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Networks of optical emitters are highly sought-after,
both for fundamental investigations as well as for various
technological applications. We introduce and implement
a novel scheme, based on diffractive optical coupling,
allowing for the coupling of large numbers of optical emit-
ters with adjustable weights. We demonstrate its potential
by coupling emitters of a 2D array of semiconductor lasers
with significant efficiency. ~ © 2015 Optical Society of America

OCIS codes: (250.7260) Vertical cavity surface emitting lasers;
(200.4260) Neural networks; (190.3100) Instabilities and chaos.

http://dx.doi.org/10.1364/0OL.40.003854

Coupling lasers in a scalable fashion while providing control
over individual connections are a highly sought-after technol-
ogy, impacting upon a large range of scientific questions and
engineering challenges. In engineering, arrays of phase-locked
lasers would significantly boost the brightness of material-
processing systems [1] or enable beam-steering via a phased-
array without the need for moving parts [2]. In the field of
nonlinear network dynamics, semiconductor laser networks
are prominent model systems [3]. In information processing,
laser networks are highly attractive for the implementation of
either neuro-inspired computing [4,5] or for all-optical Ising
machines based on coherent computing [6]. Fundamental prop-
erties of semiconductor-laser networks like synchronization,
phase-locking, and consistency, are of considerable interest
and essential for future applications based on such systems.
Nonetheless, until today, no scalable approach for creating such
networks exists that simultaneously provides control over essen-
tial parameters such as the network’s coupling topology. As a
consequence, experimental results are lacking.

One of the most commonly attempted techniques for the
implementation of global coupling within an array of lasers
employs Talbot self-imaging [7]. Until today, however, no
successful creation of large, scalable, and reconfigurable laser
network has been demonstrated. Furthermore, the Talbot ar-
chitecture requires locked and in-phase emission of all emitters.
This results in a strong limitation of the dynamical regimes re-
sulting in efficient coupling using Talbot architectures. Chaotic
dynamics is often associated with nonconstructive interference
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and nonconstant phase relations. Other techniques utilize gra-
tings to lock the wavelengths of all elements within an array of
lasers [8]. Although this technique appears robust and scalable,
it does not establish coupling between emitters. Finally, for
solid-state lasers, a coupling scheme enabling some control over
the network topology has been reported [9]. Here, the number
of possible coupling paths is effectively limited, since each con-
nection symmetry requires a dedicated mirror. We utilize the
diffractive orders of a diffractive-optical element (DOE), placed
within an external cavity, combined with an imaging lens to
create coupling within the emitters of a laser array. With
our scheme, coupling between a laser and its neighbors is es-
tablished and can be adjusted in a programmable fashion.
Furthermore, in our current setup, we identify imaging aber-
rations as the limiting factor for both, network size and cou-
pling strength. Consequently, significantly larger networks
are possible with our diffractive coupling scheme. Finally, we
evaluate and confirm the scalability of our diffractive-coupling
method.

Our diffractive-optical network, illustrated in Fig. 1, is based
on an 8 x 8 array of single-mode vertical-cavity surface-emitting
lasers (VCSELs) from Princeton Optronics, arranged in a
square lattice with a pitch of 250 pm. Its optical emission passes
the DOE and is imaged by a lens (Thorlabs AL 1225-B,
f =25 mm) located at object distance &, from the VCSEL
array. The image created at image distance & results in an an-
gular offset (¢F) between laser i and its nearest neighbors,
which is continuously adjustable via &,. Each VCSELs image
is spatially duplicated by the DOE’s diffractive orders, resulting
in angle 6F between the £1 and 0Oth diffractive orders for laser
i. ¢F and 6F are derived directly using the aberration free lens
and the grating equation, respectively:

£ _ iy PN _ 4
A¢F = arctan (dzidz) b, (1a)

AGF = arcsin < i + :) - (1b)

ot +d}

where a is the gratings period and 2 is the array’s wavelength, r;
the laser’s distance from the array’s center, and o, is the object
distance. Using approximations arctan(x) = arcsin(x) ~ x and
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Fig. 1. Schematic of the diffractive coupling of an optical array. The
VCSEL array’s emission passes a diffractive optical element and is im-
aged onto a reflective spatial-light modulator. The DOE’s diffractive
side orders overlap with the zero dlffractlve order of their neighboring
lasers for correct adjustment of . The reflection of the spatial light
modulator is then again 1maged onto the laser array, where the over-
lapping orders result in coupling between neighboring emitters.

