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Abstract

In this paper, we present a novel Fourier technique to
calculate the emitter-to-fiber coupling efficiency between an
incoherent source of arbitrary directivity and a multimode
fiber. The technique expresses the 4-D integral that describes
the coupling as a 2-D sum, and along with Fourier series
expansion, the technique increases greatly the computational
speed of emitter-to-fiber coupling calculations. We have
simulation results of the emitter-to-fiber coupling analysis
and coupling analysis for a single-fiber bi-directional link
total using the Fourier technique. The results show that the
large core plastic optical fiber gives rise to good emitter-to-
fiber coupling alignment tolerance, but tends to overfill the
detector and cause degradation in fiber-to-detector alignment
tolerance. We find that a more directive resonant-cavity light
emitting diode only improves ecmitter-to-fiber alignment
tolerance slightly, though it can couple more light into the
fiber.

1. Introduction

For short haul ( < 30 m), moderate speed ( < 155 Mbps)
communications with applications ranging from automotive
wiring harness replacement [1] to local ATM cable links,
cost becomes the dominant issue in the design of an optical
fiber link. Low cost can be achieved through alignment
tolerance in manufacturing and inexpensive components. In
this paper, we consider a bi-directional optical link that
incorporates large core plastic optical fiber (POF) and co-
location of the emitter and the detector [2]. The silicon
‘detector, which uses standard silicon CMOS, is large with a
hole in the middle for the GaAs light emitting diode (LED),
as shown in Fig. 1. The LED is placed in the hole using the
well known epitaxial-lift-off method [3]. This co-located
emitter-detector pair is surprisingly easy to manually align
with inexpensive large core POF. We note that other bi-
directional single-fiber designs require either the
optoelectronic device (emitter /detector) to be biased
differently to transmit or receive, or waveguide splitters to be
used to separate the emitter and the detector at each end of
the fiber [4]-[6]. The combination of co-location of the
emitter and the detector, which eliminates the need for
splitters, and the use of a single large core fiber, which
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provides good coupling alignment tolerance between the
emitter and the fiber, leads to a low cost, bi-directional link
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Figure 1: Plan view of the co-located emitter/detector pair.

Although the problem of coupling light from a light
emitting diode (LED) into a large core fiber is well
understood and is solved using geometrical optics [7,8], the
time required to do the numerical integration in these
calculations can be excessive when the objective is the
optimization of LED and fiber parameters for an alignment
tolerant design. In Section II, we summarize a novel
technique [9] that formulates the geometrical optics
treatment of emitter-to-fiber (EF) coupling as a convolution.
The method can speed up the coupling calculation
considerably compared to the brute force numerical
integration method. In Section III, we present the results of
EF coupling calculation using the new technique as a
function of different key 'parameters such as emitter
directivity and fiber core size. Our calculated data show
excellent agreement with measured emitter-to-fiber (EF)
coupling data. We also show results of a statistical alignment
study of the bi-directional link, assuming a T. O. can-type
connector design.

I. Analysis
Light that propagates into the fiber at an angle to the
center axis of the fiber that is larger than the fiber numerical

aperture angle, Ona, leaks out of the fiber through the
cladding. More light is lost when there are longitudinal and
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d(x,y, . ) indicates the NA
A circle

(X2,Y2)

lateral misalignments between the fiber and the LED. We
begin by defining the geometry of the coupling problem
when the LED and the fiber are misaligned as shown in Fig,
2. The z axis is the center axis of the fiber. The z = 0 plane
contains the surface of the LED. The z = z, plane contains
the input face of the fiber. We consider the distance z, as the
longitudinal misalignment between the fiber and the LED,
The center of the LED has coordinates (x, , y, ); these
coordinates indicate the lateral misalignments. The circle
with radius r. and center (0,0,z, ) outlines the circumference
of the fiber core. The square with side length a outlines the
emitter surface. The surface normal, n, , of the LED is
parallel to the z axis. Since we consider the LED as an
incoherent light source, we can first compute fiber coupling
for a differential area d4, . Then, we can obtain the total
power coupled into the fiber by summing the contributions
from ail the differential areas of the emitter.

In the analysis that follows, we will consider the
resonant-cavity light emitting diode (RCLED), which can be
modeled as a somewhat directional but still incoherent
source [10]. The radiance of the RCLED is given by

B(6,)=B,cos"(9,), (1)
where 6; is the angle between the surface normal of d4, and
the line connecting (x1, 31,0) to (x; , 2 ,2,), and n is the
directivity of the source. B(B; ) is the radiated power per unit
source area, per unit solid angle, dQ); =sin(0,)d 0, d ¢;, in
the direction specified by 6, . Light rays from a differential
source area can reach every point on the plane z = z, .
However, only those light rays arriving at plane z = z, with
O less than the numerical aperture (NA) angle Oya can be
coupled into the fiber. Furthermore, the fiber will only
propagate those light rays that reach the fiber core. So,
mathematically we can express the total coupled power, @,
from the entire source into the fiber as a 4-D integral,
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Figure 2: Geometry of coupling between the LED and the fiber with lateral and longitudinal misalignments.
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where we remind the reader with text that the limit on the
inner integral has to satisfy the restriction sct by both the
fiber NA and core.

