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SUMMARY: 25 
Here, we describe the operation of a SiN integrated photonic circuit containing optical phased 26 
arrays. The circuits are used to emit low divergence laser beams in the near infrared and steer 27 
them in two dimensions. 28 
 29 
ABSTRACT: 30 
Optical phased arrays (OPAs) can produce low-divergence laser beams and can be used to control 31 

the emission angle electronically without the need for moving mechanical parts. This technology 32 

is particularly useful for beam steering applications. Here, we focus on OPAs integrated into SiN 33 

photonic circuits for a wavelength in the near infrared. A characterization method of such circuits 34 

is presented, which allows the output beam of integrated OPAs to be shaped and steered. 35 

Furthermore, using a wafer-scale characterization setup, several devices can easily be tested 36 

across multiple dies on a wafer. In this way, fabrication variations can be studied, and high-37 

performance devices identified. Typical images of OPA beams are shown, including beams 38 

emitted from OPAs with and without a uniform waveguide length, and with varying numbers of 39 

channels. In addition, the evolution of output beams during the phase optimization process and 40 

beam steering in two dimensions is presented. Finally, a study of the variation in the beam 41 

divergence of identical devices is performed with respect to their position on the wafer. 42 

 43 
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INTRODUCTION: 44 
Optical phased arrays (OPAs) are advantageous due to their ability to shape and steer optical 45 
beams nonmechanically – this is useful in a broad range of technological applications such as light 46 
detection and ranging (LIDAR), free space communication and holographic displays1. The 47 
integration of OPAs in photonic circuits is of particular interest, as it provides a low cost solution 48 
for their fabrication with a small physical footprint. Integrated OPAs have been successfully 49 
demonstrated using a number of different material systems including InP, AlGaAs and silicon2-4. 50 
Of these systems, silicon photonics is perhaps the most convenient, due to its high refractive 51 
index contrast and compatibility with CMOS5. Indeed, OPA circuits have been extensively 52 
demonstrated in the silicon-on-insulator platform6-10; however, the application of these circuits 53 
is limited both by the wavelength transparency window of silicon and the high nonlinear losses, 54 
which lead to a limit on the available output optical power. We focus instead on OPAs integrated 55 
in SiN, a material with similar properties to silicon in terms of CMOS capability and footprint 56 
size11,12. In contrast to silicon however, SiN is expected to be suitable for a larger range of 57 
applications since the transparency window is broader, down to at least 500 nm, and thanks to 58 
the possibly high optical power thanks to the relatively low nonlinear losses.  59 
 60 
The principals of OPA integration have recently been demonstrated using SiN8,13,14. Here, we will 61 
extend these principals to demonstrate a method of characterizing and operating integrated 62 
OPAs for two dimensional beam steering. In comparison to previous demonstrations of beam 63 
steering in two dimensions that rely on the tuning of the wavelength6, our circuit can operate at 64 
a single wavelength. We first provide a brief overview of the operating principles behind OPAs. 65 
This is followed by an introduction to the circuits used in this work. Finally, the characterization 66 
method is described and typical images of OPA output beams presented and discussed.  67 
 68 
OPAs are composed of an array of closely spaced emitters that can be addressed individually to 69 
control the optical phase. If a linear phase relationship exists across the emitter array, the 70 
interference pattern in the far field yields several clearly separated maxima - similar to the 71 
principles of multi-slit interference. By controlling the magnitude of the phase difference, the 72 
position of the maxima can be adjusted, and hence, beam steering performed. In integrated 73 
OPAs, emitters consist of closely spaced diffraction gratings where the light is scattered and 74 
emitted out of the chip plane. A schematic illustration of an integrated OPA device is shown in 75 
Figure 1A,B. Light is coupled into the chip, in this case via an optical fiber, and is then divided into 76 
multiple channels, each containing an integrated phase shifter. At the other end of the optical 77 
circuit, the waveguides terminate in gratings and combine to form the OPA. The resulting output 78 
beam is comprised of multiple interference maxima, the brightest of which is referred to as the 79 
fundamental lobe and is the one most often used in beam steering applications. The emission 80 
direction of the fundamental lobe is defined by the two azimuthal angles to the orthogonal 81 
projection of the chip plane, φ and θ, perpendicular and parallel to the orientation of the grating 82 
respectively. In this document, φ and θ will be referred to as the ‘perpendicular’ and ‘parallel’ 83 
emission angles, respectively. The perpendicular angle φ is determined by the phase difference 84 
between the OPA channels, and the parallel angle θ depends on the period of the output 85 
gratings.  86 
 87 