ri/\/ 7} + d} ~ r;/d,, valid for small angles ¢;, one can derive
an alignment-condition from Egs. (1a) and (1b):

a

dﬁz 1= = sin(0), (2)
for which A¢F ~ AGF. In our experiment, a DOE with
diffraction angle ® replaces the diffraction grating, and we sat-
isfy Eq. (2) by adjusting &,. Coupling is finally achieved by
reflecting the overlapping diffracted laser images back onto
the array by situating a reflective surface at distance &; from
the objective lens.

Figure 2 illustrates alignment and scaling properties of the
diffractive coupling. Despite the large lattice pitch of 250 pm,
due to the large object distance in our setup (4, ~ 30 mm), the
small-angle approximation is justified for the central emitters in
our array. In panel (a), we show images of a 3 x 3-array of emit-
ting VCSELs for different DOE rotation angles. The images
were created by sampling the array’s emission via a beam-
splitter (not shown in Fig. 1) using a CCD camera at a distance
d. The upper half in panel (a) shows the Airy discs for all nine
diffracted VCSEL: for different angles when rotating the DOE
around the optical axis. DOE rotation induces rotation of the
diffraction side orders around the Oth order for each laser. The
lower half of panel (a) magnifies on a single laser’s position,
demonstrating that for aligned angles, the Airy-discs overlap
perfectly, even up to the Airy disc’s side-maxima. The image
on the right shows the optical feedback from eight surrounding
lasers at the position of a deactivated central laser. Again, all of
the eight feedback contributions are located perfectly on top of
the deactivated central element.

Unfortunately, the small angle approximation restricts ¢,
and 0,. In our setup, pitch p, angle ®, and as a consequence
distance 4, due to Eq. (2) are fixed. Hence the small-angle
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Fig. 2. Diffractive coupling images are depicted in panel (a). At
0 deg rotation between array and DOE, the images of neighboring
laser emissions overlap. (b) shows the mismatch between imaging
and diffractive coupling.

approximation required for coupling directly limits distance
r;. Using Eqs. (1a) and (1b), in Fig. 2(b), we plot the mismatch
between the imaging and the diffraction locations at position
dy in dependence on 7;. At the array’s emission wavelength
(966 nm), we obtain ©® = 0.48°. Considering our VCSELs
aperture diameter (~4 pm FWHM), one can infer from
Fig. 2(b) that currently effective coupling is limited to the emit-
ters within the 7 x 7 array. Already for a diffraction angle half as
large (© = 0.24°), the possible range of r; would significantly
be extended to multiple millimeters. We therefore conclude
that our scheme allows for scalable coupling of optical emitters,
especially when considering the strong potential for reducing ®
due to the small pitches p achievable with semiconductor
technology.

Optical feedback and therefore coupling are created by plac-
ing a spatial light modulator (SLM, Holoeye) at distance ;,
enabling control over individual coupling strengths via the pro-
grammable spatial reflectivity of the SLM. The feedback-
induced laser-to-laser coupling is affected by two attenuation
matrices: the DOEFE’s fixed splitting ratio and its efficiency
£POF and adjustable attenuations controlled by the SLM’s gray
scale values 25", For each laser, £°°F and £5'™M are 3 x 3 ma-
trices. The optical intensity (/ BR) back-reflected of the (4, /)th
SLM area therefore contains array—scaled contributions from 8
neighbors. Following the back-reflection off the DOE, the
optical signal passes the DOE a second time. Hence, the final
optical feedback to laser (p, ¢) is

-1,0,1 -1,0,1
FB _ DOE _,SLM § DOE = jarray
[p,q - Komn p+m g+n’ K p+m+z q+n+j* (3)

m,n

In this equation, 7;;" and /P are the intensities emitted and
coupling received by laser (7, ]) Expressing Eq. (3) in matrix
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form allows to determine £S™M for a certain coupling
matrix I'B;

IFB = fDOF . [fSIM . (RDOF 5 )], (4a)

BSIM — [IFB % kDOE]%[ZDOE ' INarray]' (4b)

Symbols * and % correspond to convolutions and deconvolu-
tions, respectively. The condition for arriving at Eq. (4b) is that
kpor is invertible. According to Eq. (4a), the optical feedback is
twice convoluted by kpop. As a consequence, each laser is
coupled to a 5 x 5 array of its neighboring lasers, enabling a
dense connectivity for medium-sized networks. Our diffractive
coupling scheme could be modified to a single DOE pass ar-
chitecture. Then, each laser will be coupled to its neighbors
according to £POF, while £ provides a scaling for each laser.
Therefore, 1% ]B # ]}f? allows for a network structure according
to a directed graph.

