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Abstract—Machine learning technique is employed to design a
microwave photonic filter (MPF) consisting of an optical comb
generator and a phase modulator (PM), to realize centralized
management of radio signal delivery in optical networks. The
proposed comb generator successfully generates up to 103 optical
carriers with adjustable wavelength spacing and number of optical
carriers. It exhibits large tunability, flat band response and high
tone-to-noise ratio. Thus, the proposed optical comb-based filter
is capable to provide flexible tunability with respect to its center
frequency and 3-dB bandwidth. In our experimental setup, differ-
ent wavelength spacing settings and number of optical carriers are
fed into the PM for modulation and their corresponding frequency
responses are measured by a network analyzer. The experimental
data have been analyzed to correlate with the simulation results and
theoretical predictions. Besides, a subcarrier multiplexing (SCM)
technique can be applied to a multi-user optical system incorpo-
rating the proposed filter since its frequency response is varied by
the accumulated dispersion. After measuring the characteristic of
the proposed filter, a set of frequency responses is collected and fed
into the convolutional neural network (CNN) model to obtain the
inverse mapping between frequency response to the wavelength
spacing and fiber length. As a result, the well-trained model can
successfully predict the wavelength spacing and fiber length with
high accuracy.

Index Terms—Microwave photonic filter, radio-over-fiber,
machine learning technique.

I. INTRODUCTION

ICROWAVE photonic filter (MPF) has gained much
M research interest recently since it features wide opera-
tional bandwidth, large frequency tuning range and low radio
frequency-dependent loss as well as immunity to electromag-
netic interference [1]-[6]. Comparing with MPF, traditional
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electronic filters are more difficult to achieve large tunability,
high Q factor and reconfigurability. Thus, MPF is a promising
technology to process microwave signals in the optical domain
and the applications of MPF have been reported in radar systems,
radio-astronomy and radio-over-fiber (RoF) systems [7]-[10].
Several MPF techniques have been investigated such as using a
Lyot loop filter [11], broadband light source [12], Fabry-Perot
filter [13], Mach-Zehnder interferometer [14], stimulated Bril-
louin scattering (SBS) effect [15], and micro-ring resonator
(MRR) [16]-[18]. In some application scenarios, it is highly
demanding that both the center frequency and 3-dB bandwidth of
the MPF should be widely tunable to satisfy different demands.
Therefore, to meet such requirements, a finite impulse response
(FIR) MPF based on a delay-line structure is another alternative
by utilizing multiple optical carriers’ source and a dispersive
medium [19]-[23]. Some schemes using multiple optical car-
riers had been proposed [24]-[27]. In [24] the adjustment to
the phase shift is realized by optically pumping the tilted fiber
Bragg grating (TFBG). However, this method requests a specific
wavelength arrangement of the optical carriers in order to meet
the linear transmission response of the TFBG which decreases
the system flexibility. Moreover, the FBG is also sensitive to
temperature [28] and thus it reduces the system stability. Another
scheme reported in [25], proposed an MPF based on an MRR.
The tunability could be achieved by allocating optical carriers
on the phase transfer function of MRR to induce different phase
shift. Therefore, to obtain the desired phase shift, an array of laser
diodes (LDs) is needed and the wavelength setting should match
certain region in the phase transfer curve of the MRR which is
impractical and inflexible. The optical carriers generated by the
MRR structure in [26] present a good performance of power
fluctuation which is below 0.5 dB by applying feedback control
calibration. The MPF constructed by the above-mentioned MRR
also exhibits outstanding results by varying the tap coefficients.
The wavelength spacing between each optical carrier is fixed due
to the parameter of the MRR. In [27], multiple optical carriers
are generated by a Brillouin-erbium fiber laser (BEFL). By
launching optical carriers to the electro-optic modulator (EOM),
both the center frequency and 3-dB bandwidth of the MPF can
be adjusted. In order to tune the center frequency of the MPF,
different types of optical fiber are required to generate different
wavelength spacing, which is not practical. The 3-dB bandwidth
of the MPF is changed by varying the number of wavelengths.
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Fig. 1. Schematic diagrams of (a) the proposed centralized-reconfigurable filter and (b) a SCM-based RoF system with proposed filter for multi-user service

(PM: phase modulator, OA: optical amplifier, SSMF: standard single-mode fiber, and PD: photo detector, C: coupler, RRU: remote radio unit).

