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Abstract: Reconfigurable photonic integrated circuits enable high-bandwidth signal shaping 13 
with the prospect for scalability and compact footprint. Co-integration of electro-optical 14 
tunability with non-volatile attenuation through functional materials allows for implementing 15 
photonic devices which operate both on phase and amplitude. Based on this approach, we 16 
propose an integrated photonic design for optical pattern generation deploying a continuous-17 
wave laser and a single electrical function generator. We employ the non-volatile and 18 
reconfigurable phase-change material Ge2Sb2Te5 (GST) as a tunable attenuator for an 19 
integrated photonic circuit on the Lithium-Niobate-On-Insulator (LNOI) platform. The GST 20 
can be switched between its amorphous and crystalline phase, leading to an optical contrast of 21 
≅18 dB. Combining this with integrated electro-optical modulators with a 4 GHz bandwidth in 22 
LNOI, enables the generation of short optical pulses, based on the principles of inverse discrete 23 
Fourier transform. 24 

© 2022 Optica Publishing Group under the terms of the Optica Publishing Group Open Access Publishing 25 
Agreement26 

1. Introduction 27 

Integrated optical pattern generation is a central task in several areas of photonic technologies, 28 
such as opto-microfluidic sensing [1], THz waveform synthesis [2], or radar applications [3]. 29 
Most approaches demonstrated so far for optical arbitrary waveform generation make use of 30 
frequency combs  [4-6]. In a comb-based approach, each line must be wavelength-filtered and 31 
modulated coherently which requires precise fabrication for integrated wavelength 32 
multiplexing approaches, or even co-integration of photonic platforms is necessary [6]. Direct 33 
modulation is often challenging when the non-linear materials used for comb generation such 34 
as silicon nitride do not provide convenient physical mechanisms from high-frequency 35 
modulation. Therefore, alternative material platforms which enable signal shaping through the 36 
electro-optical effect are highly attractive. Besides continuous modulation approaches for high-37 
frequency signal shaping, additional degrees of freedom for long-term stable reconfiguration is 38 
necessary. In this regard, non-volatile approaches which enable state retention over extended 39 
periods of time is required. Functional materials, such as phase-change materials (PCMs), have 40 
been very successful in this respect and are compatible with integrated photonic platforms. 41 

In this work, we present a novel strategy for on-chip signal shaping where optical light 42 
pattern generation is enabled by the co-integration of electro-optic modulators (EOMs) and 43 
PCMs on the newly developed Lithium-Niobate-On-Insulator (LNOI) platform [7, 8]. Both 44 
PCMs and EOMs are already well-established components in integrated photonics for a wide 45 
range of applications [7-11]. PCMs have been frequently used in recent years in several 46 



integrated photonic platforms, such as Si3N4 [10, 11], or silicon-on-insulator [12] for optical 47 
data storage as well as high-bandwidth photonic computing. In addition, the non-volatile, and 48 
reconfigurable properties of the PCMs make them ideal for the implementation of variable 49 
integrated optical attenuators featuring minimal power consumption during continuous 50 
operation [10,11], while input power is only required during switching. EOMs, on the other 51 
hand, are fundamental building blocks for reconfigurable photonic circuits as they allow to 52 
convert fast electrical signals into the optical domain in a low loss fashion. More specifically, 53 
by leveraging on the high confinement of optical waveguides fabricated in the thin film lithium 54 
niobate (TFLN) material platform, LNOI-based electro-optic phase shifters have recently 55 
shown unprecedented performance, including modulation bandwidths up to ≃100 GHz, half-56 
wave voltages in the single digit range, high signal-to-noise ratio, and insertion loss smaller 57 
than 0.25 dB/cm [9].  58 

Combining PCM cells with EOMs on Lithium-Niobate-On-Insulator (LNOI) opens to the 59 
possibility of modifying simultaneously the phase as well as the amplitude of the travelling 60 
light. This can be exploited for realizing an optical pattern generator device based on the inverse 61 
discrete Fourier transform, as we propose here. Importantly, optical frequency shifting – a key 62 
ingredient for our inverse discrete Fourier transform device - has been experimentally 63 
demonstrated on TFLN-phase shifters [13]. Our design only requires a continuous-wave (cw) 64 
laser light source for optical input and it reduces the electrical interface and packaging 65 
requirements down to a single electrical function generator for the modulation of the phase 66 
shifter.  67 

68 

2. Device design for optical pattern generation 69 
70 

Discrete Fourier transform is widely used for signal processing [14-16]. In our approach we 71 
make use of the discrete Fourier transform to create optical patterns by calculating the discrete 72 
Fourier coefficients ���  of equidistantly sampled values �� of a desired waveform. The discrete 73 
Fourier transform is defined as 74 