For dynamical investigations and for optical information
processing like all-optical RC [5,10], it is essential to create
a weighted sum of all network states. We achieve this function-
ality by out-coupling a fraction of the emission using a Rochon
prism. The out-coupled emission is imaged onto a separate area
of the SLM, where it then can be scaled linearly according to
gray-scale values . Here, the scaled back-reflection 78O of
SLMa-area (7, s) is

-1,0,1
RO _— ,,SLM E array DOE
]r,s =Wy ]r+u,5+1} K : (5)
v

wv

The readout signal /¢ is homogenized by a Kohler Integrator
and focused onto a ~100 pm spot, where it can either be
detected or collected by a multi-mode optical fiber.

When biasing individual emitters close to threshold, we ob-
tain a threshold reduction due to self-coupling of ~25% for the
central 3 x 3 array. This value decreases significantly for the
outer elements of a 5 x 5 array and vanishes for larger distances.
This reduction of self-coupling strength, combined with an
imaging resolution below the diffraction limit, demonstrates
that aberrations so far limit the size of our diffractive network
to the central 3 x 3-array.

We demonstrate and evaluate diffractive coupling first
by examining modifications to the array’s emission power,
and second by evaluating coupling-induced network dynamics.
For the VCSELs in our network to interact resonantly,
we minimize their spectral detuning. This was achieved by
biasing the VCSELs according to Table 1 (7,, = 40°C,
Aarray = 966.92 nm). According to Table 1, two lasers were
not pumped. One was not connected by the array-manufac-
turer, the other could not be tuned sufficiently to come into
resonance. Under these conditions and deactivating all cou-
pling, we measure a free-running-array emission power of
Py = 186 pW. We begin with the basic coupling mechanism
of delayed optical self-feedback or self-coupling. Then the

emission power increases Psc = 195 pW, corresponding

Table 1. Bias Current for Array Emission at 966.92 nm

2.188 mA 0 mA 0.658 mA
1.77 mA 0 mA 0.908 mA
2.4 mA 1.189 mA 1.411 mA
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Table 2. Diffractive Laser Network Parameters, Bias
Currents as in Table 1

186 pW P,
205 pW Prc = 1.102 - P,
PCL = 1112PFC
A, = 78%

Power w/o coupling
Power self-coupling
Power full-coupling
Coherent locking

DC-locking fraction

to Psc = 1.048 - Py. Evaluating the impact of coupling
between lasers, we measure a power of Ppc = 205 pW
(Ppc = 1.052 - Psc) for the fully coupled network.

We then inject a spectrally aligned external laser into the 7
lasers simultaneously profiting from the DOFE’s diffraction. For
parallel array and injection laser polarization (s-polarization),
we measure a power increase of Py = 1.112 - Prc due to
partial coherent locking of the array to the external injection
laser. Biasing according to Table 1 results in a single linear
polarization for the array’s emission, which we align such that
the emission is coupled out of the resonator by the Rochon
prism (p-polarization state). In this configuration and for strong
interaction, the injection laser will lock the array’s emission to
its own polarization state. We define the injection induced
switching contrast Ain]— as

?  _ JCT
Az‘nj = #: (6)

1, and I§! are the array’s p-polarized emission

/4
where [ inj

lVl]’
intensity with and without injection, as well as the
s-polarized injection laser’s cross-talk, respectively. Measuring
I, =(983+3) pW, [[=(294+3)pW and I§] =
(34 £ 1) pW, we obtain an injection-laser-induced polariza-
tion switching contrast of the VCSEL network of A;,; 78%
for an injection laser intensity of ~150 pW per array laser.

