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Abstra
t

Within the last years Multiple-Input Multiple-Output (MIMO) transmission has

rea
hed a lot of attention in the opti
al �bre 
ommunity. Theoreti
ally, the 
on
ept

of MIMO is well understood. However, pra
ti
al implementations of opti
al 
om-

ponents are in the fo
us of interest for further 
omputer simulations. That's why

in this 
ontribution the spe
i�
 impulse responses of the (2 × 2) MIMO 
hannel,

in
luding a 1.4 km multi-mode �bre and opti
al 
ouplers at both ends, are mea-

sured for operating wavelengths of 1326 nm and 1576 nm. Sin
e semi
ondu
tor

diode lasers, 
apable of working at di�erent wavelengths, are used for the 
hara
-

terization of the underlying opti
al MIMO 
hannel, inverse �ltering is needed for

obtaining the respe
tive impulse responses. However, the pro
ess of inverse �ltering

also known as signal de
onvolution is 
riti
al in noisy environments. That's why dif-

ferent approa
hes su
h as Wiener and parametri
 �ltering are studied with respe
t

to di�erent optimization 
riteria. Moreover, di�erent measurement impa
ts on the

impulse response, su
h as o�set 
ompensation, timing and syn
hronisation et
., will

be investigated. Using these obtained impulse responses a baseband MIMO data

transmission is modelled. In order to 
reate orthogonal 
hannels enabling a su

ess-

ful transmission, a MIMO zero�for
ing (ZF) equaliser is implemented and analysed.

Our main results given as an open eye-diagram and 
al
ulated bit-error rates show

the su

essful implementation of the MIMO transmission system.

1 Introdu
tion

Aiming at further in
reasing the �bre 
apa
ity in opti
al transmission systems the 
on
ept

of MIMO, well studied and wide-spread in radio transmission systems, has led to in
reased

resear
h a
tivities in this area [1�3℄. Theoreti
al investigations have shown that similar


apa
ity in
reases are possible 
ompared to wireless systems [4, 5℄. The basis for this

approa
h is the exploitation of the di�erent opti
al mode groups.



However, the pra
ti
al implementation has to 
ope with many te
hnologi
al obsta-


les su
h as mode multiplexing and management. This in
ludes mode 
ombining, mode

maintenan
e and mode splitting. In order to improve existing simulation tools pra
ti
al

measurements are needed. That's why in this 
ontribution a whole opti
al transmission

testbed is 
hara
terized by its respe
tive impulse responses obtained by high-bandwidth

measurements.

In order to des
ribe the opti
al MIMO testbed at di�erent operating wavelengths

semi
ondu
tor laser diodes with a pulse width of 25 ps are used. Sin
e the used pi
ose
ond

laser generator doesn't guarantee a fully �at frequen
y spe
trum in the region of interest,

inverse �ltering has to be applied to obtain the MIMO impulse responses. However,

the pro
ess of inverse �ltering also known as signal de
onvolution is 
riti
al in noisy

environments. That's why di�erent approa
hes su
h as Wiener and parametri
 �ltering

are studied with respe
t to di�erent optimization 
riteria su
h as the mean square error

(MSE) and the imaginary error parameter introdu
ed by Gans [6℄.

Using the measured impulse responses a MIMO baseband transmission system 
an

be 
onstru
ted. In order to exploit the full potential of the MIMO system, properly

sele
ted signal pro
essing strategies have to be applied. The fo
us of this work is on

the whole testbed fun
tionality in
luding the signal pro
essing needed to separate the

data streams. Based on 
omputer simulations the end-to-end fun
tionality of the whole

testbed is demonstrated and appropriate quality 
riteria su
h as the eye-diagram and the

the bit-error rate (BER) are 
al
ulated.

The novelty of this paper is given by the proven testbed fun
tionality, whi
h in
ludes

the whole ele
tro-opti
al path with the essential opti
al MIMO 
omponents of mode


ombining and splitting. The next logi
al step is the implementation of the MIMO re
eiver

modules su
h as automati
 
lo
k re
overy, frame syn
hronisation, 
hannel estimation and

equalisation as demonstrated in [7℄.

The remaining part of the paper is stru
tured as follows: In Se
tion 2 the opti
al MIMO

testbed and its 
orresponding system model are introdu
ed. The further pro
essing of

the measured impulse responses, whi
h is 
arried out by inverse �ltering, is des
ribed

in Se
tion 3. The obtained results are given in Se
tion 4. Finally, Se
tion 5 shows our


on
luding remarks.