   

 

Our integrated circuits are fabricated using Si3N4 waveguides with a cross section of 600 x 300 88 
nm2, a design that was optimized for the fundamental transverse electric polarization mode of 89 
light at a wavelength of 905 nm. Underneath the waveguides lies a 2.5 µm SiO2 buffer layer on 90 
top of a silicon wafer. The thermal phase shifters were made from a 10(100) nm thick Ti(TiN) 91 
layer used to form 500 µm long and 2 µm wide resistive wires. In our circuits, an electric power 92 
of 90 mW is required to achieve a phase shift of π. The OPA output gratings consist of 750 fully 93 
etched periods with a nominal filling factor of 0.5 and a grating period between 670 nm and 700 94 
nm. Further information on the platform design and fabrication is given in Tyler et al.15,16.  95 
 96 
In this work, two different types of circuits are characterized, a passive circuit without phase 97 
shifting capabilities, and a more complex circuit, designed to perform beam steering in two 98 
dimensions. The two dimensional beam steering circuit is shown in Figure 2. Figure 2A contains 99 
a schematic of the circuit and Figure 2B shows a microscope image of the fabricated device. The 100 
light enters the circuit at the input grating. It then reaches a switching network where it can be 101 
routed selectively towards one of four sub-circuits. Each sub-circuit splits the light into four 102 
channels using multimode interference devices (MMI). The channels each contain a thermal 103 
phase shifter and form an OPA at the end of the circuit. The four OPAs originating from the four 104 
sub-circuits each comprise a different grating period between 670 nm and 700 nm. These periods 105 
correspond to azimuthal angles parallel to the grating axis, θ, between 7° and 10°. A more 106 
detailed description on the circuit can be found in Tyler et al.16. 107 
 108 
The presented characterization setup is based on an automated probing station capable of 109 
performing a series of measurements on many circuits across a whole wafer. This enables study 110 
of the performance variation relative to the position on the wafer and to select the devices with 111 
the optimum properties. However, the use of a prober station implies some physical constraints 112 
to the OPA characterization scheme due to the relatively small available space above the wafer. 113 
The characterization of optical phased arrays requires imaging the OPA output in the far field, 114 
which can be performed in a number of ways. For example, a series of lenses may be used in a 115 
Fourier imaging system6 or the farfield image formed on a Lambertian surface may be viewed in 116 
either reflection or transmission. For our system, we chose what we considered to be the 117 
simplest and most compact solution of placing a large surface 35 mm x 28 mm CMOS sensor 118 
without lenses placed approximately 50 mm above the wafer surface. Despite the increased cost 119 
of such a large CCD sensor, this solution allows a sufficient field of view without the use of lenses. 120 
 121 
PROTOCOL: 122 
 123 
1. Preparations 124 
 125 
1.1. Prepare the following experimental setup (Figure 4).  126 
 127 
1.1.1. Use a computer. 128 
 129 
1.1.2. Use a continuous wave fiber coupled laser source. Depending on the circuit losses, 1 mW 130 
power suffices. In the presented characterization setup, the laser source is at a wavelength of 131 



   

 

905 nm. 132 
 133 
1.1.3. Use a polarization controller adapted for the laser wavelength. 134 
 135 
1.1.4. Use a cleaved input fiber to couple light into the input grating coupler of the optical circuit. 136 
 137 
1.1.5. Use an electric probe to connect the electronic control board to the electrical contact of 138 
the optical circuit.  139 
 140 
1.1.6. Use a  system capable of controlling the 20 phase modulators of the two dimensional beam 141 

steering circuit is required. In the presented characterization setup, this system is a custom 142 

electronic board controlled by an Arduino, which is able to apply individually between 0 and 200 143 

mW of electric power at the phase shifters on the optical circuit. A schematic of the electrical 144 

circuit is shown in Figure 3. For each channel, the circuit contain a DAC (Digital to Analog 145 

Converter) that will translate the digital command voltage to an analog voltage that controls the 146 

gate of a high-power transistor. The heater is connected to a high-power current source. 147 

Therefore, by controlling the gate tension, the current flow in the heater can be adjusted.  148 

 149 

1.1.7. Use a bare image sensor to image the far field of the optical output. In the presented 150 

characterization setup, the camera is a 35 mm CCD sensor. 151 

 152 

1.1.8. Use a optical microscope in order to image the chip for alignment purposes.  153 

 154 

1.1.9. Use a  3-axis translation stage and mount to fit a 200 mm wafer. In the presented 155 

characterization setup, this stage is a reconfigurable probe system for silicon photonics. 156 