A general trend for the coupling-induced power modifica-
tions emerges from the preceding results. Under the bias con-
dition of Table 1, each investigated coupling configuration
resulted in significantly less relative coupling-induced power
increase than the ~25% obtained close to solitary laser thresh-
old (/g = 0.2 mA). This reduced relative impact is a direct
consequence of the laser network’s dynamical state. All lasers
are coupled and were biased significantly above solitary thresh-
old, therefore very likely rendering them chaotic [11]. Such
dynamics strongly limits the power increase, but represents
the basis for many fundamental studies and possible applica-
tions [12,13]. The impact of our networks impact upon the
DC-emission power is summarized in Table 2.

In the following, we focus in more detail on these coupling-
induced complex network dynamics. The rf spectrum of the
network’s intensity dynamics are shown in Fig. 3(a). RF spectra
obtained for strong and attenuated coupling are shown in green
and black, respectively. The strong (attenuated) coupling cor-
responds to a gray-scale value of 255 (0) of the SLM, with a
coupling attenuation of ~30% for a gray scale of zero. Apart
from the evident modification to the network’s dynamics, one
can clearly identify peaks corresponding to half the resonator’s
roundtrip frequency (2z7!). For polarization maintaining opti-
cal coupling, such dynamics are representative for mutually
coupled lasers [14], validating the effectiveness of our coupling
scheme.
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Fig. 3. Power spectral density (PSD) for radio-frequency spectra for
a free-running network [panel (a)] and the network locked to a modu-
lated external injection laser [panel (b)].

Using insight gained from the rf spectra of Fig. 3(a), we in-
dicate the dynamics present in the network. The dynamics is
mainly dominated by the external-cavity roundtrip frequency
(7! 2 0.65 GHz) and its higher harmonics, in addition to
the coupling-induced component around (27)~!. Around those
peaks, we find spectrally narrow as well as broad features,
indicating a combination of rather periodic and chaotic dynam-
ics. From Table 1, it is clear that for minimized spectral mis-
match, the resulting bias currents are widely spread, ranging
from 3.37y, < Iy < 127y,. This large bias current spread
results in equally heterogeneous laser operating conditions,
suggesting complex and diverse dynamics. Crucially, the strong
modification to the rf spectra induced by the change in cou-
pling strength of the network demonstrates that we are able
to sufficiently alter and control the interactions between the
lasers. An immediate consequence of the complex network state
is that the power increase due to coherent beam combining is
limited [12].

Finally, we evaluate the dynamics of our semiconductor
laser network under dynamic external injection. For that,
the injection laser is modulated with v;,, = 0.5 GHz via a
Mach—Zehnder modulator. Detection was limited to the p-
polarization [fnj, and the cross-talk of the s-polarized injection
laser is shown as red data in Fig. 3(b). Upon injection, the
broad rf-spectra consequence of the unlocked network’s insta-
bilities [Fig. 3(a)] are quenched by the injection laser.
Dynamics of the locked network, shown in Fig. 3(b) as blue
data, are therefore dominated by v;,; (~25 dB suppression).
Nonlinear mixing in our laser network causes the additional,
spectrally equally sharp frequency component at 1 GHz.

To conclude, we demonstrated a novel diffractive network
scheme providing a high level of control over individual net-
work parameters, a global locking to an external injection laser,
and the readout of the network’s weighted center of mass. We
demonstrated strong interaction for the VCSEL array’s central
elements, showing a significant threshold reduction for an array
of 24 lasers. We show that the coupling induces diverse and
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complex network dynamics, which we are able to modify either
via the coupling strength or via an external injection laser. We
therefore demonstrate a possibly scalable approach for creating
complex networks of optical emitters. This generality makes
our diffractive network scheme relevant for a large variety of
fields, ranging from fundamental properties of networks
of nonlinear elements to more applied fields like reservoir
computing, phased arrays, and eventually coherent beam com-
bining. Currently, outside of an area of 500 pm x 500 pm
(3 x 3-array), spherical aberrations reduce coupling efficiencies.
However, this does not correspond to a fundamental limit since
these aberrations can strongly be reduced by use of tailored
lenses, a smaller pitch between the lasers, or by a modified
resonator design.

For an array of seven spectrally aligned VCSELS, we achieve
an emission power increase of 4.2% and 5.1% due to self- and
neighbor coupling, respectively. Locking to an external injec-
tion laser results in a polarization modulation contrast
approaching 80% and an emission power increase by
11.2%, demonstrating partial coherent locking of the array
to the injection laser.
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