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1. INTRODUCTION

With the large growing demand for data processing and transmission in the current information age,
the required data rate per channel increases and more channel bandwidth is required. Free space optical
interconnects (FSOIs) present a promising technology that can be used as wideband channels to support the
very high data rate transmission in many computing systems [1]-[9]. However, misalignment of different
optical components as a result of manufacturing or installation reasons is considered as relevant issue that
affects the design and performance of FSOIls systems [10]-[14]. Therefore, studying the impact of
misalignment on FSOIs systems and introduce solutions to reduce its effect is essential in these optical
systems [15]-[17]. In general, the misalignment of different components in FSOIs increases the optical
crosstalk that already exists in these systems. Therefore, methods to deal with crosstalk to increase the system
tolerance to misalignment are required. Most of solutions discussed in the literature were created and
developed based on presenting optimized models for the crosstalk of the misaligned optical system. For
example, in [18]-[20] modifications on the mode expansion model were introduced and optimized in the
presence higher transverse operation modes of the laser beam. In [21] the use of Hermite-Gaussian beams
and the theory of Collins diffraction were introduced to model the optical diffractions. In [22], the
generalized diffraction integral formula assuming a Laguerre-Gaussian (LG) model for the input beam was
used to model crosstalk. An approximation formula for the output optical field was obtained in terms of a
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sum of complex-valued Gaussian models. In [23] a model that uses a micro lens with a Gaussian
transmittance profile is used to reduce crosstalk. In this method it was shown that crosstalk can be reduced as
a result of reducing the optical power that is coupled to the neighboring channels. Reducing the coupled light
might also improve the optical systems' misalignment tolerance, which is the main goal of this paper.

In this paper, we show that the use of a micro lens with Gaussian profile increases the misalignment
tolerance in lens based FSOls. To the extent of authors' knowledge, the use of tapered profile for micro lens
transmittance to increase the system’s tolerance to misalignment in FSOIs models has not been studied yet.
Section 2 demonstrates the research methods investigated and proposed in this study. This includes analyses
of a general misaligned optical model and derivations of light irradiance distributions assuming three cases
for the micro lenses: an open aperture, a uniform circular aperture, and a Gaussian profile aperture,
respectively. In addition, crosstalk calculations are provided for all of the considered cases. In section 3,
numerical results and discussion are provided. Finally, the paper is concluded in section 4.

2. METHOD
2.1. A general misaligned optical system

Figure 1 shows a general diagram for a two-dimensional optical model, without misalignment as
described in Figure 1(a) and with misalignment as described in Figure 1(b). P; and P2 represent the input and
output planes for an optical system without misalignment, on the other hand, Pim and P2m represent the
misaligned planes. [ is the distance between the input and the output planes along the z-axis. x;, y; and x,,
y, indicate the transverse misaligned coordinates at the front surfaces of the input and output planes,
respectively.
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Figure 1. Schematic diagram of optical model (a) without misalignment and (b) with misalignment

The output field E,(x,,y,) at the output plane can be obtained by exploiting Collins diffraction
integrals as (1):

ik (o) o)
Ey(x3,y2) = ZLE o f_oo E (x1,¥1) X
. 2 2y
exp [—_Lk ( az(xl ‘*2')’1) 2(x122 + ¥1Y2) >] dx, dy, (1)
2b \+d(x3 +y3) +ex; + fy, + gx; + hy,

where E;(x1,y,), k=2z/4, and A are the input field, wave number, and wavelength, respectively. The
elements of the transfer matrix of aligned optical system are a, b, ¢, and d. The misalignment parameters
e, f,g,and h are given as (2) to (5):

e = 2(arsy + Br6y) )
f =2(ars, + Brby) (3)
g = 2(byr — dar)sy + 2(b6r — dfr)6y @)
h = 2(byy — dar)s, + 2(bSy — dBr)6, (5)
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The parameters S, and S,, represent the misalignments in the x and y directions, respectively. 8, and 6,,

represent the angular misalignments. ar, 87,y and & represent the misalignment elements that can be
written as (6):

ar=1—aBr=l-byr=—cdér=1-d (6)

Assuming x = pcos (8) and y = psin (6), the optical field in (1) can be written in cylindrical coordinates
for slightly misaligned system as [24]:

ik (oo (2 ik 12 ik ik "
E;(p2,02) = — [ [7" Ey(p1, 01) exp [~ 23| exp [2o p2] x exp [“22 p; cos (6, —

‘P)] p1dp,do; @)

where p,, 6; and p,, 6, are the cylindrical coordinates in the misaligned planes, respectively. In addition, p
and p;? are defined as

p'z =dp? + gp, cos 0, + hp, sin 6,
"2 .
p', = (pzcos 8, —e/2)* + (p, sin B, — f/2)?

and

— tan-1 <p2 sin@, — f/Z)
¢ p,cosB, —e/2
2.2. Open aperture misaligned FSOIs
For this section the FSOIs system is shown in Figure 2. An array of vertical cavity surface emitting
lasers (VCSELS) is located at the front focal length of an array of micro lenses with focal length of f, for
each. The output plane contains an array of photodetectors. [ is the distance between detector and micro
lenses arrays. S, and S,, are the transverse misalignment of the micro lens.