 157 

1.2. Equipment assembly 158 

 159 

1.2.1. Assemble the equipment according to Figure 4 and mount the wafer. The distance 160 

between wafer and the sensor needs to be chosen small enough to ensure a high-resolution 161 

image of the output beam, but large enough to fit at least two interference maxima in order to 162 

be able to find the relationship between sensor pixels and output angle as will be explained in 163 

section 4 of the protocol.  164 

 165 

1.2.2. Ensure that the sensor and the wafer are parallel; otherwise, it may falsify the computation 166 

of the pixel/output angle computation. In the presented characterization setup, set the wafer-167 

sensor distance to 5 cm. If a double sensor configuration is used (like the one presented here), 168 

ensure that the bare sensor can easily be removed to give access to the optical microscope in 169 

order to image the near-field for fiber alignment purposes.  170 

 171 
1.2.3. Be sure that the electrical probe, camera and optical fiber are not touching each other. 172 



   

 

Connect required elements to a computer. In the presented setup the probe station, the CCD 173 

sensor and the electrical circuit for the phase control are driven via a computer and a Python 174 

program in order to automate the measurement process. 175 

 176 

2. Optical coupling 177 

 178 
2.1. Fiber alignment 179 
 180 
2.1.1. Using the microscope, start by carefully lowering the fiber until it touches the wafer surface 181 
(away from the input grating coupler to avoid damaging it), and then move it up about 20 µm. 182 
 183 
2.1.2. When this is done, maximize the light intensity at the output gratings. To do so, start 184 
sweeping the fiber position over the OPA input grating coupler. If the camera attached to the 185 
microscope is responsive to the laser wavelength (if not use the bare image sensor), and if the 186 
fiber and grating coupler are well aligned, light exiting at the OPA output gratings should be 187 
visible on the image. An example can be seen in Figure 5A.  188 
 189 
2.1.3. When light is seen from the OPA antennas, adjust the polarization in order to maximize 190 
the light intensity at the output gratings. Be sure to avoid any movement or vibration of the input 191 
fiber  192 
 193 
2.2. OPA output imaging 194 
 195 
2.2.1. Switch to the far-field imaging sensor and improve the image quality: Adjust both the 196 
exposure time of the sensor and the laser power in such a way that the OPA output is clearly 197 
visible on the camera and the beam does not saturate the sensor. An example image recorded 198 
by the sensor is shown in Figure 5B. 199 
 200 
2.2.2. If necessary, cover the setup so that the background light does not interfere with the image 201 
from the OPA beam. Generally, the weaker the background light, the lower the laser power that 202 
can be set.  203 
 204 
2.2.3. Block the reflections by placing a highly reflecting sheet between the reflection and the 205 
camera. Sometimes, reflections originating from the wafer surface reach the sensor area and 206 
contaminate the image of the OPA output (reflections can happen at the input grating).  207 
 208 
2.2.4. Readjust the polarization of the input light to obtain a clear image. 209 
 210 
3. Beam optimization and steering 211 

 212 

NOTE: This section describes the operation of the circuit shown in Figure 2 and how it can be 213 
used to perform beam steering in two dimensions. 214 
 215 



   

 

3.1. Preparations 216 
 217 
3.1.1. Connect the electric circuit for the phase control to a multi-channel electric probe. 218 
 219 
3.1.2. Using the microscope, connect the pins of the electric probe to the metal contact pads of 220 
the optical circuit. 221 
 222 
3.1.3. Re-optimize the position of the input fiber. 223 
 224 
3.1.4. Switch to the far field sensor and image the output. 225 
 226 
3.2. Selection of the parallel emission angle θ using the switching network 227 
 228 
3.2.1. Study the ring resonators of the switching network in order to control the emission angle 229 
in θ. For this purpose, observe the far field image of the output while varying the voltages applied 230 
to the phase shifters at the ring resonators. With the correct voltage applied to each resonator, 231 
a different area on the sensor will be illuminated, corresponding to a certain θ value, as shown 232 
in Figure 6B.  233 
 234 
3.2.2. Find the voltages where the rings are on- and off-resonance. For this purpose, an 235 
automated script can be used to sweep the resonator voltages and record the intensities on the 236 
different θ areas on the sensor. Use found voltages to access the various sub-circuits and to steer 237 
the output beam in θ.  238 
 239 
3.3. Selection of the orthogonal emission angle φ by optimizing the OPA phases 240 