However, the number of wavelengths is limited in the presented
BEFL scheme which restricts the tunability of the MPF.

In this paper, an optical comb generator based on dual-parallel
Mach-Zehnder modulator (DP-MZM) and a phase modulator
(PM) for achieving a centralized reconfigurable MPF is pro-
posed and experimentally demonstrated in an optical system
over 50-km fiber link. The proposed optical comb generator
providing up to 103 optical carriers with tunable wavelength
spacing and carrier number enables the MPF to provide a large
tunability. The frequency response of the proposed filter is
a function of the wavelength spacing, the number of optical
carriers and fiber length. Thus, by varying these three factors, we
can precisely adjust the center frequency and 3-dB bandwidth
of the MPF with large flexibility, and this feature can benefit
the future software-defined optical network for enhancing the
network flexibility [29]-[31]. However, even the MPF can be
reconfigured by these three factors easily, it is hard to deter-
mine them if we designate a arbitrary transmission window of
the MPF. Machine learning techniques have shown impressive
performance in different applications [32]-[34], like multi-level
signal recovery, precise 3D positioning, and FBG sensor sys-
tem. Therefore, we apply the novel approach, using machine
learning technique, to design the inverse system of the proposed
MPF to enhance the performance. A multi-layer convolutional
neural network (CNN) is employed to learn the inverse mapping
between the frequency response and the parameters of the MPF.

After the CNN model is trained, the wavelength spacing, and
fiber length can be precisely predicted by the given arbitrary
frequency response window through forward propagation in the
multi-layer neural network.

The rest of the paper is organized as follows: Section II. shows
the theoretical analysis of the proposed MPF; Section III. de-
scribes the experimental set up and results of (i) the optical comb
generator and (ii) the proposed MPF; Section IV. presents the
methodology and design of the proposed CNN model; Section V.
depicts the conclusion of the presented work.

II. THEORETICAL ANALYSIS

The proposed centralized-reconfigurable filter consists of
a comb generator, a PM, an optical amplifier (OA), standard
single-mode fiber (SSMF), photo detector (PD) as shown in
Fig. 1(a). In the proposed scheme, a PM is used for modulation
of multi-band signals with different bandwidths which will be
allocated to their desired users at different radio frequencies. By
tuning the center frequency and 3-dB bandwidth of the filter, we
can remove the specific signal band for its dedicated subscriber
for security enhancement with a physical layer control. The
proposed filter is highly reconfigurable via the comb generator.
For clear elaboration, we classify it into two scenarios. In case I,
by increasing the number of generated optical carriers, the 3-dB
bandwidth of the proposed filter is narrowing down. On the other
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hand, if we fix the number of optical carriers, the center fre-
quency of the proposed MPF can be arbitrarily shifted when we
change the wavelength spacing among optical carriers as shown
in case II. A concept of subcarrier multiplexing (SCM) technol-
ogy based RoF system is depicted in Fig. 1(b), where RRU is the
remote radio unit. Besides tuning the center frequency by the
wavelength spacing, changing the accumulated dispersion value
can also shift the center frequency of the proposed filter. Thus,
we can distribute multi-band signals to different subscribers
and achieve point-to-multipoint downstream transmission by
varying the dispersion value via different lengths of SSMF.

The complete theoretical analysis of the proposed filter is de-
scribed below. To derive the mathematical model of the proposed
filter, we consider that there is only a single wavelength launched
into the PM first.

