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Abstract: We implement the first fiber-based orbital angular momentum (OAM) state high-
dimensional quantum key distribution protocol using four OAM modes, and demonstrate the 
highest secret key rate and longest transmission distance for OAM presented to date. 
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1. Introduction 
Quantum key distribution (QKD), a branch of Quantum Communications (QCs), provides ultimate security based on 
quantum mechanics [1]. Essential challenges of most suggested QKD systems are the relatively short propagation 
distances and the low transmittable bit rates. However, high-dimensional (Hi-D) quantum states, which allow 
increased information capacity and higher robustness against channel noise, resulting in an increased error threshold, 
can overcome these issues. The generation and control of high-dimensional quantum states is very challenging and 
only a few experimental realizations have been achieved for Hi-D QKD protocols [2,3]. Using the orbital angular 
momentum (OAM) of light is promising, as it provides a natural discrete Hi-D basis for quantum states [4]. 
However, OAM fiber transmission with more than two modes has only been used for classical communication so far 
[5]. We experimentally demonstrate the first transmission of Hi-D quantum states, encoded in four OAM modes and 
their superposition, over a 1.2 km long OAM fiber, by implementing a real-time decoy-state Hi-D QKD protocol, 
demonstrating the highest secret key rate and the longest transmission distance presented to date. 
                   

 
Fig. 1. a) Setup of the experiment.  Fast Mach-Zehnder Interferometer (MZI) switches, controlled by a field programmable gate array (FPGA), 
allow the real-time preparation of the MUBs M0 and M1. Only a single MZI is required to separately generate the two bases (dashed edges MZI). 
Note that, within each basis, the states are prepared in real-time mode. At the input of the MZI, we inject attenuated pulses, carved out of a 
continuous wave (CW) laser beam at 1550 nm by an intensity modulator (IM) driven by the same FPGA. A second IM is used to implement a 
three-intensity decoy-state technique for the QKD protocols. A variable optical attenuator (VOA) allows for reaching the quantum regime. The 
polarization of the quantum states is prepared by a phase modulator (PM). Two different voltages are chosen to yield diagonal and anti-diagonal 
polarizations at the output of the PM. Vortex plates with topological charge L=+6 and L=+7 (Q1, Q2) assign different OAM orders to the 
quantum states. The quantum states are then coupled into the air-core fiber. After the fiber transmission, an OAM mode sorter is implemented to 
separate even from odd modes (L=|6| and L=|7|). Two other vortex plates are used to convert from OAM to Gaussian modes. After the OAM 
sorter, the quantum states are separated using their polarization. Four single photon detectors collect the events, which are registered by a time-
tagger unit. b) Mutually unbiased bases description. The two MUBs used for the Hi-D QKD protocol are shown. The quantum states in M0 are 
called |ψi>, whereas those in M1 are called |ϕj>. 
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2. Experimental results 

We implement a real-time decoy state Hi-D QKD protocol. The two MUBs chosen to perform the experiment are 
shown in Fig.1 b). Alice randomly switches between the two MUBs and prepares the attenuated pulses in the 
different quantum states (modes). Usually, one of the two bases provides the key and the other monitors the 
presence of an eavesdropper. After transmission through the OAM-fiber, Bob decides which of the two bases to 
project the quantum states onto. 

 
Fig. 2. a) Tomography measurement. The average fidelity measured over 5 minutes is 0.954 ± 0.004. The measurements were acquired with a 
mean photon number value of µ= (9.9 ± 0.2) × 10-3. b) Secret key rate and QBER as a function of the channel losses. The first blue circle 
represents the rate measured (left y-axis) after transmission through the 1.2 km fiber (37.43 kHz), while the others are obtained by adding further 
channel losses with a VOA. The red crosses are the average QBERs measured (right y-axis) with the same procedure. The average QBER after 
transmission through the 1.2 km fiber is 16.1%. All the average QBERs are below the thresholds for individual (24%) and collective (18.9%) 
attacks, and this QKD system is thus valid. 

