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Abstract: Microwave transversal filters, which are implemented based on the transversal filter structure in 

digital signal processing, offer a high reconfigurability for achieving a variety of signal processing functions 

without changing hardware. When implemented using microwave photonic (MWP) technologies, also known 

as MWP transversal filters, they provide competitive advantages over their electrical counterparts, such as low 

loss, large operation bandwidth, and strong immunity to electromagnetic interference. Recent advances in 

high-performance optical microcombs provide compact and powerful multi-wavelength sources for MWP 

transversal filters that require a larger number of wavelength channels to achieve high performance, allowing 

for the demonstration of a diverse range of filter functions with improved performance and new features. Here, 

we present a comprehensive performance analysis for microcomb-based MWP spectral filters based on the 

transversal filter approach. First, we investigate the theoretical limitations in the filter spectral response 

induced by finite tap numbers. Next, we analyze the distortions in the filter spectral response resulting from 

experimental error sources. Finally, we assess the influence of input signal’s bandwidth on the filtering errors. 

These results provide a valuable guide for the design and optimization of microcomb-based MWP transversal 

filters for a variety of applications. 

Keywords: integrated optics; optical microcombs; microwave photonics; transversal filters 

 

1. Introduction 

Microwave filters are widely used in telecommunication and radar systems to selectively pass 

or reject specific frequency components of microwave signals [1,2]. Compared to conventional 

microwave filters that rely on electronic devices and hence suffer from limited operation bandwidths, 

microwave photonic (MWP) filters leverage optical filters with broad operation bandwidths to 

process high-bandwidth microwave signals that are modulated onto optical carriers. This can not 

only overcome the electrical bandwidth bottleneck, but also offer other attractive advantages 

including low loss, strong immunity to electromagnetic interference, fast tunability, and high 

flexibility in filter design [3,4]. 

To implement MWP filters, there are primarily two approaches. The first approach involves 

directly mapping the response of optical filters onto the electrical domain. Examples of this approach 

include MWP filters based on passive optical filters (such as mirroring resonators [5–8]) and 

stimulated Brillouin scattering in waveguides [9–11]. The second approach involves synthesizing the 

desired filter response based on a digital filter structure known as the transversal filter structure [12–

15], where weighted and progressively delayed replicas of the input microwave signal are generated 

at different wavelength channels and then combined upon photo-detection [16]. MWP filters 

implemented based on the transversal filter structure are commonly referred to as MWP transversal 

filters. These filters enable the realization of reconfigurable transfer functions that can be engineered 

to achieve a wide range of functions including signal generation [17–19], signal computing [20–25], 

and advanced adaptive and dynamic spectral filtering [14,15,26–29]. 

To achieve high-performance MWP spectral filters using the transversal filtering approach, a 

large number of wavelength channels are required to serve as discrete taps. In Table 1, we summarize 
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and compare the MWP transversal filters that have been demonstrated. Although bulky and power-

hungry discrete laser arrays [30,31] and fiber Bragg gratings [12,32–36] have been used to generate 

multiple optical channels to supply the needed taps, they suffer from limited available tap numbers 

due to the significantly increased system size, power consumption, and complexity that come with a 

large tap number. To provide more taps, laser frequency combs (LFCs) generated by electro-optic 

(EO) modulation [37–39] and mode-locked fiber lasers have been employed [40,41], but they still face 

limitations in terms of operation bandwidth that is intrinsically constrained by their small comb 

spacings. Recently, optical microcombs [42,43], which are LFCs generated by micro-scale resonators, 

offer distinct advantages over traditional multi-wavelength sources for MWP transversal filters, as 

they can provide a larger number of discrete wavelengths while also having a compact device 

footprint [20,22,44]. Recently, many microcomb-based MWP transversal filters have been 

demonstrated [14,15,27–29], which have realized a variety of filter functions with improved 

performance and new features compared to conventional MWP transversal filters.  

Table 1. Comparison of state-of-the-art MWP transversal filters. CW: continuous wave. AOTF: 

acousto-optic tunable filter. FBGs: fiber Bragg gratings.  LPF: low-pass filter. BPF: band-pass filter. 

HPF: high-pass filter. BSF: band-stop filter. EO: electro-optic. 

Source for generating multiple  

optical channels 

Channel 

spacing (GHz)a) 

Tap 

number 
Filter shape Year Ref. 

Discrete laser array ~375 4 BPF 2003 [30] 

A broadband optical source + 

AOTF 
~725 – ~1500 2 LPF 2004 [31] 

A CW laser + FBGs array ~375 2 BPF 1995 [12] 

A CW laser + FBGs array N. A. b) 16 BPF 2000 [32] 

A CW laser + FBGs array N. A. b) 8 BPF 2000 [33] 

A broadband optical source + 

FBGs 
~150 and ~81 4 LPF 2002 [34] 

A broadband optical source + 

FBGs 
~51 8 LPF 2005 [35] 

Discrete laser array + FBGs ~588 4 LPF, BPF 2008 [36] 

EO combs ~10 30 BPF 2010 [37] 

EO combs ~10 ‒ c) BPF 2012 [38] 
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EO combs ~25 32 BPF 2016 [39] 

Mode-locked fiber lasers 5 – 10 ‒ c) BPF 2006 [40] 

Mode-locked fiber lasers ~18 ‒ c) BPF 2019 [41] 

Optical microcombs ~231 21 BPF 2014 [26] 

Optical microcombs ~200 19 ‒ 21 
LPF, HPF, 

BPF, BSF 
2018 [27] 

Optical microcombs ~49 80 LPF, BPF 2019 [14] 

Optical microcombs ~49 80 BPF 2019 [15] 

Optical microcombs ‒ d) ‒ c) BPF 2020 [28] 

Optical microcombs ~180 8 BPF 2022 [29] 

a) Here we compare the spacings between adjacent wavelength channels in the optical spectra.  

b) Here only a single wavelength was employed, and the multiple optical channels were generated 

by using an optical splitter and an FBGs array.  

c) All the generated comb lines were employed without using optical spectral shapers.  

d) The channel spacing and tap number were multiplied by triggering a microring resonator with 

a free spectral range of ~104 GHz to generate a single soliton, two solitons, and soliton crystals.  

As mentioned, microcomb-based MWP transversal filters can be used for both spectral filtering 

and temporal signal processing [20,21,45,46]. Recently, we evaluated the performance of temporal 

signal processors such as differentiators, integrators, and Hilbert transformers [47]. In this paper, we 

provide a detailed analysis for the performance of MWP spectral filters, specifically low-pass, band-

pass, and high-pass filters. Our aim is to explore the impact of several factors on the filter performance, 

including theoretical limitations resulting from finite tap numbers, experimental component 

imperfections, and the bandwidths of the signals being filtered. First, we analyze the theoretical 

limitations on the filter spectral response induced by finite tap numbers, including resolution, roll-

off rate, and main-to-secondary sidelobe ratio. Next, we investigate the distortions in the filter 

response resulting from experimental error sources, including noise of the microcomb, chirp in the 

EO modulator, third-order dispersion in the dispersive module, shaping errors of the optical spectral 

shaper, and noise of the photodetector. Finally, we assess the deviations of the filter outputs for input 

signals with varying bandwidths. These results provide a useful reference for designing and 

optimizing the performance of MWP spectral filters based on optical microcombs. 

2. Theory and principle 

Microwave transversal filters are widely employed in digital signal processing for a broad range 

of signal processing applications [45–48]. Implementing them using photonic technologies and 

hardware can effectively address the electrical bandwidth limitations and provide substantially 

improved operation bandwidths [21,47]. The general schematic and processing flow of a MWP 

transversal filter are shown in Figure 1. To construct such a system, a light source capable of 
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generating multiple wavelengths as discrete taps is required. The input microwave signal is multicast 

onto all wavelengths by utilizing an EO modulator. Subsequently, a dispersive module introduces 

time delays between adjacent wavelength channels by delaying the modulated optical replicas. The 

optical spectral shaping module then assigns specific weights to the delayed replica in each 

wavelength channel. Finally, the weighted and delayed replicas are combined through 

photodetection, generating the output microwave signal.    

 

Figure 1. General schematic and processing flow of a microwave photonic (MWP) transversal filter. 

EO modulator: electro-optic modulator. PD: photodetector.   . 

