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Abstract. The performance of a free-space optical interconnect (FSOI)
system based on a super-Gaussian-Bessel (SGB) beam is evaluated.
The signal-to-noise ratio (SNR) is used as the performance measure.
The SNR of an FSOI system utilizing SGB is analyzed, evaluated, and
compared with the SNR of the system that uses a Bessel beam. We
show that for large interconnect distance the achievable SNR of the
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1 Introduction

Board-to-board and chip-to-chip data rates are contmumg
to increase in most digital computing systems.' The in-
crease in individual line rate and bandwidth density drives
the need to replace the traditional copper interconnects with
optical interconnects that can operate at high data rate
while keeping an acceptable level of interconnect perfor-
mance. One of the most interesting technologies for this
purpose 1s the use of free space optical interconnects
(FSOIs). Using this technology, a high bandwidth den-
sity with parallel data transmission between boards (or
chips) can be realized with an array of light sources on one
board and a detector array on the receiving board.

Traditionally (FSOI) systems with optical sources that
have Gaussian beam profiles have been proposed and ana-
lyzed. The diffraction of the Gaussian beams while propa-
gating from source to detector, and the resulting crosstalk,
generally impose a trade-off between the SNR and the ac-
ceptable propagation distance.™ 7 To achieve h1gh SNR in a
FSOI system with large interconnect length it is necessary
to alleviate the effects of diffraction, and to minimize the
crosstalk for a given interconnect length.

One interesting concept to reduce the diffraction spread
in a FSOI with a large propa%atlon distance is the use of
nondiffracting Bessel beams. However, the sidelobes of
Bessel beams act as major source of crosstalk, which
couples to the neighboring channels and severely limits the
SNR and the number of data channels that can be realized.
Moreover, the fluctuation of the axial intensity of a Bessel
beam with propagation distance represents another problem
that reduces the tolerance of FSOIS to misalignment and
degrades their performance. =13 Nevertheless, the Bessel
beam outperforms the conventional Gaussian beam, par-
ticularly over larger propagation distances.'”

To reduce the effect of the Bessel beam’s sidelobes and
the fluctuation of its axial intensity as well, we propose the
use of super-Gaussian-Bessel (SGB) beams in FSOIs.!
exploit the fact that the SGB beam under some condmons
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is the best nondiffracting beam. In fact, the SGB beam has
low-level sidelobes compared to those of the Bessel beam
and has ﬂat axial intensity over a large propagation
distance. By exploiting these two features, a FSOI based
on SGB beams with an improved performance level oper-
ating at large interconnect distances can be achieved.

In this paper the performance of a FSOI system based on
SGB beams is evaluated. The SNR is used as a perfor-
mance measure. The SNR of such a FSOI is analyzed,
evaluated, and compared with that of one using Bessel
beams. We show that for large propagation distance the
achievable SNR of a FSOI based on SGB beams is superior
to that of a FSOI based on Bessel beams. In Sec. 2 the
propagation of SGB beams in free space is presented and
some propagation features are emphasized. In Sec. 3 the
FSOI system using SGB beams is described. The SNR is
evaluated in Sec. 4. Numerical simulations and discussion
are conducted in Sec. 5. Section 6 concludes the paper.

2 SGB Beam Propagation

Consider a SGB beam propagating in the z direction with
an incident field £ defined at the plane z=0 as"’

E(r,0) = f59(r)Jy(ar), (1)

where Jj is the zero order Bessel function of the first kind,
a is the transverse wave number which determines the cen-
tral lobe width of the Bessel function, r=(x>+y?)""? is the
transverse distance in the plane z=0, and f56(r) is the
super-Gaussian aperture function and is given by

159(r) = A exp[= (r1w)"], 2)

where A is constant, n is the beam order, and w is the width
of the super-Gaussian function. This beam can be generated
as demonstrated in Ref. 16.
Using Fresnel appr0x1mat10n
E(p,z) at a distance z is given by’

the diffraction field
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Fig. 1 Axial intensity versus propagation distance.
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where k=27/\ is the wave number, N\ is the wavelength,
and p is the transverse distance in the z plane. The beam
intensity I(p,z) of the diffraction field is

ikp? k
E(p,z) =exp<— 2—’: - ikz) X .—[

174

L(p,2) = |E(p.2)|* = ‘]ff E(r,0) X Jo<@>
ZJo Z

ikr? 2
Xexp|——|rdr| . (4)
2z

When p=0, the axial intensity 7(0,z) can be obtained as

o ) 2
100,z) = ]EJ E(r,O)exp(— lk—r>r dr| . (5)
b4 27

0

At this point two features of SGB beams should be ex-
plained. The first feature can be discussed with the aid of
Fig. 1. The figure shows the axial intensity of a SGB beam
with A=1, w=2 mm, =40 mm~' and \=850 nm for n
=4, 8, 13, and 20. It is noted from the figure that the axial
intensity is constant over some propagation distance for a
beam of order 13. This means that a flat axial intensity
without fluctuation for the SGB beam can be obtained with
some optimal beam parameters (beam width, beam order)
over a certain propagation distance. We have also plotted
on the same figure the axial intensity of a truncated (hard
hole with 2-mm radius) Bessel beam for comparison. It is
clear from the figure that the axial intensity of the truncated
Bessel beam fluctuates with incerasing propagation dis-
tance.

