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We propose a generic integrated filtering and digitizing
approach that can complete signal filtering and digitizing
simultaneously based on periodic signal multiplying. The
filtering response can be reconfigured flexibly by adjusting
the temporal shape of the local periodic signal and/or the
impulse response of photodetection. The principle and fea-
tures of proposed structure are analyzed and experimentally
verified in the electrical domain and the photonic domain.
The system responses in line with the theoretical and
simulation results are experimentally measured. © 2019
Optical Society of America

https://doi.org/10.1364/OL.44.001766

Filtering and digitizing are two basic processes in signal and
information fields. For the advantages of digital technology
in transmission, processing, and storage, digitizing has become
the choice of many applications. Before digitizing, however, pre-
filtering is often preferred in many applications for the purpose
such as antialiasing, interference suppressing, and phase shifting
[1,2]. For example, suppressing interference by pre-filtering can
effectively mitigate the requirement of the effective number
of bits (ENOB) to analog-to-digital converters (ADCs) in
receivers [3]. Conventionally, discrete analog filters and ADCs
are cascaded to realize pre-filtering and digitizing, respectively.
However, direct cascading an existed microwave photonic filter
and a photonic ADC in photonic schemes will suffer from sig-
nificant loss and distortion for multi-stage electro-optic and op-
tic-electric conversion [4]. In previous works, we have proposed
two photonic schemes to digitize RF signals with a program-
mable equivalent analog pre-filtering by shaping the temporal
shape of optical sampling pulses [2,4]. However, the previous
works only discussed the photonic structure where the temporal
width of the sampling pulse is narrower than the impulse
response width of photodetection accounting from the photo-
diode (PD) to the electric ADC.

In this Letter, we generalize the previous photonic structure
to a generic integrated filtering and digitizing principle based
on periodic signal multiplying (IFD-PSM). The equivalent
model of the IFD-PSM structure is built. The IFD-PSM prin-
ciple and its features are analyzed under arbitrary temporal

shapes of the sampling pulse, and verified in the electrical
and photonic domain, respectively.

Figure 1(a) illustrates the generic schematic of IFD-PSM.
The input RF signal is multiplied by a local periodic signal.
The multiplied signal is filtered by an analog filter and then
quantized by an ADC. Finally, the integrated filtering and digi-
tizing results can be directly obtained, and the filtering response
can be reconfigured flexibly by adjusting the temporal shape of
the local periodic signal and/or the impulse response account-
ing from the analog filter to the ADC.

The temporal shape of the local periodic signal can be
expressed as

p�t� � PA
X�∞

m�−∞
ps�t − mTs�, (1)

where PA is the average power of the local periodic signal, ps�t�
is the temporal shape of the periodic signal in single period nor-
malized by PA, and Ts is the repetition period.

The multiplied signal which is generated by multiplying
the local periodic signal and input RF signal, x�t�, can be
expressed as

pM �t� � p�t�x�t�: (2)

The multiplied signal is sampled and quantized by the ADC
with the sampling period of Ts, and we have the quantized
results
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Fig. 1. (a) Generic schematic of the PSM-based integrated filtering
and digitizing. (b) Equivalent model of the PSM-based integrated fil-
tering and digitizing.
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v�k� � pM �t� � hE�t�jt�kTs

�
Z �∞

−∞
p�kTs − τ�x�kTs − τ�hE �τ�dτ

�
Z �∞

−∞
x�kTs − τ�p�−τ�hE �τ�dτ

� x�t� � hA�t�jt�kTs , (3)

where hE�t� is the impulse response accounting from the analog
filter to the ADC. According to Eq. (3), hA�t� characterizes the
equivalent impulse response of the system,

hA�t� � p�−t�hE�t�: (4)

Through Eqs. (3) and (4), we can see that the whole procedure
can be considered as a sampling system with an equivalent
impulse response of hA�t�, as shown in Fig. 1(b). The equiv-
alent response of the system is determined by the local periodic
signal’s temporal shape and the impulse response of hE�t�.

