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Microwave Photonic-assisted Analog-to-digital 
Converters Using Quantum Dash Mode-locked Laser 

Yuxuan Xie Student Member, IEEE, Guocheng Liu, Jiaren Liu, Zhenguo Lu, Senior Member, IEEE , Philip J. Poole, 

Ping Zhao, Pedro Barrios, and Lawrence R. Chen, Senior Member, IEEE 
 

 Abstract— This paper introduces two photonic analog-to-digital 

converters (ADCs) for RF and millimeter wave (mmWave) signal 

processing. The time-interleaved photonic ADC uses optical taps 

to increase the sampling rate, while the heterodyne photonic 

ADC down-converts input signals to intermediate frequencies 

(IF) in the optical domain, optimizing bandwidth and sampling. 

Both achieve an effect number of bits (ENOB) of 6 to 11 and 

support high-frequency signals, including IEEE V-band, as well 

as complex modulations. Moreover, these two photonic ADCs 

share the same programmable and reconfigurable microwave 

photonic (MWP) system setup with the only modification being a 

change in the length of optical fiber used. 

 

 
Index Terms— Microwave photonics, Analog to digital 

conversion, Quantum dash laser,  

I. INTRODUCTION 

nalog-to-digital converters (ADCs) are crucial 

components in modern electronic systems, enabling 

the translation of real-world analog signals into 

digital data that can be processed, stored, and analyzed by 

digital systems. As the demand for higher data rates and 

improved signal processing capabilities grows, traditional 

electronic ADCs face limitations in terms of speed, 

bandwidth, and power consumption [1,2]. Especially, the 

problem of timing jitter of the clock is a bottleneck in 

conventional ADCs [3]. To overcome these challenges, 

photonic ADCs are a promising alternative, leveraging the 

unique properties of light to achieve superior performance. 

Photonic ADCs utilize optical components and techniques to 

perform the conversion from analog to digital. By exploiting 

the high speed and wide bandwidth of photonic systems, these 

converters can achieve faster sampling rates and handle 

higher-frequency signals compared to their electronic 

counterparts. These characteristics make photonic ADCs ideal 

for applications in communications, radar, and signal 

processing where performance and efficiency are paramount. 

Traditionally, detection systems have used oscilloscopes with 

digital signal processing (DSP), but limitations in the sampling 

frequency of ADCs complicate direct detection. Consequently, 
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conventional methods have employed RF/mmWave mixers, 

which are restricted to operational bandwidths of tens of GHz 

[4,5] and require a local oscillator (LO) for down-conversion. 

Given the formidable task of designing LOs for extremely 

high frequencies, often referred to as the THz gap [6], 

conventional solutions struggle to transcend this upper limit. 

The microwave photonics (MWP)-based photonic ADC 

systems offer broad bandwidths due to the high operational 

frequencies of electro-optical modulators (EOMs) and 

photodiodes (PDs), reaching hundreds of GHz [7,8].  

Several methods exist for implementing photonic ADC 

systems, with many leveraging an optical frequency comb 

(OFC) source [2,9]. The photonic sampled ADC completes the 

sampling process in the optical domain by modulating the 

input signal on an optical pulse train [10–14]. However, the 

detection of the sampled pulse train cannot be directly 

detected, and devices such as high-speed optical switches [10–
12] and wavelength division demultiplexers [13,14], are 

required. The time-stretch photonic ADC reduces the 

bandwidth requirement of the PD by modulating an RF signal 

onto a chirped Gaussian pulse, subsequently expanding the 

modulated signal through a dispersive medium [15–17]. 

