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 Section 1: The optical and RF response of the CMRR-DL system
The transmission characteristics of the CMRR-DL system can be described by the transmission matrixes of the compo-
nents. The structure can by simplified to the model as shown in Fig. S1.

When the ring resonator is coupled to two waveguides, the transmission to the through and the drop port can be de-
rived from CW operation and matching the fieldsS1. 

Tthro =

∣∣∣∣A2

A1

∣∣∣∣2 = a2t22 − 2at1t2cosϕ+ t21
1− 2at1t2cosϕ+ (at1t2)2

, (S1)
 

Tdrop =

∣∣∣∣B4

A1

∣∣∣∣2 = (1− t21 ) (1− t22) a
1− 2at1t2cosϕ+ (at1t2)2

, (S2)

a
α a2 = exp (−αL) ϕ = βL L β

In Eqs. (S1) and (S2),  represents the single-pass amplitude transmission, which is related to the power attenuation
coefficient [1/cm] as .  indicates the single-pass phase shift, with  the round trip length and 
the propagation constant of circulating mode. The phase transmission functions can be expressed as 

Φthro = arg
(
A2

A1

)
= π+ ϕ+ arctan

t1sinϕ
at2 − t1cosϕ

+ arctan
at1t2sinϕ

1− at1t2cosϕ
, (S3)

 

Φdrop = arg
(
B4

A1

)
= π+ ϕ/2+ arctan

at1t2sinϕ
1− at1t2cosϕ

. (S4)

As for the delay line waveguide, the relationship between the output and input port can be expressed as: 

Twg =

∣∣∣∣DC
∣∣∣∣2 = e−αwgLwg , (S5)

 

Φwg = βwgLwg (S6)

Considering the CMRR-DL architecture, we have the two groups of equations to describe the fields of i th MRR-DL
and its connection to the (i+1) th MRR-DL  

Bi,4 =
√
Tthro,i,upejΦthro,i,upBi,3 +

√
Tdrop,i,upejΦdrop,iAi,1

Ai,2 =
√
Tthro,i,downejΦthro,i,downAi,1 +

√
Tdrop,i,downejΦdrop,iBi,3

Di,up = Ci,up
√
Twg,i,upejΦwg,i,up

Di,down = Ci,down
√
Twg,i,downejΦwg,i,down

, (S7)

  
Bi,3 = Di,up

Ai,2 = Ci,down

Ai+1,1 = Di,down

Ci,up = Bi+1,4

, (S8)
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Fig. S1 | The simplified mode of the CMRR-DL system.
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Eoutput(Ω) =
√
Texp (jΩt+ jΦ) Ω T Φ

By solving the equations of the system, we can derive the response of the system's drop port to the input which can be
expressed  as .  Here,  refers  to  the  optical  angular  frequency,  and  are  the  power
and phase response of the system. Due to the complexity arising from the large number of equations and variables, it is
impractical to formulate a concise expression to describe the frequency equalization function of the system respectively.
Therefore, we employ commercial software to model of the system’s transmission property (Fig. S2(a)) and compute the
RF  response  according  to  the  optical  response,  taking  into  account  the  sidebands  of  MZI  intensity  modulation.  The
modulation sidebands and the carriers are coherently filtered by the system and detected by a high-bandwidth PD. The
RF response can be expressed asS2
 

i (ωRF) ∝ R

⟨∣∣∣∣∣∣∣
−j
2
J1(m)ej(Ω−ωRF)t

√
T (Ω− ωRF)ejΦ(Ω−ωRF) + J0(m)ej(Ω−ωRF)t

√
T (Ω)ejΦ(Ω)

+
j
2
J1(m)ej(Ωn+ωRF)t

√
T (Ω+ ωRF)ejΦ(Ω+ωRF)

∣∣∣∣∣∣∣
2⟩

. (S9)

To demonstrate  the  capability  of  generating  diverse  RF  responses,  we  set  the  positions  of  resonances  peaks  to  dis-
tribute randomly and uniformly by adjusting the single-pass phase shift in MRRs as shown in Table S1. Figure S2(b, c)
illustrates various optical transmissions and RF responses resulting from different distribution. 

 

Table S1 | The random single-round phase in MRRs (rad).
 