In order to achieve high performance for MWP transversal filters, a substantial number of 

discrete wavelengths, or taps, are required. Conventional MWP transversal filters typically 

implement the multi-wavelength source shown in Figure 1 using bulky and power-hungry discrete 

laser arrays [31,49], Bragg grating arrays [12,33], or optical frequency combs generated by EO 

modulation [50,51]. These approaches impose significant limitations on the number of taps available 

for the MWP transversal filter system. In contrast, using a single micro-scale resonator with a high 
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optical nonlinearity and a low loss can simultaneously generate a large number of discrete 

wavelengths [52], which can bring significant benefits in reducing the system size, complexity, and 

power consumption [43,45].  

Figure 2 illustrates the conceptual diagram for optical microcomb generation in a microring 

resonator (MRR). The MRR, which has both a high optical nonlinearity and a high quality (Q) factor, 

is pumped by a high-power continuous-wave (CW) light source near a resonance, resulting in the 

generation of multiple equally spaced wavelengths at the output. The generation of optical 

microcombs is based on optical parametric oscillation (OPO), where the parametric gain is provided 

by the nonlinear optical processes, such as χ(2) or χ(3) processes [46,53,54]. The cavity where OPO 

occurs should have both low linear and nonlinear loss to ensure that the gain is sufficient to overcome 

the cavity loss and sustain the oscillation [55,56]. 

 

Figure 2. Conceptual diagram of optical microcomb generation in a microring resonator (MRR). 

Similar to filters in digital signal processing, microcomb-based MWP transversal filters have a 

finite impulse response. The spectral transfer function of a MWP transversal filter can be given by 

[57] 

 H(ω) = ∑ ane-jωnΔtM-1
n=0  (1) 

where M is the tap number, an (n = 0, 1, 2, …, M-1) is the tap coefficient of the nth tap, and Δt is the 

time delay between adjacent wavelength channels, which can be further expressed as 

 Δt = Δλ × L × D2 (2) 

where ∆λ is the spacing between the adjacent comb lines, L is the fiber length, and D2 is the second-

order dispersion (SOD) parameter of the dispersive module. As MWP transversal filters have a finite 

impulse response, they exhibit a periodic spectral response, and their free spectral range (FSR) can 

be calculated by: 

 FSRMW = 
1

Δt
 (3) 

As can be seen from Eq. (1), by designing the tap coefficients an (n = 0, 1, 2, …, M-1) through 

comb shaping, different filter shapes can be achieved without changing the hardware. As a result, 

microcomb-based MWP transversal filters have a high level of reconfigurability, which makes them 

well-suited for the implementation of advanced adaptive and dynamic MWP filters. 

Figure 3 shows a schematic illustrating the experimental implementation of a microcomb-based 

MWP transversal filter, which is comprised of two modules, including a microcomb generation 

module and a transversal filter module. The microcomb generation module generates optical 

microcombs based on the principle shown in Figure 2 to provide multiple equally spaced 

wavelengths for the subsequent transversal filter module, which performs the processing flow 

illustrated in Figure 1. A spool of single-mode fiber (SMF) and an optical spectral shaper (OSS) are 

employed as the dispersive and optical spectral shaping modules in Figure 1, respectively. Two 
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polarization controllers (PCs) are inserted to adjust the polarization of light passing through 

polarization-sensitive devices like the MRR and EO modulator. To divide all wavelength channels 

into two groups and introduce a phase difference of π between them, a balanced photodetector (BPD) 

is used to connect the two complementary output ports of the OSS. This allows for the creation of 

both positive and negative signs of the tap coefficients.  

 

Figure 3. Experimental implementation of a microcomb-based MWP transversal filter. EDFA: erbium-

doped fiber amplifier. PC: polarization controller. MRR: micro-ring resonator. OSS: optical spectral 

shaper. EO modulator: electro-optic modulator. SMF: single-mode fiber.  BPD: balanced photo 

detector. MW: microwave. 

3. Results and discussion 

The spectral response of microcomb-based MWP transversal filters in Eq. (1) is influenced by 

both theoretical limitations and experimental system errors. The former is caused by the finite tap 

number, which limits the filter spectral response with respect to resolution, roll-off rate, and main-

to-secondary sidelobe ratio. The latter refers to distortions in the filter response caused by the 

imperfect response of experimental components in Figure 3, most notably those arising from the 

noise of microcomb, chirp of the EO modulator, TOD of SMF, OSS shaping errors, and BPD noise. In 

addition to the limitations in the filters’ spectral response mentioned above, in practical signal 

filtering the system’s limited operation bandwidth can also introduce additional errors when filtering 

wideband signals. In this section, we will provide a thorough analysis of the above factors on the 

performance of microcomb-based MWP transversal filters. In Section 3.1, we will investigate the 

theoretical limitations in the filter response that arise from finite tap numbers. In Section 3.2, we will 

analyze the distortions in the filter spectral response due to the imperfect response of experimental 

components. In Section 3.3, we will assess the influence of limited operation bandwidth on the 

experimental performance of the signal filtering. We note that an on-chip microcomb-based MWP 

transversal filter comprised entirely of integrated components has also been demonstrated recently 

[29]. Our analysis and discussion also apply to it since it operates on the same principle as the filter 

in Figure 3. 

In our following analysis, we use low-pass filters (LPFs), band-pass filters (BPFs) with fcenter = 10 

GHz, and high-pass filters (HPFs) with a cut-off frequency of 10 GHz as examples to characterize the 

performance of the microcomb-based MWP transversal filter in Figure 3. These filters are designed 

based on Eq. (1) but with different tap coefficients. The tap coefficients for a LPF can be given by [14] 

 aLP, n = 1,  n = 0, 1, 2, … , M-1 (4) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1


 7 

 

which features equal weighting for different taps. Based on the LPF, a BPF can be realized by 

modifying the tap coefficients as follows [14] 

 aBP, n = aLP, n cos
f
center

πn
FSRMW

e
-
(n-b)2

2σ2 , n = 0, 1, 2, … , M-1 (5) 

where fcenter is the center frequency of the filter, and Gaussian apodization is applied to improve the 

MSSR, with σ and b denoting the root mean square width and the peak position of the Gaussian 

function, respectively. 

To achieve an HPF, R sets of tap coefficients corresponding to BPF with increasing center 

frequencies, given as aBP,n,r (r = 1, 2, …, R), are summed up together, which can be expressed as [14] 

 aHP, n = ∑ aBP, n, r
R
r=1 , n = 0, 1, 2, … , M-1 (6) 

3.1. Theoretical limitations of the filter response 

In this subsection, we analyze the theoretical limitations of microcomb-based MWP transversal 

filters resulting from finite tap numbers. We focus on evaluating three primary parameters that 

determine the filter performance, including resolution, roll-off rate (ROR), and main-to-secondary 

sidelobe ratio (MSSR). The definitions of these three parameters are provided in Table 2 For the 

analysis in this section, we assume all the components in Figure 3 have a perfect response. For 

comparison, we also assume the filters have the same comb spacing (∆λ = 0.4 nm, i.e., ~50 GHz) as 

well as length and dispersion for the SMF (L = 2.1 km and D2 = 17.4 ps/nm/km), which allow for an 

FSRMW of ~68 GHz. 

Table 2. Definitions of performance parameters of microcomb-based MWP transversal filters. 

Parameters Low-pass filter (LPF) Band-pass filter (BPF) High-pass filter (HPF) 

Resolution 3-dB bandwidth of the passband or stopband a) 

Roll-off rate  

(ROR) 

The rate at which the filter’s amplitude response changes with frequency 

Main-to-secondary 

sidelobe ratio 

(MSSR) 

The ratio between the amplitude of the main lobe and the first side lobe  

in the RF amplitude response 

a) For the LPF and BPF, the resolution is the 3-dB bandwidth of the passband. For the HPF, the 

resolution is the 3-dB bandwidth of the stopband. 

Although increasing the number of taps can improve the performance for all three types of filters 

when the comb spacing ∆λ is much larger than the input microwave signal’s bandwidth, it is 

important to note that practical MWP transversal filters are still subject to limitations induced by the 

number of taps. While microcombs with a large spectral bandwidth can provide a large number of 

taps, most components in real systems, such as the EDFA and EOM, operate within the telecom C-
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band (1530 – 1565 nm). Consequently, increasing the number of taps can only be achieved by 

reducing the comb spacing ∆λ. Nevertheless, as per the Nyquist sampling theorem, the comb spacing 

must be at least twice as wide as the bandwidth of the input RF signal to avoid overlap between 

modulated RF replicas on different wavelength channels. This implies that a narrow comb spacing 

would restrict the operation bandwidth of the filter. Thus, for practical applications, one must strike 

a proper balance between the tap number and comb spacing. In Figure 4, it can be observed that there 

is only a slight improvement in both the RORs and the MSSRs when the tap number M is increased 

beyond 80. As a result, M = 80 has been widely adopted for microcomb-based MWP transversal filters 

[14,15,27], corresponding to a comb spacing of ~0.4 nm (i.e., ~50 GHz). 

