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Abstract: Within the last years the multiple-input multiple-output (MIMO) technology has attracted increasing interest
in the optical fiber community. Theoretically, the concept of MIMO is well-understood and shows some
similarities to wireless MIMO systems. However, practical implementations of optical components are in the
focus of interest. Optical couplers have long been used as passive optical components being able to combine
or split single-input single-output (SISO) data transmissions. They have been proven to be well-suited for
the optical MIMO transmission despite their insertion losses and asymmetries. Nowadays, next to optical
couplers, photonic lanterns (PLs) have attracted a lot of attention in the research community as they offer the
benefit of a low loss transition from the input fibers to the modes supported by the waveguide at its output. In
this contribution the properties of a six-port PL are evaluated by measurements with regards to their respective
MIMO suitability. Based on the obtained results, a simplified time-domain MIMO simulation model, including
PLs for mode combining at the transmitter-side as well as for mode splitting at the receiver-side, is elaborated.
Our results obtained by the simulated bit-error rate (BER) performance as well as by measurements show that
PLs are well-suited for the optical MIMO transmission.

1 INTRODUCTION (Singer et al., 2008). However, the practical realiza-
tion of the optical MIMO channel requires substan-
The growing demand of bandwidth particularly tial further research regarding mode combining, mode
driven by the developing Internet has been satisfied maintenance and mode splitting (Schéllmann and
so far by optical fiber technologies such as dense Rosenkranz, 2007; Schéllmann et al., 2008; Sand-
wavelength division multiplexing, polarization divi- mann et al., 2016; Sandmann et al., 2014). Hence,
sion multiplexing and multi-level modulation. These photonic lanterns (PLs) have attracted a lot of atten-
technologies have now reached a state of maturity tion in the research community (Leon-Saval et al.,
(Winzer, 2012). The only way to further increase 2014). Compared to other passive devices used for
the available data rate is now be seen in the area ofmode combining and mode splitting such as optical
spatial multiplexing (Richardson et al., 2013), which couplers, PLs offer the benefit of a low loss transi-
is well-established in wireless communications (Tse tion from the input fibers to the modes supported by
and Viswanath, 2005). Nowadays several novel tech- the waveguide at its output which makes such devices
niques such as mode group division multiplexing or very attractive for optical MIMO communication.
multiple-input multiple-output (MIMO) are in the fo- Against this background, the novel contribution of
cus of interest (Singer et al., 2008). Among these this paper is that based on measurements the suitabil-
techniques, the concept of MIMO transmission over ity of PLs for mode combining and splitting is studied
multi-mode fibers has attracted increasing interest in by computer simulations.
the optical fiber transmission community, targeting at The remaining parts of this paper are structured
increased fiber capacity (Foschini, 1996; Singer et al., as follows: Section 2 introduces the studied optical
2008; Winzer and Foschini, 2014). The fiber capac- MIMO system based on PLs and shows measured
ity of a multi-mode fiber is limited by the modal dis-  characteristics of a 6-port PL. Based on these charac-
persion compared to single-mode transmission whereteristics in section 3 a corresponding electrical MIMO
no modal dispersion except for polarization exists. In channel model is derived. The block-oriented and
theory, the optical MIMO concept is well-described  SvD-based broadband MIMO system is described in
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section 4. The associated performance results are preimposed in the FMF, e.g. the kPand LR; modes.
sented and interpreted in section 5. Finally, section 6 This can be interpreted as cross-talk. In addition to
provides the concluding remarks. the cross-talk introduced by the PLs, mode mixing
during the transmission through the FMF occurs due
to micro bends etc. The idea is to apply MIMO sig-
2 OPTICAL MIMO nal processing in order to remove the cross-talk. For
this purpose, the transmission relations are described

TRANSMISSION in an electrical system model.