The equivalent response of the sampling system can be
derived from the Fourier transform of Eq. (4) as

HA�Ω� �
1

Ts

X�∞

m�−∞
Ps�mΩs�HE �Ω� mΩs�: (5)

The functions denoted by an upper case letter are the Fourier
transform of the functions expressed by the corresponding
lower case letter, Ωs � 2π∕Ts. HA�Ω� is the weighted sum-
ming of the shifted replicas of HE�Ω�, and the weights are
determined by the local periodic signal.

As shown in Fig. 2, the equivalent response of the system
can be divided into three categories. It is obvious that since the
interval between the shifted replicas of HE �Ω� is Ωs, the ad-
jacent replicas cannot overlap each other and form a continuous
passband when the normalized bandwidth of HE�Ω� to Ωs, βE
is less than 0.5. In this case, the system frequency response
HA�Ω� is composed of multiple discrete passbands whose nor-
malized bandwidths are equal to βE . Otherwise, βE is not less
than 0.5, and the adjacent replicas can overlap each other and
form a continuous passband with a normalized bandwidth
much larger than βE . In this case, the normalized bandwidth
of HA�Ω� to Ωs, β, is mainly determined by Ps�Ω� when the
normalized bandwidth of Ps�Ω� to Ωs, βP , is far larger than βE .
With the decrease of βP , the effect of βE on β increases, and β
will be wider than βP when βP is close to or narrower than βE .

In IFD-PSM, the multiplying process shown in Fig. 1 can
be realized by an electrical analog multiplier or an electro-optic
modulator. When employing an electrical analog multiplier, the
bandwidth of the system will be limited by the bandwidth
of the analog multiplier [5]. Benefiting from the merits of

broadband electro-optic modulators, the photonic scheme
can improve the system bandwidth significantly. However,
the optical signal and optical devices have their own characters
that are different from the ideal ones. Therefore, the photonic
scheme should be further analyzed.

The photonic scheme using an electro-optic modulator
is shown in Fig. 3. Since the temporal shape of the local peri-
odic optical signal, p 0�t�, can never be negative, it can be
expressed as

p 0�t� � p�t� � b, (6)

where b is the amplitude offset to ensure p 0�t� is always positive.
The lithium niobate Mach–Zehnder modulator (MZM) is usu-
ally employed as electro-optic modulator. In the small-signal
condition, the response of the MZM biased at quadrature
can be approximated linearly [6]:

The modulated signal can be expressed as

pMod�t� ≈ 0.5α�1 − hMod�t� � vI �t��p 0�t�, (7)

where α is the attenuation factor of the MZM, hMod�t� is the
small-signal impulse response of the MZM, and vI �t� is the
input RF signal.

In this case, the final sampling result is the sum of an
unmodulated part irrelevant to input and the modulated part
[7]. The equivalent impulse response of the system can be
expressed as

hA,p�t� � −0.5αhMod�t� � �h 0E�t�p 0�−t��, (8)

where h 0E �t� is the impulse response accounting from the PD to
the ADC. According to Eqs. (6) and (8), the equivalent fre-
quency response of system can be expressed as

HA,p�Ω� �
−α

2Ts
HMod�Ω�

X�∞

m�−∞
Ps�mΩs�H 0

E�Ω� mΩs�

−
αb
2
HMod�Ω�H 0

E �Ω�: (9)

It is obvious that the bandwidth of the MZM will also limit the
bandwidth of system. Compared with the electrical scheme,
however, the reachable system bandwidth can be much larger
due to the broad bandwidth characteristics of the optical devi-
ces. The second item on the right of Eq. (9) illustrates that, due
to the offset in p 0�t�, there is always a passband at the passband
location of the analog filter which is usually located at a low
frequency. It does not matter when the low frequency interfer-
ence is weak or a high-pass filter is applied to avoid the low
frequency interference.