 

Figure 4. Influence of tap number on performance of (a) low-pass filters (LPFs), (b) band-pass filters 

(BPFs) with fcenter = 10 GHz, and (c) high-pass filters (HPFs) passing signals >10 GHz. In (a) ‒ (c), (i) 
shows RF response of the filters with tap numbers M = 10 – 100, (ii) ‒ (iv) shows resolutions (Res.), 

roll-off rates (RORs), and main-to-secondary sidelobe ratios (MSSRs) of the filters as a function of M, 

respectively. 

3.2. Distortions in the filter response induced by imperfect components  

In addition to theoretical limitations, the imperfect response of components in experimentally 

realized systems gives rise to discrepancies in the filter response. To characterize these, we use 

average distortion (AD) to describe the difference in the MWP transversal filter’s RF amplitude 

response with and without errors, which is defined as 

 AD = �∑ �Yi-yi
�2

k

k
i=1  (7) 
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where k is the number of sampled points, Y1, Y2, …, Yn are the RF amplitude response without error 

sources, and y1, y2, …, yn are the RF amplitude response with errors induced by imperfect sources. 

Here, we discuss the influence of different components in real systems on the response of microcomb-

based MWP transversal filters. In Sections 3.2.1 ‒ 3.2.4, we investigate the influence of specific error 

sources, assuming the other sources are error-free. In Section 3.2.5, we compare the contributions of 

the different error sources to the overall filter performance. In the analysis of this section, we assume 

that the tap number M = 80 and all the other parameters are the same as those in Section 3.1. 

3.2.1. Influence of microcomb noise 

Microcomb imperfections induce both intensity and phase noise in the wavelength channels. 

The intensity noise refers to power fluctuations of the comb lines and the intensity noise floor, which 

mainly arise from photon shot noise and spontaneous emission beat noise [58]. A consequence of 

imperfect microcombs is that the accuracy of tap coefficients is degraded, leading to a deviation from 

the ideal filter response that would result from a perfect microcomb. 

To characterize the intensity noise of microcombs, the optical signal-to-noise ratio (OSNR) is 

introduced, which is defined as the ratio of the maximum optical signal power to the noise power in 

each comb line. Figure 5(a-ⅰ) − (c-ⅰ) show the RF amplitude response of LPFs, BPFs, and HPFs, 

respectively, with varying OSNR ranging from 10 dB to ∞. The OSNR of ∞ represents the condition 

of a perfect microcomb with zero intensity noise. As the OSNR increases, the response of all the filters 

gets closer to that of the filters that would result from a perfect microcomb. We also note that the 

OSNR has a more significant influence on the response of the BFPs and HPFs.  
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Figure 5. Influence of microcombs’ intensity noise on performance of (a) LPFs, (b) BPFs, and (c) HPFs. 

In (a) ‒ (c), (i) shows RF amplitude response of the filters with different optical signal-to-noise ratios 

(OSNRs) of the comb lines and (ii) shows average distortions (ADs) from the filter response for a 

perfect microcomb (with OSNR = ∞) as a function of OSNR. 

The ADs for the three types of filters are shown in Figure 5(a-ⅰⅰ) − (c-ⅰⅰ). As expected, the 

ADs decrease with OSNR, which agrees with the trend in Figure 5(a-ⅰ) − (c-ⅰ). The OSNR induces 

small distortions (< 0.012) in the response of the LPFs, while giving rise to relatively large distortions 

for the BPFs and HPFs. The ADs exhibit a sharp decrease when the OSNRs are below 20 dB. As the 

OSNR increases, the decrease in AD becomes more gradual, and there is only a very small reduction 

(< 0.005) in AD beyond an OSNR of 20 dB for all the filters. 

On the other hand, the phase noise of microcombs, which results in a broadened linewidth, 

multiple repetition-rate beat notes, and a reduced temporal coherence [59], is difficult to 

quantitatively analyze. The microcomb’s phase noise is influenced by multiple factors, including the 

noise of the CW pump and the mechanical and thermal noise of the MRR [60,61]. Using mode-locked 

microcombs with low phase noise is crucial for achieving stable and long-term operation of 

microcomb-based MWP transversal filters. This can be accomplished through a variety of mode-

locking approaches that have been demonstrated [45,46]. 

3.2.2. Influence of the EO modulator 

In Figure 3, an EO modulator is employed to modulate the input microwave signal onto each 

wavelength channel. Due to their high modulation efficiency, large operation bandwidth, and low 

insertion loss, Mach-Zehnder modulators (MZMs) are commonly used [62]. In addition to intensity 

modulation, as the existence of an asymmetry in the electric field overlap at each electrode [63], 

experimental MZMs also result in undesired phase modulation, namely modulation chirp. In this 

subsection, we analyze the influence of modulation chirp on the filter performance. The chirp can be 

characterized by the chirp parameter defined as [64] 

α = 
γ

1
+γ

2

γ
1
-γ

2

 (8) 

where γ1 and γ2 are the voltage-to-phase conversion coefficients for the two arms of the MZM. When 

α = 0 (i.e., γ1 = −γ2), pure intensity modulation is achieved, whereas for α = ∞ (i.e., γ1 = γ2), it is pure 

phase modulation. Modulation chirp causes distortions in the optical signals after modulation, thus 

leading to distortions in the response of the filters. 

Figure 6(a-ⅰ) − (c-ⅰ) show the RF amplitude response of LPFs, BPFs, and HPFs, respectively, 

with varying chirp parameters α ranging from 0 to 1. The α = 0 corresponds to the condition of chirp-

free modulation. As α decreases, the response of all the filters approaches that of the filter with chirp-

free modulation, indicating less distortion caused by a low modulator chirp. The calculated ADs as a 

function of α are shown in Figure 6(a-ⅰⅰ) − (c-ⅰⅰ), where the ADs increase with α, showing 

agreement with the trend in Figure 6(a-ⅰ) − (c-ⅰ). The impact of modulation chirp on the filter 

response is more pronounced for the BPFs than for the LPFs and HPFs. It is worth noting that the 

modulation chirp can result in various types of distortions in the filter response, depending on the 

type of filter. For the LPFs, although the ROR is increased from 10.76 dB/GHz to 38.12 dB/GHz, the 

MSSR is degraded from 13.26 to 6.96. For the BPFs, the ROR is almost unchanged, but the MSSR is 

decreased from 64.79 to 52.9. For the HPFs, the ROR is decreased from 7.0 dB/GHz to 0.67 dB/GHz, 

and the MSSR is almost unchanged. 
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Figure 6. Influence of modulation chirp on performance of (a) LPFs, (b) BPFs, and (c) HPFs. In (a) ‒ 
(c), (i) shows RF amplitude response of the filters for different chirp parameter α and (ii) shows ADs 

from filter response for chirp-free modulation (with α = 0) as a function of α. 

3.2.3. Influence of the SMF 

In Figure 3, A spool of SMF is used as the dispersive module to introduce time delays between 

adjacent wavelength channels. The second-order dispersion (SOD) of the SMF is desired to produce 

uniform time delays, while the existence of third-order dispersion (TOD) introduces non-uniform 

time delays, hence giving rise to undesired phase errors. In this subsection, we analyze the distortions 

induced by TOD of the SMF. 

The additional non-uniform time delays of the nth tap induced by TOD can be expressed as [44] 

ΔTTOD = D3 L Δλ2
 n2 (9) 

where D3 is the TOD parameter. Figure 7(a-ⅰ) − (c-ⅰ) show the RF amplitude response of LPFs, 

BPFs, and HPFs, respectively, with varying D3 ranging from 0 to 0.2 ps/nm2/km. The D3 = 0 

corresponds to the condition of an SMF with zero TOD. For all the filters, as D3 decreases, their 

response gets closer to that corresponding to the SMF with zero TOD. This indicates decreased 

distortions in the filter response for a smaller TOD parameter. When D3 increases from 0 to 0.2 

ps/nm2/km, the MSSR for the LPFs is slightly degraded from 13.26 to 13.06. For the BPFs and HPFs, 

the RORs are decreased from 4.42 dB/GHz to 3.85 dB/GHz and from 7.0 dB/GHz to 6.39 dB/GHz, 

respectively. 
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Figure 7. Influence of SMF’s third-order dispersion (TOD) on performance of (a) LPFs, (b) BPFs, and 

(c) HPFs. In (a) ‒ (c), (i) shows RF response of the filters for different TOD parameters D3 and (ii) 

shows ADs from the filter response for an SMF with zero TOD (with D3 = 0) as a function of D3. 