 241 

3.3.1. Optimize the OPA phases in order to shape and steer the output beam in φ. For this 242 

purpose, select a small pixel area (corresponding to the desired φ angle) that should be 243 

illuminated with a focused output beam. 244 

 245 

3.3.2. Maximize the brightness inside the chosen area by running the following the optimization 246 

routine. 247 

 248 

3.3.2.1.  Shift the phase of one of the OPA channels in small increments. After each shift, record 249 

the integral of the brightness in the pixel area inside, Ii, and outside, Io, of the selected area. 250 

Calculate the ratio R = Ii / Io. After a full phase shift cycle between 0 and 2π, apply the phase shift 251 

with the highest recorded brightness ratio R. 252 

 253 

3.3.2.2. Repeat this phase optimization process on the next OPA channel. Different optimization 254 

algorithms may be used, such as a hill climbing. 255 

 256 

3.3.2.3. Repeat the optimization process by optimizing the phases until the optimization process 257 



   

 

is saturated and a focused output beam is visible. Example images of the output beam taken 258 

during an optimization process is shown in Figure 6A. After 16 optimization rounds, the output 259 

beam a focused beam is visible. 260 

 261 

NOTE: If some additional unexpected peaks are present, this may be a result of a temporally 262 

unstable coupling into the circuit during the optimization process. This may be due to movement 263 

of the input fiber and/or an unstable polarization state.  264 

 265 

3.3.3.  In order to steer the output beam to a different φ angle, select a new pixel area and repeat 266 

the optimization process. 267 

 268 

4. Beam divergence measurements and image analysis 269 

 270 
4.1. Image acquisition 271 

 272 

4.1.1. Optimize the position of the input fiber. Record the image of the output in the far-field. 273 

Make sure that at least two clear interference maxima are visible. 274 

 275 

4.1.2. Using the alignment system, move the wafer in order to align the next device to the input 276 

fiber. Perform fine alignment by maximizing the output intensity recorded by the camera. Record 277 

output image. 278 

 279 

4.1.3. Repeat the above step until all devices of interest have been characterized. If the selected 280 

optical circuit has the capability of phase adjustment of the OPA channels, perform a phase 281 

optimization routine before recording the images.  282 

 283 

4.2. Image analysis 284 

 285 

4.2.1. Check the recorded images for false data points arising from defective pixels, such as dead 286 

or hot pixels. Erase these data points or replace the values by typical values. 287 

 288 

4.2.2. Correlate the CCD pixels to OPA output angles φ and θ as follows.  289 

 290 

4.2.2.1.  Calculate the angular distance Δφ between the interference maxima according to the 291 

OPA design using Δφ = sin-1(λ/d) [°], where λ is the wavelength and d is the lateral pitch between 292 

the OPA gratings. Fit two Gaussian curves to the two interference maxima and determine the 293 

positions of the two centers, P1 and P2. Since the distance (in pixels) between the two centers, N 294 

= P2 - P1, is expected to correspond to Δφ, we obtain a conversion factor c between pixel and 295 

angle c = Δφ/N [°/pixel], which can be used to obtain a relative angle relationship between pixels. 296 

 297 

4.2.2.2. Obtain the conversion factor, c, via an accurate measurement of the distance between 298 



   

 

the wafer surface and the sensor, and the pixel size (5.5*5.5µm for the sensor used here).  299 

 300 

4.2.2.3. Estimate the absolute output angles in φ and θ for one of the CCD pixels. Set the beam 301 

center in θ to the expected emission angle according to simulations. In order to choose the 302 

absolute value in φ, optimize the beam for several angles in φ by adjusting the OPA phases, and 303 

record the intensity of the main lobe for each angle. According to the OPA theory, the main lobe 304 

is most intense (and the intensity in the side lobes minimized) when emitting at φ = 0°. Hence, 305 

set the pixel in the center of the beam with the maximum recorded beam intensity, to φ = 0°. 306 

Use this pixel and the conversion factor to assign absolute angles to all pixels of the image. 307 

 308 

4.2.2.4. In the case of an output beam with significant tilt with respect to the vertical axis, and if 309 

the beam divergence and position must be measured very accurately, tilt the camera in order to 310 

be perfectly perpendicular to the output beam. Otherwise, it is also possible to apply a correction 311 

factor to the measured beam size by computing the projection of the beam on the sensor 312 