Nevertheless, the modulation format suggests that the sampled 

signal will exhibit a chirped Gaussian envelope, introducing 

additional distortion and requiring post-DSP for recovery. The 

time-interleaved photonic ADC, whose principle is the same 

as an equivalent-time (or relative-time) sampling oscilloscope, 

implements the time-interleaving process in the optical 

domain. Like a sampling oscilloscope, the time-interleaved 

photonic ADC only works for periodic signals. However, it 

can also be effectively used for eye diagram analysis of real 

data signals. Completing the time-interleaving process 

requires a uniform time delay between optical taps, which can 

be achieved through, e.g., a multi-core fiber with a tunable 

laser [1]. However, the total number of taps is constrained by 

the number of cores in such fibers. Another solution involves 

utilizing an OFC source and a linear dispersive medium, such 

as optical fiber. OFC-based solutions can provide more taps 

than multi-core fibers. Moreover, an increased number of taps 

can reduce the clock frequency requirements prior to time-

interleaving, potentially enabling the sampling unit to operate 

below the Nyquist rate. The last type of photonic ADC 

involves optical heterodyne detection [18]. By modulating the 

input signal onto an optical carrier and beating it with an 

optical local oscillator (LO), the input signal is down-

converted into an intermediate frequency (IF), which can then 

be easily detected by a conventional ADC. However, the 

optical carrier and LO must meet three requirements to ensure 

the accuracy of detection: 

A 

This article has been accepted for publication in Journal of Lightwave Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JLT.2025.3586999

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: National Research Council Canada. Downloaded on September 08,2025 at 15:50:42 UTC from IEEE Xplore.  Restrictions apply. 



2 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1525 1530 1535 1540
-70

-60

-50

-40

-30

-20

P
o

w
e

r 
(d

B
m

)

Wavelength (nm)

11.2 nm, 58 comb lines, ~0.2 nm FSR
3 dB

(a)
(b)

(c)

(d) (e)

 

Fig. 1 (a) schematic of QDash laser, (b) scanning electron microscopy of the five InAs QDash layers, (c) the optical spectrum of 

QDash laser at 400 mA and 23 °C, (d) the RIN and (e) phase noise of the QDash laser [19]. 

1. contain minimal intensity noise, 

2. exhibit constant and stable frequency spacing, and 

3. be phase locked. 

The first two conditions pose no challenge for a pair of 

continuous-wave (CW) lasers, widely used in optical coherent 

communications [20]. However, achieving the third condition, 

essential for recovering phase information without DSP, is 

unattainable with a pair of CW lasers [21]. Hence, an OFC 

source becomes necessary. 

In this paper, we present a programmable and 

reconfigurable MWP system that can be used to implement 

two photonic ADCs, one time-interleaved and one heterodyne. 

The time-interleaved ADC boosts the sampling rate through 

optical tap interleaving, while the heterodyne ADC down-

converts signals in the optical domain, optimizing bandwidth 

and ADC sampling. Both systems achieve an effect number of 

bits (ENOB) of 6 to 11, efficiently handle diverse waveforms 

and high-frequency signals, including IEEE V-band, and 

support real-time detection, proving their effectiveness for 

advanced communication systems. 

II. QUANTUM DASH MODE-LOCKED LASER 

The OFC source used in this paper is a quantum dash (QDash) 

mode-locked laser (MLL), whose layout is illustrated in Fig. 1 

(a); Fig. 1 (b) is the scanning electron microscopy of the cross 

section. The active region comprises five stacked InAs QDash 

layers and lattice-matched In0.816Ga0.184As0.392P0.608 (1.15Q) 

barriers. Further details regarding the material growth of the 

QDash can be found in [22]. Utilizing a Fabry–Perot cavity, 

the output of the QDash laser is as a set of OFC lines with a 

free spectral range (FSR) of 25 GHz (~0.2 nm) in the C-band, 

as depicted in Fig. 1 (c). A noteworthy aspect of this MLL is 

its flat gain, yielding a quasi-flat comb spectrum over a 3-dB 

bandwidth of 11.2 nm. Additional details and discussions 

regarding the profiles of this QDash laser are available in 

[19,23,24]. 

For the time-interleaved photonic ADC, the phase 

performance of the QDash OFC source is not crucial; instead, 

a constant and stable FSR is required. After propagation 

through fiber, any instability in the FSR (drift) leads to non-

uniform time delays, causing non-uniform interleaving. The 

maximum FSR drift of our QDash laser is less than ±50 kHz 

[19], which is negligible compared to its 25 GHz FSR. 