A tunable laser (TL) with single wavelength can be expressed
as E(t) = Ege/*!, where Egand wpare the amplitude and an-
gular frequency of the employed TL. As applying a sinusoidal
radio-frequency (RF) signal to drive an externally modulated
PM, the output E-field of PM isE(t) = Egelwot . gimcoswrt,
where m = ’Zf’;" and w,denote the modulation index and the
angular frequency of the RF signal applied to PM, respectively.
By using the Jacobi-Anger Expansion, and only considering
small signal conditions, the output E-filed of PM becomes

E(t) = Eoe/*0" - Y j" T, (m)elmer!
n=-—oo
Jo(m)
+Jy (m)ed @rtt3) 1)
_J1<m>ej(_wv't_%)

= Eoejwot

where Jn is the first kind of Bessel function. Since the SSMF is
a dispersive device, the phase delay between center carrier and
first-order sidebands will be induced after they are transmitted
through the fiber. Thus, (1) should be rewritten as

Jo(m)ed%

Jy(m)edrtt 500 )
— Jl (m) ej(_wrt_ %"1'92)

E(t) = E()ejwot

where 6, 01 and 05 are the phase delays of center carrier, pos-
itive and negative first-order sidebands, respectively. The phase
delays induced by a SSMF of these three optical components
can be expressed as [35]

0o = zf3(wo)

: 1 .
01 = zB(wo) + 2B(wo) (wr) + 5 2B(wo) (wr)?
: 1 .
02 = 2zB(wo) — 2B(wo) (wr) + 5zBwo)(wr)®  (3)
where 3(wo) and [(w) are the first and second derivatives of
B(wp) in regard to wp and z is the length of SSMF. After center

carrier and sidebands are detected by a PD, the photo current is
the multiplication of E(t) and its conjugate as

1 .
ipp o sin (Qzﬂ(wo)(wr)2> cos(wot + ) “
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Fig.2. Configuration of the comb generator and the schematic optical compo-
nents of all corresponding points in the DP-MZM. (OC: coupler, PC: polarization
controller, PS: phase shifter, S: power splitter, LO, local oscillator, and OF:
optical filter).

where ¢ is the phase delay of the received RF signal. The fiber
dispersive parameter D is the partial derivative of group delay
in regard to wavelength and fiber distance, which is

. 5
D(ro) = B(w;ﬂ (5)
we
By substituting (5) into (4), we have
D()w,?
ipp X sin <7TCZ w( 20)w > cos(wyt + ) (6)
0

By applying Fourier transform to (6), we obtain the frequency
response of the proposed filter considering only one wavelength
as follows:

)

D(rg)w,2
Heimgto(wr) o sin (Whﬁw)

w02

Equation (7) represents the dispersion induced frequency
response of the PM. Now, we consider applying comb generator
to launch M optical carriers to the PM.

Fig. 2 shows the configuration and the schematic optical
components for all points relating to DP-MZM of the proposed
comb generator. Comb generator is composed of a TL, a 50:50
optical coupler (OC), a DP-MZM, an OA, a tunable optical filter
(OF), and a polarization controller (PC). The idea to generate
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an optical comb is that we use the DP-MZM to duplicate the
incident lightwave and shift its wavelength. The replica, right-
shifted wavelength, is amplified by an Erbium-doped optical
fiber amplifier (EDFA) for compensating the loss of wavelength
transition and then it is coupled with TL by OC prior to being
launched into the DP-MZM again. In the second round, the
wavelength of both TL and the first replica are right-shifted
by DP-MZM again and the second replica is generated. By
repeating the same process for (M-1) rounds, M optical car-
riers are generated. The principle of generating replica with
right-shifted frequency is illustrated below. Fig. 2(a) shows the
TL source with amplitude E( and angular frequency wywhich
is launched to the DP-MZM. The DP-MZM consists of three
MZMs and each MZM can be regarded as two PMs [36]. After
MZM1 is driven by an RF signal, the phase term of MZM 1 -upper
PM will undergo a phase change ¢ = m cos(w.t). Thus, using
the Jacobi-Anger Expansion and only considering the essential
optical components (n < 3), the E-filed of MZM 1-upper PM as
shown in Fig. 2(b) can be written as

