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Abstract: In this contribution a signal theoretic Multiple Input Multiple Output (MIMO) system model for estimat-
ing modal and chromatic dispersion is developed. Based on channel measurements wtkimaMIMO
multimode channel parameters for modal and chromatic dispersion are estimated. Furthermore, taking given
parameters of the dispersion into account, the introduced signal theoretic MIMO system model enables a
reconstruction of the MIMO specific impulse responses.

1 INTRODUCTION Usually, the fibre capacity is limited by the dis-
persion. In multimode fibres the modal dispersion
The increasing desire for communication and infor- dominates the chromatic dispersion by orders. Only
mation interchange has attracted a lot of researchsystems with Restricted Mode Launching (RML),
since Shannon’s pioneering work in 1948. e.g. the 10 Gbit Ethernet system standard 10GBASE-
A possible solution was presented by Teletar and SR, focus on the description of both dispersion ef-
Foschini in the mid 90’s, which revived the MIMO  fects(Pimpinella et al., 2011; Castro et al., 2012).

(multiple-input multiple-output) transmission philos- Since the modal and the chromatic dispersion are
ophy introduced by van Etten in the mid 70’s (Telatar, considered to be independent, the system impulse re-
1999; Foschini, 1996; van Etten, 1975; van Etten, sponse is given by the convolution of these individual
1976). impulse responses.

Elnlce t:\e tcﬁﬁl\;'g of twwele_ss mult|pI|§-|npl|Jt Against this background, the novel contribution of
m_l:hlg?[r?—ou pu ( ) sbys en;s m::reases Lnia;ﬁ' this paper is that based on channel measurement with
Wi € minimum number of antennas at both, 14 km multimode fibre, a signal theoretic MIMO

the transmitter as well as the receiver side, MIMO . . .
; - system model for estimating modal and chromatic
schemes have attracted substantial attention (Zhou Y g

et al., 2005; Mueller-Weinfurtner, 2002) and can be d|sper3|or_1 'S dfeveloped. _ o
considered as an essential part of increasing both ~ BY taking given parameters of the dispersion into
the achievable capacity and integrity of future gen- @ccount, the introduced system model enables a re-
erations of wireless systems (Kuhn, 2006; Zheng construction of the MIMO speC|f|C|mpuIse responses.
and Tse, 2003). MIMO transmission has influenced Thu_s, a fundamental_algorlthm for further_studles on
nearly any standard of wireless communication. the impact of dispersion and for a comparison of dif-
However, the MIMO principle is not limited to ferent MIMO systems utilizing different wavelengths
wireless communication channel and a lot of scenar- IS presented.
ios can be described by the MIMO technology (Kiihn, The remaining part of this contribution is orga-
2006; Bulow et al., 2011; Singer et al., 2008). nized as follows: Section 2 introduces our system
Within the last years, the concept of MIMO (mul- model. The measurement setup for estimating the
tiple input multiple output) transmission over mul- channel impulse responses is presented in section 3.
timode and multicore fibers has attracted increasing In section 4 our signal theoretic system model is in-
interest in the optical fiber transmission community, troduced and discussed. The associated performance
e.g. (Bulow et al., 2010; Bilow et al., 2011; Singer results are presented and interpreted in section 5. Fi-
et al., 2008), targeting at increased fiber capacity. nally, section 6 provides our concluding remarks.

Ahrens A., Schréder S. and Lochmann S..

Dispersion Analysis within a Measured 1,4 km MIMO Multimode Channel. 391
DOI: 10.5220/0004495203910397

In Proceedings of the 4th International Conference on Data Communication Networking, 10th International Conference on e-Business and 4th
International Conference on Optical Communication Systems (OPTICS-2013), pages 391-397

ISBN: 978-989-8565-72-3

Copyright ¢ 2013 SCITEPRESS (Science and Technology Publications, Lda.)