One approach to form an optical MIMO system is ideal real

to transmit multiple data signals on different spa- Lp, LP,, LP,, LP,+LP, +...
tial modes through a few-mode or multi-mode fiber O—— O 0 SR ; o
(FMF/ MMF). In this work, photonic lanterns (PLS) E
are studied in order to transfer the binary information -
carried on the LR, mode inny single-mode fibers SMFs FMF SMFs FMF
(SMFs) to discrete modes in a FMF and vice versa. =
The physical t_ransmission model i_s depicted in Fig. 1. Lp, Lp, tp, Y T ST
The FMF carriesyy modes depending onthe geomet- o |....... o o SO : o

ric as well as the physical structure of the fiber and the
operating wavelength. Subsequent to the transmissionFigure 2: Comparing the spatial mode transformation char-
through a FMF of lengtt, the modes are demulti- acteristic of a real PL with an ideal PL.

plexed tong SMFs with an inversely arranged PL.

In theory, for transitioning the incident modes of
the SMF to the respective modes carried in the few
mode fiber with low loss the conditiam = nyy = nr
needs to be respected (Leon-Saval et al., 2013). How-
ever, measurements of the transfer characteristic of
the fusion type PL with 6-ports shows quite a notice-
able insertion loss and S“ght asymmet”es between theF|gUre 3: EXampleOf measured Spatlal IntenSIty pattel’ns at
different SMF inputs, see Tab. 1. Still, these asymme- the output of a fusion type PL using different input SMFs
tries are relatively small when comparing to the in- it an operating watSlength bt _2550.0m, the datied line

4 ) . represents the 30 pum fiber core diameter.
sertion loss differences of an optical MIMO system
based on offset SMF to MMF splices and fusion cou-
plers as shown in the same table (Sandmann et al.,

2016). Contrary to expectations, the photonic inte- 3 ELECTRICAL MIMO

grated circuit (PIC) type 6-port PL shows the best re- CHANNEL REPRESENTATION

sults with respect to the insertion loss. Extending a

fusion coupler based system to 6-ports requires theThe electrical baseband MIMO channel representa-
concatenation of multiple 2-port systems which is ac- tion employing PLs and a FMF is shown in Fig. 4.
companied by a significant insertion loss increase.  Here, the transmitter-side photonic lantern is fed by

Considering the modal behavior, under ideal con- the signalsay,(t), with p = 1,...,nr, representing
ditions the PL transfers the signals from each SMF to the optical signals carried on the ¢;Pmode in the
a discrete mode in the FMF, see Fig. 2. In contrast, SMFs. Correspondingly, the signd‘jﬁ(t) represent
three spatial intensity patterns measured at the out-the guided spatial modes at the input of the FMF
put of the 6-port PL, compare Fig. 3, show that a real andcy(t) are the resulting FMF output signals, where
PL excites a combination of modes which are super-

ap(t dqi(t
10()_\ ba (1) a(t) /_15)
J} FMF / MMF c I ¢
R : ) Q : o |:
£/ | o > i g b % ; £ |
,,,,,,,,,,,,,,, [T O - N A B G OV S B OR g B
\ LPop /i Sy [ F 1SV LPy c w c
g 2| S e = ® g |
———————————————————————————————— : b C :
¢ an, ()| & M W& | dag (1)
Figure 1: Multi-mode MIMO transmission model using L T~
photonic lanterns for mode combining and splitting. Figure 4: Electrical MIMO channel model.
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Table 1: Insertion loss measurements when launching fréfiereint SMF inputs through a fusion type and photonic iraégp
circuit (PIC) type 6-port photonic lantern compared to ac2tfusion coupler based system.