— jwot jm cos w.t
EMzml—upper - 7E06J ot . el ¢

Jo(m)

+J1 (m)ed (el +3) (8)
—Ji(m)el et~ 3)

_JQ(m)ejQth

—Ja(m)e I3t

Because the RF signal launched to the MZM1-lower PM
is opposite to that of MZM1-upper PM, the phase change of
MZM1-lower PM is a wdifferent from that of MZMI1-upper
PM. Therefore, The E-filed of MZM1-lower PM as shown in
Fig. 2(c), can be expressed as

1 .
= _Eelwot
9 0¢

lEoe-jw“t . ejmcos(wct—i-‘n-)

Jo( )
+J1(m)ed et 5+ 9)
—J1(m)el (-wet=5-7)
—Jg(m)eﬂ“’ct
—Jg(m)efjm‘)ct

If we bias MZM 1 at V., the phase terms of all optical compo-
nents of (9) will be shifted by 7. Thus, (9) should be rewritten
as

E]Wzmlflower =

1 )
— —_Eneiwot
9 0°

Jo(m)el™
T (m)ed et D)
—Ji(m)ed(-wet=3)
7(]2( )e] (2wet+)
_J2( )ej( 2w t+)

E]\/Izmlflower = §E06jw0t (10)

Equation (10) illustrates the point(d) in Fig. 2. As shown in
(11), Fig. 2(e) indicates the output E-field of MZM1 which is
the combination of MZM1 upper and lower PM.

1

EJWzml—output - \/i(EAlzml—upper + EMzml—lower)

1 ) . x )
= —_Egelwot [+J1 (m)e](‘*’ct"'?) _ J1<m)e.7(_wut_7):|
V2
(11)
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For the MZM2, a —7 phase shift on the injected RF signal
is induced via a phase shlfter Therefore, the phase change of
MZM2-upper PM induced by the RF signal is ¢ = m cos(w.t —
%). As using the same mathematical analysis performed in
MZM1, the output E-field of MZM2-upper PM (Fig. 2(f)) can
be expressed as

L g eiwot . gimeosuct—3)

Jo(m)
+J1(m)elwet
—Ji(m)e dwet
_J2 (m)ej(QWct_ﬂ')
—Jo(m)ed (F2wet+m)

EI\/Izm27uppeT =

1 . (12)
= ZEgeiwot

Similar to MZM1, the E-field applied to MZM2-lower PM
(Fig. 2(g)) is a wdifferent from that of MZM2-upper PM. As-
suming the DC bias of MZM2 is set to V., the output E-filed of
MZM2-lower PM as shown in Fig. 2(h) is

Jo(m)e’™
+Jy(m)elwet
—Ji(m)e” Jwet
—Jg(m)6]2wc
—Ja(m)e —J2wet

By the summation of (12) and (13), we obtain the output
E-field of MZM?2 as follows:

1 )
EMzmQ—lower = §E06Jw0t (13)

E]Mzm?—output = \/5 (EJ\fzrrLQ—upper+EA1277L2—lowe7')

1 . )
= —Ege/“! [+J;(m)el et —
/300 [+ (m)
Because the DC bias of MZM3 is set to Y, the phase terms of
all optical components of the MZM?2 output port (Fig. 2(1)) will
be shifted by 7. Thus, Fig. 2(j), the output E-filed of MZM3-
lower PM, can be expressed as

Ji(m)e=t] (14

EMzm?)flower

1 )
= 7E0€Jw0t +J1 (m

V2

)ej(wct‘i'%) _ Jl (m)ej(fwct""%)

15)

Hence, by combining both MZM3-upper and lower PM, the
replica whose frequency is located at wot 4 w.t is generated as
shown in (16).