The second interesting feature of SGB beams is that the
sidelobes have lower values than those of a truncated
Bessel beam. Figure 2 shows the transverse intensity pro-
files for both the truncated Bessel beam (hard hole with
2-mm radius) and the SGB beams with beam order 13. It is
clear from the figure that the sidelobes of the Bessel beam,
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Fig. 2 Transverse intensity versus transverse distance for truncated
Bessel and SGB beams.

as represented by the dashed line, have higher values than
those of SGB, as represented by the solid line.

The existence of these two features of the SGB beam
has motivated us to investigate the use of SGB beams for
FSOIs. Because the SGB beam propagates over some dis-
tance without oscillations in the axial intensity, the toler-
ance of the FSOI system to axial misalignment will be
higher than that of a FSOI system based on Bessel beams.
Moreover, the sidelobes, which represent a major source of
noise in a FSOI, cause reduction of the SNR, which repre-
sents a figure of merit in a FSOL In the next section we
evaluate the SNR for use as an indicative measure of the
usefulness of SGB beams in FSOI systems.

3 SGB-Beam-Based FSOI System

A 2-D representation of a FSOI system using SGB beams is
shown in Fig. 3(a). As shown in the figure, an array of light
sources is placed in the plane z=0. The output beam from
each source is assumed to be SGB with radiant beam inten-
sity as given by

% (6)

where r is the transverse distance in the source array plane.
Since finite aperture optical elements are always present in
any practical realization, a more realistic model for the

I(r,z=0) = |A exp[- (r/w)"] X Jo(ar)

Source array Detector array
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Fig. 3 (a) Simple representation for FSOI system with SGB beam;
(b) 2-D representation for detector array.
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SGB beam is to assume its presence over just a finite aper-
ture a.

These beams propagate through free space to a detector
array located in the plane z=D; the beam intensity at the
detector array can be found as

I(p,z=D) = | %f A exp[— (r/w)"] X Jo(ar)J()(%)
0

2

ikr?
Xexp 3D rdr| , (7)

where p is the transverse distance in the plane of the detec-
tor array. Careful examination of Eq. (7) reveals that the
irradiance intensity of SGB at the detector plane depends
on many parameters, including beam order, beam width,
aperture of the super-Gaussian function, central width of
the Bessel beam, and optical source aperture. This in turn
means that the optical intensity that is coupled to the neigh-
bor detectors also depends on these parameters and that the
choice of these parameters must be such that the desired
performance level is a achieved at a given interconnect dis-
tance. In the next section the SNR, which is used as the
performance measure, is analyzed, and its dependence on
different system parameters is considered.

4 SNR of SGB-Beam-Based FSOI System

To be able to understand the advantages of using SGB
beams in FSOI systems, we use the SNR as a performance
measure. The SNR in a FSOI can be defined as

Pym

SNR = ———,
Pybo+ Ny,

(8)

where 7,8 (7+6=<1) represent the fractions of the trans-
mitted beam received by the intended photodetector and by
the other photodetectors, respectively, P, is the power in
each transmitted beam, and Ny, is the thermal noise and is
given by

Ny = NEP X \f. (9)

Here NEP is the noise equivalent power, which is a mea-
sure of the photodetector’s sensitivity and reflects the
amount of the optical power required to achieve a SNR of
unity, and f is the channel bandwidth. It is important to note
that the numerator of Eq. (8) represents the optical signal
power, and the first term in the denominator represents the
noise that is due to optical crosstalk. To determine 7 we
refer to Fig. 3(b) and assume that the active channel corre-
sponds to the central detector. In this case 7 is the frac-
tional amount of power captured by central detector and
can be determined by integrating the normalized version of
Eq. (7) over the area of the central detector:
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n= ﬂlln(l), 6.z=D)pdpdé

Dc
27 d
=f f 1,(p,0,z=D)p dpdo, (10)
o Jo
where d is the photodetector radius and
I(p,60,z=D)
1(p,0,z=D)= — . 11
== 6.2 D) )

Similarly, & can be found by integrating the normalized
light intensity over the area of the other eight neighbor
detectors as shown in Fig. 3(b) (excluding the central de-
tector):

o= ﬂ In(p,ﬁ,z:D)pdpd0=4ﬂ1n(p,0,z

other det. DI

=D)pdpdf+ 41] I(p,0,z=D)pdp de

D2

27 (p+d
=4f J I,(p.0.z=D)p dp db
0 r

2m \5p+d
+4f f 1,(p,6,z=D)pdp dé, (12)
0 J\2p

where p is the center-to-center distance between the detec-
tors. By careful examination of Egs. (11) and (12) we can
note that both 7 and & depend on the interconnect distance
D, the detector radius d, and the parameters of the SGB
beam. Moreover, 6, which represents the crosstalk noise,
depends on the distance p between detectors. For a given
application the interconnect distance and the detector spac-
ing (channel density) are given and are not used as design
parameters. The detector size can be chosen according to
the width of the central lobe of the SGB beam for this lobe
carries the useful optical signal (information). We also
should be careful about the bandwidth of the optical re-
ceiver when choosing the detector size, which plays an im-
portant role in determining the bandwidth. The design of
the FSOI can then be optimized using SGB beam param-
eters such as beam width and beam order as design param-
eters. In the next section the optimum choice of these pa-
rameters is discussed and the advantage of the using SGB
beams is explained.