depending on the angle between the output beam and camera plane. 313 

 314 

4.3. Calculation of the beam divergence 315 

 316 

4.3.1. Extract cross sections across the center of the fundamental beam along φ and θ.  317 

 318 

4.3.2. Fit two Gaussian curves to the cross sections and extract the full-width-at-half-maxima as 319 

a measure for the beam divergence φdiv and θdiv. 320 

 321 

4.3.3. Calculate the expected beam width φdiv = λ/Nd [°], where λ is the wavelength and d the 322 

lateral distance between the OPA gratings. 323 

 324 

4.3.4. Estimate the beam divergence θdiv by performing FDTD simulations of the output gratings. 325 

 326 

4.4. Automatic testing 327 

 328 

4.4.1. If the characterization bench (as the one presented here) can perform automated 329 

measurements, perform some additional steps. First, obtain the chip dimensions and the 330 

coordinates of the measured structures from the circuit layout. Then, input those values to the 331 

bench control software. Therefore, once the input fiber have been aligned on the first tested 332 

structure (as detailed in section 2.1), the bench can switch automatically from one structure to 333 

another via a translation of the wafer.  334 

 335 
REPRESENTATIVE RESULTS:  336 
In this section, several in operando images of OPA beams are shown. These include images in the 337 
near and the far field of the beam, OPA output beams before and after phase optimization, and 338 
beams with a varying number of OPA channels.  339 



   

 

 340 
An image of the near field of the beam, recorded using the microscope, can be seen in Figure 5A. 341 
The picture shows a passive OPA circuit with a large number of channels and the light emitted at 342 
the OPA gratings is clearly visible. This circuit produces an interference pattern in the far-field, 343 
which was recorded using the CCD sensor. The sensor image is given in Figure 5B and shows both 344 
the fundamental lobe as well as a side lobe. The exposure time of the sensor, the laser power 345 
and the background light have been optimized to produce a clear image. The two maxima are 346 
separated by 17.6°, calculated according to the equation given in the protocol section 4.2.2.1. 347 
Note that in this design, all waveguides are of the same length and therefore no significant phase 348 
difference between the channels is present. As a result, the interference maxima are clearly 349 
separated. An example of an OPA circuit with an irregular phase difference between the channels 350 
is presented below.  351 
 352 
In order to observe clear interference maxima in the OPA output pattern, a linear phase 353 
difference between the OPA channels is required. However, when the length of the waveguides 354 
between the input and the output gratings varies from channel to channel, the interference 355 
pattern will show multiple, irregular interference sections along a straight line in the direction 356 
perpendicular to the grating orientation (i.e., along angle φ). An example of such an output 357 
pattern is given in the top left image of Figure 6A. It shows the far-field output of a 16-channel 358 
OPA with a non-uniform waveguide length between the input and output gratings. Fortunately, 359 
this OPA design has phase shifters included in every channel, so that the phases can be adjusted 360 
individually and the output beam shaped. After optimizing the phases as described in protocol 361 
section 3.3, the output beam forms one clear maximum. Figure 6A shows how the output beam 362 
evolves during the optimization process. Note that further interference maxima are present 363 
outside of the sensor area. In addition, we observe that the beam divergence of the 16-channels 364 
OPA is much broader than that seen in Figure 5B. This effect is expected and is due to a significant 365 
reduction in the channel number.  366 
 367 
In the following, the operation of the optical circuit for OPA steering in two dimensions will be 368 
discussed, for details on the circuit see Figure 2. Firstly, the ring voltages of the switching network 369 
were calibrated in order to route the light to the different sub-circuits, each containing an OPA. 370 
Since the four OPAs each comprise a different grating period, routing the light between the sub-371 
circuit results in the output beam being emitted at different θ angles. This is shown in Figure 6B, 372 
which contains the far-field images recorded as the light path is altered using the ring resonators 373 
of the switching network. The images show that the ‘parallel’ emission angle, θ, changes as each 374 
individual resonator is set on-resonance with the input light, while tuning the other resonators 375 
off-resonance. Our circuit was designed to access four different θ angles, however, due to a 376 
design error in the switching network, it was only possible to operate three of the ring resonators. 377 
From the output images, we can see that the interference pattern is irregular and no clear 378 
maxima are visible. In order to steer and shape the output beam in the ‘perpendicular’ emission 379 
angle, φ, the OPA phases were adjusted and optimized.  380 
  381 
An example image of an optimized output beam of the two dimensional beam steering circuit is 382 
shown in Figure 7A. Two interference maxima are clearly visible, corresponding to the main lobe 383 



   

