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ABSTRACT: 
This paper presents the specific design of an Optical Phased Array antenna (OPA) to 
apodize the emission of a lidar in the context of a project where diverse optoelectronic 
sensors such as cameras, radars, and commercial lidars are used to provide data in order to 
fuse them and develop perception for robots as future autonomous vehicles. While mechan-
ical based lidars are already commercially available, this work focuses on designing much 
more robust and potentially cheaper lidars based on photonic integrated circuits and energy 
optimization through the apodization of the emission of the OPA. 
 Key words: Photonic Integrated Circuits, Sensors, Laser, Artificial Intelligence, Au-
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1.- Introduction 
Expressive robotics is the study and applica-
tion of how to program robots to react to situ-
ations in a manner similar to that of a human. 
It aims to make interactions between humans 
and robots straightforward, reassuring, and in-
tuitive. Perception is a crucial aspect of robot-
ics, as it enables machines to interact with the 
world around them. This paper presents an 
overview of the main sensors used for AI 
based AVs and focuses on an apodized OPA 
as a key element for energy optimized future 
lidar-on-chip solutions. 

2.- Overview on Sensors for Intelligent 
Perception for AV 

Autonomous vehicles have been gaining at-
tention in the past ten years. Level 5 [1] is the 
idea of a fully autonomous vehicle without a 
driver, but the first models with level 3 auton-
omy are only being certified this year 
2023 [2]. At this level, the driver must still be 
in charge in case of unforeseen circumstances 
or errors in decision-making.  

The automotive industry is expected to 
achieve significant improvements in safety 

over the coming years, reducing accidents by 
15%. The development of the business will in-
crease to 300-400 billion dollars by 2035, 
showing the importance of the development of 
intelligent sensors. Vision technologies are 
driving advancements in perception and inter-
pretation of the environment, with automotive 
cameras offering higher resolution and image 
quality. Radar technologies have also made 
significant strides in the automotive industry. 
One of the main limitations of radar technol-
ogy is its low angular resolution compared to 
alternatives based on Lidar [3]. 4D radar con-
cepts have gained momentum, but safety lev-
els for autonomous vehicles still require 
higher resolutions. Coherent lidars have also 
gained prominence, but still have technologi-
cal challenges to overcome. Initiatives and 
projects such as INPERCEPT, funded by 
CDTI, aim to improve these technological as-
pects to enable a new generation of vehicles 
while enhancing safety for all users and vul-
nerable elements in the mobility environment. 

2.1.- Radar  

MIMO radar is considered key technology for 
Advanced Driving Assistance Systems 
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(ADAS), especially in comparison with Lidar, 
due to the much lower cost, the absence of me-
chanical parts, its small size, and the ability to 
work in all weather conditions. MIMO radar 
with millimetric waves (76-81 GHz) permits 
good enough both spatial and velocity resolu-
tion with a limited size. On the other hand, 
FMCW has been the most popular modulation 
scheme up to date, due to the relatively easy 
and fast signal processing necessary to re-
cover the targets’ parameters. 

The Digital Code Modulation Radar 
(DCM) [4] is an alternative to FMCW radar 
for the automotive industry. It provides a 
higher resolution in distance, velocity and an-
gular direction measurements, as well as 
higher resistance to interference. DCM works 
by modulating the phase of a sinusoidal signal 
based on a "spread code", which is a sequence 
of chips (i.e. +1, +1, -1, +1, -1, ...), which rep-
resent a sequence of phases (that is, 0, 0, π, 0, 
π). The signal has a bandwidth proportional to 
the rate of change of the signal phases, called 
"chip rate". By comparing the received signal 
with the transmitted signal (correlation), the 
radar can determine the distance and speed of 
reflected objects. 

The OFDM RADCOM system combines 
communication and radar capabilities using 
OFDM techniques. It uses Fourier transforms 
(FFT) for signal measurement, and is suscep-
tible to multiuser interference. To mitigate 
this, the interference cancellation technique 
involves reconstructing the interference signal 
and subtracting it from the radar image. The 
SCA algorithm [5] is used to identify the sig-
nal. 

