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’\’hcn 1gning. o m ulu_ iber , On_,-‘ShOlll(l t(LI\c mto COHSI(ICI"‘LMO“
. mo(l(‘ cl(‘pcndonL plopomcs of Lhc componcn(s of Lhe system. Lack of a clcmgn ool for fiber-
opin(s networks makes the ploblcm more cll[ﬁcult, However, one can describe a MFS using
'modc Ll(pondont m: mn(vs for cach component of thc syst,em and obtain the system response as
a pxodmb of (lwsc mulncos and the input vect,ms [1] This method has been used by Evers: -
(2,3] to charac{erize couplers and connectors, and by Mickelson et al [4,5] for fusion splices
and microbends. To our knowledge there exist no work on transmission matrices for fibers,
but mlly. mode (l(rp("lrxdenjt.‘nLt.cnule.ion measurements [6].” The purpose of this paper is to give:
an accurate measurement technique to obtain the transmission matrix for arbitrary fiber optic
connectors  attached by multimode fibers, and apply these techniques to ~various

conneclor/fiber combinations.
Theoretical Relations

The mode transmission matrices can be obtained from power loss and near-field measure-
ments. Using the mode continuum approximation [7], one can relate the near field; I(s), to the
modal power distribution p(R). For an azimuthally symmetric fiber with arbitrary index

profile n* = nf[1=2Af(s)] this relation is I(s) = \1/_ J p(R)RAR where s = r/a is the nor-
: ‘ bors)

malized radial coordinate, R = QA (1-B /1]l ) is the mode paramecter and V = nlka,\/QA_
It should be mentioned that this approximation is valid pr_‘oviclcd that the linewidth, 8\, of

the exciting source satisfy SA/A > \/E/(vka N,), where N, = n, = A dn_; is the ‘material

. dX

group-index. The total power, P;, in the modes with R values between R; and Riﬂ are given
Byep '

by Py = J p(R) m(R)dR where m(R) = V2R[["!(R®)/a)? is the modal density. Dividing R-

' R

space into n intervals, one can define’ a power vector P = [PLPQ' cee n]T (T for transpose).

The input, PO and output, PO, veciors can then be related by the mode transmission matrix .

T (1} as PO = T P0). The diagonal elements of T represent the {raction of power incident.

on the system in the modes of one R-interval which remains in the same R-interval, and the

ofi-diagonal elements represent the fraction of power coupled between the modes.

For a fiber, T would obviously be ']ength‘ dependent. In a fiber with only absorption and
Rayleigh scattering it would be reasonable to assume T to be a diagonal matrix with ele-
ments T}, = ¢ ™" where i corresponds to the differential mode attenuation (DMA) coeflicient
¥(R) [6]. But as shown in [6]; other mode dependent cffects such as mode coupling and cou-
pling to radiation modes gives v a length dependence and worse, it is extremely hard to deter-
mine from measured data. These problems could be overcome if we define a length
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independent matrix A as T = e~ %A for the fiber. A would correspond to a two-variable DMA .
coefﬁcientv(R,R’) as suggested in [6]. ‘ :

‘»Measurement of the Tra.nsrnlssmn Matrlx . i n et '{\__

’l,‘::h,e,trgnsm ion .matrix contains in general n’ lndependent elements -and‘to obta.ln
se, ‘one feeds hdependeut measured ‘-quantltles Thls could ‘be
endent ﬁpu véctors P{ and: measuxe‘Pl(\_._. ' ine
“from. T = [P{%);- ][P{ Pt The diffraction limit poses ‘a severe restxlcblon on”
how many mdependeut inputs one can generate. Incrcasing o would then make T unstaHe

and there bhould be al optxmal number of excitations, n. ‘Some authors [2,3] recommeud n=
3 and others [4] ‘In this papera = 2 s used. It should be pointed out that the result- -
ing matrix T is very sensitive to the power loss ratios [P{O))/|P{)]. The larger n and hence the

less In(lcpeudcut inputs, the more sensitive T is to thls ratio.

The measurement set-up is shown in Fig. 1. Selective excxtatlon is generated by varying.
the 3 parameters - of the Jaunch system. These parameters can be defined by
u= = p= LI NApeam where 1, is radial launch position, ape,r is the beam radius,

a . a \Aﬁber ‘

NAbM_m is the eflective numerical aperture of the launching system. In the experiment
= 14, 7= .68, u=0,.64 were used. Fig. 2 shows the calculated (using the theory of [6]),
p(R) and I(s) for these parameters. To find the input vector P{), the measured near-field

intensity of a short fiber, stripped for cladding modes, was used. Similarly for the connector a

short fiber was used at the output end.

Beside errors in the power measurements and the near-feld measurements, other error
sources can afect the results. Among these are fiber end quality and alignment problems [8]
and leaky modes [9, 10, 11]. According to Petermann [11], the leaky mode correction factor
given in [9.10] is very semsitive to non-circular perturbat.ions of the fiber. The correction
therefore becomes very uncertain and in this work it is not used.

Results S ‘ '

The following combinations were under test: Long fiber-connector-long fiber (lel) and
short fiber-long fiber (sl). TFig. 3 illustrates the measured near-fields and derived modal power
distributions for the sl combination. To reduce the noise in the data, the measured near-
felds were filtered using a fast-fourier transform and a properly chosen cut-off frequcncy.
Next the filtered near-felds were fitted to a 12th order polynomial.(only even powers of s) and
p(R) was calculated and the power vectors formed. The transmission matrix for the fiber is

found from the sl combination to be
= [ .70 —.a3] ' e
| AL [—.09 .74] o )
The total transmission matrix, T\, for the lcl combination were found to be
~ - [.21 .05
= [2] %]

Using this matrix and the matrix for the fiber, the connector transmission matrix can be
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found using the relation T = e~Al T, e~AL, The resulting connector matrix becomes

_ T84 .01
e TS - [51 %]

This matrix is in good agleement \Vlth the matrices found by Evers [3].. From the fiber: .-
ossnble to. find the stewdy qtate_ dlstrlbutlon We can write .-

transmission . matrix A it 1

Cof A. After a Tong' propagation distance only the vector corresponding to the smallest eigen-:
value will survive, i.e., it is the steady state distribution [12]. The matrix (*) has the follow-

ing eigenvalucés and eigenvectors

= [1-9]; o = [_11%} LN, = .81, L\, = .83,

ol
"The eigenvalue N| corresponds to a steady state loss of 2.63 dB/km. The corresponding power
vector py, is.in agreement with the steady state modal distributions found in [4,5]. '
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