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Generating free-space structured light with 
programmable integrated photonics
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Structured light is a key component of many modern applications, 
ranging from super-resolution microscopy to imaging, sensing and 
quantum information processing. As the utilization of these powerful 
tools continues to spread, the demand for technologies that enable the 
spatial manipulation of fundamental properties of light, such as amplitude, 
phase and polarization grows further. The rapidly advancing field of 
reconfigurable integrated photonics allows entirely new routes towards 
beam shaping that not only outperform existing devices in terms of 
speed but also have substantial potential with respect to their footprints, 
robustness and conversion efficiencies. In this study, we demonstrate how a 
multipurpose programmable integrated photonic processor can generate 
and control a wide range of higher-order free-space structured light beams, 
all starting from only a single injection waveguide. Our method controls the 
distribution of light’s amplitude and phase within sub-milliseconds, and it is 
fully reconfigurable and has no moving parts. These advancements broaden 
the spectrum of potential methods, applications and devices that utilize 
spatially tailored light by providing a pathway to combine the strengths and 
versatility of integrated photonics and free-space structured light.

Manipulating optical fields and locally shaping light’s fundamental 
properties to meet specific needs has enabled breakthroughs on the 
fundamental research level as well as in advanced applications1–3. 
Super-resolution microscopy4,5, communication6, optical tweezers7, 
metrology8 and quantum information processing9 are only a few 
amongst many important examples. Numerous methods exist—each 
having its own set of advantages and disadvantages—that facilitate the 
generation of almost arbitrary optical fields and structured beams of 
light, as long as the generated fields are compliant with Maxwell’s equa-
tions. In many beam-shaping scenarios, the amplitude, polarization 
or phase of a beam of light are sculpted by using liquid-crystal-based 
devices10–12. Other techniques are based on metasurfaces, micromir-
rors, microelectromechanics or photonic crystals13–18. In particular, 
approaches based on integrated photonics have recently received 
great attention, owing to the fast-paced developments in this field. 

Integrated photonic systems offer, for example, increased robustness 
and can readily incorporate other on-chip optical components like 
lossless splitters or laser sources19. This opens new possibilities for 
all-integrated, portable and robust systems, enabling the utilization of 
structured light in demanding applications with no intricate free-space 
alignment and modulation.

Precisely controlling, emitting and reconfiguring on-chip light in 
real time and with no moving parts is also core to the emerging field of 
programmable integrated photonic circuits. Here meshes of universal 
2 × 2 optical gates (Mach–Zehnder interferometers) provide extensive 
and lossless control over the flow of light within tens to hundreds of 
microseconds20–23. This enables applications in quantum information 
processing and the implementation of artificial neural networks24–26 as 
well as matrix operations and communication27,28. Connecting an array 
of free-space emitters to these photonic circuits creates an interface 
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An essential aspect in the usage of the photonic chip is determin-
ing the 16 complex-valued on-chip field amplitudes that lead to the 
generation of the desired far-field distribution. In this context, it is 
important to understand that the spatial structure of the fields emitted 
by an individual grating coupler is dictated by its design; thus, it can-
not be changed after manufacturing. Tuning the applied phase shifts 
only affects the intensity and phase of each emitter, influencing its 
individual contribution to the far field. The near field of a single grat-
ing coupler is obtained by means of a finite-difference time-domain 
simulation. To quantify the degree to which this emitter field resem-
bles the local field of the desired beam, it is necessary to calculate the 
overlap integrals. More precisely, the overlap integral between the field 
distribution of the target beam and the output field of an individual 
grating coupler is calculated in a plane just above the chip surface at 
a distance of 300 nm. Separately calculating the overlap integrals for 
each grating coupler results in 16 complex values. They serve as the 
complex coefficients for the 16 on-chip fields that must be generated 
by the photonic circuit. For the specific case of a Gaussian beam, the 
desired field distribution and the calculated values mentioned above 
are depicted in Fig. 2c. Note that in these calculations, the target beams 
are always computed with a mean propagation direction being tilted 
along the x direction by 12° to the surface normal of the chip, since this 
is the approximate emission angle of the grating couplers. However, 
in all the illustrations of the overlap values, the phase ramp associated 
with this tilt is subtracted to simplify the interpretation of patterns.