Figure 7(a-ⅰⅰ) − (c-ⅰⅰ) show the ADs versus D3, where the ADs increase with D3 for all the 

filters, showing agreement with the trend in Figure 7(a-ⅰ) − (c-ⅰ). We also note that the influence 

of the TOD on the BPFs’ response is more significant as compared to the LPFs and HPFs, indicating 

that the BPFs require a higher level of phase accuracy among different wavelength channels.  

3.2.4. Influence of the optical spectral shapers and BPDs 

Here we analyze the distortions induced by the OSS and BPD in Figure 3. The OSS is employed 

to apply the designed tap weights to the delayed signals across different wavelength channels, and 

the BPD is used to sum the delayed and weighted signals and generate the microwave output. The 

OSS can induce shaping errors, which give rise to inaccurate tap weights, consequently resulting in 

distortions in the filter response. In addition, the distortions can be caused by the presence of noise 

and uneven transmission response of the BPD. 

We introduce the concept of shaping error range, which refers to the random tap weight shaping 

errors within a certain percentage range, to characterize the shaping errors of the OSS. The RF 

response of all filters is shown in Figure 8(a-ⅰ) − (c-ⅰ), respectively, with different shaping error 

ranges varying from 0% to 10%. A shaping error range of 0% represents the condition of an OSS 

without any shaping errors. As the shaping error range increases, the response for all the filters 

deviates further from an error-free OSS, suggesting an increase in the distortions caused by larger 

shaping errors of the OSS. When the shaping error range increases from 0% to 10%, for the LPFs, the 

ROR and MSSR have shown negligible differences. For the BPFs, the MSSR decreases from 64.79 to 

32.15. For the HPFs, the MSSR reduces from 73.1 to 64.79. When shaping error range increases from 

0 to 10%, the ROR and MSSR for the LPFs show insignificant differences. However, for the BPFs, the 

MSSR decreases from 64.79 to 32.15, while for the HPFs, the MSSR decreases from 73.1 to 64.79. 
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Figure 8(a-ⅰⅰ) − (c-ⅰⅰ) show the ADs as a function of the shaping error range. The ADs 

increase with the shaping error range for all the filters, which agrees with the trend in Figure 8(a-ⅰ) 

− (c-ⅰ). Moreover, it is worth noting that the impact of OSS shaping errors on the response of the 

HPFs is more significant compared to that of the LPFs and BPFs, reflecting that the HPFs require a 

higher level of shaping accuracy. 

Through using a BPD, the common-mode noise of optical signals is effectively suppressed. 

Therefore, the distortions induced by the BPD mainly stem from its limited response bandwidth and 

uneven transmission response, which causes additional tap weight errors after spectral shaping. 

Similar to the BPD, the EO modulator’s limited response bandwidth and uneven transmission 

response also give rise to tap weight errors. These tap weight errors and the OSSs’ shaping errors can 

be effectively alleviated via feedback control. We also note that, shot noise of the BPD introduces 

stochastic power fluctuations, which constrains the lowest achievable phase noise floor [65]. 

Distortions induced by this are similar to those induced by the phase noise of the microcomb and can 

be reduced by using a BPD with an improved sensitivity [66].  

 

Figure 8. Influence of OSS shaping errors on performance of (a) LPFs, (b) BPFs, and (c) HPFs. In (a) ‒ 
(c), (i) shows RF response of the filters for different shaping error ranges and (ii) shows ADs from the 

filter response for an OSS without any shaping errors (i.e., with a shaping error range = 0%) as a 

function of shaping error range. 

3.2.5. Contributions of different error sources 

Here, we analyze the contributions of the error sources discussed above to the overall distortions 

in the response of microcomb-based MWP transversal filters. Figure 9(a) – (c) show the simulated RF 

amplitude response for all three types of filters, after accounting for the distortions induced by 

different error sources including the (I) OSNR of microcombs, (II) chirp of EO modulator, (III) TOD 

of SMF, and (IV) errors of the OSS and BPD. The ideal filter response without any errors is also shown 

for comparison. Based on the measured parameters of the components in our previous experiments 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1


 14 

 

[17,22,67], the chirp parameter of the EO modulator, the TOD parameter of the SMF, and the random 

shaping error range are set to α = 0.5, D3 = 0.083 ps/nm2/km, and shaping error range = 5%, 

respectively. In our simulations, we also used the OSNRs of the comb lines of a practical microcomb 

that were measured by an optical spectrum analyzer. Consistent with expectations, the overall 

distortions in the filter response exhibit a noticeable increase as a consequence of the accumulation 

of the errors induced by the imperfect response of components mentioned above.  

To quantify the contributions of different error sources, we calculate the ADs from the results in 

Figure 9(a) − (c) and plot them in Figure 9(d). The ADs increase with the accumulation of the errors 

induced by sources I ‒ IV, showing agreement with the trend in Figure 9(a) − (c). For all the three 

filters, the main source of distortions is the EO modulator chirp. Compared to the LPF and HPF, the 

distortions of the BPF are more significantly influenced by the TOD of the SMF. In addition, the 

distortions caused by the imperfect microcomb affect the HPF more significantly than the LPF and 

BPF. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1


 15 

 

 

Figure 9. Contributions of different error sources to the overall distortions of (a) LPFs, (b) BPFs, and 

(c) HPFs. Different curves show the RF amplitude response after accumulating errors induced by 

different sources from I to IV. The ideal filter response without any errors is also shown for 

comparison. (d) Corresponding ADs for the three filters after accumulating errors induced by 

different sources from I to IV. 

3.3. Influence of signal bandwidth 

For signal filtering, according to the theory of signals and systems [68], the ideal filter output 

can be given by  
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Sout(ω) = Sin(ω) ‧ H(ω (10) 

where Sin(ω) and Sout(ω) are the input and output microwave signals in the spectral domain, 

respectively, and H(ω) is the spectral transfer function in Eq. (1). In Sections 3.1 and 3.2, we have 

analyzed the influences of both theoretical limitations and experimental system errors on H(ω). In 

practical signal filtering, the system’s limited operation bandwidth introduces additional errors when 

filtering wideband signals, thus leading to deviations between the filter output signal and the ideal 

output signal in Eq. (10). In this section, we analyze the errors introduced in microcomb-based MWP 

transversal filters when processing microwave signals with varying spectral bandwidths. 

As discussed in Section 3.2, a microcomb-based MWP transversal filter has a periodic spectral 

response due to its finite impulse response. The FSR of the spectral response is equal to the inverse 

of the time delay between adjacent wavelength channels. On the other hand, according to the Nyquist 

sampling theorem, a continuous-time signal that is bandwidth-limited requires sampling at a rate 

greater than twice its maximum frequency component to prevent aliasing. This limitation sets a 

maximum allowable bandwidth for the RF signal to be processed, which should not exceed half of 

the microcomb’s comb spacing. Therefore, the operation bandwidth of a microcomb-based MWP 

transversal filter can be expressed as:  

OBW = min {∆λ/2, FSRMW/2} (11) 

where ∆λ is the comb spacing, FSRMW is the FSR of the RF response in Eq. (3), and min {-} represents 

taking the minimum value between the two.  

Based on the physical processes of signal delay and summation in the transversal filter, 

assuming all the components in Figure 3 are error-free, the filter output can be expressed as 

Sout(ω) = IFT[sout(t)] = IFT[ ∑
M-1

n=0

ansin(t - nΔt)]  (12) 

where sout(t) and Sout(ω) are the output microwave signal in the time and spectral domain, respectively, 

sin(t) is the input microwave signal in the time domain, and IFT[-] denotes the operation of the inverse 

Fourier transform. In Eq. (12), a1,2,…,M-1 and ∆t are the designed tap coefficients and time delay in Eq. 