Additionally, a flat comb spectrum is mandatory for time-

interleaved photonic ADCs, and this is a key feature of the 

QDash laser. In comparison to other non-flat OFC sources, 

such as micro-ring resonators [25], the comb shaping process 

is both easier and more energy efficient, because the comb 

lines do not need to be flattened relative to that having the 

lowest power. For the heterodyne photonic ADC, as the name 

suggests, the principle is based on optical heterodyne detection 

(or beating). Therefore, the OFC requirements are similar to 

those in optical coherent communications [20] and 

RF/mmWave over fiber systems [26–29]. Although the 

relative intensity noise (RIN) is just −132.1 dB/Hz across 

selected modes and −171.8 dB/Hz for the whole spectrum 

shown in Fig. 1 (d) [19], it does not really affect the MWP 
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systems since the dominated amplitude noise in MWP systems 

is the amplified spontaneous emission (ASE) noise of optical 

amplifier. Instead, the phase noise characteristics are more 

important for photonic ADCs. As shown in Fig. 1 (e) whose 

frequency axis is normalized to the frequency of the beating 

tone (25 GHz), the QDash laser exhibits low phase noise and a 

narrow RF beating linewidth (mean value: 6.5 kHz). And the 1 

ps wide full width at half-maximum (FWHM) suggests that all 

comb lines phase-locked [23]. The measured power drift 

across all comb lines is less than 0.1 dB, ensuring that both 

amplitude and phase information of the input signal are 

accurately recovered.  

The motivation for using a QDash MLL as opposed to 

other OFC sources depends on the specific requirements of 

photonic ADCs discussed in this paper. Firstly, time-

interleaved photonic ADCs demand as many flat comb lines as 

possible. In contrast, heterodyne photonic ADCs require only 

three comb lines but necessitate phase-locking characteristics. 

Among other OFC sources, ring-resonator-based OFC sources 

can generate flat comb spectra. While a well-controlled CW 

laser array or cascaded electro-optic modulator (EOM)-based 

OFC sources can also produce flat spectra, each comes with 

limitations. Achieving phase-locking with a CW laser array is 

highly challenging. Although cascaded EOM-based OFC 

sources can achieve phase-locking, they require a series of 

phase-locked RF/mmWave signal sources. In comparison, 

QDash MLL inherently satisfies all the critical requirements 

for both time-interleaved and heterodyne photonic ADCs, 

making it the optimal choice for the multifunctional photonic 

ADC applications demonstrated in this paper. 

III. PRINCIPLES, RESULTS, AND DISCUSSION 

A. System setup 

Both the time-interleaved photonic ADC and the heterodyne 

photonic ADC can be implemented using the same 

experimental setup illustrated in Fig. 2. As a programmable 

and reconfigurable system, it can switch between the time-

interleaved and heterodyne photonic ADC modes without 

major modifications. The 3 km SSMF (Corning SMF28, 

D=17ps/(km·nm)) and a tunable filter are arranged in parallel, 

and their selection is controlled by a pair of imaginary optical 

switches. Please note that the optical switches are imaginary 

because we simply replace the fiber by the filter in 

experiment. When both switches are set to the top position, the 

3 km SSMF is connected, giving an approximate 10 ps delay 

for adjacent comb lines (i.e., with spacing of 0.2 nm) and 

enabling the system to operate as a time-interleaved photonic 

ADC. Conversely, when the switches are set to the bottom 

position, only the optical bandpass filter is connected, and the 

system functions as a heterodyne photonic ADC. Another 

difference between the time-interleaved and heterodyne 

photonic ADC setups lies in the comb shaping, controlled by 

the waveshaper (Finisar WS 16000, a programmable optical 

filter). For heterodyne ADC, the role of the waveshaper is 

limited to selecting three comb lines and compensating for the 

power differences among them. For time-interleaved photonic 

ADC, the waveshaper first compensates for the flatness error 

within the 3 dB flatness region, and then sequentially sweeps 

across the entire spectrum to isolate one comb line during each 

sweep. 