OPTICS 2013 - International Conference on Optical Communication Systems

2 MULTIMODE MIMO
CHANNEL (ﬁ@}}s

In order to form the optical MIMO channel, different 1%’@
sources of light have to be launched into the multi-

mode fibre. In this work 42 x 2) optical multimode

MIMO channel is studied. The corresponding elec-

trical MIMO system model is highlighted in Fig. 1.

Figure 2: Forming the optical MIMO channel (left: light
launch positions at the transmitter side with a given eccen-
us1(t) uk(t) tricity 9, right: spatial configuration at the receiver side as a

o—$—> g11(t) function of the mask diametej.

g21(t) campaign two different laser diodes are used: The
spectral properties of each laser diode are determined
by measurement. The first laser diode has a center
wave length (CWL) of 1326 nm and a spectral half

g1 (t) width of approximately 8 nm. The second laser diode
( © has a CWL of 1576 nm and a spectral half width of
Usa(t Hk2 approximately 10 nm. Fig. 4 shows exemplarily the
p 1 N pp y 9 planty
Figure 1: Electrical MIMO system model (exampte= 2). SED ‘OGE)

.‘L""""""’i’» I 50?1125 ! 50?1125

In Fig. 2 the optical MIMO setup iS shown | o M(L)@ " ﬂouﬁ;p
schematically. On the left side the transmitter side 1{ s Q soohs )+
is represented for launching different sources of light e
into the fibre. By coupling light in the center of the e e
multimode core, described blyX;, low-order mode
groups are activated (e.g. fundamental mode). For
activating high order mode groups, describedtx,
light has to be launched into the fibre with an given
eccentricity.

At the receiver side, different spatial filters are
used to separate the different mode groups. For low- 40
order mode groups the spot filter (describedR¥)
and for higher order mode groups the ring filter is used
(described byRX%). Together with the mode group 307
coupling along the 4 km long fibre, the MIMO sys-
tem model according to Fig. 1 can be formed (Pankow
etal., 2011).

Figure 3: Measurement setup for measuring the MIMO spe-
cific impulse responses.

measured spectrum of the 1576 nm Fabry-Perot laser
with the typical modal structure.

(innW) —

201

Power

3 MEASUREMENT SETUP bUb

In order to evaluate the potential of MIMO in the 1365 1570 1575 1580 1585

field of optical multimode communication channels, Operating Wavelength ~ (innm) —

a good knowledge of the MIMO specific impulse re- Figure 4: Spectrum of used Fabry-Perot Laser (resolution
sponses and their corresponding dispersion parametebandwidth (RBW) of optical spectrum analyze0® nm).

is needed. For analyzing the MIMO specific impulse

responses, the measurement setup depicted in Fig. 3 For generating a MIMO system, different sources
is used. For measuring the impulse responses, the in-of light have to be launched into the multimode fi-
put impulse was generated by using the Picosecondbre. For the measurement campaign the laser light
Diode Laser System (PiLas). For the measurementwill be launched through a single mode waveguide
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into the core of a multimode waveguide. For the animpulse like a dirac delta pulse has to be chosen in
(2 x 2) MIMO System two different sources of light order to measure the channel impulse response unaf-
are needed. This part is realized by the first coupler fectedly from the inputimpulse. However, in this case
component using a splicer. In a splicer the end of the optical power is no longer sufficient to make the
the transmitter waveguide and the beginning of the modal structure measurable. Thus, the input impulses
transmission path are clamped together where theyshown in Fig. 7 are a good compromise to an impulse
are aligned exactly to each other (Fig. 5). By using the like a dirac delta impulse at a reasonable amount of
center launch condition only the fundamental mode is coupled transmit power. The MIMO-specific impulse
stimulated, represented by the sigoal(t) in Fig. 1. responses are obtained after deconvolution with the
The signalsy(t) in Fig. 1 represents the offset launch measured impulse responses.

condition for activating higher order mode groups.
For the measurements an eccentricity of1Ii was
chosen. As a transmission channel a graded-index fi- O A=1326nm
bre of 14 km length was chosen. At the receiver side, %0 V A =1576nm