Calibrating and controlling the photonic mesh
Now we need to discuss how to control the photonic circuit to generate 
the desired mesh output. Before this can be done, it is necessary to care-
fully calibrate the chip. For this purpose, a calibration strategy reported 
recently32 was adapted. In short, this calibration approach requires a 
single known input beam (here a collimated Gaussian beam) sent onto 
the array of grating couplers used for beam shaping in the next steps 
(Fig. 2a, right). This beam serves as the amplitude and phase reference, 
is coupled into the circuit and propagates backwards through the wave-
guide mesh for calibration. During this process, all the phase shifters in 
the photonic mesh are simultaneously addressed with varying voltages, 
which controls the interference of light on the chip. For each voltage 
setting, the resulting intensities, as emitted by the grating couplers 
on the other side (Fig. 2a, left), are recorded. Ultimately, analysing 
the recorded data allows for the characterization of all the relevant 

to free-space light with control over relative amplitudes and phases29. 
Such systems have enabled novel applications like on-chip separa-
tion and measurement of free-space modes22,23,30–32. Emitting tailored 
on-chip light from free-space emitters is also the fundamental principle 
underlying optical phased arrays33,34. Although receiving great atten-
tion in the past decade, applications mostly focused on beam steering 
and light detection and ranging systems20,35–38 and less on free-space 
generation of special beams39–41.

Here we demonstrate the use of a programmable integrated pho-
tonic processor to generate free-space structured light on demand 
and in real time. Tailored on-chip fields, controlled losslessly within a 
mesh of universal 2 × 2 optical gates, are fed into a square array of 16 
grating couplers. A desired free-space structured output is generated 
by calculating the settings of the thoroughly calibrated photonic chip. 
No further training is required. We demonstrate—both numerically and 
experimentally—the generation of various structured light beams and 
superpositions. Despite a limited number of only 16 emitters, a wide 
variety of structured light fields are effectively generated, exhibiting 
exceptional mode quality. This system paves the way towards a novel 
all-integrated platform for the generation of structured light, with no 
on-chip losses and high operating speeds.

Principle of operation
We start by presenting an overview of the integrated-photonics-based 
system for the generation of structured light. A schematic is shown 
in Fig. 1. For explanatory purposes, let us assume that the goal is to 
generate a sequence of three structured modes, desired for a cer-
tain application (Fig. 1, top left). After theoretically specifying these 
desired fields, the computer can calculate and store the exact control 
parameters that must be applied to the photonic chip to generate these 
structured modes. The waveguide architecture on the photonic circuit 
(Fig. 1, bottom centre) basically resembles a tree. Coherent light of a 
laser source is coupled into a single injection waveguide at the begin-
ning of the circuit, analogous to the trunk of a tree. As the light flows 
through the waveguide mesh, at each junction, the control parameters 
applied via the computer dictate how the light is distributed into the 
branches. Eventually, this enables a precise manipulation of the relative 
intensity and phase of light in each waveguide at the output of the pho-
tonic circuit. After processing, the light is coupled again to free space 
through an array of outcouplers, interferes and propagates to the far 
field, where the desired field distribution takes shape. The resulting 
far-field intensity pattern obtained for the example sequence of three 
structured modes is illustrated in Fig. 1 (right).