The waveforms under test are generated by an arbitrary 

waveform generator (AWG, Keysight M9502A) while the 

sampling process is completed using a real-time oscilloscope 

(Tektronix DPO73304SX). Finally, it is important to note that 

all the results presented in this paper are DSP-free, i.e., no 

adaptive algorithms nor equalization are used to recover the 

received signal. Only some simple lowpass and bandpass filter 

are applied.  
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Fig. 2 Experimental setup of photonic ADCs. QDash: quantum dash laser, TEC: thermoelectric cooler, PC: 

polarization controller, MZM: Mach-Zehnder modulator, SSMF: standard single mode fiber, EDFA: Erbium-

doped fiber amplifier, OSA: optical spectrum analyzer, AWG: arbitrary waveform generator and RTO: real-

time oscilloscope 

This article has been accepted for publication in Journal of Lightwave Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JLT.2025.3586999

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: National Research Council Canada. Downloaded on September 08,2025 at 15:50:42 UTC from IEEE Xplore.  Restrictions apply. 

k—
i

A i A



4 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

B. Time-interleaved photonic ADC 

This section discusses our time-interleaved photonic ADC, 

whose principle is the same as a sampling oscilloscope. 

Therefore, all waveforms used in this section are periodic, and 

they are not detected in real-time. Fig. 3 illustrates the time-

interleaving principle using two comb lines. After modulating 

the comb lines with the sinusoid, the two waveforms (red and 

black traces or dots) are overlapped as in Fig. 3 (a). Then, after 

propagating through the 3 km SSMF, the waveform of one 

comb line is shifted by 10 ps relative to the other, see Fig. 3 

(b). Please note that there is an artificial amplitude shift 

between the red and black lines in Fig. 3 (b) to show them 

separately and clearly. Once the arbitrary amplitude shift is 

removed, time-interleaving is very clear, i.e., each red dot is 

located exactly in the middle of two adjacent black dots, as 

illustrated in Fig. 3 (c). All operations above are completed by 

controlling all equipment with MATLAB automatically. With 

such high efficiency operation, more complex waveform can 

be demonstrated. 

Next, we evaluate the effect number of bits (ENOB) of this 

photonic ADC. By sweeping with a standard sinusoid, the 

ENOB of our photonic ADC is shown in Fig. 4 (a) with 

different clock frequencies, where their equivalent sampling 

rates are the same. Please note that the original sampling 

frequency of all signals in Fig. 4 (a) is 50 GHz, and different 

sampling frequencies are obtained by down-sampling. The 

ENOB is calculated based on: 

𝐸𝑁𝑂𝐵 =
𝑆𝐼𝑁𝐴𝐷 − 1.76

6.02
 

Note: 6.02 ≈ 20 ∙ 𝑙𝑜𝑔
10

(2), 1.76 ≈ 10 ∙ 𝑙𝑜𝑔
10

(3/2) 

(1) 

where the signal-to-noise and distortion ratio (SINAD) is 

calculated in MATLAB based on the power spectral density of 

the recovered signal. The best ENOB we achieved is 11. The 

ENOB here is limited by the white noise in the optical system 

since our system is DSP free. In each line, the sampling 

frequency is constant. Hence, an increase in frequency of the 

input signal leads to a decrease in the over-sampling ratio. 

Therefore, the ENOB decreases as the frequency increases. 

Although the results in Fig. 3 and Fig. 4 (a) demonstrate 

the functionality of our system with standard sinusoids, 

verifying its efficacy with arbitrary signals is imperative. We 

now use more complex waveforms to demonstrate further the 

capability of our system. Also, the time-interleaved ADC only 

needs to ensure that the sampling frequency after interleaving 

(called equivalent sampling frequency later) meets the Nyquist 

sampling theory, which suggests that the clock frequency can 

be lower than the Nyquist frequency. Some results in Fig. 4 (a) 

already show that, but they are obtained based on down-

sampling. To enhance the persuasiveness of our results, we 

physically set the clock frequency of the RTO at 3.125 GHz 

(50/16, where 50 GHz is the fundamental frequency) and use 

32 comb lines for time-interleaving. The waveform under test 

this time is a 4 GHz asymmetric sinusoid (see the red 

reference in Fig. 4 (b)). With an RTO sampling frequency of 

3.125 GS/s, all samples before time-interleaving suffer 

distortion because of aliasing, as plotted in the black square 

marks in Fig. 4 (b). Nevertheless, with the help of the 32 comb 

lines, a time-interleaved waveform sampled at 100 GS/s can 

be still recovered, as illustrated in Fig. 4 (c). This result proves 

that even if the signal already suffers aliasing while sampling, 

the photonic ADC can still recover the original waveform.  