Lens Array Detector Array

2a, Stray Crosstalk

Intended

Active Laser Detector

Figure 2. Free space optical system with transverse misalignment

The output field at the detector’s plane can be found using (7). Neglecting the angular misalignment
(6, = 0, = 0) the transfer matrix elements are:

a=1—(f—),b=l,c=—f—,d=1 8)

t
and the misalignment parameters are:

1

!
e—2f—tsx, f—thsy, g=0 h=0 9)
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Assuming a LG beam model, the field at the input surface of the microlens can be given by (10):

m 2 2
E (py,0,) = (\/557—11) exp [— ‘i—l%] Ly [Z‘i—} x exp[—im0,] (10)

where Ly} is the Laguerre polynomial [24], [25]. w, is the beam radius and is given by [26].

where w, is the LG beam’s waist radius.

as (11):

Using (10) and (7) along with (8) and (9), the optical field at the array of detectors can be formulated

m+1 .
ik
Eau(pn0) = (5;)  exvl=imbylexp | (dp3 + gp, cos 0, + hpy sin )|
i1 = /] | AP ik =] AT
X |[——— e — — =
21 w? 21 w?
NG
X w—\/(pz cos 0, — 25, /f)% + (p2 sin 6, — ZSy/ft)Z]
1
k? [(pz cos 0, — 25, /f)% + (pa sin 6, — 2$y/ft)2”
X exp|— .
® s (FS 0T, T
2l o7
K2 0,-25,/ft)? in 6,-25sy/f)°
x Ly [cost Sié[tl)—(j/?z)]szm 5 oo (11)
2(1)%[2(Tt+w—‘{_)

In the context of slightly misaligned open aperture lens based FSOIs system, (11) represents the

optical field irradiance calculated at the array of detectors for the LG beams propagating. Importantly, this
equation can be used to estimate the crosstalk in a misaligned open aperture optical system. This is because
the equation accounts for the transverse misalignment parameters.

2.3. FSOls with uniform circular aperture

In this section, we assume the presence of a circular aperture with uniform hard edge transmission

profile at the plane of the micro lenses array. Let A(p,) be the uniform hard edge circular aperture function
with @, radius, then

_(1 pL=ay
A ={ e (12)

In this case, the optical field at the array of detectors is:

ik 0 2T
B0 =52 | | Eipu 00400
0 Yo

ik 2 ika 2
< |- gpeiew [0
ik "
x exp |72 p; cos(01 ~ ¢)| prdprdb; (13)

The integral in (13) can be found using the following expansion for the aperture function [24]

Con
A(py) = S0 Cunexp (~ 2 p7) (14)

where C;,, and C,,, are complex coefficients. By substituting (14) into (13) we obtain

Improvement of misalignment tolerance in free-space optical interconnects (Nedal Al-Ababneh)



430 a ISSN: 2088-8708

m+1
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N3
X —\/(pz cos 8, — 25, /f)% + (p2 sin 6, — ZSy/ft)Z]

N _ Tmoptt
e, [lk[l W/, Can +LZ]

a w.
n=1 1 1

ik[1 = (U/f)]  Con 1]”

X —_—— ——
21 a? w?
k? [(pz cos 0, — 25, /f)% + (py sin 0, — 25, /f,) ]|
X exp|— ——
4]2 (lk[l (l/ﬂ)]+C2n+ 1) |
K2 ( 02—25/f)2+(py sin 2-25,, /f)”
x L [Pz COZS 2=25x/f)?+(p2 5in 6, Sy/ t) ] (15)
i—szlz ik[1- (l/ft)] C2n
PH t af

Equation (15) represents the optical output field distribution in a misaligned FSOIs systems of a
uniform circular aperture profile. Both the aperture size and the transverse misalignment of the microlens are
considered in the equation. In subsection 2.5, we use the equation to estimate the crosstalk taking into
account the effect of the uniform finite aperture of the microlens.

2.4. FSOIs with Gaussian circular aperture

Herein, we assume the utilization of microlens with circular aperture and Gaussian transmittance.
Let H(p,) be the circular Gaussian aperture function with a; radius.

Hp) = A6 ={ 6P hiu (16)

where G(p,) = exp( ) and w2 is the Gaussian aperture’s width. Again, by expanding A(p;), H(p;) can
be written as (17):

H(p) = Sis Cunexp ([ 5 + 2] 2) (7)

Substituting (17) into (7) and performing the integral, we obtain:
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In (18) represents a closed form relation for the output fields in the misaligned FSOls systems of
circular Gaussian aperture. It includes the aperture size and the misalignment of the lens at the same time.
Moreover, the dependence of the output filed on the misalignment parameters is obvious in the above
equation. In the following subsection, we use the equation to estimate the crosstalk taking into account the
effect of circular Gaussian aperture of the microlenses.