Calculating emitter settings for desired output 
modes
The underlying photonic architecture is based on a mesh of 15 recon-
figurable Mach–Zehnder interferometers, arranged into a binary tree 
(Fig. 2a). Each on-chip interferometer has two 50:50 beamsplitters (3 dB 
directional couplers) and two heaters controlling the relative phase of 
light propagating through the corresponding waveguide. By carefully 
adjusting these phases, each interferometer can split its single input 
field into two output fields with an arbitrary relative intensity and rela-
tive phase. After travelling through four stages of interferometers, the 
original input field coupled to the first waveguide is thus converted 
into 16 complex-valued on-chip fields (Fig. 2a, right) of tailored rela-
tive intensities and phases. It is worth noting that this field conversion 
does not introduce any fundamental loss, other than imperfections of 
the on-chip components29, and therefore, all the light coupled into the 
injection waveguide is converted into 16 complex-valued fields. Meth-
ods provides a detailed and quantitative discussion of the conversion 
losses inherent to the proposed system. After the on-chip field conver-
sion, the resulting fields are guided by their associated waveguides 
to a 4 × 4 square array of emitters, that is, standard grating couplers, 
acting as the free-space output interface (Fig. 2a (right) and Fig. 2b).

Requested mode sequence:

Transfer settings to chip ...

V11

V12

V21

V22

V31
V32

1 2 3

3
2

1

Fig. 1 | Overview of the utilized system. A desired field distribution is specified 
on the computer, after which the required settings are calculated and sent to the 
photonic chip (bottom). These settings configure the photonic circuit such that it 
distributes light from an injection waveguide across the mesh and subsequently 
re-emits it with tailored amplitude and phase, resulting in the desired field 
distribution in the far field. Three examples of the desired structured modes 
are shown on the left, with the three corresponding theoretically generated 
free-space output fields on the right.
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components in the circuit from this single measurement. This is done 
with a multiparameter fit between the recorded data and a theoretical 
transfer matrix of the mesh, which contains all its unknown parameters 
as free variables. This simultaneously calibrates the splitting ratio of 
each on-chip beamsplitter, the coupling losses of the grating couplers 
and the individual voltage-to-phase-shift relation of each thermal phase 
shifter. The latter is particularly important, since it allows for converting 
the applied voltages into the resulting phase shifts, and vice versa, with 
heater-specific look-up tables. The key advantage of using a calibrated 
chip is that from here onwards, the required settings of the chip to 
generate an arbitrary output distribution can be obtained by calcula-
tion. Methods describes the mathematical framework underlying the 
described process.

Resulting generated fields of free-space light
As one of the last steps, it must be understood how the fields emitted 
by a single emitter, and subsequently by the emitter array, behave on 
propagation to the far field. To this end, using theoretical Fourier optics, 
the far field of a single emitter can be calculated from the near-field 
simulation mentioned earlier. The resulting far-field intensity distribu-
tion is displayed in Fig. 2d (inset), where the maximum light intensity is 
observed at an angle of approximately 12° (kx/k0 ≈ 0.21) relative to the 
chip’s surface normal. This distribution also reveals the available angu-
lar range where the system can generate structured light. With the far 
field of a single emitter at hand, calculating the total far field of a coher-
ent array of emitters is straightforward. All the individual far fields are 
summed up, whereas the complex amplitudes of the 16 on-chip output 
fields are used as coefficients and each contribution is multiplied with 
a phase factor connected to the emitter position. Utilizing the values 
depicted in Fig. 2c, the resulting total far-field interference pattern 
is presented in Fig. 2d, resembling an array of Gaussian-like beams. 
The array-like properties of the generated pattern are determined by 

the spacing, number and individual angular emission spectra of the 
elementary emitters. A corresponding measurement result is illustrated 
in Fig. 2e, obtained by capturing the angular spectrum of the emitted 
light with a camera.
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Fig. 2 | Reconfigurable photonic integrated circuit generating structured 
light. a, Microscopy image of the photonic chip, showing the waveguide mesh 
resembling a binary tree of Mach–Zehnder interferometers. b, Detailed image 
of the 4 × 4 square array of free-space emitters. c–e, Example of a generated 
array of Gaussian-like beams. c, Relative on-chip target intensities (indicated 

by the size of the circles) and phases (colour coded). The desired Gaussian 
intensity distribution to be generated is shown in the top-right inset. d, Resulting 
theoretical far-field intensity distribution. The far-field intensity of a single 
emitter is shown in the inset. e, Far-field intensities recorded experimentally with 
a camera.