1
EMsz—output = ﬂ(EMsz—upper + EMzm3—lowe7")

= BEoel 0" Jy (m)el i+ 3)

= EoJ; (m)el (ol twel+3) (16)

As shown in (16), the angular frequency of the incident light-
wave wqt is right-shifted to wot + w.t.Therefore, for the Mth
optical carrier, its angular frequency will be wot + (M — 1)w..t.
According to (7), we consider launching M optical carriers into
the PM instead of a single wavelength and thus (7) should be

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on July 08,2021 at 20:07:44 UTC from IEEE Xplore. Restrictions apply.



5306

rewritten as

M 2
1pp X Z sin ( WCZD()LM)WT 2) . Pm COS(WT.t + QOm)
= [wo + (M — 1)w,]
a7
where M is the number of optical carriers. We can regard the first
term in (17) as the identical term for all optical carriers since the

frequency spacing of all optical carriers are the same and small
[37]. Thus, (17) becomes

WczD(kaUe)wT2>

2
Wave

ipD X sin(

M
: Z Pm COS(th + ©1 -+ wr(m — 1)T)

m=1

(18)

where D (e ) is the averaged dispersion, w,e is the averaged
angular frequency and 7'is the time interval between each optical
carrier and it equals wavelength spacing multiplies the average
accumulated dispersion. By applying Furrier transform to (18),
the frequency response of the proposed filter based on comb
generator is obtained as follows:

7z D (hape )wr2 )

2
Wave

Heomp(wy) o sin (

M
Y Peljw(m—1T]  (19)
m=1

The frequency response of the proposed filter is governed
by the number of optical carriers, the wavelength spacing and
the dispersive value as shown in (19), and thus the frequency
response can be tuned by these three crucial factors.

III. EXPERIMENTAL SET UP AND RESULTS
A. Comb Generator

Fig. 2 depicts the setup of the comb generator for the proposed
filter of our experiment. After passing through the 3-dB optical
coupler, the TL emitted at 1546.8 nm is launched into the
DP-MZM with 3 dBm input power. Both MZM1 and MZM?2
are biased at the null point while MZM3 is biased at its quadra-
ture point. The driving RF signal frequency is 10 GHz and
the phase shifter is deployed in one branch after power splitter to
make sure the phase difference between the MZM1 and MZM?2
inputs is —7. The EDFA output power is set to 17 dBm to
compensate the loss of the loop caused by wavelength transition.
By properly adjusting the OF, the number of optical carriers of
comb generator from 20 to 100 can be flexibly achieved as shown
in Fig. 3(a). To investigate the performance of the proposed filter,
the maximum 103 optical carriers with 0.08 nm wavelength
spacing are selected as shown in Fig. 3(b). The tone-to-noise
ratio (TNR) of the generated 103 optical carriers is greater than
17 dB and the optical power fluctuation is below 2 dB. The
power fluctuation can be improved by changing the weights of
each optical carrier by using waveshaper [38].

To change the wavelength spacing of the generated optical
combs, we adjust the frequency of the RF signal to 20 GHz,
15 GHz, 10 GHz and 7.5 GHz, corresponding to wavelength
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spacing of 0.16 nm, 0.12 nm, 0.08 nm and 0.06 nm, respectively.
Fig. 4 shows the measured optical spectra from 1548 nm to
1552 nm with (a) 0.16 nm (b) 0.12 nm (c) 0.08 nm (d) 0.06 nm
wavelength spacing. All the measured optical spectra have good
flatness and large TNR. This can ensure the proposed MPF has
large tunability since the mathematical model as shown in (19)
pointing out that the number and wavelength spacing of the
optical carriers are two important factors to tune the proposed
filter.
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(the wavelength spacing is set to (d) 0.084 nm (e) 0.08 nm (f) 0.076 nm).