 

and one of the side lobes. The top image in Figure 7A shows a heat map of the recorded 384 
brightness at the sensor versus pixel number. In order to determine the output angle, the image 385 
was processed as described in section 4.2 of the protocol and the relationship between pixel 386 
number and output angle determined. The calibrated image of beam intensity versus angle is 387 
shown in the bottom-most image of Figure 7A. 388 
 389 
In the following, the beam steering results will be discussed. The OPA beam was successfully 390 
steered in an area of 17.6° × 3° (φ × θ), example data is shown in Figure 7B and Figure 7C. Figure 391 
7B shows images of the beam being steered in φ while maintaining θ constant at 8°. This was 392 
achieved by first accessing the OPA corresponding to a parallel emission angle of θ = 8° and 393 
subsequently varying the optical phases to change the perpendicular emission angle, φ. 394 
Normalized intensity plots of the fundamental beam steered to three different output positions 395 
in θ are shown in Figure 7C, with a fixed perpendicular emission angle of φ = –2.5° and θ varying 396 
between 7° and 9°. As before, the parallel emission angle θ was controlled using the ring 397 
resonator network to switch between the OPAs. After OPA selection, the OPA phases were 398 
optimized to emit at φ = –2.5°.  399 
 400 
Finally, the beam divergence was determined by fitting two Gaussian curves along φ and θ as 401 
described in protocol section 4.3. The FWHM serves as a measure for the beam divergence and 402 
was measured to be 4.3° in φ and 0.7° in θ for emission angles of φ = -2.5° and θ = 8°, see Figure 403 
8A. These values are in good agreement with the expected values of 4.3° and 0.6° in φ and θ, 404 
respectively, for a four-channel OPA, as described in sections 4.3.3 and 4.3.4 of the protocol. In 405 
addition to determining the divergence of a four channel OPA, we investigated the divergence of 406 
an OPA design with a much larger number of channels. The divergence of a passive OPA 407 
consisting of 128 channels, with a design similar to that shown in Figure 5A, was measured. In 408 
order to test for fabrication variations across a wafer, we launched an automatic scan to 409 
characterize 42 devices with identical designs. The recorded images were analyzed with respect 410 
to the beam divergence. The divergence in φ versus position of the device on the wafer is shown 411 
in Figure 8B. The measured values lie between 0.19° and 0.37° and are slightly larger than the 412 
expected value of 0.14°. This could be explained by phase errors inside the individual OPA 413 
channels. All waveguides in the design are of the same length and therefore theoretically no 414 
phase differences should arise between the OPA channels. However, fabrication errors result in 415 
uncontrolled phase shifts as the light travels from the input to the output gratings, which leads 416 
to a broadening of the output beam. Due to the absence of phase shifters in the circuit, it was 417 
not possible to compensate for these errors. As mentioned, the θ angle is defined by the antenna 418 
grating geometry. Therefore, fabrication variations (SiN film height and structures lateral 419 
dimensions deviation) could affect the OPA output angle, θ. Such variations have been 420 
characterized on 40 devices across the whole wafer. Thanks to the very well controlled CMOS 421 
fabrication process, a negligible 3σ (three times the standard deviation) of 0.156° has been found. 422 
 423 
FIGURE AND TABLE LEGENDS: 424 
 425 
Figure 1: Illustration of integrated OPA. (A) The first-order interference lobe of the OPA output 426 
leaves the circuit at two azimuthal angles to the orthogonal projection of the chip plane, φ and 427 



   

 

θ, perpendicular and parallel to the orientation of the grating respectively. (B) Top view of an 428 
OPA showing its main constitutive elements. 429 
 430 
Figure 2: Schematic and microscope image of the integrated optical circuit for two dimensional 431 
beam steering. (A) Circuit containing a switching network connected to four sub-circuits, each 432 
forming an OPA. The output area contains four OPAs with four different grating periods and 433 
hence emission angles in θ. (B) Microscope image of the circuit described in (A), fabricated using 434 
SiN waveguides and Ti/TiN thermal phase shifters. 435 
 436 
Figure 3: Electric circuit to apply electrical powers between 0 mW and 200 mW. This schematic 437 
represents an electric circuit which can individually apply voltages to the phase shifters in the 438 
optical circuit and read out their electrical current after voltage application. In our optical circuits, 439 
the phase shifters consist of electric wires with resistances of 1.3 kΩ. An electric power of 90 mW 440 
is required to achieve an optical phase shift of π. The circuit is controlled via an Arduino 441 
microcontroller. 442 
 443 
Figure 4: Experimental set-up for OPA circuit characterization. (A) Schematic of the 444 
experimental set-up. (B) Picture of the experiment. 445 
 446 
Figure 5: Near- and far field images of the output beam. (A) Near field image of an OPA circuit. 447 
Light at a wavelength of 905 nm is coupled into the circuit via a fiber and an input grating. 448 
Scattering of light inside the waveguides allows us to see the circuit design. At the end of an MMI 449 
tree, the light is emitted at the OPA gratings. (B) Far field image of the output of the circuit shown 450 
in (A). Two interference maxima are visible on the sensor. According to the OPA theory, the 451 
maxima are separated by 17.6°. 452 
 453 
Figure 6: OPA beam optimization and switching network operation. (A) OPA beam optimization 454 