��� = ∑ ������/���
(���)/�
���(���)/� , for odd �, (1) 75 

where �  is the number of equidistant samples, and �  integer index referencing the 76 
respective Fourier coefficient. The coefficients ��� are in general complex and can be used to 77 
reconstruct a continuous function in time p(t), characterized by a period T, as: 78 
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We design an integrated photonic approach to perform on-chip inverse discrete Fourier 80 
transform optically based on the concept shown in Fig. 1a. CW laser light from an external 81 
source is coupled into the photonic integrated circuit, and is then divided equally by cascaded 82 
beam splitters into several arms of the device. With reference to Fig. 1b, each arm consists of 83 
an integrated phase shifter and a PCM-based variable photonic attenuator. While the modulator 84 
is modulated actively and electrically driven, the PCM cell remains passive and is only 85 
programmed once per waveform generation. Afterwards, the light is combined again in a single 86 
path with a second network of beam splitters. As a result, the intensity pattern of light at the 87 
circuit output matches the waveform that was programmed into the PCM attenuators and 88 
modulators as Fourier coefficients. More specifically, each Fourier summand in [Eq. (2)] is 89 
created in one individual arm of the device, as shown in Fig. 1b in detail. The phase of each 90 
Fourier summand is programmed with an electro-optic phase shifter, while the absolute value 91 
of the complex coefficients ak is controlled via optical attenuation through appropriate 92 
absorption in the PCM cell. The lengths of the phase shifters are integer multiples of the shortest 93 
phase shifter such that the respective ��  are integer multiple of the smallest ��  as well. 94 



Applying a same modulation voltage �(�) = �� �(�) to all the phase shifters simultaneously, 95 
with �(�) being a linear function of time, allows us to express the electric field amplitude of 96 
the light at the output of the circuit as: 97 
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We use |���|/�  for the amplitude attenuation with the PCM cell and the phase ����
=99 

arg (���) is programmed into the phase shifter by a DC bias.  100 
Upon a proper choice of �� and with the �� of the respective arms being integer multiple of 101 

each other, [Eq. (3)] becomes formally equivalent to [Eq. (2)], with the fraction ��/�� being 102 
equal to the index 2 � of the inverse discrete Fourier transform. Under this condition the same 103 
RF modulation �(�) can be applied to all of the phase shifters. One arm of the device does not 104 
have an integrated phase shifter to represent the summand for � = 0  in [Eq. (3)]. In our 105 
proposed design every phase shifter length is repeated twice (see Fig. 1a), with the positions of 106 
signal and ground electrodes being inverted in the two halves of the device in order to apply 107 
phase shifts with opposite signs. This allows us to implement the summand −� in the lower 108 
part of the device, and the summand � in the upper part. 109 

110 
Fig. 1. Schematic illustration of the proposed device. a) The input light is a single-line laser with 111 
constant input. The light is guided through waveguides and split up in to several arms by beam 112 
splitters. In the respective arms the light passes a phase shifter and a phase-change material cell. 113 
At the end the light is combined by multi-mode interferometer and the generated pattern can be 114 
seen in the intensity, consisting of several frequencies. The phase shifter can be modulated by 115 
an RF voltage. b) The components of one device arm. The ordinary �� and extraordinary �� axis 116 
of the LNOI with respect to the orientation of the phase shifter is indicated by the arrows.  117 

118 

3. Integrated phase-change material and electro-optic modulators in LNOI 119 

For the experimental realization of the proposed integrated optical pattern generator, LNOI is 120 
our material of choice because of its high modulation bandwidth - a key requirement for 121 
enabling the generation of ultra-short pulses. While the implementation of EOMs in LNOI is 122 
established and already achieved in several works [9,17], to demonstrate the possibility of 123 



utilizing this platform for the proposed design, a key step is the integration of a PCM with 124 
LNOI waveguides, which so far has not been accomplished. We successfully fabricate a PCM 125 
cell in thin-film LN waveguides  and co-integrate it with an electro-optic modulator.  126 

The chalcogenide phase-change material chosen for our experiment is Ge2Sb2Te5 (GST). 127 
Optical circuits are implemented as ridge waveguides fabricated by electron-beam lithography 128 
and argon etching on a 300 nm thick X-cut LN film [17]. The top width of the waveguides is 129 
chosen equal to 1.1 µm to ensure single-mode operation at telecom wavelength. The sidewall 130 
angle of the waveguides, resulting from our fabrication process, is approximately 60°. GST 131 
cells are deposited atop of the waveguides by DC-magnetron sputtering with a standard lift-off 132 
process. Fig. 2a shows, as an example, a false color SEM image of a 12 nm thick GST cell with 133 
a 1 nm adhesion and 5 nm capping layer of Al2O3  (yellow) successfully deposited atop of a 134 
LNOI waveguide (blue). To achieve high absorption a GST cell of 4 µm length along the 135 
propagation direction of the light is used. Fig. 2b shows the optical mode profiles of the 136 
beforementioned LNOI waveguide configuration with the GST on top. The different refractive 137 
index of the GST in the amorphous and crystalline phase leads to an absorption coefficient of 138 
����� =  −0.07 dB/µm in the amorphous phase and ����� =  −3.1 dB/µm in the crystalline 139 
phase. The attenuation by the cell can be switched either optically in-plane through the 140 
waveguide [10], or out-of plane from the top using direct illumination with femtosecond laser 141 
pulses [18]. Changing the optical attenuation is done by modifying the phase state of the cell to 142 
suitable intermediate states between fully amorphous and fully crystalline. Switching the GST 143 
cell electrically by heaters has also been demonstrated [19]. By both approaches, the full device 144 
can be made reconfigurable.  145 