2 Opti
al MIMO System Model

An opti
al MIMO system 
an be formed by feeding di�erent sour
es of light into the �bre,

whi
h a
tivate di�erent opti
al mode groups. This 
an be 
arried out by using 
entri
 and

e

entri
 light laun
hing 
onditions and subsequent 
ombining of the a
tivated di�erent

mode groups with a fusion 
oupler as show in Fig. 1 [8,9℄. The di�erent sour
es of light lead

to di�erent power distribution patterns at the �bre end depending on the transmitter side

light laun
h 
onditions. Fig. 2 highlights the measured mean power distribution pattern

at the end of a 1.4 km multi-mode �bre. At the end of the MMF transmission line a
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Figure 1: Transmitter side fusion 
oupler for laun
hing di�erent sour
es of light into the

MMF

Figure 2: Measured mean power distribution pattern when using the fusion 
oupler at

the transmitter side (left: 
entri
 mode ex
itation; right: e

entri
 mode ex
itation); the

dotted line represents the 50µm 
ore size.

similar fusion 
oupler is used for splitting the di�erent mode groups. The measurement

setup depi
ted in Fig. 3 shows the testbed with the utilized devi
es for measuring the

system properties of the opti
al MIMO 
hannel in form of its spe
i�
 impulse responses

needed for modelling the MIMO data transmission. A pi
ose
ond laser unit is 
hosen

for generating the 25 ps input pulse. This input pulse is used to measure separately the

di�erent Single-Input Single-Output (SISO) 
hannels within the MIMO system. Sin
e the

used pi
ose
ond laser unit doesn't guarantee a fully �at frequen
y spe
trum in the region

of interest, the 
aptured signals have to be de
onvolved. The obtained impulse responses

are forming the base for modelling the MIMO transmission system. Fig. 4 highlights the

resulting ele
tri
al MIMO system model.

3 Measurement Campaign and Signal De
onvolution

Sin
e the pro
ess of signal de
onvolution is 
riti
al in noisy environments, di�erent �ltering

pro
esses su
h as Wiener and parametri
 �ltering are studied in order to guarantee a high

quality of the de
onvolution pro
ess de�ned by the mean square error (MSE) and the

imaginary error parameter introdu
ed by Gans [6℄.

A linear time-invariant system is de�ned uniquely by its impulse response, or its Fourier

transform as the 
orresponding transfer fun
tion. For the determination of the impulse

response gk(t) (see also Fig. 5) an appropriate formed input signal u1(t) is needed. Un-

fortunately, an ideal Dira
 delta pulse with a frequen
y independent transfer fun
tion is

pra
ti
ally not viable. In real systems adequate impulses 
ompared to the Dira
 delta

pulse must be used. For the determination of the impulse response in opti
al transmis-

sion systems impulses as spe
i�ed in [10℄ have proven to be useful. Additionally, when



Light Launching Unit (Splicer) 1.4 km multi-mode Fibre Channel Sampling Oscilloscope with MSM Photo Detector

Picosecond Laser Laser-diode ( ≈ 1.3 μm or 1.55 µm)Fusion Couplers

Figure 3: Measurement setup for determining the MIMO spe
i�
 impulse responses.
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Figure 4: Ele
tri
al MIMO system model (example: n = 2)

analysing the 
hara
teristi
s of any pra
ti
al system, the measured impulse u3(t) is af-

fe
ted by noise. The resulting transmission system model is depi
ted in Fig. 5. The
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Figure 5: Transmission system model.

measured impulse u3(t) 
an be de
omposed into two parts, namely, the low-pass �ltered

output signal u2(t) and the noise part n(t) resulting in

u3(t) = u1(t) ∗ gk(t) + n(t) . (1)

In the absen
e of the noise term, i. e. n(t) = 0, the system 
hara
teristi
 gk(t) 
an be

easily obtained by inverse �ltering and is given as

gk(t) ❞ t Gk(f) =
U3(f)

U1(f)
. (2)



Unfortunately, the measured impulse u3(t) is a�e
ted by the noise term n(t). Under

these 
onditions inverse �ltering is not working properly anymore. In order to improve

the quality of the signal de
onvolution di�erent �lter fun
tions h(t) are applied and the

�ltered signal results in

u4(t) = u1(t) ∗ gk(t) ∗ h(t) + n(t) ∗ h(t) . (3)

This �lter operation a�e
ts both the low-pass �ltered output signal u2(t) and the noise

term n(t). With an appropriate sele
ted �lter fun
tion the estimation of the impulse

response gk(t) yields to

ĝk(t) ❞ t Ĝk(f) =
U4(f)

U1(f)
. (4)

Hereinafter, two di�erent �lter fun
tions types are studied to estimate the impulse

response gk(t) based on the measured impulse u3(t). Commonly, the mean square error

(MSE) between the impulse response gk(t) and the estimated impulse response ĝk(t) is


hosen as a quality indi
ator. It is expressed as

FMSE = E{[gk(t)− ĝk(t)]
2} −→ min. , (5)

where E{·} denotes the expe
tation fun
tional.