2.2.- Cameras 

The classic approach in the automotive envi-
ronment is image analysis from video sensors. 
However, this approach is limited by being 
"up to a scale" in the projective domain and 
lacks depth information for accurate detection 
and classification. To address this limitation, 
multi-view analysis techniques such as stereo 
and structure from motion have been devel-
oped. However, deep learning approaches for 
image analysis have grown and matured rap-
idly, offering potential for fast and reliable ob-
ject detection, further improvement in multi-

view scenarios, and for combining multi-
modal data [6] from different sensors. 

2.3.- Lidar 

Lidar (Light Detection and Ranging) is a re-
mote sensing technology that uses laser light 
to measure and map the surrounding environ-
ment, Fig. 1, [7]. By analysing the character-
istics of the reflected light, lidar sensors can 
create a high-resolution 3D map of the sur-
rounding environment, which is essential for 
autonomous cars to make accurate and safe 
decisions while driving. It is also widely used 
in other applications, such as robotics, map-
ping, drone navigation, and atmospheric sens-
ing. 

 
Fig. 1: 3D Point Cloud, reproduced from [8]. 

2.4.- Sensor Fusion and Artificial Intelligence 

Recent research has explored the potential 
benefits of data fusion across 2D cameras and 
3D sensors such as lidar and radar, with the 
goal of combining strengths of each sensing 
modality to enable a better understanding of 
the scene. Data fusion requires precise regis-
tration and synchronization, which has been 
shown to improve accuracy and robustness for 
object detection. [9]. 

The automotive industry is exploring the use 
of cheaper 4D radar sensors to combine 2D 
and 3D data. This approach involves project-
ing 3D data onto the camera frame to add a 
depth component (D) to the initial projected 
pixels. However, 3D sensors such as lidar and 
radar are much less dense than megapixel 
(MPixel) cameras, requiring the use of depth 
completion (interpolation) models to provide 
RGB-D images. Lidar-camera fusion has 
shown promising results in object detection 
and depth estimation, but lidar sensors can be 
expensive, prompting the automotive industry 
to explore the use of cheaper 4D radar sensors. 



An approach to sensor fusion [10] involves 
the use of deep learning to enhance a multi-
modal system that combines radar and high-
resolution camera sensors. The goal is to train 
the model to perform inference using cheaper 
sensors, such as radar, while achieving a solu-
tion as close as possible to the learned ground 
truth (lidar). This approach has shown effec-
tiveness in reconstructing 3D scenes from 2D 
images and sparse 3D radar data, resulting in 
a more complete and accurate representation 
of the environment. 

3.- Lidar technology 
Numerous market research reports have ex-
tensively analysed the market for lidar com-
ponents, systems, integration platforms, and 
applications. One key focus has been on the 
rapidly expanding market segment of automo-
tive lidar. According to a report by BIS Re-
search [11], the automotive lidar market is ex-
pected to grow from $353.0 million in 2017 to 
$8.32 billion by 2028, at a combined annual 
growth rate of 29.6%, reaching $44 billion by 
2050 [12]. A Strategy Analytics report com-
missioned by Intel predicts a $7 trillion eco-
nomic impact by 2050 [13]., enabled by the 
deployment of autonomous vehicles, which 
will revolutionize the so-called "passenger 
economy." 

3.1.- Lidar requirements 

Within the autonomous vehicle industry, lidar 
systems are expected to meet numerous criti-
cal requirements. To provide an overview of 
these requirements, a list is presented in Fig. 2 
detailing the estimated specifications for lidar 
systems in future autonomous vehicles. 

 
Fig. 2: Lidar requirements for AVs [14]. 

3.2.- Wavelength 
The suitability of different wavelengths for li-
dar systems in the automotive industry is an 
important consideration. While the 905nm 
wavelength is commonly used due to its low 
cost, high efficiency, and less susceptibility to 
environmental factors, its range is limited to 
approximately 100 meters due to safety regu-
lations. The 1550nm wavelength has ad-
vantages over the 905nm, including less eye 
damage and the ability to use higher power 
with minimized risk [15], resulting in longer 
range measurements. The use of 1550nm 
technology is currently limited by its higher 
cost, but recent advancements in Silicon Pho-
tonics are projected to decrease the cost sig-
nificantly in the near future [16]. 