The signals demonstrated in Fig. 3 and Fig. 4 are all 

discrete in the frequency domain. In telecommunications, all 

applied signals are continuous in the frequency domain. Hence, 

we continue to test an even more complex waveform, and in 

particular one where the frequency spectrum is not discrete, 

such as a chirped sinusoid. Here, the waveform under test is a 

chirped sinusoid with center frequency 3 GHz. In Fig. 5 (a), 

we first capture the chirped sinusoid with a 50 GHz sampling 

frequency. Then, down-sampling to 2 GS/s is applied to the 

captured signal. After interleaving with 50 comb lines, the 

signal is recovered with an equivalent sampling frequency of 

100 GS/s. The frequency of the input signal linearly varies 

from 1 to 5 GHz repeatedly, as shown in Fig. 5 (c and d). Fig. 

5 (c) presents the chirp spectrogram of the reference signal 

(red dashed line in Fig. 5 (a and b)), and Fig. 5 (d) shows the 

case with black dots. Finally, we physically set the sampling 

frequency to 3.125 GS/s to demonstrate that the photonic 

ADC can still function correctly. The results are shown in Fig. 

5 (b and e). Please note that the reference signal in Fig. 5 (b) is 

obtained from Fig. 5 (a) and manually aligned with the signal 

because the original reference in Fig. 5 (b) already suffered 

distortion. 
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Fig. 3 A demonstration of the principle of time-interleaving process. (a) raw data before time-interleaving, (b) during the time-

interleaving, and (c) after time-interleaving process. 
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Fig. 4 Experiment results of photonic time-interleaved ADC for (a) ENOB of time-interleaved photonic ADC, (b) a 4 GHz 

asymmetric sinusoid sampled at 3.125 GHz and (c) the same asymmetric sinusoid after time-interleaving. 
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Fig. 5 Experiment results of photonic time-interleaved ADC for chirped sinusoid (a) detected with 50 GHz sampling frequency 

and down-sampling, (b) detected with sampling frequency 3.125 GHz, (c-e) chirp analyzes for all signals in (a and b). 

 

C. Heterodyne photonic ADC 

The motivation of heterodyne photonic ADC is reducing the 

requirement of the bandwidth of the PD and the clock 

frequency of the sampling unit. The time-interleaved photonic 

ADC can only reduce the requirement of the sampling 

frequency. But the heterodyne photonic ADC can improve 

both. The principle of the heterodyne photonic is plotted at the 

top right of Fig. 2. Usually in conventional MWP systems, the 

maximum input RF frequency should be lower than half of the 

FSR to prevent cross-talk between taps [28]. However, the 

heterodyne photonic ADC diverges from this convention; 

instead, we make use of the cross-talk. As depicted in the top-

right corner of Fig. 2, after modulating the RF signal onto the 

taps, the sideband of each tap is located near its neighboring 

taps. Consequently, if we solely detect the frequency 

components near the central taps (highlighted in grey), which 

are isolated by an optical bandpass filter, the input RF signal 

will be down-converted into an IF signal whose frequency is 

determined by 

 𝑓𝐼𝐹 = |𝑓𝐼𝑁 − 𝑁 ∙ 𝐹𝑆𝑅|, 𝑁 ≥ 1 (2) 

where fIN is the frequency of the input signal, N is an integer. 