B. MPF

To conduct the frequency response measurement for the pro-
posed filter, the sequential microwave signals generated by the
network analyzer are injected to PM to modulate all optical
carriers. After 50-km SSMF transmission, all optical carriers are
detected by PD and the recovered microwave signals are sent
back to network analyzer to measure the frequency response.
In case I, the wavelength spacing is fixed at 0.08 nm and 20,
40 and 60 optical carriers are fed into the PM, respectively.
Fig. 5 (a), (b) and (c) show both experimental and simulation
results of the frequency response considering different numbers
of optical carriers. The simulation results correlate with the
experimental results. Experimental results show the measured
3-dB bandwidth decreases from 744.8 MHz to 306.8 MHz when
the number of carriers increases from 20 to 60. It is observed
that the 3-dB bandwidth of the filter is decreasing as the number
of optical carriers is increasing, pointing that the resolution can
be improved by feeding more optical carriers to the PM.

In case II, to evaluate the tunability of center frequency of
the proposed filter, the number of optical carriers is fixed to 60
while the wavelength spacing can be adjusted to match different
application requirements.

Fig. 5(d), (e) and (f) illustrate the experimental and simulation
results of the frequency response when we adjust the wavelength
spacing to 0.084 nm, 0.08 nm and 0.076 nm, respectively.
Fig. 5(d) indicates the center frequency of the proposed filter is
14.08 GHz and it is shifted to 14.86 GHz and 15.66 GHz when
the wavelength spacing is changed to 0.08 nm and 0.076 nm as
shown in Fig. 5(e) and (f). Same as the case I, the simulation
results agree with experimental results in case II.
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Fig.6. Simulation of frequency response of the proposed filter versus different
fiber lengths.
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Based on the well-matched simulation results, we further sim-
ulate the multi-service application scenario of the proposed filter.
Fig. 6 shows the simulated frequency response versus different
transmission distances. The center frequency of the proposed
filter is shifted to the low-frequency band when the transmission
distance increases. Since the accumulated dispersion is varied
by the length of SSMF, a multi-band signal can be allocated to
different users by the transmission distance which can realize
point-to-multipoint service for the SCM-based RoF system.

IV. CONVOLUTIONAL NEURAL NETWORK

The simulation presented in section III exhibits the developed
numerical model of the proposed filter can provide the insight of
better understanding on designing the MPF. The parameters of
the MPF can be decided through the simulation. For instance, the
dispersive values should be determined firstly since itis related to
the length of fiber which is hard to change in the practical system.
Then, considering the given dispersive value, the wavelength
spacing and the number of carriers are gradually adjusted to
meet the desired requirement of the filter, respectively. The
frequency response of the MPF can be obtained by the forward
numerical model, Y = f(X), which is derived from (19). The
parameters and the sampled frequency response of the MPF
are represented in the vector form, X = [x1,....xy] and Y =
[y1,...,ym] where n and m are the length of the input and
output vectors, respectively. It is quite straight forward to design
the MPF by tuning the parameters by the forward numerical
model. However, these parameters are tuned separately, which
is a time-consuming method and needs previous experience to
optimize the performance. Moreover, diverse shapes of the MPF
(i.e., frequency response) can be formed by varying the tap
coefficients (i.e., the optical power of each optical carrier) [39]. If
the tap coefficients are considered, the forward numerical model
becomes more complex that increases the difficulty in designing
the MPF. Therefore, finding an inverse function to directly de-
termine all the MPF parameters (X) simultaneously by the given
frequency response is more effective. Yet, it is difficult to figure
out the inverse function between the frequency response and the
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Fig. 7.  The architecture of the proposed CNN model.