Back focal plane 
imaging lens

Microscope
objective

Input
laser

Lens Camera

PCB

a
Photograph

b

c

Microscopy
image

1 mm10 mm

Fig. 3 | Optical setup. a, Close-up photograph of the printed circuit board 
(PCB) carrying the photonic chip that is highlighted by the dotted circle in the 
centre. b, Microscopy image of the wire-bonded photonic chip on top of the 
PCB. c, Illustration of the experimental setup. The incoming laser beam with a 
wavelength of 1,550 nm enters from the left and is free-space coupled into the 
photonic circuit via one grating coupler. To measure the far field of the emitted 
structured light, the back focal plane of the collection microscope objective is 
imaged onto a camera.
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Experimental setup
Before moving on to additional results, we briefly discuss the experi-
mental optical setups used to capture the measured far-field data. 
To first give an impression of the size, mounting and wire bonding of 
the photonic chip, a close-up photograph of the printed circuit board 
and a microscopy image of the photonic chip are shown in Fig. 3a,b, 
respectively. An illustration of the optical setup that is build around 
the chip is shown in Fig. 3c. A free-space laser beam at a wavelength of 
1,550 nm enters from the left and is focused by a lens via a D-shaped 
mirror onto one input grating coupler of the photonic chip. Note that 

the light source could also be integrated in future generations of the 
chip. However, here a free-space injection was chosen to reduce the 
system’s complexity and enable different applications with the same 
photonic chips23,31,32. Light that has passed through the photonic cir-
cuit and is emitted by the array of output grating couplers is collected 
and collimated by a microscope objective. The angular spectrum of 
the generated structured light is evaluated by imaging the back focal 
plane (Fourier plane) of the microscope objective onto a conventional 
infrared camera. One of the recorded camera images is shown in  
Fig. 2e, whereas additional images will be shown later.
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Fig. 4 | Simulated and measured free-space far-field patterns of various 
structured beams. A target intensity distribution of light (top left) is sampled 
into 16 complex fields at the emitter positions. Individual intensities and 
phases are visualized as circles of corresponding size and colour (bottom left). 
Coherently adding the corresponding far-field emissions of the individual 
emitters results in the simulated array-like far-field pattern of the photonic chip 
(centre). Only a region of the angular spectrum is shown here. A grey square 

indicates the central diffraction order for reference. Experimentally, far fields 
are recorded by imaging the angular spectrum of emitted light onto a camera 
(right). a,b, Arrays of Hermite–Gaussian beams of order HG11 in different basis 
orientations. c, Additional example of Hermite–Gaussian beam generation. d,e, 
Arrays of Laguerre–Gaussian beams of different orders. f, Superposition of two 
Laguerre–Gaussian beams. More results are shown in Extended Data Figs. 1 and 2.
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Demonstration of higher-order spatial modes
To showcase the system’s far-reaching capabilities, we configured the 
photonic processor to produce a large variety of free-space patterns. 
The main results comprising arrays of higher-order beams and modal 
superpositions are presented in Fig. 4. The composition of all the pan-
els in Fig. 4 is identical. The desired intensity distribution is shown in 
the top left, with the corresponding intensity and phase settings of 
the emitters, that is, the calculated overlap values, plotted below in 
this figure. The simulated free-space far-field intensity distribution 
generated using this configuration is shown in the centre, with the 
experimental counterpart depicted on the right of this figure. The 
angular region containing the central diffraction order is marked by 
a grey square. The target distribution to be generated can be clearly 
identified within this area, with neighbouring diffraction orders dis-
tributed around it.