SMF input number 1 2 3 4 5 6
Fusion type PLinsert. loss[dB] 6.7 6.7 42 41 7.0 41
PIC type PLinsert. loss[dB] 1.7 22 15 22 20 17
Fusion coupler insert. loss[dB] 0.1 81 - - - -
B,k =1,...,nv. Finally, the receiver-side PL trans- K (CH)

fers the modes of the FMF to fundamental modes
in the SMFs, represented by the signdjst), with
v =1,...,ng. For simplification purposes and in

order to create the prerequisites for a near lossless

transmission the number of input SMRs, the num-
ber of guided modes in the FMiy, and the num-
ber of output SMFsnr are assumed to be identi-
cally. In this work, these numbers are chosen to be
nr = ny = nr = 2 and therefore only the IgP and
LP11 modes can propagate implying a V-number in
range 2405< V < 3.832 when transmitting through

a step-index profiled FMF. The degenerate modes of

LP13, i.e. LPi1gand LR 1p, are summarized.
3.1 FMF Channd

The transmission properties of the FMF are repre-
sented by the model depicted in Fig. 5. In time-

domain, the system characteristics of the FMF chan-
nel are given as follows

cu(t) = KSP by t) + kS byt —At1/2)

ca(t) = kS5 byt — AT/2) + KS byt — AT) |
1)

describing the mode-coupling of the underlying chan-
nel. Herein, the parameté&rt describes the differen-
tial mode delay between the fundamental modg;LP
and the mode LR, which is identified to beAt =
200 ps for the considered fiber length ©f 2 km.
The effect of the chromatic dispersion is not ana-
lyzed in this contribution since a zero chromatic dis-
persion wavelength is assumed which is in the region
of 1300 nm. However, for different wavelengths chro-
matic dispersion can be taken into account by a sim-
ple convolution with a Gaussmn function. The optical
field coupling coefﬁuen'dsK ) describe the coupling
from the mode LR, to the mode LRy, from the mode
LP14 to the mode LBy and so forth. Since a lossless
transmission through the FMF is assumed, the cou-
pling coefficients have to fulfill the following condi-

tion
CH)‘Z 1

B (2)
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Figure 5: Underlying FMF channel model of lengtlde-
signed for two mode propagation = 2).

3.2 Photonic Lanterns

Hereinafter, the mode combining and mode splitting
process conducted by the photonic lanterns is studied.
Considering 42 x 2) PL the corresponding electrical
representation for the transmitter-side PL is shown in

Fig. 6. At the transmitter-side the mapping of the
k(lliL,TX)
ai(t) ba(t)
o—> ——O
k(PLA,TX)
21 — P
k(1P2L‘TX)
as(t) ba(t)
o—> —oO
k§P2L TX)

Figure 6: Electrical system model of the transmitter-side P
(nr =ny =2).

incident LRy; modes, represented by the sigrald),
by the PL can be described with the corresponding

coupling matrix

k(1 IZL. TX) k(1 PL,TX)
n
K(™X) = : ; , (3
PL,TX PL TX)
kr(1M 1 ) an nr
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 (PLRX) fr = 1/Ts are used for pulse shaping and receive fil-
1 tering, i. e.gs(t) andget(t) and hence the overall im-
pulse responsdsy,,(t) are formed as follows
hyp(t) = gs(t) * Gup(t) * Get(t) , (6)

where x denotes the convolution operator. An ad-
ditional component to be considered is the additive
white Gaussian noise (AWGN) denoted by the term
ny(t). The sampled overall impulse responses are
used for the broadband MIMO system model, being
described in the next section.

PL,RX
Ky

Figure 7: Electrical system model of the receiver-side PL 4 BROADBAND MIMO SYSTEM
(nM =NR = 2)

DESCRIPTION
o (PLTX . . . .
with ) (, ! deno'tmg thg transmitter-side COUP"”g Considering a frequency-selective MIMO link, com-
coefficients. Having an ideal PL, compare Fig. 2, hosed ofir optical inputs aneg optical outputs, the
the coupling matrix is given by an identity matrix  resyiting electrical discrete-time block-oriented sys-

consideringny = nr. Since the receiver-side PL i tem js modeled referring to (Raleigh and Cioffi, 1998;
inversely arranged and is assumed to have identi- pgnkow et al., 2011) as follows

cal properties to the transmitter-side PL, the corre-
sponding coupling matrix is the transpose denoted u=H-b+n. (7)

by (-)T of the tr?nsmitter—side coupling matrix, i.e. \ectorb of size(Nr x 1) contains the input symbols
K(RX) = (K(TX)) " Here, it is worth noting that un-  transmitted oveny optical inputs inK consecutive

der practical assumptions the outputghPnodes of e sI(_)ts, . PTNT — KnT'. .Th'.s vector can be decom-
posed intany input-specific signal vectots, accord-

the receiver-side PL appear as superpositions of the!