146 
Fig. 2. a) False color SEM image of GST cell on top of a LNOI waveguide. b) Optical mode 147 
profiles with the effective refractive indices of amorphous and crystalline GST (12 nm) with a 1 148 
nm adhesion and 5 nm capping layer of Al2O3 on top of a LNOI waveguide with 300 nm height. 149 
c) Transmission measurement of a GST cell in the amorphous and crystalline phase. The optical 150 
contrast is ≅18 dB. d) Modulation bandwidth measurement of an integrated EOM on LNOI 151 
measured with a vector network analyzer at room temperature. 152 

153 
To evaluate the properties of the GST cells, light from a tunable CW laser is injected into a 154 

backloop with the integrated GST cell by employing surface grating couplers designed by 155 
following the approach of Ref. [20]. We found that in the as-deposited amorphous state the 156 
absorption of the GST is negligible, while in the crystalline state an optical contrast of 18 dB 157 
at 1530 nm is obtained as can be seen in Fig. 2c. Considering the measured optical contrast of 158 



18 dB, we estimate that the normalized absolute value of the Fourier coefficients in [Eq. (1)]  159 
can be tuned in the range 0.016-1.On the same sample used for testing the properties of the 160 
GST cells, we realized a 1.7 mm long EOM in a push-pull configuration (see Ref. [17] for 161 
further details). The EOM displayed a half-wave voltage Vpi ≃ 15.5 V and a 3 dB modulation 162 
bandwidth, measured with a vector network analyzer, equal to approximately 4 GHz (see Fig. 163 
2d).  164 

165 

4. Discussion 166 

The previous analysis of the GST cell and EOM on LNOI for our proposed design provides the 167 
input parameters to estimate the optical pattern we expect to measure. Fig. 3 (i)-(iii) shows, as 168 
an example, the results for rectangular-, triangular-, and gaussian-shaped waveform. These 169 
pulses are sampled equidistantly with � = 7, � = 15, and � = 31 over the shown time range 170 
of 250 ps compliant with the bandwidth of the on-chip LNOI EOM. For the calculations the 171 
square root of the sampled values is determined before the discrete Fourier transform is 172 
performed. 173 

174 
Fig. 3. Analytically calculated pulse shapes. In (i)-(iii) the ideal waveforms of a rectangular-, 175 
triangular-, and gaussian-shaped pulse are displayed. These waveforms are sampled with 176 
different N and Fourier transformed. For � = 7 (iv)-(vi), � = 15 (vii)-(ix), and � = 31 (x)-177 
(xii) the respective Fourier coefficients are used to calculate the resulting waveform of the 178 
proposed device (red curves). The blue curves show the pattern with Fourier coefficients 179 
corrected for the lower limit of the GST cell. 180 

181 
The images (iv)-(xii) in Fig. 3 show the resulting patterns plotted as a function of time for 182 

different sampling sizes, upon performing the inverse discrete Fourier transform via [Eq. (3)]. 183 
Here we use a triangular modulation function f(t) with a modulation frequency of 2 GHz for 184 
the phase shifters. The red curves in the figures represent the as-calculated function, in the ideal 185 
case in which the amplitudes|���|/� can be tuned in the full range 0-1. The blue curve shows a 186 
more realistic expectation, as it accounts for |���|/�  limited to the range 0.016 − 1  as 187 
estimated from our measurements. For � = 7  the pulse shape is similar for all three 188 
waveforms. Increasing the number of samples to � = 15 improves the pulse shape especially 189 
for the triangular-shaped pulse as well as for the gaussian-shaped pulse. The rectangular-shaped 190 
pulse is better represented in its width, while there are still oscillations in the plateau. For � =191 



31, the pulse shape for all three pulse shapes improves. With higher number of sampling points 192 
the influence of the lower boundary in transmission of the GST cell is more noticeable. At 193 
larger � a larger number of frequencies contribute to the final superposition but with a smaller 194 
Fourier coefficient. When using the GST cell as attenuator these coefficients are artificially 195 
enlarged, leading to a slight offset of the pattern from the desired outcome. Realizing the � =196 
31 device would need 15 phase shifters with integer multiples of the smallest length. Assuming 197 
�� = 60 V and a maximum �� = 30 V, the longest phase shifter would have a length of  ≅198 
0.61 cm, considering a ��� ≅ 2.6 Vcm [17]. 199 

Our calculations and preliminary experimental measurements show that implementing 200 
discrete Fourier transformations by combining  the electro-optic properties of LNOI and the 201 
non-volatile, reconfigurable nature of the PCMs,  is a promising route  for generating arbitrary 202 
optical patterns on-chip. We highlight that our strategy can greatly simplify current approaches 203 
to arbitrary optical waveform generation, reducing the required number of resources to a single 204 
CW laser and only one electrical waveform generator for modulation.  205 
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