In Fig. 4a,b, we present the generation of an array of Hermite–
Gaussian beams42 of order HG11 in two different basis orientations. 
Evidently, in both cases, the generated structured fields resemble 
the desired beams very well. On close inspection, small differences 
in the shape of the outer parts of the intensity lobes can be identified 
between the desired beam and the generated far fields (Fig. 4a). Here 
the features of the desired beam are not optimally sampled with the 
emitter array due to an unfavourable orientation of the modal basis. 
Half of the available emitters do not contribute to the generation of 
the far fields (corresponding to circles with a vanishing diameter; 
Fig. 4a, bottom left). In comparison, the rotated HG11 beam (Fig. 4b) 
results in a better match between the beam symmetry and emitter 
layout. Therefore, all of the 16 emitters contribute to the gener-
ated far field. This further increases the resemblance between the 
intensity patterns of the desired beam and the generated far fields. 
Next, Fig. 4c,d shows the generation of an array of Hermite–Gaussian 
beams of order HG20 and an array of Laguerre–Gaussian beams43 LG01, 
respectively. Minor deviations can be observed in the measured far 
fields, which might arise from, for example, the calibration of the 
photonic mesh or differences in the individual emission properties 
of the emitters induced by manufacturing. Figure 4e shows an array 
of Laguerre–Gaussian beams with a radial index of 1 (LG10) being 
generated. In Fig. 4f, we demonstrate a superposition of beams, that 
is, a combination of a fundamental Gaussian (LG00) and a Laguerre–
Gaussian (LG02) beam. Equal relative amplitudes and no relative phase 
between the beams are chosen in this case. Note that the generated 
far-field distributions are locally rotated with respect to the target 
distribution. The physical origin of this rotation is the different 
Gouy phases acquired by different mode orders in the superposi-
tion as they propagate from the chip to the far field. The resulting 
rotation depends on the individual mode contributions and could 
be accounted for in the experiments.

Methods provides a more technical discussion of the mesh con-
figuration (Fig. 5), of the conversion efficiency as well as a prospect on 
the achievable mode quality for different mode orders and different 
emitter array (Fig. 6). Extended Data Figs. 1 and 2 shows additional 
examples of the generated far-field distributions (resizing, refocus-
ing, translation, additional higher-order modes and superpositions). 
In addition, Supplementary Video 1 shows all these aspects, where the 
chip’s output is modulated, simulated and recorded. In Supplementary 
Video 2, we modulate and record the chip’s output at high speeds, lim-
ited only by the frame-grabber unit of our camera (2 kHz), but not by 

the photonic device itself. With the utilized photonic chip, switching 
speeds down to tens of microseconds would be possible.

Conclusion and outlook
We have demonstrated and experimentally verified the generation and 
control of higher-order free-space structured light fields using a pro-
grammable integrated photonic processor. Precise and lossless routing 
of light on the chip allows tailoring the relative amplitudes and phases 
of an emitter array with great flexibility, versatility and at exceptional 
high speeds. Even with only a 4 × 4 array of emitters, a wide variety of 
spatial higher-order modes and superposed beams can be generated 
with high quality. This further extends the free-space applications of 
reconfigurable photonic integrated circuits and provides a powerful 
tool for novel all-integrated applications involving structured light.