(1), respectively. Due to the limited operation bandwidth of an experimental system, the output 

signal calculated from Eq. (12) differs from that calculated from Eq. (10). After accounting for the 

influence of the imperfect response of real components on the tap coefficients and time delay, the 

filter output with experimental errors can be given by  

Sout'(ω) = IFT[sout'(t)] = IFT[ ∑
M-1

n=0

a'nsin(t - nΔt')]  (13) 

where sout'(t) and Sout'(ω) are the experimental output microwave signals in the time and spectral 

domain, respectively, a'1,2,…,M-1 and ∆t' are the tap coefficients and time delay with errors induced by 

the imperfect response, respectively. 

To quantify the errors in the filter outputs, the root mean square errors (RMSE) is introduced. 

Similar to the definition of AD, the RMSE is defined as [45] 

RMSE = �∑
R

r=1

(Yr – y
r
)2

R
   (14) 

where R is the number of sampled points, Y1, Y2, …, Yr are the values of ideal output signal spectra 

calculated based on Eq. (10), and y1, y2, …, yr are the values of the filter output spectra calculated 

based on either Eq. (12) or Eq. (13).  Figure 10(a-ⅰv) − (c-iv) show the calculated RMSEs for the filter 

outputs as a function of the input signal bandwidth. As expected, the RMSEs increase with the 

spectral bandwidth of the input signal for all filters, and the RMSEs for the filter outputs with 

experimental errors are higher than those for the filter outputs without experimental errors. It should 
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also be noted that when the spectral bandwidth of the input signal is larger than FSRMW / 2 = 15 GHz 

but lower than ∆λ / 2 = 25 GHz, the filter can still work but with notable inaccuracies. However, if 

the spectral bandwidth of the input signal increases beyond 25 GHz, the filter cannot function 

properly. This is because there will be aliasing between the modulated signals of adjacent wavelength 

channels due to the comb spacing being 50 GHz. This work has wide applicability to microwave 

photonic devices [69–96] based on optical microcombs [97–119] with potential applications to 

quantum optical devices [120–132] as well. 

 

Figure 10. Filter outputs of input Gaussian pulses with different spectral bandwidth for (a) LPFs, (b) 

BPFs, and (c) HPFs. In (a) – (c), (i) – (iii) show the spectra of input Gaussian pulses with spectral 

bandwidth of (i) ~5 GHz, (ii) ~15 GHz, and (iii) ~25 GHz, and corresponding filter outputs with and 

without experimental errors. The ideal outputs are also shown for comparison. (iv) shows the 

corresponding RMSEs of the filter outputs as a function of input signal bandwidth, where curves (1) 

and (2) show the results for the filter outputs without and with experimental errors, respectively. 

4. Conclusions 

In summary, we present a detailed analysis for the performance of microcomb-based MWP 

spectral filters achieved by employing a transversal filter approach, and determine how they are 

affected by theoretical limitations due to finite tap numbers, imperfect response of experimental 

components, and bandwidths of input microwave signals. We first investigate the theoretical 

limitations caused by finite tap numbers on the filter response, focusing on the filter parameters such 

as resolution, ROR, and MSSR. Next, we analyze the distortions in the filter response resulting from 

the various experimental error sources, including noise of the microcomb, chirp in the EO modulator, 
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TOD in the dispersive module, shaping errors of the optical spectral shaper, and noise of the 

photodetector. Finally, we investigate the influence of input signal bandwidth on the filtering errors. 

We investigate three types of filters including the LPFs, BPFs, and HPFs. Our results show that the 

influence of different factors varies for distinct filter shapes studied here. This work provides a useful 

guide for optimizing the performance of microcomb-based MWP transversal filters, which offer a 

high reconfigurability and enable the realization of diverse filter functions without changing the 

hardware.   

Data availability: The authors declare that the data supporting the findings of this study are available. 

Declaration of competing interest: The authors declare no competing interests. 

References 

1. J. Capmany et al., “Microwave photonics combines two worlds,” Nat. Photonics, vol. 1, no. 6, pp. 319-330, 

2007. 

2. J. Yao, “Microwave Photonics,” Journal of Lightwave Technology, vol. 27, no. 3, pp. 314-335, 2009. 

3. J. Capmany et al., “A Tutorial on Microwave Photonic Filters,” Journal of Lightwave Technology, vol. 24, no. 

1, pp. 201, 2006. 

4. Y. Liu et al., “Integrated microwave photonic filters,” Adv. Opt. Photon., vol. 12, no. 2, pp. 485-555, 2020. 

5. J. Wu et al., “Compact tunable silicon photonic differential-equation solver for general linear time-invariant 

systems,” Opt. Express, vol. 22, no. 21, pp. 26254-26264, 2014. 

6. Y. Long et al., “Ultra-high peak rejection notch microwave photonic filter using a single silicon microring 

resonator,” Opt. Express, vol. 23, no. 14, pp. 17739-17750, 2015. 

7. J. Dong et al., “Compact Notch Microwave Photonic Filters Using On-Chip Integrated Microring 

Resonators,” IEEE Photonics J., vol. 5, no. 2, pp. 5500307-5500307, 2013. 

8. J. Wu et al., “Passive silicon photonic devices for microwave photonic signal processing,” Optics 

Communications, vol. 373, pp. 44-52, 2016. 

9. A. Choudhary et al., “Advanced Integrated Microwave Signal Processing With Giant On-Chip Brillouin 

Gain,” Journal of Lightwave Technology, vol. 35, no. 4, pp. 846-854, 2017. 

10. D. Marpaung et al., “Low-power, chip-based stimulated Brillouin scattering microwave photonic filter with 

ultrahigh selectivity,” Optica, vol. 2, no. 2, pp. 76-83, 2015. 

11. Y. Liu et al., “Tunable megahertz bandwidth microwave photonic notch filter based on a silica microsphere 

cavity,” Opt. Lett., vol. 41, no. 21, pp. 5078-5081, 2016. 

12. D. B. Hunter et al., "Tunable optical transversal filter based on chirped gratings," Electronics Letters, 31, 1995. 

13. Z. Zhu et al., “All-positive-coefficient microwave photonic filter with rectangular response,” Opt. Lett., vol. 

42, no. 15, pp. 3012-3015, 2017. 

14. X. Xu et al., “Advanced Adaptive Photonic RF Filters with 80 Taps Based on an Integrated Optical Micro-

Comb Source,” Journal of Lightwave Technology, vol. 37, no. 4, pp. 1288-1295, 2019. 

15. X. Xu et al., “High performance RF filters via bandwidth scaling with Kerr micro-combs,” APL Phontonics, 

vol. 4, no. 2, pp. 8, 2019. 

16. Christi K. Madsen et al., "Digital Filter Concepts for Optical Filters," Optical Filter Design and Analysis, pp. 

95-164, 1999. 

17. M. Tan et al., “Photonic RF Arbitrary Waveform Generator Based on a Soliton Crystal Micro-Comb Source,” 

Journal of Lightwave Technology, vol. 38, no. 22, pp. 6221-6226, 2020. 

18. B. Wang et al., “Radio-frequency line-by-line Fourier synthesis based on optical soliton microcombs,” 

Photonics Res., vol. 10, no. 4, pp. 932-938, 2022. 

19. X. Xu et al., “Photonic RF Phase-Encoded Signal Generation With a Microcomb Source,” Journal of Lightwave 

Technology, vol. 38, no. 7, pp. 1722-1727, 2020. 

20. X. Xu et al., “11 TOPS photonic convolutional accelerator for optical neural networks,” Nature, vol. 589, no. 

7840, pp. 44-51, 2021. 

21. X. Xu et al., “Photonic Perceptron Based on a Kerr Microcomb for High-Speed, Scalable, Optical Neural 

Networks,” Laser Photon. Rev., vol. 14, no. 10, pp. 10, 2020. 

22. X. Xu et al., “Reconfigurable broadband microwave photonic intensity differentiator based on an integrated 

optical frequency comb source,” APL Phontonics, vol. 2, no. 9, pp. 096104, 2017. 

23. M. Tan et al., “RF and Microwave Fractional Differentiator Based on Photonics,” IEEE Trans. Circuits Syst. 

II-Express Briefs, vol. 67, no. 11, pp. 2767-2771, 2020. 

24. X. Xu et al., “Photonic RF and Microwave Integrator Based on a Transversal Filter With Soliton Crystal 

Microcombs,” IEEE Trans. Circuits Syst. II-Express Briefs, vol. 67, no. 12, pp. 3582-3586, 2020. 