of a 16-channel OPA using phase shifters. Far-field images are shown after each optimization 455 

step. After optimising all 16 channels, the beam forms one main interference maximum inside 456 

the sensor area. (B) By using a switching network consisting of ring resonators, different OPAs 457 

each comprising a different grating period is accessed. The different grating periods result in the 458 

output beam emitting at different θ angles. 459 

 460 

Figure 7: Characterization of the two dimensional beam steering circuit. (A) Pixel to angle 461 
conversion of the recorded image data. Beam steering results in φ and in θ are shown in (B) and 462 
(C), respectively. This figure has been modified from Tyler et al. 16 463 
 464 
Figure 8: OPA beam divergence measurements. (A) Beam divergence analysis of a 4-channel 465 
OPA. This figure has been modified from Tyler et al.16 (B) Wafer map of measured divergences in 466 
φ of a 128 channel OPA design.  467 
 468 
DISCUSSION:  469 
We have presented a method to characterize an integrated OPA. The main advantage of the 470 



   

 

method is the ability to easily probe multiple dies across a wafer, to look for fabrication variations 471 
and to identify high-performance devices. This can be seen in Figure 8B. From the wafer scan, it 472 
becomes clear that the lower half of the wafer exhibits devices with lower beam divergences. 473 
This could be explained by a higher waveguide quality in that area, which reduces random phase 474 
shifts and hence the beam divergence. 475 
 476 
Using a large area CCD sensor to image the far field output is a convenient method to image the 477 
free space output of integrated circuits, since it can easily be added to most characterization set-478 
ups due to their compact size in comparison to the often used, bulkier, Fourier-imaging systems6.  479 
 480 
In order to guarantee a high accuracy of the beam angle and divergence measurement, particular 481 
care must be taken during the camera – OPA alignment. Moreover, the OPA response is sensitive 482 
to phase and polarization instabilities during calibration. Therefore, all sources of perturbation 483 
must be controlled: movement/vibration of the injection fiber, laser temperature, incoming light 484 
polarization etc. 485 
 486 
In summary, a method to characterize integrated OPAs was presented. Details on how to couple 487 
light, how to control phase shifters in the circuit and how to image the output in the near and 488 
the far field were given. Typical images of the output beams of several OPA circuits were shown, 489 
including the results of beam steering in two dimensions at a single wavelength in the near 490 
infrared. Furthermore, we show the results of measuring multiple devices with the same design 491 
across a wafer in terms of beam divergence. A performance trend with respect to the position 492 
on the wafer was found, identifying areas with high-quality fabrication properties.    493 
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Reviewer #1: 
Manuscript Summary: 

The authors developed and presented a protocol for a wafer level characterization of the they 

propose optical phased array on SiN platform. The protocol is clearly presented and wafer 

level characterization results are shown. I recommend to accept this paper in its current form. 

 

Major Concerns: 

None. 

 

Minor Concerns: 

(1) The divergence angle θ variation across the wafer would also be of interest to indicate the 

grating strength variation (due to the duty cycle change, waveguide width change, SiN 

thickness change and etc). The authors should also discuss this result based on our 

measurement. 

=> Two kind of variations may affect the antenna behavior. Firstly, the SiN height could vary 

during the deposition. Secondly, the structures lateral dimensions may differ from the design 

due to imperfections during the lithography and patterning steps. However, thanks to the 

well-known CMOS fabrication environment, such variations are extremely small. As 

suggested, the θ variation have been characterised on 40 dies across the wafer. A 3σ of 

0.156° has been found, confirming the relatively small impact of the aforementioned 

variations on the antenna. 

Details have been added in the representative results part. 

 

(2) Switching between the CCD and optical microscope might not be easy. The author could 

discuss a better way or more cost-effective way to shift between Farfield imaging and 

nearfield imaging for alignment optimization. 

=> A paragraph (1.1.7) about this has been added. 

(3) Laser power level might need to be adjusted to avoid saturate the image and get good 

SNR. The author should also discuss this in their protocol. 