From Fig. 2, we see that the fiber NA restricts the
amount of useful light from a differential source located at
(x1,y1,0)to acone of 0 <O, <Oy, , which projects a NA
circle at the fiber plane with a center at (x; , 31, 2z, )and a
radius of rya =z, tan{Oya), whose circumference is outlined
by dashed lines. The number of light rays that the fiber
actually accepts is proportional to the overlap between the
NA circle and the fiber. Therefore, we can express the limits
of the inner integral in terms of the overlap between the NA
circle and the fiber core. In order to do that, we have to
change the inner integral over differential solid angle d€2; to
differential area on the fiber plane. If we call (x, , y,) the
coordinates in the fiber plane, with the center of the fiber
core as the origin, then the differential area on the fiber
plane is just dx, dy., and the differential solid angle is equal
to[11}:

cos(6,)

“RE (3)
where R? = ( x, -x; )* + ( Y2-Nn ) + z,2. Next, we write
cos(6; ) as z,/ R, and we use the following disk function to
represent the boundaries of the NA circle and the fiber core:

Nl +y? <r

otherwise,

dQs = dxzaj’z

C)

b

d(x,y,r) = {1’
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and the box function to represent the LED,

(x.9) L, |x|<a/2and|y|<a/2, )
s(x,y)= .
Y 0, otherwise.
The result is a new expression for Eqn. 2
D= dexldyls(xl,yl)jjdxzdyz .
B, zp"
PYIE d(xl“x2>y1—Y2,rNA)' (6)
d(xy,¥5,7:).

Observe that the inner integral of Eqn. 6 is in the form of a
2-D convolution. To see this, simply assign f(x; -x2, 31 - y2)
and c(x; .y, ) to the first and the second terms in the inner
integral, respectively, and Eqn. 6 becomes

D= _”s(xl,yl )(f(xl’yl e(x,,y, ))dxldyl O

Since d, s, f have finite domains, we can compute Eqn. 7
using an equivalent Fourier series expansion of the
functions. As we shall see, the use of Fourier series greatly

simplifies and speeds up the calculations. Let C , f, and

S, be the periodically-extended versions of ¢, f, and s,
respectively, with square period of side length W. Then,
provided that this square period covers an area that is larger
than both the core and the domain of the function that results
from convolving fand ¢, Eqn. 7 can be expressed as

O = [[dedy5(x,3)-
wn|

Hg(xz,h)f(xl —X3,¥1 — Y )dxydy, .
<7 12|

(8)

Using Fourier series theory, we can rewrite Eqn. 8 in terms

of the series coefficients of ¢, f, and §. The Fourier

}, ®

series representation of € is [12]

c(x,y) = ZZé(k,l)exp{jﬂ;;@

and the formula for the coefficients is
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By expanding f , and § in the same way, we have

Q=3 >W'C(k,DS(k,DF(k,I)-
o .2n<kx0+1ya>}

exp| - j

{ w

where we used the orthogonality principle of the basis
functions of the Fourier series expansions. Now, all we need
for the coupling calculation are the Fourier series coefficients

of the fiber core, the NA circle, and LED, or 5 and ]? ,

and §', respectively. The expression for the coefficients for
the core and the LED can be found explicitly. The core
coefficients can be calculated using

r, Jl[%dkz +12j
wlkr+12

where J, is the Bessel function of the first kind of the vth
order. The LED coefficients can be calculated ysing

sin(f—zw 4 kj sin(g ﬂl)
W w

k

(11)

C(k,l) =

12)

S(k,0) = (13)

wl

Unlike the other coefficients, the coefficients of the NA
circle must be integrated numerically. Fortunately, we will
show that the integration needs to be performed only once
for different values of lateral and longitudinal
misalignments; therefore, the computing time needed to do
analysis of sensitivity to misalignment is shortened by orders

of magnitude. The coefficients of I are

2z T B, z"*1

Fle,hy =22 j ~Zo%o .
2 ,
14 0 n+3r2 +Z(2, (14)
2
J, (——V’;’ Vi? +12Jdr.