The experimental setup for the electrical scheme is shown in
Fig. 4. The arbitrary waveform generator (AWG) (Keysight,
M8195A) produces the local periodic signal which is the prod-
uct of a periodic Gaussian pulse train and a single tone carrier.
Through adjusting the periodic Gaussian pulse train’s pulse
width, repetition rate, and the single tone carrier’s frequency,Fig. 2. System frequency responses in three categories.
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Fig. 3. Photonic scheme. PD, photodiode.
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the local periodic signal spectrum’s bandwidth, frequency inter-
val, and center frequency can be easily designed. The local peri-
odic signal is fed into a multiplier with an analog bandwidth of
500 MHz and multiplied by the sweeping RF signal from a
microwave signal generator (Rohde & Schwarz, SMF 100A).
The amplitude level of local periodic signal and RF signals
are set at 1 V; the spectra of the local periodic signal and
RF signals are set under 300 MHz to meet the input require-
ment of the multiplier. The multiplied signal is then filtered by
an analog filter. The filtered signal is finally sampled by a digi-
tizer with an analog bandwidth of 650 MHz and an ENOB of
9.0 (Keysight, M9703A). The frequency of the sweeping RF
signal is controlled by the digitizer via LabVIEW. The passband
of the analog filter is always located in the passband of the digi-
tizer, so the filtering bandwidth is only limited to the filter
bandwidth. The synchronizing signal generated by an AWG
is fed into a phase-locked circuit (PLL) to generate the clocks
for the digitizer.

Figure 5 shows the measured amplitude frequency responses
of a system when βE < 0.5. The repetition rate of the local
periodic signal is 50 MHz, and a bandpass filter (9.5–
11.5 MHz) is used as the analog filter. The full width at
half-maximum (FWHM) of the Gaussian pulse and the
single tone carrier of the local periodic signals are 12 ns and
150 MHz in Fig. 5(a), respectively. They are 16 ns and
200 MHz in Fig. 5(b), respectively. The calculated spectra of
the local periodic signal, P�Ω�, are also presented. We can see
that, since βE < 0.5, the amplitude frequency responses of sys-
tem jHA�Ω�j in the two cases are both composed of multiple
discrete passbands located and weighted by the discrete spectral
lines of P�Ω�. Compare Figs. 5(a) and 5(b); the passband’s
center frequency is shifted from 150 to 200 MHz through
adjusting the single tone carrier of the local periodic signal.
The weights of the passbands on both sides are also lowered
when the FWHM of the Gaussian pulse is changed from 12

to 16 ns. This is because the temporal broadening of the
Gaussian pulse results in the spectrum compression, and the
discrete spectral lines on the both sides of P�Ω� are lowered.

Figure 6 shows the measured amplitude frequency responses
of a system when βP ≫ βE > 0.5. The repetition rate of the
local periodic signal is 12.5 MHz, and a second-order
Butterworth low-pass filter (LPF) with an 18.5 MHz band-
width is used as the analog filter. The FWHM of the Gaussian
pulse and the single tone carrier of the local periodic signals are
8 ns and 150 MHz in Fig. 6(a), respectively. They are 6 ns and
200 MHz in Fig. 6(b), respectively. For comparison, the calcu-
lated spectra of the local periodic signal in single period, Ps�Ω�,
are also presented. Since βP ≫ βE > 0.5, the amplitude fre-
quency responses of system jHA�Ω�, in the two cases are
formed as a continuous passband and mainly determined by
Ps�Ω�. As shown in Figs. 6(a) and 6(b), the measured ampli-
tude frequency responses are consistent with the calculated
Ps�Ω� within the passband. The small deviations between
jHA�Ω�j and Ps�Ω� outside the passband may mainly be
caused by several non-ideal factors, such as link noises and non-
linearity in the system. The passband’s center frequency is
shifted from 150 to 200MHz through adjusting the single tone
carrier of the local periodic signal. The passband’s bandwidth
is also broadened through compressing the FWHM of the
Gaussian pulse from 8 to 6 ns.