=> Indeed, in order to avoid image saturation the laser power must be adjusted to the 

camera integration time. This is discussed in section 2.2. OPA output imaging 
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Manuscript Summary: 

This manuscript summarizes a protocol for measuring the beam steering angle and beam 

divergence for integrated photonic phased arrays. The authors summarize a photonic device 

that they have published elsewhere and describe, in detail, the method that they used to 

characterize the device. They provide good background on the device and also fill in a 

number of the details of the characterization method that are hard to find in the literature more 

generally. 

 

Major Concerns: 

1. There is little to no introduction and background on the method that they are presenting, 

and there is no attempt made to compare and contrast it to other available methods (for 

example, imaging systems, imaging the array output on a screen or wall, etc..) nor to explain 

why (or when) it is superior. The introduction focuses on introducing their device and the 

concept of phased arrays instead of focusing on the various characterization methods for 

optical phased arrays. Details like the cross-section of their device, its performance, and the 

chip fabrication should be replaced by details explaining and motivating the characterization 

method. 

=> Details about the presented characterization method have been added in the Introduction 

section. The choice of a bare image sensor placed on top of the OPA has been justified as well 

as briefly compared with other possible OPA output far field characterization setups.  

 

2. An important part of the method is in section 4 where the CCD pixels are correlated to the 

output angles. The authors make two key assumptions here without providing sufficient 

justification: 1. They assume that this calibration will be the same in both directions - 

something that will not be true if there is significant tilt on the imager with respect to the chip 

output (that is if the plane of the imager is not perpendicular to the output beam), and 2. They 

assume a match between their simulation and experiment and use the simulation result to 

calibrate the image, thus making it impossible to measure a difference between theory and 

experiment. More justification for these two steps needs to be added. 

=> 1. A paragraph (4.2.2.4) have been added describing a specific procedure for the case of 

a strongly tilted output beam. 

2. The match that we are assuming is between experiment and an analytical formula (not a 

simulation) that is exact. Moreover, the distance between the antennas (that is in the order of 

µm) is very accurately controlled since they are defined by DUV lithography. Therefore we 

are able to perform an accurate calibration of the conversion factor between pixels and beam 

shape (angle and size). However, another method has been proposed (4.2.2.2.) to obtain the 

conversion factor using only measurement and trigonometry and not the aforementioned 

analytical formula and any assumption about the antennas pitch. 

 

3. Similarly, the "representative results" section focuses too narrowly on describing the 

performance of their device and needs a more general description of the various results that 

could be seen and what they might mean. The goal here is to help the experimenter 

understand what they are seeing, not present the performance of the device the authors 

developed and previously published. 

=> Some additional explanations have been added. 

 

4. The authors hint at the ability to do wafer level testing, but this is not described in sufficient 



detail to be useful to the reader. They mention that they do an automatic scan, but do not 

explain how it is set up. There is no mention of wafer level testing in the "Protocol" section at 

all. Instead, it is described in the last paragraph of "Representative results". This should either 

be included in the protocol or cut. 

=> A paragraph (4.4) have been added in the protocol section. 

 

5. The figures need to be cleaned up: higher resolution is needed for the images, along with 

clearer labeling and general clean up. 

=> Figures have been updated. 

 

Minor Concerns: 

1. The authors go out of their way to motivate the use of silicon nitride over silicon in their 

device. This is immaterial to their characterization method (variants of which could work for 

either) and so feels out of place. Also, the authors claim that there are no non-linear losses in 

SiN is un-true; such losses just become important at higher powers than in silicon. 

=> This is only detailed over a few lines to give a bit of context and information about the 

characterized device and also to justify the operating wavelength. Regarding the nonlinear 

losses of SiN, I agree that our explanation was a bit confusing. Of course nonlinear optical 

losses can take place in SiN, however it’s at a significantly higher power level than that which 

is currently proposed for use in LiDAR. This have been reformulated in the article.  

 

2. More detail on the control circuit described in 1.1.5 would be useful. Similarly, a bit more 

detail on the mounting and control system in section 1.2.1 would be useful. 

=> Some details describing the electrical control circuit and the control system have been 

added. 

 

3. More information on how to trouble shoot if things aren't working would be helpful 

throughout. For example, in section 2.1.1., what should the experimenter do if they do not see 

light exiting the OPA output gratings. 

=> Information have been added in section 2.1.2. 

 

4. The order of images in figure 6 should be switched to follow the order they are referenced 

in the text (6B then 6A). 

=> To me the order is right, figure 6A (line 314) is mentioned before figure 6B (line 328). 

 

5. How many channels are used to generate the image in 5b? 

=> It’s a 128ch OPA. This information has been added. 

 

6. An accompanying cartoon would be helpful for figure 1. 

=> A picture detailing the OPA circuit has been added. 

 