LPo1 and LR; modes of the FMF as highlighted in Ing to 2 - 1T
Fig. 2. Having a non-ideal PL, the corresponding b=[bi,....by,....ba ], (8)
electrical system model is shown in Fig. 7 for the where (.)T denotes the transpose operator. These

receiver-side PL. Herckf,'iL’RX) denotes the receiver- input-specific signal vectors of siZ& x 1) include

side coupling coefficients, being summarized in the the symbols transmitted at the optical inputor all
coupling matrixkK(RX),  Based on the short fiber time instance&, withk=1,... K, as given by
length, the PL is assumed to be flat in the considered T

frequency band. Since no power-loss is assumed, the b, = [blu» co B -,pr] : ©)
transmitter-side PL coupling coefficients are required The (Nr x 1) sized received signal vectarcan again
to comply to be decomposed intag output-specific signal vectors
uy of the lengthK + L, i.e. Nr = (K + L¢) ng, and

2 .
kéiL,Tx)‘ =1 for p=1,....nt (4 results in

v

2, ,
B u=[uf,...,uj,....un.] - (10)
anc_i the recelvgr—5|de Pll__couplmg coefficients need to By taking the(Lc -+ 1) non-zero elements of the re-
fulfill the following condition sulting symbol rate sampled overall channel impulse
R PLRX)|2 responseh, ,(t) between theuth input andvth out-
Z Kok >‘ =1 for k=1,....ny . (5) put into account, the output-specific received vector
v=1 uy has to be extended Hy; elements, compared to
Considering the overall MIMO channel model the transmitted input-specific signal vechyrdefined
compare Fig. 4, as a black box with two in- and out- N (9). The((K+ L) x 1) signal vecton, received
puts the transfer characteristic can be described by thePy the optical outpuv can be constructed, including
corresponding MIMO impulse responsgg(t). In- the extension through the multi-path propagation, as
cluding pulse shaping and receive filtering function- follows
ality_ the oyergll(z x 2) MIMO transmission model is Uy = [Uy, Uy, .. -,U(K+Lc)v]
depicted in Fig. 8. Rectangular pulses of frequency

T (12)
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ny(t)
s1(t) a1 (t) ri(t)
o—»| gs(t) gui(t) ger(t) —o0
s2(t) az(t) da(t) ra(t)
o—> gs(t) g(t) 4t_?_’ gef(t) —0
n2(t)
Figure 8: Electrica(2 x 2) MIMO transmission model.

Correspondingly, th¢Nr x 1) sized vecton de- [ heplO] 0 0
notes the AWGN after receive filtering withe(t) hegll] hepl0] 0
and sampling. Finally, théNg x Nt) sized system hep|2] hepl1] 0
matrix H of the block-oriented system model de- KP K?
scribes the symbol rate sampled overall MIMO chan- | (cH) _ . :
nelhy(t) consisting of the frequency-flat transmitter- kB~ heplle] hyp[le—1]
and receiver-side PL models as well as the frequency- 0 heplLe]
selective FMF model, the transmit and receive filter. . .
The channel matri¥l is composed as follows :

| O 0 heplLel |

H=HRX . HECH HTX) (12)

Herein, the(ny (K + L¢) x ny K) sized matrixH (CH)

(14)
Since the transmitter-side photonic lantern (PL) is as-
sumed to be frequency-flat it can be described by a

describes the frequency-selective representation of((n, K) x (nrK)) pre-processing matrix

the FMF channel, compare Fig. 5, being structured
as follows

CH CH

o GV o R

HCH = | : (13)
CH CH
H£1M1> HS\Mn)M

and consists ofny ny single-input single-output

(SISO) channel matricelsf(%H). Every of these ma-
tricest(CBm of the size((K + L¢) x K) describes the