5 Simulation Analysis and discussion

In this section we consider a FSOI system in which the
interconnect distance and the channel (detector) spacing are
prespecified. The channel spacing is set to 2.5 mm which
corresponds to a channel density of 30 cm™2. The choice of
channel spacing is primarily determined by the size of the
aperture of optical source used in the FSOI system. For the
SGB beam the following parameters are assumed: wave-
length N=850 nm, power P, =200 uW. The individual
channel bandwidth is f=1 GHz. The noise-equivalent
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SNR

Fig. 4 SNR versus « with super-Gaussian aperture function width
as a parameter.

power at the receiver is NEP=10X 107! W/Hz"2. The de-
tector size is chosen such that the detector radius d is equal
to the half of central lobe width.

Figure 4 shows the SNR versus the (central lobe width)
a with the width w of the super-Gaussian aperture function
as a parameter. The beam order n for each value of « is
chosen such that maximum propagation distance before dif-
fraction can be achieved. It is clear from the figure that high
values for SNR can be achieved for specific values for «
and the super-Gaussian aperture function width. For ex-
ample, a SNR higher than 10 can be achieved with w
=15mm and a<110cm™ or w=2 mm and «
<80 cm™'. We also note that as « increases, the SNR de-
creases. In fact, as « increases, the width of the central lobe
decreases, which results in a decrease in the received opti-
cal signal power and an increase in the crosstalk for a beam
of constant power. Moreover, the SNR increases as w de-
creases for a fixed value of a. This can be explained based
on the fact that as the aperture width decreases, the side-
lobes decrease while the central lobe remains unaffected,
which in turn results in an increase in SNR. At this point it
is important to mention that the value of SNR in Fig. 4 for
each choice of a and w is obtained using the optimum
beam order that gives the highest propagation distance be-
fore diffraction occurs. Figure 5 shows the optimum beam
order versus «. For a given w the optimum beam order
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Fig. 5 Optimum beam order versus « with w as a parameter.
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Fig. 6 Maximum propagation distance (cm) versus «a with w as a
parameter.

increases with @. For w=1.5 mm the required beam order
is 6 to achieve a SNR of 10 (a=110 cm™"), and the beam
order drops to 4 at =80 cm™! to achieve the same SNR. In
fact, the increase in the beam order is required to decrease
the crosstalk noise to partially balance the decrease in the
signal power as « increases. However, the SNR decreases
with increasing « (Fig. 4), which implies that the reduction
in the signal power overwhelms the reduction in the noise
power resulting from the increased beam order. We also
note that for a given « the optimum beam order increases
with w. For example, at =110 cm™! the beam order jumps
from 6 to 7 as w changes from w=1.5 to 2 mm. As w in-
creases, the reduction of the sidelobes decreases and a large
beam order is required to compensate for this reduction.
Again the effect of increasing w overwhelms that of in-
creasing the beam order. In Fig. 6 the maximum propaga-
tion distance is plotted against « for two different aperture
widths. A large interconnect distance with an acceptable
SNR can be achieved using a SGB beam. For «
=110 cm™' and w=1.5mm an interconnect of 55-cm
length operating at a SNR of 10 can be realized. To appre-
ciate the advantage of using SGB beams, a performance
comparison with that of Bessel Beam is conducted. Figure
7 shows the SNR versus detector radius for three different
values of a using the same other parameters used for the
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Fig. 7 SNR versus detector radius with « as a parameter for a FSOI
with Bessel beams.
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Fig. 8 SNR versus detector radius for SGB, Bessel, and Gaussian
beams.

SGB beam system. It is clear from the figure that the opti-
mum values for the SNR are low compared with those of
the SGB beam. However, the FSOI using the Bessel beam
outperforms that using the conventional Gaussian beam for
large propagation distance.® In Fig. 8 the SNR for the
Gaussian, Bessel, and SGB beams is plotted as a function
of the detector radius. The parameters used for this plot are
chosen such the interconnect distance is 60 cm. From the
figure we observe that a peak SNR of 15 can be achieved
using the SGB beam, while the peak SNRs for the Bessel
and Gaussian beams are 3 and 0.4, respectively.

6 Conclusion

We propose the use of SGB beams in long-distance FSOISs.
We used the SNR as a performance measure to decide the
usefulness of such beams. Our results showed that high
values for the SNR can be obtained using SGB beams. We
used the beam width and the beam order as design param-
eters. Our analyses showed that these two parameters,
whose values determine the propagation features of the
beam, can be used to optimize the design of a FSOI system
for maximum SNR. We also included results for a FSOI
system based on Bessel and Gaussian beams. The SNRs
obtained are low compared with that obtained for the SGB
beam system.
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