aPhotons measured in the wrong basis will be discarded during the sifting procedure. The protocol implemented can 
be considered as a BB84 with a three-intensity decoy-state method with dimensions D=4. After the transmission of 
the quantum states, the error correction and the privacy amplification procedures are implemented. The experimental 
setup used to perform the experiment and its description are reported in Fig.1 a). To prove the correct preparation 
and detection of the quantum states we measured the quantum state tomography, obtaining a very high fidelity of 
0.954 ± 0.004 (Fig.2 a). The final secret key rate is established using the methods reported in [6-7]. We measured an 
average quantum bit error rate (QBER) of 14.1% in the M0 basis and 18.1% in M1. The average QBERs are below 
the individual and collective attack thresholds (24% and 18.9%). The secret key rate obtained is 37.43 kbit/s 
resulting in the highest key rate of OAM-QKD to date. This experiment shows, for the first time, the feasibility of 
QC with twisted photons propagating through a fiber and is also the longest OAM-QKD transmission demonstrated.  
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Abstract 
We introduce a method for reversible engineering of 

signal to noise ratio of optical waveforms and discuss its 

potential for optical encryption and context-aware detection 

of weak signals in noisy environments. 

I.  INTRODUCTION  

Photonic hardware accelerators (PHAs) comprise a new 

category of data processing engines, in which analog 

optical pre-processing is performed preceding optical-to-

electrical conversion to alleviate the burden on the 

subsequent analog-to-digital conversion and digital 

processing, enabling the single-shot capture of the spectra 

of ultrafast signals in real time [1-3]. One implementation 

of PHA, the Photonic Time Stretch, has led to the 

discovery of optical rogue waves [4], the first real-time 

observation of fiber soliton explosions [5] and relativistic 

electron bunching in synchrotron radiation [6]. It has made 

it possible to see the birth of laser modelocking [7] and 

internal motion of soliton molecules [8]. Its combination 

with artificial intelligence has led to label-free detection of 

cancer cells in blood with record specificity [9]. 

 
Fig. 1. Warped time stretching allows for context-aware resampling 

of the spectrum both to slow down fast portions of the signal, while also 

SNR boosting of the weaker regions. Adapted from [11,12] 

 

The warped time stretch is a specific class of PHAs [10]. 

In warped time stretch optical systems, dispersive 

elements with a non-uniform group delay profile maps the 

spectrum into a time in a non uniform fashion. The leads 

to foveated sampling of the spectrum with a digitizer with 

uniform sampling rate. Foveated time stretch causes the 

samples to be concentrated in the information rich portions 

of the spectrum with sparse sampling in the more uniform 

spectral regions. Real-time optical data compression, via 

foveated time stretch imaging, has been demonstrated with 

this technique [11]. 

Our previous theoretical work on the warped stretch 

transform provided a systematic approach to analyze the 

effect of a tailored group delay dispersion profile on an 

optical signal [12]. Moreover, once an appropriate basis 

decomposition of group delay dispersion is introduced, the 

tuning of each basis coefficient is a pathway towards 

complex spectrotemporal operations for optical computing 

[10]. Here we show that with proper design of the 

dispersive element, both signal and noise powers can be 

tailored. This provides an alternative and critically 

valuable pathway to SNR engineering that is applicable to 

wideband optical fiber communication system. 

II.  MATHEMATICAL ANALYSIS 

In dispersive optical systems, the output photocurrent 

following photodetection is described as: 

  𝑖out(𝑡) =
1

2
𝑐𝜖0𝑛𝑟𝑑|𝐸out(𝑡)|2 =

𝑐𝜖0𝑛𝑟𝑑

4𝜋𝜏𝑔
′ (Ω𝑠)

|�̃�in(Ω𝑠)|
2
    (1) 

Implicit in the equation is the frequency-to-time 

mapping; for an input signal with negligible chirp relative 

to the added dispersion of the optical system, we have the 

mapping of the envelope angular frequency Ω𝑠 = 𝜏𝑔
−1(𝑡) 

to a corresponding time 𝑡, given dispersive elements with 

a total group delay of 𝜏𝑔(Ω𝑠). There are primarily two 

effects of dispersion: a power scaling by a factor of 𝛼(𝑡) =
𝜏𝑔

′ (Ω𝑠), and the bandwidth scaling by a factor of: 

𝜇(𝑡) = Ω(𝑡) max
𝑡

Ω𝑠(𝑡)⁄ = 4𝜏𝑔
−1(Δ𝑇in/2) 𝐵PD⁄           (2) 

where Ω(𝑡) is the instantaneous frequency of the original 

signal prior to stretching at time 𝑡, Δ𝑇in is the input pulse 

duration, and 𝐵PD is the matched photodetector bandwidth. 