In the end, we would like to discuss some possibilities and prospects 
for future implementations of programmable integrated photonic pro-
cessors used to generate structured light. The overall number of emit-
ters can be expected to increase soon. Consequently, adequate sampling 
and the subsequent generation of more complex distributions of light 
will become possible. Meanwhile, the portfolio of novel integrated 
optical components and building blocks ready to be combined with pho-
tonic circuits is continually increasing. Some developments—all of them 
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directly applicable to our method of generating structured light—are 
particularly noteworthy. For example, including polarization-sensitive 
grating couplers44,45 into the emitter array would also allow future 
devices to structure the spatial polarization distribution. The advanced 
functionalities of reconfigurable integrated circuits even enable the 
simultaneous generation and spatial detection of light32 with a single 
programmable integrated chip. Regarding the wavelength of operation, 
recent advances in photonic processors based on silicon nitride46,47 
already make a system like the one presented here possible in the vis-
ible spectral range. The system discussed in this Article operates in the 
infrared at 1,550 nm; the design wavelength of the given architecture 
could be readily changed by appropriately redesigning the on-chip com-
ponents. With regard to the switching speed of the generated output 
fields, dynamic control within hundreds of microseconds has been dem-
onstrated, whereas speeds of tens of microseconds would be feasible. 
This goes beyond the capabilities of many established beam-shaping 
techniques and does not use any moving parts. Dynamic control could 
be improved even further by implementing alternative on-chip phase 
shifter technologies37, enabling the generation of structured light in 
space and time with bandwidths exceeding tens of megahertz. With the 
presented method of the on-chip generation of structured light, a fully 
integrated system could be realized by implementing one or multiple 
on-chip controllable light sources19. This would result in a robust, port-
able, all-integrated structured light generator that is not restricted by 
intricate free-space alignment and could be applied under demanding 
conditions with limited space.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
Integrated circuit design and fabrication
The photonic processor is based on a 220 nm silicon-on-insulator 
platform and was commercially fabricated. All the on-chip elements 
are standard foundry elements designed for operation at a wave-
length of 1,550 nm. The waveguides are 500 nm wide. The on-chip 
50:50 beamsplitters (3 dB directional couplers) within the 2 × 2 opti-
cal gates are 40 μm long and feature a waveguide spacing of 300 nm. 
Two phase shifters, that is, thermal tuners of embedded TiN strips, 
actuate the reconfigurable Mach–Zehnder interferometers. Thermal 
trenches separate the interferometer arms and other waveguides in 
close vicinity to the thermal tuners to minimize thermal crosstalk. 
Driving voltages between 0.2 and 4.0 V enable a full relative phase 
shift of 2π. The grating couplers were initially designed for fibre 
coupling to a transverse-electric-polarized waveguide mode. The 
pitch between these emitters, that is, the distance to the nearest 
neighbour, is 50 μm.

Mesh configuration to generate arbitrary on-chip fields
To generate a desired free-space field distribution, the photonic chip 
has to be configured to create the associated 16 complex-valued 
on-chip fields leading into the emitter array. Here we explain how 
to obtain the required settings for such a configuration of the inter-
ferometric mesh. The desired 16 relative amplitudes and phases on the 
right serve as the initial parameters (compare Fig. 2). From there, the 
processing in each Mach–Zehnder interferometer can be individually 
calculated, progressing towards the left, from where the on-chip rout-
ing of light emanates from the single waveguide.

In the following, we focus on a single Mach–Zehnder interferom-
eter (Fig. 5), and demonstrate how to obtain the required phase shifter 
settings θ and ϕ to split an incoming field into two output fields of a 
specific relative amplitude and phase. Evidently, each interferometer 
has two inputs, two outputs, two beamsplitters and two phase shifters. 
The input and output fields are described using a positive real-valued 
amplitude (A, B, C and D) and a phase term (α, β, γ and δ). Moreover, 
each on-chip beamsplitter has a field reflectivity r and transmissivity 
t = i√1 − r2. For the purpose of generating structured light that is dem-
onstrated here, light flows from left to right. In addition, due to the 
binary-tree waveguide architecture, there is always light only in one 
input waveguide, that is, either A or B equals zero.