25. M. Tan et al., “Microwave and RF Photonic Fractional Hilbert Transformer Based on a 50 GHz Kerr Micro-

Comb,” Journal of Lightwave Technology, vol. 37, no. 24, pp. 6097-6104, 2019. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1


 19 

 

26. X. Xue et al., “Programmable Single-Bandpass Photonic RF Filter Based on Kerr Comb from a Microring,” 

Journal of Lightwave Technology, vol. 32, no. 20, pp. 3557-3565, 2014. 

27. X. Xu et al., “Advanced RF and microwave functions based on an integrated optical frequency comb 

source,” Opt. Express, vol. 26, no. 3, pp. 2569-2583, 2018. 

28. J. Hu et al., “Reconfigurable radiofrequency filters based on versatile soliton microcombs,” Nat. Commun., 

vol. 11, no. 1, pp. 4377, 2020. 

29. H. Shu et al., “Microcomb-driven silicon photonic systems,” Nature, vol. 605, no. 7910, pp. 457-463, 2022. 

30. V. Polo et al., “Novel tunable photonic microwave filter based on laser arrays and N/spl times/N AWG-

based delay lines,” IEEE Photonics Technology Letters, vol. 15, no. 4, pp. 584-586, 2003. 

31. S. Mansoori et al., “RF transversal filter using an AOTF,” IEEE Photonics Technology Letters, vol. 16, no. 3, 

pp. 879-881, 2004. 

32. W. Zhang et al., "Tap multiplexed fibre grating-based optical transversal filter," Electronics Letters, 36, 2000. 

33. G. Yu et al., “High-performance microwave transversal filter using fiber Bragg grating arrays,” IEEE 

Photonics Technology Letters, vol. 12, no. 9, pp. 1183-1185, 2000. 

34. J. Mora et al., “Automatic tunable and reconfigurable fiber-optic microwave filters based on a broadband 

optical source sliced by uniform fiber Bragg gratings,” Opt. Express, vol. 10, no. 22, pp. 1291-1298, 2002. 

35. W. Zhang et al., “Chromatic dispersion effect in a microwave photonic filter using superstructured fiber 

Bragg grating and dispersive fiber,” Opt. Express, vol. 13, no. 17, pp. 6429-6437, 2005. 

36. M. Sagues et al., “Multi-tap complex-coefficient incoherent microwave photonic filters based on optical 

single-sideband modulation and narrow band optical filtering,” Opt. Express, vol. 16, no. 1, pp. 295-303, 

2008. 

37. E. Hamidi et al., “Tunable Programmable Microwave Photonic Filters Based on an Optical Frequency 

Comb,” IEEE Transactions on Microwave Theory and Techniques, vol. 58, no. 11, pp. 3269-3278, 2010. 

38. V. R. Supradeepa et al., “Comb-based radiofrequency photonic filters with rapid tunability and high 

selectivity,” Nat. Photonics, vol. 6, no. 3, pp. 186-194, 2012. 

39. A. J. Metcalf et al., “Integrated line-by-line optical pulse shaper for high-fidelity and rapidly reconfigurable 

RF-filtering,” Opt. Express, vol. 24, no. 21, pp. 23925-23940, 2016. 

40. A. Ortigosa-Blanch et al., “Tunable radio-frequency photonic filter based on an actively mode-locked fiber 

laser,” Opt. Lett., vol. 31, no. 6, pp. 709-711, 2006. 

41. R. Maram et al., “Discretely programmable microwave photonic filter based on temporal Talbot effects,” 

Opt. Express, vol. 27, no. 10, pp. 14381-14391, 2019. 

42. A. Pasquazi et al., “Micro-combs: A novel generation of optical sources,” Physics Reports, vol. 729, pp. 1-81, 

2018. 

43. L. Chang et al., “Integrated optical frequency comb technologies,” Nat. Photonics, vol. 16, no. 2, pp. 95-108, 

2022. 

44. X. Xu et al., “Photonic microwave true time delays for phased array antennas using a 49 GHz FSR integrated 

optical micro-comb source Invited,” Photonics Res., vol. 6, no. 5, pp. B30-B36, 2018. 

45. Y. Sun et al., “Applications of optical microcombs,” Adv. Opt. Photon., vol. 15, no. 1, pp. 86-175, 2023. 

46. J. Wu et al., “RF Photonics: An Optical Microcombs’ Perspective,” IEEE Journal of Selected Topics in Quantum 

Electronics, vol. 24, no. 4, pp. 1-20, 2018. 

47. Yang Sun, Jiayang Wu, Yang Li, Mengxi Tan, Xingyuan Xu, Sai Chu, Brent Little, Roberto Morandotti, 

Arnan Mitchell, and David J. Moss, “Quantifying the Accuracy of Microcomb-based Photonic RF 

Transversal Signal Processors”, IEEE Journal of Selected Topics in Quantum Electronics 29 (2023). DOI: 

10.1109/JSTQE.2023.3266276. 

48. X. Xu et al., “Microcomb-Based Photonic RF Signal Processing,” IEEE Photonics Technology Letters, vol. 31, 

no. 23, pp. 1854-1857, 2019. 

49. J. S. Leng et al., “Optimization of superstructured fiber Bragg gratings for microwave photonic filters 

response,” IEEE Photonics Technology Letters, vol. 16, no. 7, pp. 1736-1738, 2004. 

50. R. Wu et al., “Generation of very flat optical frequency combs from continuous-wave lasers using cascaded 

intensity and phase modulators driven by tailored radio frequency waveforms,” Opt. Lett., vol. 35, no. 19, 

pp. 3234-3236, 2010. 

51. T. Saitoh et al., “An optical frequency synthesizer using a waveguide-type optical frequency comb 

generator at 1.5-μm wavelength,” IEEE Photonics Technology Letters, vol. 8, no. 11, pp. 1543-1545, 1996. 

52. P. Del'Haye et al., “Optical frequency comb generation from a monolithic microresonator,” Nature, vol. 450, 

no. 7173, pp. 1214-1217, 2007. 

53. T. J. Kippenberg et al., “Kerr-Nonlinearity Optical Parametric Oscillation in an Ultrahigh-$Q$ Toroid 

Microcavity,” Phys. Rev. Lett., vol. 93, no. 8, pp. 083904, 2004. 

54. J. Wu et al., “Graphene oxide for photonics, electronics and optoelectronics,” Nature Reviews Chemistry, vol. 

7, no. 3, pp. 162-183, 2023. 

55. T. J. Kippenberg et al., “Microresonator-Based Optical Frequency Combs,” Science, vol. 332, no. 6029, pp. 

555-559, 2011. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1


 20 

 

56. T. J. Kippenberg et al., “Dissipative Kerr solitons in optical microresonators,” Science, vol. 361, no. 6402, 

2018. 

57. J. Capmany et al., “Discrete-time optical processing of microwave signals,” Journal of Lightwave Technology, 

vol. 23, no. 2, pp. 702-723, 2005. 

58. P. J. Marchand et al., “Soliton microcomb based spectral domain optical coherence tomography,” Nat. 

Commun., vol. 12, no. 1, pp. 427, 2021. 

59. T. Herr et al., “Universal formation dynamics and noise of Kerr-frequency combs in microresonators,” Nat. 

Photonics, vol. 6, no. 7, pp. 480-487, 2012. 

60. K. Nishimoto et al., “Investigation of the phase noise of a microresonator soliton comb,” Opt. Express, vol. 

28, no. 13, pp. 19295-19303, 2020. 

61. A. B. Matsko et al., “Noise conversion in Kerr comb RF photonic oscillators,” J. Opt. Soc. Am. B, vol. 32, no. 

2, pp. 232-240, 2015. 

62. Y. Fu et al., “Mach-Zehnder: A Review of Bias Control Techniques for Mach-Zehnder Modulators in 

Photonic Analog Links,” IEEE Microwave Magazine, vol. 14, no. 7, pp. 102-107, 2013. 

63. A. Djupsjobacka, “Residual chirp in integrated-optic modulators,” IEEE Photonics Technology Letters, vol. 4, 

no. 1, pp. 41-43, 1992. 

64. C. E. Rogers Iii et al., “Characterization and compensation of the residual chirp in a Mach-Zehnder-type 

electro-optical intensity modulator,” Opt. Express, vol. 18, no. 2, pp. 1166-1176, 2010. 

65. C. Ahn et al., “Synchronization of an optical frequency comb and a microwave oscillator with 

53&#x2009;&#x2009;zs/Hz1/2 resolution and 10-20-level stability,” Photonics Res., vol. 10, no. 2, pp. 365-372, 

2022. 