Tuning the dispersion profile thus enables us to modify the 

signal SNR. 

To capture the time dependent effects of the tailored 

dispersion, we define the instantaneous SNR of the output 

signal as: SNRi(𝑡) = 𝑃out(𝑡) ∑ 𝑁𝑗(𝑡)𝑗⁄ ,  where the 

instantaneous input signal power 𝑃out(𝑡) = 𝑖out
2 (𝑡)𝑅 and 

the noise powers {𝑁𝑗(𝑡)}  are understood to be time-

averaged over a time duration equal to the time resolution 

of photodetection / analog-to-digital conversion. 

We thus consider the SNR output of an optical system 

after warped stretch as: 

SNRi(𝑡) =
𝑖out

2 (𝑡)

𝑖th
2 (𝑡)+𝑖shot

2 (𝑡)+𝑖ASE
2 (𝑡)+𝑖𝑄

2 (𝑡)
         (3) 

where 𝑖th = √4𝑘𝐵𝑇𝐵PD 𝑅⁄ = 4√𝑘𝐵𝑇𝐶𝐵PD is the thermal 

noise photo-current, 𝑖shot(𝑡) = √2𝑞𝑖out(𝑡)𝐵PD is the shot 

noise photo-current, 𝑖ASE(𝑡) = 2√𝑟𝑑𝑆ASE𝑖out(𝑡)𝐵PD is the 

dominant term for the ASE photocurrent, and 𝑖𝑄(𝑡) =

‖𝑖out(𝑡) − (2𝐸𝑁𝑂𝐵)−1 ⋅ round[2ENOB 𝑖out(𝑡)]‖  is the 

quantization noise photocurrent. 
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Fig. 3. (a) Electric field spectrum amplitude and (b) temporal amplitude 

of input test signal. (c) Group delay of dispersive element. 

(d) Amplified output photocurrent in time. Note the occurrence of the 

warped frequency-to-time mapping between subplots (b) and (d). 

 

The SNR of a warped stretch optical system was 

simulated, taking into thermal noise (T = 300K), shot noise 

and ASE noise (amplifier gain = 5) of the photocurrent, as 

well as quantization noise from digitization (ENOB = 8). 

In the simulation, an optical test signal is passed through a 

tailored dispersive element, then photodetected and 

digitized. The input optical power was varied to 

investigate the effect of the power scaling 𝛼 on the SNR. 

For bandwidth scaling 𝜇 , both the group delay and the 

detection bandwidth of the photodetector were 

simultaneously varied, such that the simulated setup 

always remains at the optimal detector bandwidth. 

III.  RESULTS AND DISCUSSION 

Fig. 2 shows the effect of scaling the input power on the 

SNR of a warped stretch system. While the instantaneous 

SNR is limited at high optical powers by the quantization 

noise, the instantaneous SNR can be improved for weak 

portions of the signal which are below this threshold. This 

is achieved by a decrease of dispersion (i.e. increase in 𝛼) 

in the corresponding spectral region of the input. 

Meanwhile, the increase in dispersion (i.e. increase in 𝜇) 

can improve the SNR by creating oversampled regimes of 

fast, high power signal portions. Noisy weak signals can 

thus be SNR-boosted to as long as prior knowledge exists 

of the input spectrum. 

The SNR can be considered in three regimes: the 

thermal noise-limited regime occurs at low signal powers 

and high bandwidths (where the SNR scales by (𝛼𝜇)2). At 

moderate stretch factors, we encounter the shot and ASE 

noise-limited regime (SNR scaling by 𝛼𝜇), and, finally, 

the quantization noise-limited regime (where SNR is 

constant with input power). 