Firstly, the Wiener �lter hw(t) is investigated. It is based on �nding the optimal

solution for minimizing the MSE when 
omparing the signal u2(t) with the �lter output

signal u4(t). It is 
al
ulated as

E{[u2(t)− u3(t) ∗ hw(t)]
2} −→ min. , (6)

Assuming the signal u2(t) and the noise n(t) are un
orrelated, the Wiener �lter transfer

fun
tion results in [11, pp. 191-194℄

Hw(f) =
S22(f)

S22(f) + Snn(f)
, (7)

where S22(f) is the power spe
tral density (PSD) of the signal u2(t) and Snn(f) is the

noise PSD of the signal n(t).

A more simple �lter 
hoi
e when estimating the impulse response gk(t) is represented

by prede�ned parametri
 �lter fun
tions. Two one-parametri
 �lters with the transfer

fun
tion stru
ture

H(f) =
|U1(f)|

2

|U1(f)|2 + γ · |X(f)|2
, γ ∈ R (8)

are analysed. The regularisation �lter presented in [12℄ and studied more 
losely in [13℄

is given by

HR(f) = H(f) with X(f) = C(f) , (9)



where:

|C(f)|2 = 6− 8 cos(2πfTa) + 2 cos(4πfTa) (10)

and Ta is the sampling period. The se
ond one-parametri
 �lter des
ribed by Nahman

and Guillaume is of the same stru
ture and expressed as follows

HN(f) = H(f) with X(f) = D(f) , (11)

where:

|D(f)|2 = (2 π Ta f)
4 . (12)

The regularisation �lter HR(f) and the Nahman-Guillaume �lter HN(f) are low-pass �l-

ters with the parameter γ in�uen
ing the sharpness of the �lters and hen
e determining

the 
uto� frequen
ies. The amplitude density spe
trum U1(f) and the γ parameter have

the unit Vs. Hereinafter, the unit of γ is not mentioned expli
itly. Fig. 6 shows that

the transfer fun
tion of both �lters look 
onsimilar. In order to appropriately sele
t the
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Figure 6: Comparison between the Regularisation �lter HR(f) and the Nahman-

Guillaume �lter HN(f) with the parameters U1(f) = 1 Vs, γ = 1 and Ta = 50µs.

γ-parameter the MSE 
riterion (5) 
an be applied for the optimisation. In pra
ti
al

measurements the knowledge of the original impulse response gk(t) is not given. There-

fore, another 
riterion is needed in order to properly sele
t the γ-parameter for pra
ti
al

measurements. A promising 
riterion was introdu
ed by Gans [6℄, where the root mean

square of the de
onvolved imaginary part of ĝk(t) is used for �nding the parameter of the

regularisation fun
tion. This optimisation 
riterion 
an be expressed as

FGans = E{[Im{ĝk(t, γ)}]
2} −→ min. . (13)

Using this 
riterion multiple lo
al minima 
an o

ur and therefore another 
riterion de-

s
ribed by Nahman and Guillaume in [12, pp. 22℄ should be taken into 
onsideration when


hoosing the γ value of the regularisation �lter. This error 
riterion is de�ned as the MSE

between the measured re
eive signal u3(t) and the simulated re
eive signal u1(t)∗ ĝk(t, γ),



�lter �lter equation used optimization 
riterion signal knowledge ne
essary pra
ti
ally appli
able

Wiener �lter (7) E{[u2(t) − u3(t) ∗ hw(t)]2} u3(t), u1(t), u2(t) x

HR(f) & HN(f) (9), (11) FMSE = E{[gk(t) − ĝk(t)]
2} u3(t), u1(t), gk(t) x

HR(f) & HN(f) (9), (11) FGans = E{[Im{ĝk(t, γ)}]
2} u3(t), u1(t) X

Table 1: �lters and optimisation 
riteria at a glan
e

where u1(t) is the measured input impulse. It is des
ribed as follows

FError(γ) = E{[u3(t)− u1(t) ∗ ĝk(t, γ)]
2} . (14)

Table 1 gives an overview of all �lters and 
riteria.