66. J. Hu et al., “Microwave photonic link with improved phase noise using a balanced detection scheme,” 

Optics Communications, vol. 370, pp. 1-5, 2016. 

67. T. G. Nguyen et al., “Integrated frequency comb source based Hilbert transformer for wideband microwave 

photonic phase analysis,” Opt. Express, vol. 23, no. 17, pp. 22087-22097, 2015. 

68. A. V. Oppenheim et al., Digital signal processing, Englewood Cliffs, N.J: Prentice-Hall, 1975.  

69. M. Tan et al, “Orthogonally polarized Photonic Radio Frequency single sideband generation with 

integrated micro-ring resonators”, IOP Journal of Semiconductors, Vol. 42 (4), 041305 (2021). DOI: 

10.1088/1674-4926/42/4/041305.  

70. Mengxi Tan, X. Xu, J. Wu, T. G. Nguyen, S. T. Chu, B. E. Little, R. Morandotti, A. Mitchell, and David J. 

Moss, “Photonic Radio Frequency Channelizers based on Kerr Optical Micro-combs”, IOP Journal of 

Semiconductors Vol. 42 (4), 041302 (2021). DOI:10.1088/1674-4926/42/4/041302.   

71. Xu, et al., “Advanced adaptive photonic RF filters with 80 taps based on an integrated optical micro-comb 

source,” Journal of Lightwave Technology, vol. 37, no. 4, pp. 1288-1295 (2019). 

72. X. Xu, et al., Broadband microwave frequency conversion based on an integrated optical micro-comb 

source”, Journal of Lightwave Technology, vol. 38 no. 2, pp. 332-338, 2020.  

73. M. Tan, et al., “Photonic RF and microwave filters based on 49GHz and 200GHz Kerr microcombs”, Optics 

Comm. vol. 465,125563, Feb. 22. 2020.  

74. X. Xu, et al., “Broadband photonic RF channelizer with 90 channels based on a soliton crystal microcomb”, 

Journal of Lightwave Technology, Vol. 38, no. 18, pp. 5116 - 5121, 2020. doi: 10.1109/JLT.2020.2997699. 

75. X. Xu, et al., “Photonic RF and microwave integrator with soliton crystal microcombs”, IEEE Transactions 

on Circuits and Systems II: Express Briefs, vol. 67, no. 12, pp. 3582-3586, 2020. DOI:10.1109/TCSII.2020.2995682.  

76. X. Xu, et al., “High performance RF filters via bandwidth scaling with Kerr micro-combs,” APL Photonics, 

vol. 4 (2) 026102. 2019. 

77. M. Tan, et al., “Microwave and RF photonic fractional Hilbert transformer based on a 50 GHz Kerr micro-

comb”, Journal of Lightwave Technology, vol. 37, no. 24, pp. 6097 – 6104, 2019.  

78. M. Tan, et al., “RF and microwave fractional differentiator based on photonics”, IEEE Transactions on 

Circuits and Systems: Express Briefs, vol. 67, no.11, pp. 2767-2771, 2020. DOI:10.1109/TCSII.2020.2965158.  

79. M. Tan, et al., “Photonic RF arbitrary waveform generator based on a soliton crystal micro-comb source”, 

Journal of Lightwave Technology, vol. 38, no. 22, pp. 6221-6226 (2020). DOI: 10.1109/JLT.2020.3009655. 

80. M. Tan, X. Xu, J. Wu, R. Morandotti, A. Mitchell, and D. J. Moss, “RF and microwave high bandwidth signal 

processing based on Kerr Micro-combs”, Advances in Physics X, VOL. 6, NO. 1, 1838946 (2021). 

DOI:10.1080/23746149.2020.1838946. 

81. X. Xu, et al., “Advanced RF and microwave functions based on an integrated optical frequency comb 

source,” Opt. Express, vol. 26 (3) 2569 (2018). 

82. M. Tan, X. Xu, J. Wu, B. Corcoran, A. Boes, T. G. Nguyen, S. T. Chu, B. E. Little, R.Morandotti, A. Lowery, 

A. Mitchell, and D. J. Moss, “"Highly Versatile Broadband RF Photonic Fractional Hilbert Transformer 

Based on a Kerr Soliton Crystal Microcomb”, Journal of Lightwave Technology vol. 39 (24) 7581-7587 

(2021). 

83. Wu, J. et al. RF Photonics: An Optical Microcombs’ Perspective. IEEE Journal of Selected Topics in Quantum Electronics 

Vol. 24, 6101020, 1-20 (2018).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1


 21 

 

84. T. G. Nguyen et al., “Integrated frequency comb source-based Hilbert transformer for wideband microwave 

photonic phase analysis,” Opt. Express, vol. 23, no. 17, pp. 22087-22097, Aug. 2015. 

85. X. Xu, J. Wu, M. Shoeiby, T. G. Nguyen, S. T. Chu, B. E. Little, R. Morandotti, A. Mitchell, and D. J. Moss, 

“Reconfigurable broadband microwave photonic intensity differentiator based on an integrated optical 

frequency comb source,” APL Photonics, vol. 2, no. 9, 096104, Sep. 2017. 

86. X. Xu, et al., “Broadband RF channelizer based on an integrated optical frequency Kerr comb source,” 

Journal of Lightwave Technology, vol. 36, no. 19, pp. 4519-4526, 2018.  

87. X. Xu, et al., “Continuously tunable orthogonally polarized RF optical single sideband generator based on 

micro-ring resonators,” Journal of Optics, vol. 20, no. 11, 115701. 2018. 

88. X. Xu, et al., “Orthogonally polarized RF optical single sideband generation and dual-channel equalization 

based on an integrated microring resonator,” Journal of Lightwave Technology, vol. 36, no. 20, pp. 4808-4818. 

2018.  

89. X. Xu, et al., “Photonic RF phase-encoded signal generation with a microcomb source”, J. Lightwave 

Technology, vol. 38, no. 7, 1722-1727, 2020.     

90. B. Corcoran, et al., “Ultra-dense optical data transmission over standard fiber with a single chip source”, 

Nature Communications, vol. 11, Article:2568, 2020.  

91. X. Xu et al., “Neuromorphic computing based on wavelength-division multiplexing”, 28 IEEE Journal of 

Selected Topics in Quantum Electronics Vol. 29 Issue: 2, Article 7400112 (2023). 

DOI:10.1109/JSTQE.2022.3203159.   

92. Yang Sun, Jiayang Wu, Mengxi Tan, Xingyuan Xu, Yang Li, Roberto Morandotti, Arnan Mitchell, and 

David Moss, “Applications of optical micro-combs”, Advances in Optics and Photonics 15 (1) 86-175 (2023).  

DOI:10.1364/AOP.470264. 

93. Yunping Bai, Xingyuan Xu,1, Mengxi Tan, Yang Sun, Yang Li, Jiayang Wu, Roberto Morandotti, Arnan 

Mitchell, Kun Xu, and David J. Moss, “Photonic multiplexing techniques for neuromorphic computing”, 

Nanophotonics 12 (5): 795–817 (2023). DOI:10.1515/nanoph-2022-0485. 

94. Chawaphon Prayoonyong, Andreas Boes, Xingyuan Xu, Mengxi Tan, Sai T. Chu, Brent E. Little, Roberto 

Morandotti, Arnan Mitchell, David J. Moss, and Bill Corcoran, “Frequency comb distillation for optical 

superchannel transmission”, Journal of Lightwave Technology 39 (23) 7383-7392 (2021). DOI: 

10.1109/JLT.2021.3116614.  

95. Mengxi Tan, Xingyuan Xu, Jiayang Wu, Bill Corcoran, Andreas Boes, Thach G. Nguyen, Sai T. Chu, Brent 

E. Little, Roberto Morandotti, Arnan Mitchell, and David J. Moss, “Integral order photonic RF signal 

processors based on a soliton crystal micro-comb source”, IOP Journal of Optics 23 (11) 125701 (2021). 

https://doi.org/10.1088/2040-8986/ac2eab   

96. Yang Sun, Jiayang Wu, Yang Li, Xingyuan Xu, Guanghui Ren, Mengxi Tan, Sai Tak Chu, Brent E. Little, 

Roberto Morandotti, Arnan Mitchell, and David J. Moss, “Performance analysis of microcomb-based 

microwave photonic transversal signal processors with experimental errors”, Journal of Lightwave 

Technology 41 Special Issue on Microwave Photonics (2023).  

97. A. Pasquazi, et al., “Sub-picosecond phase-sensitive optical pulse characterization on a chip”, Nature 

Photonics, vol. 5, no. 10, pp. 618-623 (2011).  