We observe that the above integral depends on longitudinal
misalignment z, . The procedure that we follow to eliminate
that dependence has two steps. The first step consists of
normalizing the dimension variables shown in Fig. 2 by z, .
We denote the normalized dimension variables with the
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addition of an apostrophe. Some examples of the new
dimensions are »ya = tan(Oy,) and W' = W /z, . To provide
insight into this normalization, consider the following
geometrical argument. Referring back to Fig. 2, we see that
only the NA circle changes with z, ; the LED area and the
fiber core do not change with z, . Therefore, instead of
considering different sizes of NA circle (i.e. each different
z,), we will let the NA circle stay the same size and change
the sizes of the LED and the fiber core such that the relative
sizes remain the same. In the second step, we assign a fixed
value for W’, which means the ratio between I and z, stays
the same. We do this to ensure that the NA circle never
extends outside of the W’ square, regardless of the value of

z, . By following the procedure detailed above, f~7 becomes
independent of the longitudinal misalignment. The lateral

misalignments do not affect F' directly. However, they do
play a major role in determining the value of W’ because
they determine the position of the LED with respect to the
fiber core. Since we normalize the dimensionsby z, , a’, ».’
,x, , and y,” increase when z, decreases. We must make
sure that for the smallest value of z, that we are interested in,
W’ is large enough such that, no aliasing will result from
using the Fourier series representation. Another factor that
affects the accuracy of this technique is the number of terms
needed in the sum of Eqn, 11. Both the size of 7’ and the
number of terms needed are discussed in detail in [9].

111, Results

In this section, we present the bi-directional alignment
study results obtained using the Fourier technique. We
express the results in terms of an emitier-to-fiber (EF)
alignment loss factor, ngr ,

Power Coupled with Misalignment

= , 15
7 EF Power Coupled without Misalignment (13)
and a fiber-to-detector (FD) alignment loss factor, nep ,
Power Intercepted by the Detector
with Misalignment
N¥FDp = (16)

Power Radiated from the Fiber

The computation of mgp is straightforward for a step-index
fiber. Fig. 3 shows that the cone of light emitted from the
fiber that does not overlap the detector is lost. Because of the
hole in the middle of the detector array, the value of np is
always less than one. The total bi-directional loss factor is

NaL = Ner X NMrp-
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Figure 3: Experimental setup of a single fiber bi-directional
link .

Our experimental setup, as shown in Fig. 3, consists of
two integrated optoelectronic chips each having the
following components:

1. A silicon detector in the shape of a square with a square
hole in the middle with outer and inner side lengths of 1
mm and 0.3 mm, respectively, made up of an array of
phototransistors.

2. A 015 mm x 0.15 mm thin film GaAs-based LED
bonded directly into the center of the silicon detector
array.

3. An interface chip that incorporates both digital circuitry

and analog circuitry.

We use a 0.98 mm core POF as the link between the two
chips and introduce misalignments with two XYZ stages.

1-2 T T T

EF Loss Factor

2 3
Longitudinal Misalignment, mm

0 1
Figure 4: Theoretical and experimental EF loss values.

In Fig. 4, we plot in solid lines a family of calculated ngr
versus longitudinal separation for different lateral
separations, using the experimental emitter and fiber
parameters. We mark the lateral and longitudinal
experimental results with “*” and “0” , respectively. The
calculated and measured results show good agreement. These
results also show that, when there is zero lateral
misalignment, we can separate the fiber as far as 0.8 mm
away from the emitter before any noticeable ngr degradation
occurs. With a longitudinal misalignment of 0.8 mm, we
can displace the fiber as much as 0.4 mm laterally from the
center of the emitter with less than a 3 dB rgr degradation.
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This alignment tolerance is due in large part to the 0.98 mm
fiber core.

Longitudinal Misalignment, mm (Dashed Lines)
(Longitudinal Misalignment = 1mm)
0 0.2 0.4 0.6 0.8 1
] i 1 T

EF Misalignment Loss Factor

. . n=1,Eff =025

0 0.5 1 15 2

Logitudinal Misalignment, mm (Solid Lines)
(Lateral Misalignment = 0 mm)

Figure 5 Comparison of longitudinal and lateral alignment
tolerances between RCLED and LED.

In Fig. 5, we compare alignment results for a resonant-
cavity light emitting diode (RCLED) with » = 10 [13] and a
standard LED with » = 1. We plot mgr versus longitudinal
misalignments for zero lateral misalignment in solid lines
(the x-axis values are labeled on the bottom of the graph)
and ngr versus lateral misalignment for longitudinal
misalignment of 1.0 mm in dashed lines (the x-axis values
are label on top of the graph). We see that the more directive
RCLED improves longitudinal alignment and lateral
alignment only slightly. Along with the values of n, we show
on the graph the fraction of power from the emitter that is
coupled into the fiber under zero (i.e. perfect) misalignment
conditions, denoted by “Eff” The RCLED, with power
spread out over a smaller range of solid angle, can couple
79% of its light into the fiber, while the standard LED can
couple only 25% of its power into the fiber.