In order to 
ompare the quality of the estimated impulse responses using the one-

parametri
 �lters to the quality a
hieved by the Wiener �lter, the following system is

studied: The input impulse is a Dira
 delta pulse with u1(t) = Us Ts δ(t), with Us = 1 V,

Ts = 1 ms and Ts/Ta = 20. The 
hosen impulse response is

gk(t) =
1

Ts
rect

(

t

Ts

)

. (15)

In this 
ase the �lter output signal u2(t) is an re
tangular impulse with the amplitude

Us. The de
onvolution quality results are depi
ted in Fig. 7 as a fun
tion of the signal-

to-noise-ratio Es/N0 with the parameter Es de�ning the signal energy of u2(t) and the

noise power spe
tral density N0 of the signal n(t). When applying the one-parametri
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Figure 7: Quality FMSE of the de
onvolved impulse responses as a fun
tion of signal energy

to noise power spe
tral density using di�erent �lter fun
tions.

�lters HR(f) and HN(f) the optimal γ values as well as the MSE are de
reasing with

in
reasing Es/N0. The a
hievable quality of the estimated impulse responses using the

one-parametri
 �lters together with the MSE optimisation 
riterion is nearly identi
al and


omes 
lose to the Wiener �lter results. The bene�t of using a �lter fun
tion is 
learly

visible.

In order to determine the quality of the estimated impulse responses, whi
h are pra
ti-


ally obtainable using the Gans' 
riterion (13), the following opti
al system 
on�guration



is studied: The measured input impulse of the pi
ose
ond laser is depi
ted in Fig. 8 for

di�erent operating wavelengths with a pulse width of approximately 25 ps. For the follow-

ing simulation the operating wavelength is 
hosen to be 1576 nm. The impulse response
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Figure 8: Measured input impulses at di�erent operating wavelengths λ.

is 
arried out as a �rst-order low pass �lter and is des
ribed as follows

Gk(f) = A ·
1

1 + j 2 π f T1
, (16)

where T1 = Ts = 0.8 ns and Ts/Ta = 200. The s
aling fa
tor A is 
hosen to maintain

Es/Ts = 1V2
of the signal u2(t) and to ensure the unit s

−1
of the impulse response. Fig. 9

shows the quality of the obtained impulse responses using the �lter fun
tions mentioned

before. The regularisation �lter and the Nahman-Guillaume �lter are applied for both

optimisation 
riteria resulting in γ values depi
ted in Fig. 9. The γ values are also
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Figure 9: left: Quality FMSE of the de
onvolved impulse responses as a fun
tion of signal

energy to noise power spe
tral density using di�erent �lters. right: Choi
e of optimal

γ when �ltering with the regularisation �lter HR(f) and the Nahman-Guillaume �lter

HN(f) minimizing the MSE and using the Gans' 
riterion.

de
reasing with in
reasing Es/N0 for both 
riteria. It should be noted, that the γ values

using the Gans' 
riterion are lower 
ompared to the MSE 
riterion. This signi�es that



the measured signal u3(t) is �ltered less when applying the �lter using the Gans' 
riterion

in 
ontrast to using the MSE 
riterion. As expe
ted, the de
onvolved impulse responses

using the Wiener �lter are showing the best quality of all applied �lter fun
tions 
losely

followed by the estimated impulse responses �ltered with the one-parametri
 �lters using

the MSE optimisation 
riterion. The quality of the estimated impulse responses using

the Gans' 
riterion is still a

eptable for a wide range of Es/N0 values and is a major

improvement 
omparing to the quality without �ltering (not depi
ted). The obtained

results show further that both parametri
 �lters, whose quality is nearly identi
al, are a

good 
ompromise 
ompared to the Wiener �lter with its high 
omplexity.

Applying the des
ribed de
onvolution pro
essing to the (2 × 2) MIMO testbed, the

obtained impulse responses are depi
ted in Fig. 10. They are 
al
ulated by applying

the regularisation �lter in the de
onvolution pro
ess with γ values respe
ting the Gans'

and Error 
riterion. At an operating wavelength of 1326 nm the modal stru
ture 
an
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Figure 10: De
onvolved measured ele
tri
al MIMO impulse responses with respe
t to

the pulse frequen
y fT = 1/Ts = 620 MHz at 1326 nm (left) and 1576 nm operating

wavelength (right) using the regularisation �lter fun
tion with γ values a

ording to the

Gans' 
riterion.

be identi�ed. Considering the 1576 nm results the additional in�uen
e of the 
hromati


dispersion is 
learly visible.