MRR ID
Random ID

1 2 3 4 5 6 7 8 9

1 568.74 566.43 570.30 564.70 567.17 566.82 569.17 569.35 565.63

2 567.48 567.21 568.44 568.83 569.10 566.18 568.64 568.49 565.49

3 565.22 567.54 570.36 566.57 568.07 565.86 569.08 566.05 567.58

4 568.76 569.93 570.35 567.84 565.34 565.40 566.07 569.63 566.05

5 569.47 565.98 570.17 566.63 565.69 566.03 568.26 567.38 566.64

6 569.57 568.07 567.85 570.10 566.24 569.12 569.10 566.82 567.96

7 564.96 564.82 567.74 569.25 570.20 565.29 567.97 567.36 564.57

8 566.55 565.48 569.34 566.39 567.72 565.50 568.17 566.10 568.49

9 568.70 569.06 567.24 565.00 565.89 570.07 565.42 569.54 567.78

10 570.58 564.97 567.20 565.14 570.37 564.52 569.23 569.49 569.80

11 565.01 566.93 566.08 569.38 567.13 570.06 565.60 566.10 565.38

12 565.32 569.80 568.03 567.85 565.38 569.70 568.29 566.64 567.63

13 566.95 564.96 565.96 565.25 565.62 565.96 567.04 564.80 570.01

14 570.26 567.49 567.48 566.56 569.99 566.75 565.17 569.26 566.87

15 565.97 566.96 565.08 565.30 570.25 570.33 568.01 564.86 565.93

16 566.65 569.51 564.59 564.76 565.52 568.46 568.96 568.45 567.25

17 567.83 566.30 569.04 565.65 568.69 565.61 566.74 568.31 569.26

18 564.99 570.17 569.23 567.47 567.16 567.22 566.36 567.60 567.61

19 569.49 569.35 568.43 566.81 569.45 567.75 566.63 570.23 569.84

20 567.85 568.30 568.08 565.76 566.33 567.37 565.90 569.65 565.68

21 565.87 565.54 565.88 567.15 566.39 570.13 567.12 565.62 570.02

22 570.48 567.17 565.17 566.07 566.99 568.13 566.09 568.18 568.84

23 565.85 565.21 566.30 566.44 567.08 567.59 565.01 566.10 569.39

24 564.67 570.17 568.95 567.48 568.03 565.94 567.30 570.38 567.83

25 567.68 565.91 567.48 568.30 568.64 566.91 566.74 570.53 564.72
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 Section 2: Characteristics of the weight precision
Weight precision typically denotes the number of discrete levels attainable. In our system, the number of discrete levels
can be expressed asS3
 

N =
ωmax − ωmin

2|ω− ω̂|max
, (S10)

ω ω̂ |ω− ω̂|max

2|ω− ω̂|max

ωmax = 1 ωmin = 0

where  and  are the measured and target weight,  indicates the maximum value of the errors. Given that
the error can be positive or negative, the minimum weight interval that can be distinguished is . In our sys-
tem, , , then the effective bit resolution can be written as
 

log2 (N) = log2

(
1

2|ω− ω̂|max

)
. (S11)

Then, we measured the transmission errors of each MRR channel individually. While one channel is being tuned to
its target values using the Gradient-Descent algorithm, the other channels are set with a transmission list of all combina-
tion of (0, 0.33, 0.66, 1) to simulate the inner cross talk, ensuring the credibility of our measurements. Figure S4 shows
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Fig. S2 | Simulated results of the CMRR-DL system in the frequency-domain. (a) The model built in software. (b) Optical transmission and

(c) RF responses with random single-pass phase shift of 9 MRRs.
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Fig. S3 | Detailed data of the measured transmission errors.
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|ω− ω̂|max ≈ 0.001the aggregation of the errors derived from all the tested points, where almost all the points exhibit ,

showing  the  transmission  control  accuracy  around 9-bit.  The  algorithm to  calculate  the  accuracy  is  based  on  the Eq.

(S11).
 

 Section 3: The influence of channel crosstalk on the response of MPF
Considering a FIR MPF with N taps, the ideal frequency domain transfer function can be expressed as:
 

H (ω) = so (jω)
si (jω)

=
N−1∑
n=0

A0(λn)T (λn) e−jnωτ =
N−1∑
n=0

ane−jnωτ , (S12)

ω an
A0(λn)T(λn)

N τ
N τ

59 ps Δλ ≈ 1.44 nm Δν ≈ 180 GHz
σ = 4

where  is  the  RF  angular  frequency  of  the  input  microwave  signal,  is  the  weight  coefficient  of  each  tap,  .
. is the optical power of the nth wavelength which can be measured by the optical spectrum analyzer (OSA)

during the experiment,  is the total number of comb lines,  is the time delay unit between the adjacent comb lines.
Considering the parameter set that  is 9 and  is equal to the delay value of the on-chip spiral delay line which is ap-
proximately  and the wavelength space  ( ), the ideal frequency domain transfer is de-
picted in Fig. S6. Here to improve the main-to-sidelobe suppression ratio, the Gauss shape with  is applied that the
power of comb lines after the CMRR-DL system aliens to the expression:
 

Pn ∝ exp
[
(n− N/2)2

2σ2

]
, (S13)

However, considering the realization of MRRs and delay lines. The function can be expressed more physically as:
 