SM 10/125
S SM 10/125 ) GI 50/125
01 02 .03 .04 05
t (inns) —
Figure 5: Transmitter side configuration with center and Figure 7: Input impulse for calculating the MIMO-specific
offset light launch condition. impulse responses at different operating wavelength.

for separating the different optical channels, different

spatial filters (i. e, the spot filter with a diameter of 4 SIGNAL THEORETIC SYSTEM
r = 15um for low order mode groups and the cor-

responding ring filter for higher order mode groups) MODEL
are used (Fig. 6). These spatial filters have been pro-
duced by depositing a metal layer at fibre end-faces The limiting factor in transmitting high speed data

and subsequent ion milling (Pankow et al., 2011; Aust OVver single input single output (SISO) multimode

etal., 2012). To determine the appropriate impulse re- fibers is modal and chromatic dispersion. In order.to
sponse for the respective channel, the particular trans-be able to study the effect of modal and chromatic dis-

mitter/receiver combination has to be chosen. persion especially in MIMO communication, a sim-
plified SISO system model is developed, which takes

the modal as well as the chromatic dispersion of a
multimode fibre into account. Thereby the individual
mode groups, which propagate along the fibre with

different speed, are modeled as a Gaussian impulse
sequence as highlighted in Fig. 8. This sequence is
described mathematically as

ViV Vo

g-1
a(t) = ; ad(t— 1) 1)
=0

Figure 6: Receiver side filter configuration for separating
the different channels.

by taking g dominant mode groups into account
which propagate along the fibre. The delay time of
each mode group is describedand the mode group
dependent weighting factor lay.

Fig. 7 highlights the electrical impulse for measur- Since the modal as well as the chromatic disper-
ing the MIMO-specificimpulse responses. The pulses sion are independent from each other, the gaussian
are chosen in a way that the same optical power isimpulse sequence can be decomposed into two parts:
coupled into the multimode fibre core. Theoretically, a weighted dirac delta impulse respogsgt) for the
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Figure 8: Approximated impulse responses.

description of the modal dispersion (Fig. 9) and a
common gaussian pagt(t) for the description of the
chromatic dispersion (Fig. 10). The resulting SISO
specific impulse response can be obtained by convo-
lution of gm(t) andgc(t) and results in:

g(t) = gm(t) * Qelt) - )
Fig. 8 shows an exemplarily impulse response de-

Aga(t)
gmi+
8m2+
gm3+
gmoT T
f | .

To T T2 T3 t

Figure 9: Weighted Dirac delta impulse pulse response for
the description of the SISO specific mode dispersion.

tion Systems

4.1 Modal Dispersion

When launching light into the fibre, different mode
groups will be activated which propagate along the
fibre with different speed and different attenuation.
This effect can be described by a sum of weighted
dirac delta impulses as shown in Fig. 9. Taking the
dominant mode groups into account, the mode disper-
sion is described by the following impulse response

g-1
Om(t) = %gmf d(t—1y) )
with the parameter;, as the delay time and the param-
etergme as the weighting coefficient of thieth mode
group.

The amount of modal dispersion included in the
measured impulse response can now be described ac-
cording to wireless transmission channels by a delay
spread parametear,, (Patzold, 2002). The parame-
ter o, describes the spread of the whole impulse re-
sponse and can be used as a reference value for the
modal dispersion. The delay spread is given by:

q-1

; (TeOme)? = (Tm)? (4)
=0

Therein, the average delay of all modal groups
(i.eiy) results in

o1t )
composed into individual gaussian impulses. In this tm = A /;Tf (Gme) )
work it is assumed that all mode groups are de- L
scribed by Gaussian impulses with individual delay with normalization parametéx= Z?;o (gmg)z. With

and spread parameters. This sequence of weightedhis normalization parameter, the mode-group depen-
Gaussian pulses can now be decomposed into a sedent weighting coefficients fulfil the boundary condi-
guence weighted dirac impulses (Fig. 9), for the de- tion
scription of the modal dispersion, and into a Gaussian 191 2
pulse (Fig. 10), for the description of the chromatic Kgo(gmf) =1. 6)
dispersion. -