4 MIMO Equalisation and Simulation Results

In this se
tion the MIMO baseband transmission system is 
onstru
ted as illustrated in

Fig. 11. It uses the de
onvolved (2 × 2) MIMO spe
i�
 impulse responses gi,j(t) (for

i = 1, 2 and for j = 1, 2) depi
ted in Fig. 10 at 1576 nm operating wavelength. In this

baseband system model the transmitter forms a re
tangular pulse train and hen
e the

transmit �lter gs(t) and the re
eive �lter gef(t) are 
onsidered to be mat
hed �lters and

are des
ribed in its non 
ausal notation with

gs(t) = gef(t) =
1

Ts
rect

(

t

Ts

)

. (17)



The total transmit power is normalised to Ps = 1V2
and a symbol pulse frequen
y of

fT = 1/Ts = 620 MHz per data 
hannel is used resulting in a total bit rate of 1.24 Gb/s

for both 
hannels. Both transmit signals us,j(t) are laun
hed onto the (2 × 2) MIMO


hannel. The �ltered re
eive signals ue,i(t) are sampled with kTs, where k ∈ Z. The
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Figure 11: (2×2) MIMO baseband transmission system model with dis
rete zero�for
ing

equaliser.

system 
an be simpli�ed by introdu
ing the 
umulative 
hannel impulse response hi,j(t)

and the �ltered noise wi(t) expressed as follows

hi,j(t) = gs(t) ∗ gi,j(t) ∗ gef(t), hi,j(k) = hi,j(t)
∣

∣

∣

kTs

(18)

wi(t) = ni(t) ∗ gef(t), wi(k) = wi(t)
∣

∣

∣

kTs

(19)

By utilising a data blo
k transmission model [14, 15℄ a ve
torial notation 
an be applied

as follows

c =
(

c[1] c[2] · · · c[K]
)T

hi,j =
(

hi,j[1] hi,j [2] · · · hi,j[L]
)T

.

(20)

Using the 
onvolution matri
es Hi,j the transmission model 
an be des
ribed as

u1 = H11 · c1 +H12 · c2 +w1

u2 = H21 · c1 +H22 · c2 +w2 .
(21)

Written in matrix notation

(

u1

u2

)

=

(

H11 H12

H21 H22

)

·

(

c1

c2

)

+

(

w1

w2

)

. (22)

Simplifying this equation results in

u = H · c +w , (23)



where the 
hannel matrix H 
ontains the ISI as well as the 
rosstalk information. For

obtaining the transmitted symbols una�e
ted from the 
hannel

F ·H = I (24)

has to be ful�lled, where I is a identity matrix and thus the equaliser matrix F 
an be

obtained as follows

F = (HH H)−1HH . (25)

Hereinafter, the equaliser matrix F is applied to the re
eived data ve
tor u

y = F · u

y = c+ F ·w .
(26)

The bene�t of applying this zero�for
ing (ZF) equaliser is the orthogonalisation of the

transmission 
hannels. Thus, the resulting equalised MIMO system 
an be des
ribed

by two independent SISO 
hannels. The disadvantage of using the ZF equaliser is the

weighting of the noise term.
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Figure 12: Eye diagram patterns of both re
eived signals when applying zero�for
ing

equalisation.

Eye diagrams of both re
eived signals in the MIMO system after equalisation are shown

in Fig. 12. Using the ZF equaliser both eyes are fully opened 
on�rming its fun
tionality.

The MIMO bit-error rate (BER) simulation results are depi
ted in Fig. 13 and underline

the fun
tionality of the equaliser.

5 Con
lusion

In this 
ontribution a (2 × 2) opti
al MIMO 
ommuni
ation system, 
onsisting of a 1.4

km multi-mode �bre and opti
al 
ouplers atta
hed to both ends, has been analysed. The

estimations of the MIMO spe
i�
 impulse responses have been obtained for operating

wavelengths of 1576 nm and 1326 nm using optimized signal de
onvolution by applying

the parametri
 regularisation �lter. It has been shown that the quality of the estimated

impulse responses signi�
antly improves and is 
omparable to Wiener �ltering. These

estimated impulse responses have been used for modelling a baseband MIMO data trans-

mission system. In order to re
eive the transmitted data una�e
ted from the data send
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Figure 13: (2×2)MIMO BER probability as a fun
tion of bit energy Eb to noise PSD with

and without applying the zero�for
ing equalising method using the de
onvolved MIMO

impulse responses at 1576 nm operating wavelength and transmitting with a bit rate of

1.24 Gb/s.

on the neighbouring 
hannel zero�for
ing equalisation has been investigated. The su
-


essful implementation has been shown by the bit-error 
urves as well as by the open

eye-diagram.
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