These results also show the potential for optical 

encryption via dispersion; a broadband signal can be 

buried under noise floor upon transmission by a designed 

dispersive element which acts as the encryption key; upon 

reception, the inverse dispersion can then be provided to 

reproduce the optical data. 

.Fig. 4. (a) Power scaling and (b) bandwidth scaling of the 

instantaneous SNR. The SNR in general has three regimes: the thermal 

noise-limited regime (SNR scaling by (𝛼𝜇)2), with the shot and ASE 

noise-limited regime (SNR scaling by 𝛼𝜇), and the quantization noise-

limited regime (SNR constant with input power). 

IV.  CONCLUSIONS 

Given a-priori knowledge of the input spectral statistics, 

we have demonstrated the influence of the dispersive 

element on the instantaneous SNR on a given optical input. 

SNR boosting can thus be achieved via proper design of 

the warped stretch dispersive element. Such dispersive 

elements have applications for weak signal detection and 

cybersecurity in optical telecommunications systems. 
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Abstract: We propose a highly-efficient, low-loss, and polarization insensitive silicon-indium 

tin oxide electro-absorption modulator. High modulation efficiency of ~3.18 dB/m and low 

insertion loss of <0.3 dB are achieved in a length of 8 m. 
OCIS codes: (130.3120) Integrated optics devices; (250.7360) Waveguide modulators 

1. Introduction 

Electro-optic (EO) modulators with compact size, large modulation depth, low insertion loss, high modulation 

speed, and low energy consumption could be used to significantly boost the performance of on-chip optical 

interconnection systems [1]. Recently, advanced multiplexing technologies have been proposed and demonstrated 

on a single chip in order to keep up with the exponentially growing trend of link capacity of optical interconnects 

[2], but advanced multiplexing will also introduce new challenges for modulators, such as dual-polarization 

operation or multi-mode modulation. However, few works have been done to address these problems. Indium tin 

oxide (ITO), a well-known transparent conducting oxide, has been demonstrated as an excellent EO material with 

unity-order index change owing to its epsilon-near-zero (ENZ) effect which can be tuned from visible to infrared 

by applying electrical bias [3]. Based upon this polarization-dependent ENZ effect, light can be strongly confined 

in the ultrathin carrier accumulation layer of ITO, leading to enhanced light-matter interaction (LMI). Further 

enhancement can be achieved by using plasmonic slot structure [4] by which a modulation efficiency (ME) of 

2.71 dB/m was experimentally demonstrated but with relatively large loss (~0.45 dB/m). Efficient coupling 

with the commonly employed silicon waveguides on-chip is also a challenge for plasmonic slot structure.  

In this paper, we propose a highly-efficient, ultra-low loss, and polarization insensitive electro-absorption 

modulator (EAM) with ultracompact size based on a hybrid silicon-ITO structure. By embedding an inverse U-

shaped ITO layer in the silicon waveguide center and depositing a second ITO layer as the upper cladding, both 

TE and TM modes reveal nearly the same ME of ~3.18 dB/m and their losses are lower than 0.02 dB/m at the 

wavelength of 1.55 m, showing a polarization insensitive modulation (PIM). Moreover, this modulator can be 

easily and directly connected with other integrated components on-chip and its optical bandwidth, modulation 

speed and energy consumption are also calculated and estimated, respectively. 

2.  Device structure, operating principle, and results 

 
Fig. 1. (a) Schematic of the proposed silicon-ITO based EAM, where the insets at the bottom are the cross section, and enlarged views 

illustrating the waveguide central structure including different ITO and hafnia layers (wS=257 nm, hS=160 nm, h1=10 nm, h2=5 nm, h3=5 nm, 

h4=50 nm, h5=20 nm, W=500 nm, H=250 nm). (b) Real and (c) imaginary part of the ITO permittivity versus operating wavelength for different 

carrier concentrations n, where the dash lines show the required carrier concentration to make Re() approaching zero in the accumulation 

layer of ITO at the wavelength of 1.55 m. 

