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PHOTONIC INTEGRATED CIRCUIT AND ITS CALIBRATION

The article proposes a new structure of a photonic integrated circuit for multiplying vector signals by a matrix. The
architecture and principles of operation of modern photonic integrated circuits according to the given classification are briefly
described. The proposed system consists of three layers, which includes a radiating, receiving and intermediate block with
apertures. The connection of the photonic integrated circuit to the necessary electrical circuit for the investigation of the output
signals of the photonic integrated circuit is described. With the help of the electrical circuit, we can monitor and control the input
signals on each waveguide of the radiating unit, and track the change of the output signals that have passed through the system
and fixed at the output of each waveguide. In the course of the study, we develop graphs of the levels of input and output signals of
the system. With the help of which we represent the system errors and the change of signals, which makes it possible to calibrate
the system. Calibration of the photonic integrated circuit is carried out by calibrating all electrical elements of the radiation and
the receiving unit. In the emitting unit, it is necessary to select the same LEDs according to their characteristics, and with the help
of variable resistors, which are connected to each pair of LEDs, calibrate the LED to the same brightness. We control the uniformity
of brightness with the help of an IR camera. To calibrate the receiving unit, we fix the shadow noise and enter the reference
coefficients for each receiver. After all the units were configured, the system was tested. A block with a specific aperture location
was created, and the output signal was removed. Based on the results of the study, we proved that the system calibration is correct
and that the system is operational.

Keywords: photonic integrated circuit, multiplication of vector by matrix, optical waveguide, PIC research, photonic
devices, optoelectronics.

IPUHA ABJIEVMOHOK, BOJIOJAUMMP BOPOBUIILKUIA

HamionansHuii TexHiqHUN yHiBepcuTeT Ykpainu « KuiBcbkuii momitexHiuHMH yHiBepcuTeT iM. Irops CikopchKoro
®OTOHHA IHTETPAJIbHA CXEMA TA ii KAJTIGPYBAHHSI

YV emammi 3anpononoeana nosa cmpykmypa pomonnoi inmespanvhoi cxemu Onsi NEPEMHOIICEHHS CUSHANIE BEKIMOPA HA MAMPUYIO.
Kopomko onucano apximexmypu ma npuHyunu pooomu Cy4acHux (pomoHHux iHmezpaibHux cxem 3a npugedeHolo kiacugikayiero. 3anpononosana
cucmema cKiadaemvpcsl 3 mpbox Wapis, AKa MiCMums UNPOMIHIOIOYUL, RPUUMATLHUL Ma NPOMIXCHULL 010K 3 anepmypamu. OnUcano niOKIOYeHHs
@omonnoi inmezpanbnoi cxemu 00 HeOOXIOHOI eneKMpuuHOi cxemu O NPO6edeHHsl OOCAIONCeHHs GUXIOHUX CUSHANTE hOoMONNOT iHmeepanbHO T
cxemu. 3a 0onomo2oio e‘]l@Kmpu’-tHOi. cxemu mMu MoaxHcemo Mom'mopumu ma KoumpoJrosamu 6XiOHI cueHanu Ha KOJCHOMY X6Ue800i
BUNPOMIHIOBATILHO20 OIOKY, MA GIOCMENCYSAMU 3MIHY SUXIOHUX CUSHANIS, WO NPOUUIY Yepe3 cucmemy ma QIiKCyeMo HA 8uUX00i KOINCHO20
X6une600dy. B x00i docuiodcenns ompumaemo epadixu pignie 6xionux i UXiOHUX cucHanie cucmemu. 3a 0ONOMO2010 AKUX GUABTACMO NOXUOKU
cucmemu ma 3MiHY CUSHANIG, WO 0A€ MOXCIugicms giokaniopyeamu cucmemy. Kanibpysanna gomonnoi inmezpanvHoi cxemu 6i06ysacmovcs
WAXOM KANIOPYSAHHS YCIX eleKMPUUHUX eleMeHMI8 SUNPOMIHIOIY020 ma NPUUMAaibHo20 ONOKI6. Y eunpominieanrbHomy 610yl HeoOXiOHO
sidiopamu LED oonakogi 3a xapaxmepucmuxamu, ma 3a 0ONOMO20I0 3MIHHUX Pe3UCmopis, AKi NPpUEOHani 00 KOJCHOI napu c8imnodiodis,
siokaniopysamu LED 0o oouakosoi sckpasocmi. Pignomipnicme ackpasocmi kowmponwemo 3a donomozoro 14 xamepu. [Jns xaniopysanmus
NPUILMANbHO20 OI0KY QIKCYEMO MIHLOBUL ULYM A BHOCUMO NONPABOYHI KOeqhiyieHmu 015t KOdCHO20 nputimaya. ITicia moeo sAx 6y10 HalaumoeaHo
6ci 6noku, 3pobreno mecmyeanns cucmemu. byno cmeopeno 610Kk 3 nesHuM po3maulyGaHHAM anepmyp, ma 3HAMO GUXIOHUU cuehal. 3a
pe3yiomamamus 00CTIOHCeHHs MU 008elU, WO KANIOPYBAHHI CUCIeMU NPABUIbHe Ma Wo cucmema npaye30amua.