In this wavelength, silicon (Si) and silicon ni-
tride (Si3N4) are the predominant materials 
used in optical phased arrays. In [17] the im-
pact of using either material has been ana-
lysed, highlighting the superior index contrast 
of Si, which enables better confinement and 
smaller device footprints. 

3.3.- Types of Lidar 
Lidar technology offers several types of sys-
tems that are used in various applications, and 
each has its unique benefits and drawbacks. 
Among the common types are Rotating Lidar, 
Micro Electro Mechanical System (MEMS) 
Lidar, Optical Phased Arrays (OPAs), and 
Flash Lidar. For AVs, OPAs are a promising 
option as shown in Fig. 3.  

 
Fig. 3: Lidar technologies comparison [18]. 

4.- Optical Phased Arrays 
Optical phased arrays (OPAs) are solid-state 
lidars that use an array of small optical ele-
ments to steer and control the direction of the 
coherent laser beam. While OPA technology 
has made significant progress, developing a 
low-cost OPA that can be mass-produced for 
chip-scale optical beam scanners remains a 
challenge. Achieving the required element 



count of 500-1000 [19] for automotive lidars 
to meet resolution and field-of-view require-
ments is particularly difficult.  

5.- Grating Antenna Apodization  
Grating antennas are travelling-wave struc-
tures that gradually leak power along its 
length as Leaky-Wave Antennas (LWAs) 
from RF technology [20]. They facilitate sim-
ple feeding networks, reducing complexity 
with respect to 2D phased arrays. The radia-
tion pattern is determined by a phase constant 
𝛽𝛽 and a leakage factor 𝜂𝜂, which control the 
output angle and the rate of the radiation, re-
spectively. There are several types of grating 
antennas, in our case we will analyse a side-
wall grating antenna as shown in Fig. 4. 

 
Fig. 4 Sidewall grating antenna 

The main waveguide dimensions are 𝑊𝑊1 =
0.5 𝜇𝜇𝜇𝜇 and ℎ = 0.22 𝜇𝜇𝜇𝜇. The fundamental 
mode of this silicon waveguide surrounding 
by 𝑆𝑆𝑆𝑆𝑂𝑂2 is presented in Fig. 5. 

 
Fig. 5: Fundamental mode at 1.55 µm.  

The selection of an appropriate profile is es-
sential for optimizing the performance of grat-
ing antennas in various applications. Uniform 
grating designs exhibit consistent perturbation 
strength along their entire length, resulting in 
an exponential decay of light intensity [21]. 

Additionally, the effective aperture size di-
rectly influences the antenna's directivity and 
operational range. Antenna apodization is a 
useful technique for optimizing the antenna's 
emission characteristics. For a 60-element 
uniform grating antenna, with a height of 
0.22µm, W1 = 0.5 µm, W2 = 0.8 µm, Λ = 0.66 
µm and DC = 50%, we can derive the near 
field profile shown in Fig. 6. 

 
Fig. 6: Near field profile of a uniform grating. 

5.1.- Element widths 
To generate any propagating profile just 
above the grating antenna, an apodization is 
needed. We can create any profile with the 
help of the model shown in Fig. 7. 

 
Fig. 7 Theoretical model of a grating antenna 

The mathematical expressions are: 

 Pin =  �Pradi

N

i=1

+ Pout (1) 

 
Pradj = Pin ηj�(1 − ηi)

j

i=1

 (2) 

 ηi =
Pradi

PWGi−1
 (3) 

where 𝑃𝑃𝑖𝑖𝑖𝑖,𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜,𝑃𝑃𝑟𝑟𝑟𝑟𝑑𝑑𝑖𝑖 and 𝑃𝑃𝑊𝑊𝑊𝑊𝑖𝑖 are the en-
trance, output, radiated in element i and prop-
agated in element i powers, respectively. And 
𝜂𝜂𝑖𝑖 is the efficiency of radiation for a i radiation 
element. With these formulas and using a re-
cursive method (Fig. 8), we can derive the in-
ternal antenna efficiency given a wanted radi-
ating profile. 

