when only
300 m of SSMF was used. Note that, in agreement with the
modeled results of the previous Section, in the vicinity of
0G|,a, an enlargement of the bandwidth where the values

of og are relatively high is observed in the case when the



SM F5,,,, is present, with respect to the case of the SSMF
span alone.

Nevertheless, this configuration will be taken as the refer-
ence since it emulates the worse performance for VCSEL-
based SSMF transmission link in terms of modal noise.

The presence of a truly singlemode fiber at 850 nm between
VCSEL and SSMF propagates mostly the LFy; fiber mode.
Hence a very low weight is assigned to the higher order mode.
The effect of this solution can be noticed in Fig. 6.
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Fig. 6. Behaviors of g (a) and oG (b) versus frequency of three VCSEL based
transmission links utilizing 300 m of SSMF, respectively with a patchcord of
SM F5,m at the beginning, at the end, and both at the beginning and at the
end of the SSMF span. As in Fig. 5 (b), the curves reported in (b) are also
representative of the standard deviation o of the noise figure N F' of the
links considered.

An improvement in terms of the system bandwidth can
be noticed in Fig. 6 (a), where it is Ag ~ 6 dB in the
system described in [5] (SSMF +SM F5,,,,) whereas it is
Ag ~ 1.6 dB when an additional SM F5,,,, patch-cord is
placed between the VCSEL and the SSMF strand (S M F5,n+
SSMF +SM F5,,,). In terms of 3 dB modulation bandwidth,
computed taking as a reference g(0), the improvement goes
from B3,, ~ 380 MHz to B3,, ~ 2500 MHz.

A noticeable improvement can additionally be observed in
Fig. 6 (b), where o¢],,,, is reduced to less than 2 dB within
B. The performance of the structure SSMF +SM F5,,,,, has
then shown an important improvement with the introduction
of the SM F5,,,, patch before the SSMF strand.

With the aim to consider a more realistic condition, in
Fig. 6 it has also been reported the behavior of a VCSEL-
based transmission link where the SM F5,,,, patch is placed
before the SSMF strand of length L; = 300 m, and no
other SM F5,,,,, patch is placed after. This configuration shows
indeed a slightly higher value of Ag (~ 2 dB) which anyway
leads to the same Bs,, = 2500 MHz with respect to the
case where the SM F5,,,, is placed before and after the SSMF
strand. Moreover, o¢/,,,.. is further reduced from ~ 2.1 dB
to ~ 1.8 dB. Taking also into account the considerations
on optical insertion losses specified below, this leads to the
conclusion that the only introduction of the SM F5,,;, patch
between VCSEL and SSMF gives the best performance in
terms of Bs,, and o0g¢|,,,, of short-range VCSEL-based
SSMF transmission links. To give an idea of the power

penalties caused by the introduction of the SM F5,,,, in the
system, the behavior of (G) is reported in Fig. 7 (a).
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Fig. 7. Behaviors of (a) the average RF gain (G) for L; = 300m and (b)
the noise figure N F, in the four configurations of VCSEL-based transmission
links considered in the present work.

The maximum additional RF loss introduced in the con-
figuration where the SM F5,,,, patch is placed both between
VCSEL and SSMF and between SSMF and PD can be
quantified in about 15 dB, corresponding to 7.5 dB of optical
insertion loss. On the contrary, in the case where only one
SM F5,,,, patch is utilized (either between VCSEL and SSMF
or between SSMF and PD) the two losses are 11-12 dB and
5.5-6 dB respectively.

From the values of (G) it is possible to evaluate the average
(NF) of the noise figure N F in the different cases. This value
represents a meaningful quantity in case the VCSEL-based
link is utilized for the transmission of RF signals through the
RoF technology.

Exploiting the definition (see for example [8]) of NF' for
RoF links, it is (NF)|yp = Noutlapw/uz) = (Glap —
101og1o(KT)| 45w/ #r2)> Where Noy is the available noise
output power per unit bandwidth of the system, while k£ =
1.38-10723 Joule/K is the Boltzmann constant and 7' = 300
K is the reference temperature. It can be noted that, due to the
higher values of (G) presented by the configuration where only
the SSMF is utilized, the values of (N F') are generally smaller
than in the other configurations. However, the fluctuations
of G due to modal noise cause in turn fluctuations of NF.
This leads to standard deviations of the noise figure oy
represented by the same curves reported in Fig. 5 (b) and
Fig. 6 (b). From the observation of both figures, it can be
concluded that the solution proposed here (SM F5,,,, patch
followed by the SSMF span) is the only one which presents
onr < 2dB within the band B.

Keeping in mind applications in the fields of in-building
wireless coverage as well as remote radio antennas used for
astronomy, further experiments have been performed with
lower SSMF lengths. The obtained results can be observed
in Fig. 8 which reports the behavior of o¢/,,,, within the
bandwidth B when SSMF strands of the same optical fiber
with different lengths are utilized.

Starting from the left-hand side, the four histograms report

the measured values of Ug|mam for L1 = 30 m, 70 m, 100
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Fig. 8. Behaviors of og|,,,, for links of different length Ly in the four
configurations of VCSEL-based transmission links considered in the present
work.

m and 300 m, respectively, when the system proposed in [5]
is utilized. Proceeding to the right-hand side, the reduction
of 0¢/,,,, for all the values of L; can be observed, when
the SMF5,,, patch is introduced in this system between
VCSEL and SSMF. The last two sets of the histograms allow
to perform a similar comparison between the cases when the
optical channel is constituted by the SSMF strand alone and
the case when the SM F5,,,,, patch is introduced between the
VCSEL and the SSMF strand itself.

Note that in this last case the values of o¢/,,,,. are 0.2 dB
and 0.3 dB for L; = 70 m and L; = 100 m, respectively,
which, unlike the case when the initial SM F,, patch is
absent, makes the system potentially usable in typical VLBI
downlink chains. Indeed, for these applications, fluctuations
of G of the order of 0.4 dB are typically required under
a temperature stress AT = 4°C [24]. Since the values
of o¢l,,., have been measured under a temperature stress
AT ~ 10°C, we can conclude that the system proposed here
fulfills requirements which are more strict than mentioned
above.

IV. CONCLUSION

In the context of transmission systems adopting 850 nm
VCSELs and SSMFs, the effects of the multimodal behavior
of the SSMF has an impact simultaneously on the modal in-
terference induced bandwidth reduction and on the generation
of modal noise. A mathematical model has been proposed that
analyzes the modal impact on such links. It predicts efficiently
the behavior of an experimental system using a 10 Gbps
VCSEL followed by a SSMF fiber. It is demonstrated, both
experimentally and theoretically, that connecting a mode filter
such as a SM F5,,,,, between the VCSEL and the input of the
SSMF fiber, a reduction of both the modal interference and the
modal noise impact is obtained. With a SSMF of 300 m length,
the bandwidth was increased from ~ 250 MHz to potentially
more than 2500 MHz (being limited to this value by the
bandwidth of optical transmitter/receiver), while the standard
deviation of modal noise was reduced to less than 2 dB.
This simple and repeatable solution will thus provide a basis
for further improvement in various important contexts. These

include the realization of high-bit-rate short-range connections,
the transmission of advanced high bandwidth wireless signals
in low cost home area networks and local area networks, and
the reception of low power signals for astronomy using radio-
telescopes.
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