As an example, we consider an optical gate with light only in 
the lower input; thus, A = 0. This could correspond to any of the four 
right-most interferometers in the binary tree (Fig. 2a). As explained 
earlier, the required output fields are dictated by the target field 
distribution. Accordingly, C, D, γ and δ are known, and the goal is 
to calculate B, β, θ and ϕ. By following the paths that light can take 
through the interferometer, the upper/lower output can be calculated  
as follows29:

C eiγ = B eiβ (t1r2 + r1t2 eiθ) eiϕ, (1)

D eiδ = B eiβ (t1t2 + r1r2 eiθ) . (2)

Since there is no fundamental loss involved in this conversion, the input 
amplitude can be calculated through energy conservation as

B = √C2 + D2. (3)

Next, both sides of equation (2) are multiplied with their complex 
conjugates and solved for θ:

θ = ± acos
⎛
⎜⎜
⎝

( D
B
)
2
− r21 r

2
2 − t

2
1 t

2
2

2r1r2t1t2

⎞
⎟⎟
⎠
=∶ ± acos (z1) . (4)

Both positive and negative signs yield a true solution of θ to this prob-
lem. Without a loss of generality, the positive one is selected, giving θ 
in the range between 0 and π. With θ now being fixed, equation (2) is 
rearranged as

eiβ = D eiδ
B(t1t2 + r1r2 eiθ) =∶ z2. (5)

This equation can be solved for phase β using the four-quadrant inverse 
tangent as

β = atan2 (Im (z2) ,Re (z2)) . (6)

Finally, with now β also being fixed, the last two steps can be repeated 
to determine ϕ by rearranging equation (1) as

eiϕ = C eiγ
B eiβ (t1r2 + r1t2 eiθ) =∶ z3, (7)

and solving for ϕ:

ϕ = atan2 (Im (z3) ,Re (z3)) . (8)

Reaching this point, the settings of the interferometer (θ, ϕ) and the 
required input field (Beiβ) are determined. The calculation for the 
case that light enters the upper waveguide, and thus, (B = 0), is done 
analogously. Finally, to calculate all the 16 relative target amplitudes 
and phases of the interconnected interferometers, each column of 
interferometers in the binary-tree mesh is progressively solved.

A limit in achieving any arbitrary output amplitudes comes from 
imperfect on-chip beamsplitters. Only interferometers with perfect 
50:50 beamsplitters (3 dB directional couplers), that is, ∣r∣2 = 0.5, enable 
generating an arbitrary ratio of output amplitudes. An interferometer 
with real-world splitters can achieve a desired output amplitude ratio 
only if ∣z1∣ ≤ 1 (compare equation (4)). Otherwise, the target amplitude 
ratio is too extreme and cannot be reached. To still generate the ratio 
as good as possible, we set ∣z1∣ = 1 in this case. For our experiments, this 
limitation is negligible, since the reflectivity of all the directional cou-
plers is very close to the ideal value with ∣r∣2 = 0.494 ± 0.005. The above 
calculations also reveal the required phase-shifting ranges to generate 
arbitrary output fields. Here θ has to cover a range of at least π, either 
θ ∈ [0, π] or θ ∈ [−π, 0]. Also, ϕ has to cover the full range of ϕ ∈ [−π, π].

Loss analysis
For our system, we can identify the following sources of loss. A loss of 
about 4.5 dB occurs at the free-space input (grating coupler)23. Inside 
the photonic circuit, the routing and splitting of light with the Mach–
Zehnder interferometers causes no fundamental loss29. However, small 
imperfections in the manufactured components, like scattering due 
to side-wall roughness, cause an estimated loss of 2 dB (ref. 23). At the 
free-space output of the chip, comparing the total energy in the 16 wave-
guides with the energy that ultimately ends up in the central far-field 
diffraction order results in a loss of 15.4 dB. Note that this is independent 
of the generated spatial mode and the number of emitters. Instead, it 
mainly depends on the distance between the emitters34 and the diver-
gence of the field that is emitted by the individual grating coupler.