Figure 1(a) shows the 3D schematic layout of the silicon-ITO based EAM. The insets show the cross-section and 

enlarged views. Compared with the previous reports [5-7], we have embedded an ITO layer in the waveguide 

center to enhance LMI and optimize the dimension of this ITO to realize the PIM. In fabrication, we first form a 

silicon nanowire with a width of wS=257 nm, a thickness of hS=160 nm, and a slab thickness of 20 nm on both of 
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its sides using E-beam lithography and etching processes. Then HfO2/ITO/HfO2 (5 nm/10 nm/5 nm) layers are 

successively deposited on the surface of the bottom silicon nanowire through magnetron sputtering or atomic layer 

deposition [5]. After that, a second silicon layer is deposited and etched to form the whole silicon waveguide 

structure, where its width and thickness are the same with those of the input/output waveguide (W=500 nm, H=250 

nm). Finally, HfO2/ITO (5 nm/50 nm) layers are also deposited as the upper cladding to further improve the device 

performance and protect the device. In addition, to reduce the metal influence of the contact on the optical mode, 

the slab width (x-direction) is chosen as 1.5 m on each side. Figures 1(b) and 1(c) show the real and imaginary 

part of ITO permittivity under different carrier concentrations n within the wavelength range from 1.2 to 1.9 m. 

With the increase of n, Re() and Im() show opposite behaviors and the ENZ point can be achieved at the 

wavelength of 1.55 m, corresponding to n=6.48×1020 cm−3. If we apply this material into our designed hybrid 

embedded structure, strong LMI and PIM can be achieved simultaneously, which will be beneficial for the 

compact integration, high modulation speed, and low energy consumption. Here, we choose n~1.0×1019 cm-3 and 

n~6.48×1020 cm−3 of the accumulation layer of ITO as the “ON” and “OFF” states of the proposed modulator, 

respectively. 

To realize PIM, we analyze ME as functions of the inner dimensions of the silicon nanowire for both 

polarizations as shown in Fig. 2(a). Note that PIM can be achieved under different widths and thicknesses of the 

nanowire (marked by the crossing points in Fig. 2(a)) and we choose the one that can generate the highest ME 

(~3.18 dB/m) as our designed dimensions. Based upon this quite high ME value, we study the transmission 

features of the modulator, where its device length is only 8 m, as shown in Fig. 2(b). We observe that the 

transmittance curves show a blue shift and their lowest values (“OFF” state) are reduced with the increase of n, 

which are consistent with the ITO properties as shown in Figs. 1(b) and 1(c), that is, ITO ENZ point is shifted to 

the shorter wavelength along with its increased imaginary part as n increases. In addition, within the whole 

calculated wavelength range (700 nm), the discrepancy of modulation depth between both polarizations is lower 

than 3.6 dB and the insertion loss is lower than 0.28 dB for both polarizations. Figure 2(c) shows the field evolution 

patterns along the propagation direction of the designed modulator, where the dominant components of TE and 

TM modes at “ON” and “OFF” states are plotted at the central plane of the modulator (y=125 nm), respectively. 

Moreover, electrical properties such as 3-dB modulation bandwidth (or modulation speed) f3dB=1/(2RC) and 

power consumption E=CV2/4 (only the “OFF” state consuming energy herein) of the silicon-ITO modulator are 

calculated to be 8.04 GHz and 130.93 fJ/bit based on a typical parallel-plate capacitor model [8].  

 
Fig. 2. (a) The ME of the TE and TM modes as functions of width (wS) and thickness (hS) of the inner silicon nanowire. (b) Transmission 

spectra of the designed modulator under ON and OFF states for both polarizations, and (c) the corresponding field evolutions at =1.55 m. 

3.  Conclusion 

Using embedded silicon-ITO hybrid structure, we propose a highly-efficient and low-loss EAM which can operate 

at the dual polarization states in an ultracompact size. Based on enhanced light-matter interaction and optimized 

waveguide structure, the modulation efficiency is greatly improved to ~3.18 dB/m with quite low loss <0.3 dB 

for both polarizations. Furthermore, its optical bandwidth can cover the full communication band. 

We acknowledge the support from The Hong Kong Polytechnic University (1-ZVGB), Research Grant Council of Hong Kong 
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