Eff_in(1) = Prad(1)/Pin; 
PWG(1) = Pin - Prad(1); 
for i = 2:length(x) 
    Eff_in(i) = Prad(i)/PWG(i-1); 
    PWG(i) = PWG(i-1) - Prad(i); 
end 

Fig. 8 Pseudo-code for calculation of 𝜂𝜂𝑖𝑖. 
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The next step in this study involves an inves-
tigation of the relation between the efficiency 
of antenna elements and their respective 
widths. To establish such a connection, a sim-
ulation approach has been employed, utilizing 
the simple model as the basis for analysis. If 
we considered a uniform antenna grating, it is 
clear that the antenna efficiencies will be the 
same, therefore the equation 2 will be: 

 Pradj = Pin η (1− η)j (4)  

And substituting in Eq. (1): 

 Pin − Pout
Pin

=  η�   (1 − η)i
N

i=0

 (5) 

As (1 − 𝜂𝜂) < 1, we know that this series con-
verges: 

�   (1− 𝜂𝜂)𝑖𝑖
𝑁𝑁

𝑖𝑖=0

=
1 − (1 − 𝜂𝜂)𝑁𝑁+1

𝜂𝜂  (6) 

Therefore, we obtain a simple expression for 
the Normalized Power Radiated, defined as: 

𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑃𝑃𝑖𝑖𝑖𝑖−𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

 ; 𝑁𝑁𝑁𝑁𝑁𝑁 =  1 − (1 − 𝜂𝜂)𝑁𝑁+1 (7) 

Now, the relation between NPR and width, it 
is done using an electromagnetic simulation 
software (Lumerical FDTD). We have created 
a structure with a 50% duty cycle and Λ = 0.66 
µm. In Fig. 9 are the results of doing a sweep 
varying the widths of every element of a 90-
element uniform grating antenna from 0.5 𝜇𝜇𝜇𝜇 
(width of the original waveguide) up to 1 µm 
and we have recorded the NPR. 

 
Fig. 9 Width sweep of a 90-element grating an-
tenna 

Combining data from Eq. (7) and from Fig. 9 
we can derive a general relation between 
widths and efficiency of radiation for 50% 
duty cycle grating antenna. 

5.2.- Results 
For a 60-element grating antenna, using the 
method derived in section 5.1, we obtained the 

widths for each antenna element (Fig. 10) in 
order to obtain the ideal gaussian profile 
shown in Fig. 6.  

 
Fig. 10: Calculated grating width for i element. 

After simulating the antenna structure consid-
ering the width changed along the length, and 
after a MATLAB post-processing, we derive 
the emitting near field profile compared with 
the wanted gaussian profile as it can be seen 
in Fig. 11. 

 
Fig. 11 Simulated near field profile in relation 
with the wanted profile. 

Knowing the near fields, we can calculate the 
radiation pattern emitted by the antenna doing 
the spatial TF of the near field profile. In Fig. 
12 is shown a comparison between the uni-
form grating antenna, the apodized grating an-
tenna and the theoretical of a gaussian profile. 

 
Fig. 12 Radiation patterns for uniform and 
apodized simulated antenna and ideal gaussian. 

As illustrated in the results, a reduction in side 
lobe levels of 6-8 dB was achieved in all an-
gles, except for the beam direction. As ex-
pected, we have seen a broadening in the 
beamwidth, being 1.3º for a uniform grating 



antenna, 2º for an apodized antenna and 3º for 
a theoretical Gaussian. These widening can be 
compensated by elongating the antenna aper-
ture size, increasing the number of antenna el-
ements or via using the novel ultra-long grat-
ing antennas 0, which can theoretically pre-
sent a beamwidth as small as 0.008º with a 10 
mm antenna length. 

6.- Conclusion  
In this study, we proposed an approach for de-
termining the optimal widths of grating an-
tenna elements to achieve an arbitrary radiat-
ing profile in the context of INPERCEPT pro-
ject. Future research directions could consider 
the effect of manufacturing resolution on the 
simulation results, explore alternative profile 
shapes, improving the theoretical model, and 
investigate the potential benefits of utilizing 
ultra-long gratings. Furthermore, our current 
approach focused solely on profile tailoring, 
without considering the impact of the propa-
gating constant along the grating antenna, 
which governs the angle of emission. To fur-
ther enhance the performance of the antenna, 
we intend to investigate the effect of duty cy-
cle on phase change, in addition to modifying 
the grating widths for profile shaping. 
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