TABLE I
THE SUMMARIZATION OF THE PROPOSED CNN MODEL

Layer Output Shape Parameter
Conv_1D (batch,2000,256) 1024
Activation (Relu) (batch,2000,256) 0
Conv_1D (batch,2000,256) 196864

Activation (Relu)
Max_Pooling 1D

(batch,2000,256) 0
(batch,667,256) 0

Global Max Pooling 1D (batch,256) 0
Dense 1 (batch,2048) 526336
Dropout (batch,2048) 0
Dense 2 (batch,256) 524544
Dense 3 (batch,128) 32896
Dense 4 (batch, 1) 129

Total parameter:1281793
Trainable parameter:1281793
Non-trainable parameter:0

complicated parameters of the MPF. (dispersive value, wave-
length spacing, number of optical carriers, tap coefficients).
Aside from the proposed MPF, other works encounter the same
difficulty developing the inverse system. To address this issue,
machine learning techniques featuring high accuracy, low com-
plexity and fast, have been proposed to learn the inverse mapping
between the output and input data [40]—[42]. The convolutional
neural network (CNN) is a kind of deep neural network (DNN)
architecture with a promising capability of extracting features
from the input data and subsampling the data size which in-
creases the execution efficiency. Additionally, the convolution
operation of CNN is convenient to the one-dimensional vector.
Therefore, many studies using 1D CNN structure have been
proposed in different applications [43]—[45]. Since the frequency
response of the MPF is a 1D vector, we adopt the CNN to find the
inverse mapping between the output frequency response and the
input parameters of the MPF which denotes as X = CNN(Y),
where CNN(.) is the inverse function generated by the CNN
model. The proposed CNN architecture includes convolutional
layers and fully connected layers as shown in Fig. 7. In the 1D
CNN layers, the data are convolved by utilizing the kernels to
extract the output features which can be expressed as [46]

N1
ot =0l + g convlD(wh !, st1)
i=1

(20)

where x! is defined as the input, b} is defined as the bias of

the k™ neuron at layer [, s\ 'is the output of the i neuron
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Fig. 8.  MAE during the training and validation and the frequency response
comparison between target and predicted data of first scenario.

at layer [ — 1, wi;l is the kernel from the i" neuron at layer
[ — 1 to the k™ neuron at layer [. conv1D (.,.) is used to perform
1D convolution with zero-padding. The intermediate output, yé,
can be expressed by passing the input l‘i through the activation
function, o(.), as
Y = ola})
The Rectified Linear Unit (ReLU) is used as the activation
function in the proposed CNN for increasing the computation
efficiency [47], which acts individually on each of its input
vector elements by keeping the positive values and equating
the negative to zero. [48] Then the data size can be shortened
by applying the down-sampling operation in the pooling layer
which can be written as

21

l

st =yl | ss (22)

where SL stands for the output of the k™ neuron of the layer, /,
and ““| ss” represents the down-sampling operation with a scalar
factor, ss. As the forward propagation is complete, the weights
and bias are found. To improve the accuracy of the proposed
CNN, the gradient descent algorithm is applied to update the
weights and bias which is

XPred (t + 1) — XPred (t) _ T]VE(XPred) (23)

where XFred ig the predicted value, t is the iteration number and
71> 0is the learning rate. The mean absolute error (MAE) is used
to define the errorVE(XF**d)between the target and predicted
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TABLE II
THE COMPARISON BETWEEN THE SELECTED TARGET AND PREDICTED
DATA FOR BOTH SCENARIOS

Target data | Predicted value
_ 9.5GHz 9.50196 GHz
o
S 10 GHz 10.0046 GHz
(2‘3 10.5 GHz | 10.5026 GHz
48 km 48.0170 km
Q 49 km 48.9792 km
§ 50 km 49.9474 km
3 51 km 51.0164 km
A 52 km 51.9649 km

data. The learning rate 7 is dynamically adapted by using the
Adam optimizer [49] which can enhance the convergence during
the training process.

To demonstrate the concept of designing the MPF by the
machine learning technique, the CNN model is utilized to learn
the inverse mapping between the frequency response of the MPF
and wavelength spacing and fiber length, respectively.