Kniouosi cnosa: ¢pomornna inmezpanvhua cxema, nepemMHONCEHHs 6eKMOPI8 HA MAmMpuy, OnMuyHi xeuneoou, oocrioxcents ®PIC,
@omoni npucmpoi, onmoenexmponixa.

Introduction

Photonic integrated circuit (PIC) [1-3] is a device into which several optical components are integrated such
as interconnect waveguides and optical amplifiers, integrated onto a single chip built on a compound semiconductor
substrate. Photonic integrated circuits are typically fabricated using wafer-scale technology (using lithography) on
substrates (often called chips) of silicon, silica, or a non-linear crystalline material such as lithium niobate (LiNbO3)
[4-5]. Photonic integrated circuits can be used to create faster and more energy-efficient devices. This is because these
PICs can receive data with a high level of accuracy and are very efficient in data processing and transmission. They
are also integrated with traditional electronic chips and applications.

Photonic integrated circuits have high performance of vector calculations and low power consumption. They
can be classified into 2 groups[6]. In single-layer PIC, active elements are located in the plane of optical waveguides.
In multilayer PIC, active elements are located between layers of optical waveguides.

There are two types of multi-layer PIC. In the first case [7-9], powerful light sources such as lasers are used.
The line of lasers is located perpendicular to the line of receivers that fix the output signal. Between them is an active
element, thanks to which matrix calculations are performed. The active element can act as an array of diffraction
elements, electrochromic films, an array of spatial light modulators.

The advantage of such a structure is work in parallel mode, which ensures high speed. However, the

disadvantage is high complexity, high cost and limited accuracy.
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In the second variant [10-11], the waveguide structures are arranged perpendicularly. An active element is
placed between the waveguides, such as photochromic or diffraction elements. The input reaches the upper layer of
the waveguide, the output signal is fixed from the lower layer of waveguides. In this way, cells with access to each
element are formed. This structure is economical due to the ease of manufacture, but it does not have high accuracy.

3 main structures can be distinguished in planar PICs.

The first group uses a microring resonator [12,13]. First, the input optical signal is modulated and
multiplexed. Then, for given wavelengths, the transmission of optical signals changes according to the matrix
coefficient. In this way, the output signal is formed so that each output signal has a certain wavelength, and its
amplitude is proportional to the multiplication of the amplitudes of the input signal by the coefficients of the matrix
TOW.

The second design uses a spectral filter to control each connection [14,15]. The input optical signal is formed
by a laser source, which is subsequently multiplexed and split into optical signals with different wavelengths. A
spectral filter is used at the input of each block. The filter is configured on the receiver and selects the active
connection. The advantage of such a structure is the possibility of parallel multiplication. However, they are highly
valuable and sensitive to temperatures due to their complex topology.

The third design uses a Mach-Zehnder interferometer [16,17] in the nodes and has two interference arms in
the form of optical waveguides. In one arm there is a phase-shifting device. The MZI matrix core has great promise
for increasing matrix computing functionality and versatility. But it has disadvantages due to the large area of the
entire structure and additional energy consumption.

Goal and tasks

Purpose: to propose a new design PIC for fast matrix-vector operations and to investigate the characteristics
of this PIC.

Tasks: to design and investigate a multilayer PIC. Namely, to investigate the levels of the signals supplied to
the circuit and the levels of the output signals, as well as the changes in the output signals when controlling the inputs.
Such a study is necessary to prove that the PIC can perform matrix-vector operations with sufficient accuracy.

Methods

Structure PIC

The proposed PIC scheme uses optical waveguides in which radiation is scattered multiple times, and an
intermediate block of apertures that changes the optical flux of radiation for each waveguide. The proposed scheme
consists of three blocks (fig.1a):

- the first block — emitter block 1 contains light emitted diodes (LEDs) and the input optical waveguides;

- the second block 2 is the holder of the film 3 with apertures;

- the third block — receiver block 4 contains the output optical waveguides with photodetectors.