The efficiency of this system could be increased by several means. 
For instance, the distance between the emitters could be reduced to 
increase the relative amount of power in the central diffraction order 
compared with the entire far field. Reducing the distance by a factor of 
1/√2, for example, would halve the loss from 15.4 to 12.4 dB. For even 
smaller distances, a redesign of the grating couplers themselves would be 
necessary, although it should be mentioned that smaller grating couplers 
generally exhibit a higher far-field divergence. Last, the loss from coupling 
a free-space laser beam into the injection waveguide on the photonic chip 
could be avoided by using an on-chip integrated light source.
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Mode quality for different emitter array sizes
In this part, we discuss how the demonstrated system could perform 
when translated to different sizes of emitter arrays. In addition, the 
achievable mode quality is shown for various combinations of target 
beams and array sizes. For this purpose, the generation of beams is cal-
culated in the case of a regularly spaced emitter array and for increasing 
numbers (N × N) of emitters in the array. The pitch between the emitters 
is kept fixed. For the interference pattern of the generated beams, this 
results in a fixed area in k space in which the central diffraction order is 
contained (Fig. 4, grey square). To assess the mode quality, we calculate 
the overlap integrals between the central diffraction order and the 
distribution of the target beam in the far field. The field distribution 
of the target beam is Fourier-transformed into the k space beforehand. 
The obtained results for various Laguerre–Gaussian LGpl beams43 (radial 
index p and azimuthal index l), where p + ∣l∣ ≤ 5, are visualized (Fig. 6a).

In addition, we show these calculations for HGlm beams42  
(Fig. 6b) and for HGlm beams in a basis that is rotated by 45° (Fig. 6c). 
For symmetry reasons, their indices were restricted to l = m. Results up 
to order 10 are shown. As briefly discussed earlier (compare Fig. 4a,b), 
the rotation of the modal basis results in a better match between the 
symmetry of the beams and the given layout of the emitters. Conse-
quently, compared with Fig. 6b, the illustrated achievable mode quality 
is generally higher in the case of the data in Fig. 6c.

In the above calculations, the field distribution of the target beam 
has to be chosen such that the resulting central diffraction order of the 
generated beam is clearly separated from the neighbouring diffraction 
orders. Since the real-space target beam size and the corresponding 
size in k space are inversely related (compare Extended Data Fig. 2c,d), 
this sets a lower limit on the real-space beam size of a target beam48,49 
(for a fixed emitter spacing). Here the far-field divergence of the target 
modes is chosen such that the resulting far fields span half of the area 
of the central diffraction order (Fig. 4, grey square).

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | Additional results on generated structured light. 
Higher order beams and superpositions. a Generation of an array of Hermite-
Gaussian HG10 beams. b Superposition of Laguerre-Gaussian beams LG00 and 
LG01 of equal amplitudes. c Superposition of Laguerre-Gaussian beams LG00 and 
LG01 of different amplitudes. d Superposition of Laguerre-Gaussian beams LG00 
and LG02 of different amplitudes. e-f Examples demonstrating the limits of the 
generation of structured light with only 16 emitters. e Generation of an array 

of rotated Hermite-Gaussian HG22 beams. While most features of this target 
distribution still resemble well in the far field, it can be seen that individual 
diffraction orders come very close. f Generation of an array of Laguerre-Gaussian 
beams LG03. The target distribution is not sufficiently sampled, resulting in 
overlapping diffraction orders. Notably, this behaviour is well predictable by 
theory, as simulation and experiment of the generated light are in excellent 
agreement.
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Extended Data Fig. 2 | Additional results on generated structured light. 
Various modifications of a generated array of Gaussian beams. a Detailed view 
of Gaussian beams from Fig. 2c-e in the main text. b Defocused Gaussian beams. 
An additional spherical phase is applied to the array of emitters. c-d Resized 

Gaussian beams. Comparing these examples shows clearly that near-field and 
far-field beam widths are inversely related to each other. e-f Dynamically shifted 
Gaussian beams. Additional linear phase ramps are applied to the array of 
emitters.
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