To collect the training data, the frequency responses within
the frequency range from 14 GHz to 16 GHz are sampled by
2000 points using the theoretical model of the proposed MPF
in section III. For the first scenario, predicting the wavelength
spacing, 2485 datasets of frequency responses are generated by
varying the wavelength spacing from 5 GHz to 20 GHz (with
60 optical carriers and the equivalent dispersive value as 50-km
fiber). The second scenario, to predict the fiber length, 2485
datasets are collected by changing the fiber length from 46 to
53 km (with 60 optical carriers and the wavelength spacing of
10 GHz). For both scenarios, 10% of the data are designated to
be the testing data and the training data to validation data ratio is
set to 7:3. By optimizing the model parameters, such as epochs,
convolution layers, hidden layers, batches, and activation func-
tion, the CNN architecture as shown in Table I is obtained. The
training data are first convolved by 256 kernels and fed into the
rectified linear unit (RELU) layer to normalize the value. Then,
the first RELU layer is connected to the second convolutional
layer and RELU layer in sequence. Afterward, a max pooling
layer with the window size of 3 down-samples the data and sends
the output to the fully connected layers, including three hidden
layers that have 2048, 256, 128 neurons, respectively.

Fig. 8 shows the loss plot and the effect of the number of
epochs during CNN model training. The training losses are
reduced as the number of epochs increases. The training loss
and validation loss converge quickly after approximately 500
epochs, while the optimum validation MAE of 0.004522 is
achieved at the 2158™ epoch. The predicted and target frequency
responses of the 10 GHz wavelength spacing are plotted in the
inset of Fig. 8. The predicted value is 10.0046 GHz as listed in
Table II. Moreover, Table II lists the other selected wavelength
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comparison between target and predicted data of second scenario.

spacing values to make a straight comparison between predicted
and target data. The MAE of 248 testing datasets is 0.015516.

Fig. 9 illustrates the training loss curve of the second scenario.
The training and validation data converge around the 800" epoch
and the optimal validation MAE is 0.026744. The predicted
values of five selected testing data are listed in Table II and
the inset of Fig. 9 shows the target and predicted frequency
responses of the 50-km fiber length. The testing MAE among
248 datasets is 0.060804. According to the insets of Fig. 8 and
Fig. 9, the results present good matches between the target and
predicted frequency responses for both scenarios and the low
testing MAE values indicate the proposed CNN model has good
performance in this demonstration.

V. CONCLUSION

In this paper, the CNN model is utilized to predict the wave-
length spacing and fiber length for microwave photonic filter
design. The centralized-reconfigurable filter is composed of an
optical comb generator and a PM. Experimental results show
that the proposed comb generator can generate 20,40,60,80 and
100 optical carriers by adjusting the optical filter which exhibits
a good flatness and high TNR. Additionally, by changing the
frequency of LO, optical carriers with different wavelength
spacing are also successfully demonstrated. With good perfor-
mance of the optical carriers, large flexibility of the proposed
filter is achieved. The center frequency of the proposed filter
can be shifted from 14.08 to 15.66 GHz when the wavelength
spacing is tuned from 0.084 nm to 0.076 nm and the 3-dB
bandwidth decreases from 744.8 MHz to 306.8 MHz when the
number of optical carriers increases from 20 to 60. Furthermore,
theoretical analysis and numerical simulations are complete and
they are consistent with the experimental results. Moreover,
we have simulated the point-to-multipoint application of the
proposed filter by setting the length of SSME. With the full
study on the proposed filter, we further collect the data with
two different scenarios to train the CNN model which is used
to successfully predict the wavelength spacing and the fiber
length with only small errors, exhibiting good performance
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and high accuracy of the proposed model. Our proposed MPF
design enhanced by CNN machine learning technique, can be
further improved by collecting more training data and utilizing
advanced optimization algorithms for radio-over-fiber mobile
network applications.
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