4.2 Chromatic Dispersion

gc(t)

Theoretically, in the absent of chromatic disper-
sion, each mode group can be described by a sin-
gle dirac delta impulse with a mode dependent de-
; lay and weighting factor. However, as the operat-
Oc ing wavelength increased, the modes within a mode
Figure 10: Gaussian pulse to describe chromatic dispersion group travel with different speed and therefore the de-
lay time between the different modes within a mode

Fig. 9 and 10 also highlights the parameters of the group become visible. This results in a broadening of
presented SISO system model. The paranmgtde- the beforehand analyzed individual mode group dirac
scribes the average delay time for the mode grup deltaimpulses. The parameter for this widening is the

Omy is the amplitude ofth mode group and. de- spread parametex.. However, through the widening

scribes the spread of each mode group, which is as-of the mode group dependent dirac delta impulses, the
sumed to be the same for all mode groups. amplitude of impulse response is also weighted, i.e.,

Y
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the amplitude of impulse responagand the modal  the MIMO system model. The corresponding elec-
dependent weighting factogs,, depend on the pa- trical MIMO system model is highlighted in Fig- 1
rameteroc. with the four existing transmission patfg,(t) (with

The chromatic dispersion of each mode groupis v=12... ng andpu= 1,2,....n7), which will be
described by a normalized Gaussian impulse (Fig. 10) measured and analyzed separately. The number of

and is given as transmitters is given by ther and the number of re-
2 ceivers byng, respectively. Therefore, the impulse
t) — e 232 7 response is given by
o v (V) gy VB
Guu(t) =gm () *ge (1) . (13)

The parameteb in Fig. 10 represents the normaliza-

tion factor of the Gaussian impulse and results in According to equation (14) the modal dispersion can
1 be described by

C)

b= )
Ocv2m

g-1
ot (1) = ;)gﬁ:;” st-1")  (4)
4.3 Spread Parameters =

; (Vm) )
For the SISO system model, modal and chromatic dis- i the ey o o O oL e CO e

persion are described by their corresponding spreadsponding weighting factorg,y’. The average delay
parameters. Assuming that the individual mode of the mode groups can be calculated by
groups are described as Gaussian pulses

R 2
5 TR = o /Z)Tﬁvw (o) (15)
gt)= > adt—1) , (9) =
o with the normalization factorA = q’l( )
the parametesy is obtained by combining (3) and (7) 3 . = Z.ZZO qu
and results in (Patzold, 2002). Finally, the modal dispersion results
in:
1
& = Ome o . (10) -
Ve v _ |1 VoW _ (fom)?
. . . . Om " = ) T, Ome 1\
Taking this equation into account, the mode group de- AVK £

pendent weighting facta,, can be obtained as (16)

Assuming that the same laser is used for measuring all
Ome = & Oc V2Tt (11) four impulse responses, the chromatic dispersion can
by taking into account that the measured amplitude be considered to be same within all four transmission
a, contains the information about the width of the path. Taking (7) into account, the following equation
gaussian pulse (i.e. chromatic dispersion) as well holds
as the mode-dependent weighting factor. Therefore, g (1) = ge(t) . (17)
the weighting factog,, can be determined with the
predetermined spread paramedgiand the measured

amplitudeay, i. e. 5 RESULTS

gmi:aio'c\/ﬁ. (12) L . e
Within this paper, channel measurements within 1
Since the weighting of each mode group is described km (2 x 2) MIMO system are carried out. For the
by the modal dispersion completely, the chromatic investigated optical MIMO channel an eccentridity
dispersion corresponding spread parametezan be  of 10pm and a mask diametenf 15um were chosen
calculated by taking the measured amplitudedito  (Fig. 2). Fig. 11 shows the four impulse responses

account. for an operating wavelength of 1326 nm according to
Fig. 1. Compared to 1576 nm depicted in Fig. 12 the