Lc + 1 non-zero elements of resulting symbol rate
sampled impulse response of the FMF channel repre-
sentation including transmit and receive filtering, re-
sulting in:

28

HTO =k g1y | (15)

where ® denotes the Kronecker produdt,(™) is

the transmitter-side PL coupling matrix amd de-
fines a(K x K) identity matrix. MatrixH (™) is com-
posed of concatenat€dl x K) sized diagonal matri-
ces weighted by the corresponding coupling factors

(PLTX), Correspondingly the receiver-side PL can

be described by &nr (K +L¢) x nu (K+Lc)) post-
processing matrix

H(RX) K(RX) (16)
with K(RX) denoting the receiver-side PL coupling
matrix. The interference, which is introduced by the
off-diagonal elements of the channel mathl re-
quires appropriate signal processing strategies.

The MIMO block diagram of the transmission
model is shown in Fig. 9. A popular technique is
based on the singular-value decomposition (SVD) of

the system matri¥, which can be written as
H=S.v.D" |

®IK+LC 5

7
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noise vector

5 PERFORMANCE RESULTS

receive vector

AT

transmit vector

b In this section the BER quality, transmitting through
o—3»| H the (2 x 2) MIMO channel employing PLs for
mode combining and splitting, is studied using fixed

Figure 9: Transmission system model. transmission modes with a spectral efficiency of
4 bit/s/Hz. The analyzed quadrature amplitude modu-

whereS andDH are unitary matrices and is a real- lation (QAM) constellations are listed in Tab. 2. This

valued diagonal matrix of the positive square roots
of the eigenvalues of the matrbki"'H sorted in de-
scending order. In order to remove the interferences
pre-processed symbdis= D - ¢ are transmitted, with
vectorc denoting the unprocessed transmit symbols.
In turn, the receiver multiplies the received vector
by the matrixS. Thereby, neither the transmit power
nor the noise power is enhanced. The overall trans-
mission relationship is defined as

Table 2: Transmission modes.

Spectral Efficiency Layer1l Layer?2

4 bit/s/Hz 16 0
4 bit/s/Hz 4 4

bit allocation approachis combined with a power allo-
cation method that equalizes the signal-to-noise ratios
on all layers and time instanc&sn a data block for
optimizing the BER performance (Sandmann et al.,
2015).

As a consequence of the processing in (18), the  |n order to compare the performance of ideal PLs
channel matrixH is transformed into independent, to real PLs different cross-talk parameters have been
non-interfering layers having unequal gains (Pankow considered relating to the above described electrical
et al., 2011; Raleigh and Cioffi, 1998; Ahrens and MO channel model. Since both PLs are assumed
Benavente-Peces, 2009). In MIMO communication, to have identical properties in both directions and are
singular-value decomposition (SVD) has been estab- ajs0 assumed to be symmetric the PL cross-talk pa-
lished as an efficient concept to compensate the inter-ragmeter is defined as follows

ferences between the different data streams transmit-

y=S'(H-D-c+n)=V . c+w. (18)

2 2
ted over a dispersive channel: SVD is able to transfer Pirods— k(lF;L’TX)‘ = ‘kgiL’Tx)‘

the whole system into independent, non-interfering BLRX) [2 BLRX) [2 (19)
layers exhibiting unequal gains per layer as high- = ‘k&z’ )‘ = lkél’ )‘ ;

lighted in Fig. 10, where as a result weighted AWGN - .

g g g describing the electrical power transfer. The few-

channels appear.

Analyzing the considere@® x 2) MIMO system,
the data symbols at the tintle i.e. ci1x andcyi are
weighted by the positive square roots of the eigen-
values of the matriH"H, i.e. /&1x and /&
The termswyx andw, denote the noise subsequent
to the SVD post-processing. It is worth noting that
the number of readily separable layers is limited by
min(nt,ng). Therefore, in this work the maximum
number of layers is given bl = 2. Based on this
non-interfering layer-specific transmission model the
bit-error rate performance can be calculated (Proakis,
2000).