For bi-directional link performance, we have to consider
not only the EF loss factor but also the FD loss factor. In
connector design, there is often a nominal longitudinal
separation. For example, a T. O. can-type connector, as
shown in Fig. 6, requires enough separation between the
chip and the glass for wire bonds and a fiber stop to protect
the fiber from the glass. In Fig. 7, we plot the total alignment
loss factor ma versus nominal longitudinal separation
applied equally to both emitter and detector sides of the link.
Different curves apply to different fiber core sizes. Observe
that for a core radius of 0.5 mm, the loss factor degrades
monotonically. This is because the diameter of largest core
fiber is equal to the side length of the outer ring of the
detector array, and the output from the fiber overfills the

detector for any non-zero longitudinal separation, as shown
in Fig. 3. Smaller core fibers have a non-zero optimal
separation. For example, for a 0.3 mm core radius, the best
nominal longitudinal separation is 0.35 mm. But for fibers
whose core diameters are smaller than the side length of the
inner ring of the detector array (fiber core radius < 0.167
mmy), the light coming out of the fiber misses the detector
entirely when there is zero longitudinal separation between
the chip and the fiber.

Fiber ADM
Bore

E]

Cap

Chip ADM Bore

Figure 6: Schematic of a T. O. can-type connector. The
nominal longitudinal separation between the O/E chip and
the fiber is 0.8 mm.

o0 Zero Lateral Misalignment

OSmm04mm

0.80

0.60

0.40

./6}%
00 0.2 04 0.6

EF and FD Nominal
Longitudinal Separation , mm

Total Coupling Loss Factor

Figure 7 Plot of total coupling loss factor nar versus different
nominal longitudinal separations between the emitter and the
fiber and the detector and the fiber. Different fiber core
radius are considered.

There are manufacturing tolerances associated with each
dimension of a T. O. can-type connector. We have derived a
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statistical model for EF and FD misalignments loosely based
on these tolerances. Our model treats the longitudinal
misalignment as a Gaussian random variable with mean 0.8
mm and ¢ = 0.0633 mm, and the lateral misalignment as
the sum of a number of uniform and Gaussian independent
random variables such that the sum has mean of 0 mm and o
=0.1 mm. We have performed a Monte Carlo simulation of
500 random trials, and we show the simulation results in
Figure 8. Casc 1 results correspond to our experimental
emitter, fiber, and detector parameters. The total alignment
loss factor ranges from 4 to 7 dB for different misalignment
conditions. We note that the mean longitudinal separation
between the fiber and the emitter/detector pair for the model
is located all the way to the right of the graph in Fig. 7. Most
of the coupling loss is due to detector overfill. To improve
the coupling loss factor, we can either decrease the nominal
longitudinal separation, or we can increase the size of the
detector. The effects of increasing the detector size are
shown as Case 2 of Figure 8; for this case, the loss factor
ranges from 1 to 4 dB.

IV. Conclusion

Using the conventional approach, an alignment study for
the emitter-to-fiber misalignment requires a time-consuming
4-D numerical integration for each value of lateral and
longitudinal misalignment. In the first part of the paper, we
summarize a novel Fourier series approach for fast
calculation of the coupling efficiency. The method
formmulates the geometrical optics treatment of emitter-to-
fiber coupling as a convolution. Using a Fourier series
representation of the source area, fiber core area, and the
numerical aperture of the fiber, a misalignment between the
emitter and the fiber becomes a phase shift on the Fourier
coefficients, and the numerical integration simplifies into a
sum that is about 3 orders of magnitude faster to compute.
The gain in computational speed facilitates the study of
design tradeoffs for the optoelectronics and the connectors.
Using the Fourier technique, we have studied the alignment
tolerance of our single fiber bi-directional link, in which we
exploit the combination of the co-location of the emitter and
detector and the alignment tolerance of large core plastic
optical fiber to achieve low cost link design. We show that
the emitter can be longitudinally misaligned as much as 0.8
mm without noticeable degradation in emitter-to-fiber
coupling, and that when the emitter and fiber are 0.8 mm
apart longitudinally, the emitter can be laterally misaligned
as much as 0.4 mm with less than a 3 dB degradation. We
have shown that the calculated emitter-to-fiber loss factor
values agrec with the measured values, and that a more
directive resonant-cavity light emitting diode improves the
emitter-to-fiber alignment tolerance only slightly. However,
the more directive source can couple more light into the
fiber. We have studied the total alignment loss factor for a
bi-directional link using the Fourier technique. We have
found that the overfilling of the detector gives rise to an
optimal nominal longitudinal separation between the fiber

and the emitter/detector pair. We have also performed a
Monte Carlo simulation of misalignment of our link based
on a T. O. can-type connector design. The results show that
our proposed link has a mean total alignment loss factor of
about 5 dB.
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Figure 8: Monte Carlo simulation results of total misalignment loss for a T. O. can-type connector.
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