98. Bao, C., et al., Direct soliton generation in microresonators, Opt. Lett, 42, 2519 (2017). 

99. M.Ferrera et al., “CMOS compatible integrated all-optical RF spectrum analyzer”, Optics Express, vol. 22, 

no. 18, 21488 - 21498 (2014). 

100. M. Kues, et al., “Passively modelocked laser with an ultra-narrow spectral width”, Nature Photonics, vol. 

11, no. 3, pp. 159, 2017.  

101. L. Razzari, et al., “CMOS-compatible integrated optical hyper-parametric oscillator,” Nature Photonics, 

vol. 4, no. 1, pp. 41-45, 2010. 

102. M. Ferrera, et al., “Low-power continuous-wave nonlinear optics in doped silica glass integrated 

waveguide structures,” Nature Photonics, vol. 2, no. 12, pp. 737-740, 2008. 

103. M.Ferrera et al.“On-Chip ultra-fast 1st and 2nd order CMOS compatible all-optical integration”, Opt. 

Express, vol. 19, (23)pp. 23153-23161 (2011). 

104. D. Duchesne, M. Peccianti, M. R. E. Lamont, et al., “Supercontinuum generation in a high index doped 

silica glass spiral waveguide,” Optics Express, vol. 18, no, 2, pp. 923-930, 2010.  

105. H Bao, L Olivieri, M Rowley, ST Chu, BE Little, R Morandotti, DJ Moss, ... “Turing patterns in a fiber laser 

with a nested microresonator: Robust and controllable microcomb generation”, Physical Review Research 

2 (2), 023395 (2020). 

106. M. Ferrera, et al., “On-chip CMOS-compatible all-optical integrator”, Nature Communications, vol. 1, 

Article 29, 2010.  

107. A. Pasquazi, et al., “All-optical wavelength conversion in an integrated ring resonator,” Optics Express, 

vol. 18, no. 4, pp. 3858-3863, 2010. 

108. A.Pasquazi, Y. Park, J. Azana, et al., “Efficient wavelength conversion and net parametric gain via Four 

Wave Mixing in a high index doped silica waveguide,” Optics Express, vol. 18, no. 8, pp. 7634-7641, 2010. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.1088/2040-8986/ac2eab
https://doi.org/10.20944/preprints202306.1976.v1


 22 

 

109. M. Peccianti, M. Ferrera, L. Razzari, et al., “Subpicosecond optical pulse compression via an integrated 

nonlinear chirper,” Optics Express, vol. 18, no. 8, pp. 7625-7633, 2010. 

110. Little, B. E. et al., “Very high-order microring resonator filters for WDM applications”, IEEE Photonics 

Technol. Lett. 16, 2263–2265 (2004). 

111. M. Ferrera et al., “Low Power CW Parametric Mixing in a Low Dispersion High Index Doped Silica Glass 

Micro-Ring Resonator with Q-factor > 1 Million”, Optics Express, vol.17, no. 16, pp. 14098–14103 (2009).  

112. M. Peccianti, et al., “Demonstration of an ultrafast nonlinear microcavity modelocked laser”, Nature 

Communications, vol. 3, pp. 765, 2012.   

113. A.Pasquazi, et al., “Self-locked optical parametric oscillation in a CMOS compatible microring resonator: a 

route to robust optical frequency comb generation on a chip,” Optics Express, vol. 21, no. 11, pp. 13333-

13341, 2013. 

114. A.Pasquazi, et al., “Stable, dual mode, high repetition rate mode-locked laser based on a microring 

resonator,” Optics Express, vol. 20, no. 24, pp. 27355-27362, 2012. 

115. Pasquazi, A. et al. Micro-combs: a novel generation of optical sources. Physics Reports 729, 1-81 (2018). 

116. Moss, D. J. et al., “New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics”, Nature 

photonics 7, 597 (2013). 

117. H. Bao, et al., Laser cavity-soliton microcombs, Nature Photonics, vol. 13, no. 6, pp. 384-389, Jun. 2019.  

118. Antonio Cutrona, Maxwell Rowley, Debayan Das, Luana Olivieri, Luke Peters, Sai T. Chu, Brent L. Little, 

Roberto Morandotti, David J. Moss, Juan Sebastian Totero Gongora, Marco Peccianti, Alessia Pasquazi, 

“High Conversion Efficiency in Laser Cavity-Soliton Microcombs”, Optics Express Vol. 30, Issue 22, pp. 

39816-39825 (2022). https://doi.org/10.1364/OE.470376. 

119. M.Rowley, P.Hanzard, A.Cutrona, H.Bao, S.Chu, B.Little, R.Morandotti, D. J. Moss, G. Oppo, J. Gongora, M. Peccianti 

and A. Pasquazi, “Self-emergence of robust solitons in a micro-cavity”, Nature 608 (7922) 303–309 (2022). 

120. Kues, M. et al. “Quantum optical microcombs”, Nature Photonics 13, (3) 170-179 (2019). doi:10.1038/s41566-019-0363-0 

121. C.Reimer, L. Caspani, M. Clerici, et al., “Integrated frequency comb source of heralded single photons,” Optics Express, 

vol. 22, no. 6, pp. 6535-6546, 2014. 

122. C.Reimer, et al., “Cross-polarized photon-pair generation and bi-chromatically pumped optical parametric oscillation 

on a chip”, Nature Communications, vol. 6, Article 8236, 2015.  DOI: 10.1038/ncomms9236. 

123. L. Caspani, C. Reimer, M. Kues, et al., “Multifrequency sources of quantum correlated photon pairs on-chip: a path 

toward integrated Quantum Frequency Combs,” Nanophotonics, vol. 5, no. 2, pp. 351-362, 2016. 

124. C. Reimer et al., “Generation of multiphoton entangled quantum states by means of integrated frequency combs,” 

Science, vol. 351, no. 6278, pp. 1176-1180, 2016. 

125. M. Kues, et al., “On-chip generation of high-dimensional entangled quantum states and their coherent control”, Nature, 

vol. 546, no. 7660, pp. 622-626, 2017.    

126. P. Roztocki et al., “Practical system for the generation of pulsed quantum frequency combs,” Optics Express, vol. 25, 

no. 16, pp. 18940-18949, 2017. 

127. Y. Zhang, et al., “Induced photon correlations through superposition of two four-wave mixing processes in integrated 

cavities”, Laser and Photonics Reviews, vol. 14, no. 7, pp. 2000128, 2020. DOI: 10.1002/lpor.202000128 

128. C. Reimer, et al., “High-dimensional one-way quantum processing implemented on d-level cluster states”, Nature 

Physics, vol. 15, no.2, pp. 148–153, 2019. 

129. P.Roztocki et al., “Complex quantum state generation and coherent control based on integrated frequency combs”, 

Journal of Lightwave Technology 37 (2) 338-347 (2019).  

130. S. Sciara et al., “Generation and Processing of Complex Photon States with Quantum Frequency Combs”, IEEE 

Photonics Technology Letters 31 (23) 1862-1865 (2019). DOI: 10.1109/LPT.2019.2944564.  

131. Stefania Sciara, Piotr Roztocki, Bennet Fisher, Christian Reimer, Luis Romero Cortez, William J. Munro, David J. Moss, 

Alfonso C. Cino, Lucia Caspani, Michael Kues, J. Azana, and Roberto Morandotti, “Scalable and effective multilevel 

entangled photon states: A promising tool to boost quantum technologies”, Nanophotonics 10 (18), 4447–4465 (2021). 

DOI:10.1515/nanoph-2021-0510. 

132. L. Caspani, C. Reimer, M. Kues, et al., “Multifrequency sources of quantum correlated photon pairs on-chip: a path 

toward integrated Quantum Frequency Combs,” Nanophotonics, vol. 5, no. 2, pp. 351-362, 2016.  

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2023                   doi:10.20944/preprints202306.1976.v1

https://doi.org/10.20944/preprints202306.1976.v1

	1. Introduction
	2. Theory and principle
	3. Results and discussion
	3.1. Theoretical limitations of the filter response
	3.2. Distortions in the filter response induced by imperfect components
	3.2.1. Influence of microcomb noise
	3.2.2. Influence of the EO modulator
	3.2.3. Influence of the SMF
	3.2.4. Influence of the optical spectral shapers and BPDs
	3.2.5. Contributions of different error sources

	3.3. Influence of signal bandwidth

	4. Conclusions
	References

