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Angular Division Multiplexing for Multichannel Communication in

a Single Fiber

[o}
Sun Jong HEO ,
Dept. of Electronics ,

Angular Division Multiplexing(ADM) is an optical
multiplexing technique that offers an important
option for attaining multichannel transmission in
a relatively short fiber. The angular dependence
of the outgoing flux and the temporal impulse re-
sponse are calculated for round fiber in terms of
the fiber's length and the exitation condition

1, Introduction

local area networks, industrial control systems,
and many other fiber applications require transmi-
ssion of two or more channels of information on a
single fiber. ADM is an optical multiplexing tech-
nique. ADM uses the differential excitation and
detection of groups of modes to trasmit simultan-
eously several signals in a step-index multimode
fiber. Each group is characterized by a set of
plane waves propagaating at a specific angle in
the f:\.bey:.1 This technique relies on the preser-
vation of a plane wave's axial angle when it is
reflected at the core~cladding interface of an
ideal step-index fiber.

In addition to multiplexing several channels onto
the fiber,ADM can be used tc increase the bandwidth
of each channel. The differential excitation and
detection of modal groups in an ADM system minim-
izes intermodal dispersion. Each channel will have
fewer modes than would ordinarily be propagated in
a step-index fiber. The pulse dispersion is,there~
fore,considerably less than would occur in a fully
excited step~index fiber where all the modes are
propagated and detected as a single channel. The
resul tant bandwidth for each channel of the ADM
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system approaches that of good graded-index fiber.
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Fig.1 Selective excitatlon and propagation
of four optical channels in a single step~
index fiber.

The number of channels,the crosstalk, and the
pulse disperslien in an ADM system depend on the
amount of coupling between the modes in the fiber.
dMode coupling is a function of core-cladding int-
erface roughness, refractive index nonuniformity,
and microbending effects caused by cabling the
f iber.z) This power coupling between modes increa-
ses with distance. As a result, the distance over
which ADM may be employed to provide multichannel
transmission with increased bandwidth is currently
limited to one kilometer for practical step-index
fibers.

In this paper we separate the time dependent
relation into two eguations. First,we exploit
Gloge's time indent power-flow equation.z) Then
we include the time~dependence by assuming an
average time of flight for each axial angle,and
derive a second equation for the change of the
average flight-time in each angle as a function



of distance.

2. Theory

To find the impulse response and to evaluate the
crosstalk levels of a wavegulde, we must first cal-
culate the angular distribution of light flux.

An analysls of the length dependence of mode coupl=-
ing in step-index fiber 1s based upon the coupled
pover equatlons describing the change of powar,dpm
of mode m with distance. This change is the result
of theloss of power to the radiation modes and co-
pling of power to and from other gulded modes, as

expressed by
M
d
Py = -®,p +3 :dmn(pn-pm) veee(1)
dz w1

where m is the compound mode number of a group of

2m degenerate modes,and Py 1s the power of each of
these modes. M 1s the maximum number of modal groups,
amjﬁ loas constant of mode m, and dmn is the coupl=
ing coefficient between modes.

For a practical multimode fiber fiber,as used in

an ADM system, coupling is assumed to occur primarily
between nearest neighbors. Therefore, power coupled
between modes may be described by a diffusion-type
diffrential equation:

B0u5) - pFp(0,2) + 4 3Pa02280) .. (2)

where e is the axial angle that replaces the mode
number m and d(f) is the coupling coefficient.

By the technique of the separation of the variables,
the angular power distribution is (plane wave input)u

p(x, 2 )=exp(- (K2X) (-1-SR4=2E ) ()

1 - exp(-bz
.(exP(-MZbZ) )I.((‘*X.X)Vz exp(=-1/2bz)
1 ~ exp(~bz) 1 - exp(~bz)
1/2

where x =(A/11)1/262, b =4(A)
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Figs2 Normalized output angular power distri-

butlion for the normalized input angles at a

fixed fiber length. 49

If we place a detecter of angular width 2A ate

detect the light from channel i, then the signal is

935 +Ad
31(2) 46% _ p;(6,2)30

where 91}1 is the angle in which the function 1is

....(4)

maximum. The crosstalk is

-t

KEY ""(5)

Crosstalk = 10 105%1
Knowing the angular distribution at any given dis-
tance,we can priceed to find the temporal reponse
by introducing "average-time"model. Consider a
photon propagating in track q with a known velocity
ceve(B)
where v, is the velocity of a ray along the core

v = v, cos|
qa ° eq

axis. After a certain distance,the ray scatters to

a neighboring track q + 1,propagate a certain dis-
tance with the new velocity and rescatters. By knoa-
ing the probabitles of all possible paths,it is
possible to find the impulse response exactly,but
calculation of these countless number of probabil-
ities is difficult. To overcome this problem, we re-
place all photons in a given itrack by a "composlte”
photon whose time of tY4ght to the Jdistance z is
the average flight time of the phoitwns in the track.
At the distance z + Az the average time '*Zq at track
q 1s changed mainly by adding the flight 1'.imeAz/v(1
plus minor corrections due to interaction with nelgh-
boring tracks. The recursive equation for the average
time would therefore be

by 1 = -1
t = <2 (3E) (14 -(2)a )
q, 1 Eq,ni qQsn a4 4 ¢ 1

+(80) g1, nfGh 19" 38 q-i.ndq-is
T vees(?)
have the comdition

where wa

t =0
q,0

Bquations(7),(8) form the basis for numerically
solving the rouwnd fiber. Inthe multimode approxima-
tlon they can be transformed into partial differen-
tial equations. Thus we obtain