In this paper, we only discuss the case when N=1. The 

significance of 𝑁 is in isolating one comb line from every 𝑁 

comb lines using the waveshaper. This selection is predicated 
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on ensuring that the input frequency and 𝑁 satisfy the 

following condition: 

 0.5 ∙ 𝑁 ∙ 𝐹𝑆𝑅 < 𝑓
𝐼𝑁

< 0.5 ∙ (𝑁 + 2) ∙ 𝐹𝑆𝑅 (3) 

Hence, for signals within the 5G New Radio (NR) band, N=1 

is the optimal choice. Moreover, for higher frequency signals, 

such as THz signals, our system exhibits potential for down-

conversion, given that the maximum N in our system can 

reach 58/3≈19, where 58 is the total number of flat comb lines 

of the QDash laser, and the heterodyne photonic ADC requires 

3 comb lines. 

During the experiment, the RF/mmWave signal is 

generated by an AWG with a maximum output frequency of 

32 GHz. To showcase the state-of-art of our photonic ADC, 

which obviates the need for a wide-bandwidth PD, we 

introduce a 7.5 GHz low-pass filter to restrict the bandwidth of 

the PD. The output signal is directly captured by a RTO. 

Notably, there is no synchronization between the RTO and 

AWG, and no DSP is applied for optimization. The aim is to 

demonstrate the real-time capability of the system without 

relying on DSP. 

We initially evaluate the performance of our heterodyne 

photonic ADC using the ENOB. According to Eq. (2), there 

are two scenarios to consider: when the input frequency is 

either greater than or less than the FSR (25 GHz). The ENOB 

is measured using a tunable frequency sinusoidal input from 

18 to 32 GHz, and the results are depicted in Fig. 6 (a). In this 

figure, the reference is obtained by directly connecting the 

AWG and the RTO, with the frequency sweep based on the 

down-converted frequency (i.e., fIF in Eq. (2)). For input 

frequencies below 25 GHz, the ENOB of our photonic ADC 

closely matches the reference, indicating that the ENOB is 

limited by the performance of the AWG and RTO. However, 

for RF frequencies exceeding 25 GHz, the ENOB degrades. 

This degradation is attributable to the input frequency 

approaching the maximum bandwidth of our MZM. 

Additionally, the Nyquist sampling theory is applicable only 

to the received signal frequency(fIF). This indicates that the 

ADC's sampling rate can be lower than the Nyquist rate of the 

input signal. To validate this concept, we varied the RTO's 

sampling rate from 100 GS/s to 12.5 GS/s, with the results 

presented in Fig. 6 (b). This figure illustrates the case where 

the input frequency is below 25 GHz. The maximum ENOB 

achieved was 11. Remarkably, even with a sampling rate of 

only 12.5 GS/s, our system maintained an ENOB greater than 

5 while detecting signals in the 18-24 GHz range. 

The ENOB results in Fig. 6 are all based on sinusoidal 

inputs. To demonstrate the applicability of our system for 5G 

communication signals, results with complex signals are 

required. Unlike the time-interleaved photonic ADC, the 

heterodyne photonic ADC can support real-time detection. In 

other words, no trigger is required, enabling us to directly 

process telecommunication signals. Here, we utilized the 

photonic ADC to detect a 23 GHz signal with a 1 GHz 

bandwidth for various modulation formats, including on-off 

keying (OOK), 4-level pulse-amplitude modulation (PAM4), 

and binary phase-shift keying (BPSK). The results are 

presented in Fig. 7. Due to the limitation of space, we only 

show eye-diagrams here, and more details including time-

domain waveforms, spectra, and eye-diagrams with different 

sampling frequency are available in Supplementary Materials. 

Please note that all Q factors in this paper are unitless (not dB 

scale). In each set of results, we first show the time domain 

waveforms of the received (down-converted) signals, with 

highlight marks on all 4-power levels of PAM4 signals and the 

phase shift of π for BPSK signals. Next, the electrical spectra 
of the transmitted (Tx) and received (Rx) signals are 

illustrated. Due to the beating between the three comb lines, 

the Tx signal at 23 GHz is down-converted to 2 GHz. 