The structure of the first and third blocks is similar (fig.1b). It includes housing 5, reflector plate 6, two
boards with LEDs or photodiodes 7, optical waveguides 8 and cover 9 that fixes all elements 5 — 8 together.
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Figure 1. a) proposed PIC design, b) proposed design of emitter and receiver blocks

This PIC performs operations of multiplication of vectors by a matrix using optical signals. The vector of the
input optical signals comes to the input optical waveguides. They passed through the film 3 with aperture matrix. The
area of apertures is proportional to the matrix coefficients, that is the energy of the passed optical radiation becomei
proportional to the aperture area. The output optical waveguides collect the passed optical radiation and they form the
output optical signals. These output optical signals are proportional to the result of multiplication of the input optical
signal to the matrix.
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Figure 2. Electronic s.ystem for PIC investigation

Electrical circuit connection PIC

To conduct the research, we connected the PIC to the electrical circuit. The picture (fig. 2) shows the
connection diagram. With the help of variable resistors, we can change the input signal to LEDs that emit light into
each waveguide. To fix the signal levels on the LEDs and the received signals from the waveguides, we connect the
PIC to the analog inputs of the Arduino nano controller. Since the controller has only 5 analog inputs, and the signals
we read are 16 (8 signals are the signal levels on the LEDs, the other 8 are the signal levels on the receivers). Therefore,
we connect the PIC to the multiplexer CD74HC4067, and we connect it to the Arduino controller.

For monitoring and graphical display of received signals, connect the controller to a PC. With the help of the
software, we monitor the input signals and monitor the change in the output signals from the PIC.

A vector multiplier stand was developed, which includes a PIC and a controller, a multiplexer.

Figure 3. Photo of PIC prototype
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Result
To carry out accurate measurements, we fix the dark signal from the photodetectors without PIC input signal.
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Figure 4. Graph of dark noise monitoring of receivers

The next step was to apply the same input signal level to each waveguide.
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Figure 5. PIC signal monitoring schedule with the same input signal

The next step is to change the input signal on each waveguide so that they are different. We will get the graph
and the next one with an decreased signal level.
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Figure 6. PIC signal monitoring schedule

With the help of an additional variable resistor, we can control the input voltage to all LEDs. Due to which
we change all 8 input signals at the same time and monitor the change of 8 output signals PIC.
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Figure 7. PIC signal monitoring when the input signals change

In the course of the research, it was found that the different sensitivity of the electrical elements causes
differences in the output signal from each waveguide. It is necessary to calibrate the circuit due to built-in resistors
for each signal or by selecting photodiodes with approximately the same parameters.

Calibration
To calibrate the PIC, it is necessary to set the same input signal (fig. 9). To do this, we equalize the brightness
of the LED by adjusting the input electrical signal with variable resistors (fig.2). We also make the aperture matrix
with the equal hole sizes (fig. 8).

Figure 8. Pattern of the aperture matrix

Figure 9. Photo of configured LEDs and illuminated variable aperture matrix
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Table 1
Calculations of mean deviation of PIC signals
1 2 3 4 5 6 7 8 Average
No aperture -0.012 | -0.018 | 0.003 -0.004 | 0.028 -0.002 | -0.005 | -0.003 | 0.013
matrix

Aperture matrix | 0.151 0.123 0.158 | 0.063 0.142 | -0.134 | -0.119 | -0.150 | 0.129

Reversed 0.145 0.119 0.164 | 0.074 | 0.165 -0.122 | -0.117 | -0.154 | 0.131
aperture matrix
Calibration 0.87 0.89 0.86 0.93 0.86 1.14 1.13 1.18
coefficients

The average deviation of the values is 1% without the aperture matrix, because we reach the saturation level
of photodiodes (table 1). With aperture matrix, the average deviation increases up to 13% due to different sensitivity
of the photodiodes. The obtained data helps to calculate the calibration coefficients that guarantee the highest accuracy
of optical multiplication of vectors to matrix. The data about different characteristics of LEDs and photodiodes should
be considered during the design of aperture matrix to maximize accuracy of optical multiplication.

Discussion

The proposed PIC was manufactured, assembled, and investigated. The special electronic system based on
Arduino minicomputers was used for sending input signals and registration of output signals of the PIC. This system
makes possible fully automatic PIC testing under computer control. The experiments help to identify the factors that
decrease accuracy of optical multiplications: variations of LEDs characteristics, variation of photodetector
characteristics, non-uniformities of optical properties of waveguides. Influences of these factors can be compensated
by PIC calibration and the corresponded design of aperture matrixes.

Conclusion

It is proposed the new PIC design for optical multiplication of vector to matrix. This PIC contains three
layers: the layer of input optical waveguides, the layer of aperture matrix and the layer of output optical waveguides.
It was designed, assembled, and tested the working prototype of the proposed PIC. It was proven that the calibration
of such PICs is necessary due to variance of LEDs and photodiodes characteristics. The proposed setup and calibration
procedure make possible setting the input optical signal, registration of output optical signals and calculation of
calibration coefficients. The performed research shows that the proposed PIC can be applied for analog optical
multiplications of vectors to matrix. This economical PIC may be implemented for fast calculations and hardware
realization of neural networks with small number of neurons.
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