(8, 2E0,2)) Y05 (2 (B 2726, 2) Y. (5)

l...(B)

The analytic solution of above equatlion is difficult,



but for off-axis excitation, the equation is similar
to the slab waveguide. The on-axis exsitation problem
3
assuming that the coupling coefficient is indepedent
of angle,we obtain in mutimode approximation

was considered elsewhere. FFor the slabwaveguide,

2(000,2770,2)1560, 716,20 W2LE) ..(10)

—;,(6,0)’:0

The solving procesure is cumbersome,but bacause our
interest is confined to short distances,it can be
alleviated with certain approximation. Kirst,let p

ceen(11)

be the basic Gaussian form 0
1

B(bs =)= T orys P (- DDZ,,& veee(12)
and fizs]ly approximate the velocity for small
angle 1/v(B) = (1 +B°/2)/), + Then we obtain the
solution

T(er 2)= "3— TZ"'ZBBa )] ('z-lz'sz
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+92(_ ;)»,82 2y (13)

2
whereTEZl)’Z+U;/2. I'or plane-wave excitationyi.e.,

{or 032 0,expression (13) is simplified to

BBz Z(1+ Sz b B 85 Gm0 Lun (18)

Note two interesting ifacts. t'irst, the average
time depends on the excitation anglese,. .second

the average flight time in the track B"e., is, in
the presence of coupling,longer than the regular
flight time in that track. tquation(1%4) shows that
when L‘z(O:',the average time in a track a track

b <8, is longer than the flight time in that track,
but in track in track b)e.the average iime is shor-

ter than the flight time.

Time t,®
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Fig«3 The"average time" -E(e) in every track-P
For comparison,the regular flight time tv(e)

is also shown

From (12),(13),we can calculate approximatejy
the average arrival time of a short input pulse~
{%(z)) and the temporal width of the output
pulse-O't(z)

|,

?w.z)p(e.z)ab

T, (2 f (T(0,2)-G (D)0 (0y2)  +vvs(15)
The expression for {1(z)? can be obtained directl,
from (13) after the following substitutions are
) - > o ks)_q‘z 2
maue:a-?(»—ao,and F»BAT<+ B . The rms pulse
width @, is evaluated to yield

T (G D,)iégw%uwbuz(z-rme,))i/z
s z-;‘{;)e. e (16)
1t a2 1 Q-a 1 (r:
R R

In (16), the rms pulse width is given as a fuction
of length z,ami two parameters of the exciting
Gausslan beam - the angular width{; and the obli-
quity Bo'

“or the plane-wave excitatlon,the pulse width
becomes

0y(2) = Z ) V201 + 24DV G0 Lu(19)
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Fig.4 Dependence of pulse width on the axlal angle
of the exciting plane wave

wuation(17) and  [Fig.4 show that in case of angular

multiplexing, the bandwidth is greater for channels

with small angular ori.ntation than for channals

with higher angular orientation.

Wde consider on-axis excitation for which the pulse

width becomes

T, (z)=[2-%

§0§/2) + (§/2) %z + Y ) _
PEIC Y/ 2 20; B,=0...(18)

(18) mey be simplified further to



0, (s &) -]%. %-;'f-'of veee(19)
T, 0D ah) -’%-. £ (02) vees(20)

(19) shows that the temporal pulse width is very
sensitive to the angular width of the exciting bean
jas the angular divergence decreases the pulse width
becomes narrower. (n the other hand, (20) shows
that for very small divergence (as in ADM), the
pulse width is proportional to the distance to the
second power,so that for low crosst.}k level as well
as high information ratee,short distances are essen
tial, '
Now we resenter the round optical fiber. The result
of our numerical caloulation of (7) and (8) are
shown in Fig.5 and Fig.6. Fig.5 shows the impulse
response of a round fiber calculated in accordance to
the time average model for several input angles of
plane-wave excitation. The bandwidth of channels
decreases as their angular distance from the symme-y
try axls increase.
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Fige5 Temporal impulse response of a round
fiber. In ADM, each chamnnel have a diffarent
bandwidth.
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Fig.6 Pulsewidth as a function of distance
(a) Calculated according to the "average~time"

(b) Calewlated from (loge'equation
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Fig«(6) shows the pulsewidth (Tt(z) for a alsd wave-
guide(dashed curve) and for a round fiber(solid cuxe
ve): The pulswwidth calculated according to Gloge's
equation 1s given. For shortfibers,the ' .pulsewidth
depends strongly on the angular width of the excii-
ation beam,and this fact is tha featurs of ADM.

3+ Conclusion
ADM offers great advantage for multichannel communi~
cation in a singls fiber. ADM have several channels
and increase the the bandwidth of each channel.
Temporal width decreases significantly as the angu~
lar width of the exciting beam decrease,and this 1is
the main reason for the large bandwidth that can de
achieved by ADM.

But ADM has wome limitations such as fiber length
(about 1 Im),and the mmber of channels.

The theoretical and numerical calculation show the
limitations and advatages of incressiag the rate of
information transmiseion through optical waveguides
by angular multiplexing of several channels
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