Benefiting from the stability of the FSR as well as the good 

phase noise performance, and the received eye diagram does 

not exhibit significant timing jitter nor phase error. Finally, 

since the frequency of the received signal is just 2 GHz, it is 

possible to reduce the sampling frequency from 100 GS/s to 

12.5 GS/s (for OOK) or 25 GHz (for BPSK and PAM4) 

without indicates any distortion, and there is only a <1.5 

penalty in the Q factor. 
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Fig. 6 Experimental results of (a) ENOB of the heterodyne 

photonic ADC with different input frequencies, where the 

sampling frequency is 100 GS/s. (b) ENOB of the photonic 

ADC with different sampling frequency where the x-axis is 

the down-converted frequency. 
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Fig. 7 (a) Received eye-diagram of a 23 GHz, 1 GHz bandwidth OOK signal, (b) the same signal as (a) but detected with 

sampling frequency of 12.5 GHz. (c) received eye-diagram of a 23 GHz, 1 GHz bandwidth PAM4 signal, and (d) received eye-

diagram of a 23 GHz, 1 GHz bandwidth BPSK signal. The sampling frequency of (a, c and d) is 100 GS/s 

 

D. Discussion and future work 

Both photonic ADCs can significantly reduce the clock 

frequency requirement of the sampling unit, with the sampling 

frequency even falling below the Nyquist rate of the input 

signal. The heterodyne photonic ADC is specifically designed 

for the demodulation of RF/mmWave signals and supports 

real-time detection. However, it cannot recover the original 

signal’s frequency, as the detected signal has been down-

converted. On the other hand, the time-interleaved photonic 

ADC can recover the original frequency, but the results are 

relative to time. Additionally, the bandwidth requirements of 

the time-interleaved photonic ADC are higher than those of 

the heterodyne photonic ADC. Fortunately, the 

programmability of the MWP system allows for switching 

between time-interleaved and heterodyne photonic ADC 

modes to adapt to different situations. Finally, the heterodyne 

photonic ADC has demonstrated its capability to detect a 1 

GHz bandwidth mmWave signal, indicating its potential 

application for 5G OFDM signal detection. This idea has been 

validated through simulations using OptiSystem, and 

experimental implementation is planned in our future work. 

IV. CONCLUSION 

This paper presents two photonic ADCs designed for RF and 

mmWave signals. The time-interleaved photonic ADC 

multiplies the equivalent sampling rate by interleaving with 

optical taps, enabling operation with clock frequencies below 

the Nyquist rate. The heterodyne photonic ADC optimizes the 

bandwidth requirements of the PD and the sampling frequency 

of the ADC by down-converting the input signal into an IF 

signal in the optical domain. These two photonic ADCs 

achieve an ENOB ranging from 6 to 11 across the operating 

frequency range. They perform well with various waveforms, 

and the heterodyne photonic ADC even supports real-time 

detection. Additionally, these photonic ADCs have the 

potential to detect higher frequency signals, such as those in 

the IEEE V-band, and to accommodate more complex 

modulation formats, indicating their applicability in modern 

communication systems. Furthermore, these two photonic 

ADCs are implemented using the 58 flat and phase-locked 

comb lines generated by the QDash MLL. In the time-

interleaved photonic ADC, the input RF signal must be 

duplicated across all comb lines, necessitating a flat comb 

spectrum. The large number of comb lines significantly 

reduces the clock frequency requirements of the sampling unit. 

At the same time, the phase-locking characteristics of the OFC 

lines enable the heterodyne photonic ADC to operate without 

the need for DSP. Additionally, the extensive number of comb 

lines allows the system to achieve higher operational 

frequencies in the future. Since the QDash laser satisfies all 

the critical requirements, these two photonic ADCs can be 

implemented in the same setup, and the length of the fiber is 

the only modification to switch functions. The successful 

implementation and testing of these photonic ADCs highlight 

their feasibility and effectiveness for advanced signal 

processing applications. Their capability to handle high-

frequency signals and complex modulation schemes makes 
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them promising candidates for integration into future 5G and 

beyond communication systems. Further research and 

development could enhance their performance and broaden 

their range of applications, solidifying their role in the 

evolution of photonic signal processing technologies.  
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