&1k Wik
Cik Y1k
o— ¥
vV &2k W2k
Cok * Y2k
o —® o

Figure 10: SVD-based layer-specific transmission model.

mode fiber channel cross-talk is assumed to be sym-
metric as well as defined by

2 2
= S = WS

(20)

< idealPL  plioa =0
10—6 O real PL ‘ pg}:)s = OAI‘ |:| .
0 5 10 15 20
10'|0g10(E5/N0) (IndB) —

Figure 11: BER performance when transmitting with the
(16,0) QAM constellation (dotted lines) and the (4,4) QAM
constellation (solid lines) assuming 10% FMF cross-talk,

i.e. pércoi)s: 0.1, at a symbol frequency dff = 1 GHz.
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10°

&

i
1072+
107} S

< ideal PL plps =0

6 O real PL pg:lr,oLsZ =0.1 . q

10 0 5 10 15 20
10'|0g10(E5/N0) (IndB) —

Figure 12: BER performance when transmitting with the
(16,0) QAM constellation (dotted lines) and the (4,4) QAM
constellation (solid lines) assuming 30% FMF cross-talk,

i.e. pé%?sz 0.3, at a symbol frequency dff = 1 GHz.

10°

<] idealPL pIL =0
O real PL pﬁf(;)s =0.1 ]
10°® : ‘ ‘ :
0 5 10 15 20
10-|Og10(E5/N0) (IndB) —

Figure 13: BER performance when transmitting with the
(16,0) QAM constellation (dotted lines) and the (4,4) QAM
constellation (solid lines) assuming 30% FMF cross-talk,

) 0.3, at a symbol frequency dff =5 GHz.

i.e. Peross=

The calculated BER results as a function of the
signal energy to noise power spectral dengityNg
are depicted in Fig. 11, 12 and 13 for different FMF
cross-talk parameter choices, i.mé?og)s, and sym-
bol frequenciesfr. In all simulations the number

0.03

0.01

0.003

0.001

0.0003

0 0.5 1
p(PL)

Cross
Figure 14: BER performance comparing different cross-talk
parameter choices when transmitting with the (16,0) QAM
constellation at a fixedEs/Np ratio of 10 dB at a symbol
frequency offt = 1 GHz.

0.3
0.1
0.03
0 0.5 1
PL
pPL)

Cross

Figure 15: BER performance comparing different cross-talk
parameter choices when transmitting with the (4,4) QAM
constellation at a fixedEs/Np ratio of 10 dB at a symbol
frequency offr = 1 GHz.

A second study shows the achieved BERs compar-

ing different cross-talk parameter choices, |;é?o'§)3

andpé':és)s for the (16,0) QAM constellation in Fig. 14

and for the (4,4) QAM scheme in Fig. 15 at a fixed

of symbols per data block and per layer is selected g /N ratio of 10 dB. This study confirms that the

to be K = 15. Choosing the (16,0) QAM constel-

(16,0) QAM constellation benefits from high cross-

lation shows the best BER performance results for {5 values whereas the (4,4) QAM constellation

all configurations considering a real PL. The addi-

tional cross-talk introduced by a real PL increases the

MIMO channel correlation and thus the amplitude ra-
tio comparing the singular values of the two layers

increases as well. Therefore, the (16,0) QAM scheme

benefits from the additional cross-talk. In contrast,

the increased asymmetry of singular values impairs

the BER performance choosing the (4,4) QAM con-
stellation as highlighted by the results.

30

shows a contrary behavior. It should be noted that
0.5 for pé?o'lé as well as forpéfoLs)Sis the value where
the most cross-talk is introduced into the system. All
in all, the best BER results are achieved with the
(16,0) QAM constellation in combination with high
cross-talk values when considering the studied simu-

lation environment.
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