H (ω) =
N−1∑
n=0

N−1∑
m=0

A0(λm)Tn (λm) e−jnωτ , (S14)

m n
N

N

where  represents the mth wavelength and  represents the nth optical path determined by the MRR and the number
of delay lines. As for a certain delay time, the optical power of all the  wavelength is considered due to the incomplete
filtering effect of the MRRs. The optical transmission spectra of  MRRs are shown in Fig. S4, where the channels used
for MWP are specified by the dashed lines with various colors. In Fig. S4, the circles mark the unexpected optical leak-
ages and the extinct  ratio is  over 20 dB,  the black dashed line illustrates  the Gauss shape that  the transmission of  the
used wavelengths fit. Utilizing the Eq. (S14) the frequency domain transfer is depicted in Fig. S6.

aeff
τeff

More accurately,  there are unexpected resonators that are composed by two half  parts of different MRRs and delay
lines between them. When considering this factor, it is hard to express the complete function. We use commercial soft-
ware  to  simulate  the  transmission  properties  by  numerically  calculating  the  transmission  matrix.  The  amplitude  and
phase of the system at various wavelength can be acquired and we can extract the power transmission  and effective
delay time  at certain wavelengths, as shown in equation:
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Fig. S4 | Optical transmission spectra of the used MRRs.
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τeff,n =
dφ
dΩ

∣∣∣∣
Ω=Ωn

, (S15)

φ Ω Ωnwhere  is the unwrapped optical phase and  is the optical angle frequency while  corresponds to the optical carri-
er. Then, the simulated RF transfer function can be acquired shown in Fig. S6. Comparing the RF responses under these
3 different conditions, we observed minimal differences, indicating that cross-talks can be neglected when the channel
spacing and extinction ratio are sufficiently high. 

 Section 4: The scalability of this architecture at different operating rates
The on-chip delay time is unchangeable once fabricated in our system and it affects the working rate. However, a devia-
tion from a specific single rate does not render our system invalid. There is a tolerant range for the operating rate and
various methods can be employed to compensate the deviation in the on-chip delay time.

N τ B

In computing and equalization applications, where the effective data come from sampling at specific time points, the

system can  function  effectively  as  long  as  there  is  overlap  for  the  relevant  signals,  as  shown in Fig. S7.  Assuming  the

number of taps is  and the on-chip delay time is , the operation rate  needs to satisfy the inequality as
 

 

−30

−20

−10

0

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

 (d
B)

1000

2000

3000

4000

0U
nw

ra
pp

ed
 p

ha
se

 (r
ad

)180 GHz
80 GHz

Linear fitting

192.0 192.5 193.0
Frequency (THz)

193.5 194.0 194.5 192.0 192.5 193.0
Frequency (THz)

193.5 194.0 194.5

a

b c

Fig. S5 | Simulation of the CMRR-DL system for MPF. (a)  The model built  in software. (b)  Optical transmission power. (c)  Optical transmis-

sion phase.

 

−30

−40

−20

−10

0

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

 (d
B)

ldeal
Discrete MRRs
CMRR-DL

0 5 10
Frequency (GHz)
15 20 25 30 35 40

Fig. S6 | RF responses of the MPF in different models.

 

WnX1 WnX2 WnXn

W2XnW2X2W2X1

W1XnW1X2W1X1

TimeSample

WnX1 WnX2 WnXn

W2XnW2X2W2X1

W1XnW1X2W1X1

TimeSample

WnX1 WnX2 WnXn

W2XnW2X2W2X1

W1XnW1X2W1X1

TimeSample

Fig. S7 | Situations that the delay time is equal to or larger/smaller than 1/B.

Wu YC et al. Opto-Electron Sci  3, 240012 (2024) https://doi.org/10.29026/oes.2024.240012

240012-S6

 

https://doi.org/10.29026/oes.2024.240012


(N− 1) · 1
B
< (N− 1) τ < N · 1

B
. (S16)

Δti
What’s more, the fabrication process variations on delay lines also affect our system. Assuming the variation on the

ith delay line is , the condition that inter symbol crosstalk does not occur is  
(N− 1)

B
+

N−1∑
i=0

Δti <
(N− 1)

B
+

1
2B

N
B
+

N−1∑
i=0

Δti >
(N− 1)

B
+

1
2B

→

∣∣∣∣∣
N−1∑
i=0

Δti

∣∣∣∣∣ < 1
2B

. (S17)

1/2BTheoretically speaking, if the total time delay variations is smaller than  the variations in different delay lines has
little impact on the classification accuracyS3.

In microwave photonics applications, the delay time determines the FSR of MPF. To achieve the delay time adjust-
ment of the whole system, we can employ off-chip fiber with various dispersion property and length to compensate for
the on-chip delay time.

It  is  notable  that  many  works  about  the  on-chip  tunable  delay  lines  have  been  reported  based  on  the  MZI  optical
switcherS4 and cascaded MRRsS5. Introducing the tunable delay time architecture will enhance the scalability of our sys-
tem in terms of operation rate and fabrication tolerance.
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