44 MIMO System Modél influence of the chromatic dispersion is highly visible.

In this work a(2 x 2 MIMO system model is inves- The impulse responses are obtained after deconvo-

tigated and the beforehand introduced signal theo- lution with the input impulse depicted in Fig. 7. Fur-
retic SISO system model has now to be extended tothermore it is assumed that each optical input within
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sion can be approximated by the following equation

T Tose Tc=Dcd) 0 . (18)
?:O 1 :‘J; z': The impulse spreat: can be described as the width
o o of each impulse or mode group, measured at a 50%
05 A 1 5 0% T A decay of the maximum amplitude and to be assumed
t (inns)— t (inns)— to be approximately twice as large as the calculated
spread parametas.. The dispersion parametéx
T2 T 0.6 at the operating wavelength of 1576 nm can be as-
= =04 sumed to be 20 ps/(nmkm) (Senior, 2008). Together
a1 & 02 with the length of the measured multimode fibre of
B o £ = 1,4 km and the spectral widtd, (FWHW, Full
0% 1 ) 00 o Width Half Maximum) of the laser diode of 10 nm,
t (inns)— t (inns) = an impulse spreat. of approximately 280 ps is ob-

Figure 11: Measured electrical MIMO impulse responses
with respect to the pulse frequenéy = 1/Ts = 5,00 GHz

at 1326 nm operating wavelength.

tained. Witht. = 20 the measured values of can

be justified. At a operating wavelength of 1326 nm
the chromatic dispersion tends to be zero. At this par-
ticular operating wavelength no chromatic dispersion
appears. Therefore, at the operating wavelength of

0.1
T 02 Ly 1326 nm, the chromatic dispersion is not exactly zero,
= = but much lower compared with an operating wave-
Toa AN length of 1576 nm.
:3 L The estimated parameters of the modal dispersion
0 0 are highlighted in Tab. 2.
o 1 2 3 0 1 2
t (inns)— t (inns) —
0.1 Table 2: Parameters of the calculated modal dispersion.
T o2 T A (innm) ac (inps)
= =005 - O11(t)  G12(t) QG21(t) Q2a(t)
& 01 o) 1326 38 215 62 199
o S 1576 159 424 185 353
o 1 2 3 o 1 2 3
t (inns)— t (inns) —

Next to analyzed parameters of modal and chro-

Figure 12: Measured electrical MIMO impulse responses matic dispersion, the introduced system model en-

with respect to the pulse frequenéy = 1/Ts = 5,00 GHz

at 1576 nm operating wavelength.

ables a reconstruction of the MIMO specific impulses
responses by taking the estimated dispersion parame-
ters into account. In Fig. 13 and 14 the approximated

the multimode fiber will be fed by a system with iden- impulse responsgz(t) is shown exemplarily at dif-

tical mean properties with respect to transmit filtering ferent operating wavelength by using the beforehand
and pulse frequencit = 1/Ts. For numerical assess- introduced system model and the estimated parame-

ment within this paper, the pulse frequency is chosen ters of modal and chromatic dispersion. As shown by

to be fr = 5,00 GHz Taking the measured impulse Fig. 13 and 14 the approximated impulse responses
show a good correlation with the measured impulse

Table 1: Parameters of the calculated chromatic dispersion '€SPONSES.

A (innm) oc in(ps)
1326 15
1576 129 6 CONCLUSIONS

responses, depicted in Fig. 11 and 12, into account, Based on channel measurements, in this work a signal

the obtained parameters for the chromatic dispersiontn€oretic MIMO system model for estimating modal

are presented in Tab. 1. For the same operating wave-2"d chromatic dispersion is introduced and parame-
length, the chromatic dispersion is assumed to be thet€rs for modal and chromatic dispersion for a &m

same for all propagation paths and all individual mode Multimode MIMO channel are estimated.
groups. For comparison reason, the chromatic disper-
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