2.5. Crosstalk calculation

To study the effect of using tapered aperture on the misalignment tolerance we need to evaluate the
crosstalk. For the sake of estimating the crosstalk, we refer back to Figure 2. Let the channel with the blue
detector as the active channel. In this paper, two sources of crosstalk are taken into account. The first source
is the stray light which is the mount of light from the active VCSEL that reaches to other detectors through
neighboring micro lenses. Based on this, the stray crosstalk can be found using the following equations for
the different apertures

Peru = Peryu + Perzu = 4 ﬂnl|E1(P1x 01 p1dp,d6; + 4 ﬂnz|E1(P1' 011 p1dp,d6, (19)
Peig = Pei1a + Pe12a = 4 ff_{)llEl (p1, 0)A(p)I?p1 dp,d6; + 4 ffgzlEl (p1, 8)A(p)I? prdpyd6;  (20)
Peig = Pei1g + Pergg = 4 ff_QllEl(pll 61)H(p1)|?p; dp1dB; + 4ﬂ92|51(p1: 6.)H(p)|* prdp,d6; (21)

where the subscripts u,a, and g are used to denote for no aperture, uniform hard aperture, and Gaussian
aperture, respectively. In (19), (20), and (21) P,,, and P,,, are the crosstalk noises at the eight neighbor
detectors. Q is the detector’ area. Diffraction induced crosstalk represents the second source of crosstalk
which arises due to light diffraction from other VCSELSs through other micro lenses to the active detector. In
this case crosstalk can be obtained from the following (22):

Peai = Peaai + Pz = 4ﬂ03|Ezi(Pz'92)|2 p2dp,d, + 4ffﬂ4|E2i(P2'92)|2 p2dp,db, (22)

The subscript i should be replaced by u, a, or g to find the crosstalk for no aperture, uniform aperture, or
Gaussian aperture case, respectively. Useful signal power can be defined as the power received by the active
detector through its active channel and is given as (23):

P = ﬂn|Ezi(P2: 02)1? p2dp,do, (23)

Using (19) to (23), the signal-to-crosstalk (SCR) ratio can be calculated as (24).

Psi
Pe1i+Pezi

SCR; = (24)

3. RESULTS AND DISCUSSION

To show the impact of using lenses with tapered aperture on the crosstalk of a misaligned system we
refer to Figure 2 and assume the following parameters: wavelength () of 0.850 um, LG beam’s waist radius
(w,) for the VCSEL of 3 um, micro lenses focal length (f;) of 720 pm, and micro lenses diameter of 250 pm.
The interconnection distance and the radius of the hard aperture are considered to be 2.5 mm and 125 um,
respectively. In addition, the width of the Gaussian aperture is assumed to be 125 um. In Figure 3, we
showed the SCR as a function of the detector size for the aligned FSOIs model for both uniform and
Gaussian apertures. Using uniform aperture, the maximum SCR is 25 and it is 93 using the Gaussian
aperture. Moreover, the optimum detector size for the Gaussian aperture (14 pm) is less than that of the
uniform hard-edge aperture (23 pum). The presence of such optimum is due to the fact that the diffraction
induced crosstalk is mainly determined by the detector size and the stray crosstalk is determined by the
microlens size. For a given microlens size, the stray crosstalk is fixed and is larger than the diffraction
crosstalk at small detector size. Given this, the decrease of the SCR with small detector size is because of the
reduction in the signal power. For large detector size, the diffraction crosstalk is larger and increases with the
detector size.

Figure 4 demonstrates the SCR as a function of the detector radius with a misalignment of 10 um
for the micro lens in the x-direction. It is clear from the figure that the SCR decreases significantly with
misalignment. The optimum level of SCR is decreased to 18.5 using Gaussian aperture and to 7.5 using
uniform aperture. In addition, the optimum size of the detector decreases with increasing the misalignment
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to tolerate the decrease in the SCR. Optimum detector radii when using uniform and Gaussian apertures
are 18 um, and 12 um, respectively. Figure 5 shows the SCR versus transverse misalignment for a fixed
detector size. The figure clearly demonstrates that the SCR decreases when the misalignment increases. If
we set the minimum acceptable SCR to 10 for proper transmission, the optical system can tolerate
misalignment up to 14 um for the case of Gaussian aperture and up to 6 um for the uniform hard aperture

case.
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The increase in the system tolerance can be explained by the aid of using Figures 6 and 7. Figure 6

shows the normalized crosstalk versus transverse misalignment. As we can see the crosstalk when using the
Gaussian aperture is less than that of the uniform hard aperture for all misalignment values. Even though the
normalized signal power is less when using the Gaussian aperture as shown in Figure 7 but the reduction of

the crosstalk results in more SCR as expected.
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CONCLUSION
A misaligned first order free space optical interconnects system employing micro lenses with

tapered aperture has been analyzed. The output optical field has been evaluated using the generalized
diffraction integral formula assuming Gaussian profile for the micro lens transmittance. Based on the
obtained output field, the signal-to-crosstalk ratio has been evaluated. The numerical results have shown that
the tolerance to misalignment could be increased and the reduction of the signal-to-crosstalk ratio caused by
the misalignment could be kept within the useful ranges at higher misalignment by using micro lenses with
tapered transmittance profile.
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