The experimental setup for the photonic scheme is shown in
Fig. 7. The continuous-wave (CW) light generated by a tunable
laser is launched into a 20 GHz MZM biased at quadrature
with a half-wave voltage of 3.4 V. An AWG (Keysight,
M8195A) is employed to generate a periodic electrical signal,
which is the product of a 50 MHz periodic Gaussian pulse train
with the FWHM of 5 ns and a single tone carrier. The periodic
signal is amplified and modulated on the CW light to generate
the local periodic optical signal. Another 20 GHz MZM biased
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Fig. 4. Experimental setup for the electrical scheme.
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Fig. 5. Amplitude responses in different temporal shapes of the local
periodic signal when βE < 0.5. (a) Gaussian pulse with the FWHM of
12 ns and a 150MHz carrier, and (b) Gaussian pulse with the FWHM
of 16 ns and a 200 MHz carrier.
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Fig. 6. Amplitude responses in different temporal shapes of the local
periodic signal when βP ≫ βE > 0.5. (a) Gaussian pulse with the
FWHM of 8 ns and a 150 MHz carrier, and (b) Gaussian pulse with
the FWHM of 6 ns and a 200 MHz carrier.
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Fig. 7. Experimental setup for the photonic scheme.
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at quadrature with a half-wave voltage of 4.5 V is used to modu-
late the local periodic optical signal by the RF signals generated
from amicrowave signal generator. The power levels of the AWG
output and the RF input are set at −10 m and 0 dBm, respec-
tively, to avoid the nonlinearity of a low noise amplifier (LNA)
and MZMs [6]. The modulated signal is detected by a PD with
an analog bandwidth of 300MHz and filtered by a second-order
Butterworth LPF with a 74MHz bandwidth. The filtered signal
is finally sampled by a digitizer with an analog bandwidth of
650 MHz and an ENOB of 9.0 (Keysight, M9703A). The fre-
quency of the generated RF signal is controlled by the digitizer
via LabVIEW. The synchronizing signal from the AWG is fed
into a PLL to generate the clocks for the digitizer.

Figures 8(a) and 8(b) show the measured amplitude fre-
quency responses of a system when the single tone carrier’s fre-
quency for the periodic electrical signal is 2.5z and 6 GHz,
respectively. For comparison, the simulated passbands based
on the temporal shape of the local periodic signal and the im-
pulse response h 0E�t� are also presented. We can see that, since
βP ≈ βE > 0.5, the amplitude frequency responses of system
jHA�Ω�j are formed as a continuous passband. The passband
with the bandwidth of 172 MHz at the center frequency of
2.5 [Fig. 8(a)] or 6 GHz [Fig. 8(b)] can be observed. The band-
width of the passband is wider than the spectral width of the
Gaussian pulse (∼125 MHz). It is because the effect of the pho-
todetection bandwidth increases with the decrease of the local
periodic signal’s spectral width, and the bandwidth of the pass-
band will be wider than the spectral width of the local periodic
signal in this case. One can also see the low passbands equal to
that of the LPF (74MHz) in the twomeasured results caused by
the amplitude offset in the local periodic optical signal p 0�t�.
Compare Figs. 8(a) and 8(b); one can see that the passband’s
center frequency is shifted from 2.5 to 6 GHz without changing
the passband’s bandwidth through adjusting the single tone car-
rier of the local periodic signal. It is because the carrier only de-
termines the location of the local periodic signal’s spectrum
without changing the local periodic signal’s spectral width.

In the experiments above, the output power level of the
AWG and microwave signal generator is restricted to avoid
the nonlinearity. When the output power level of the AWG
is high enough to cause the nonlinearity of the LNA and
MZM_1, the harmonics of the designed local periodic signal
will appear and be modulated on the CW light. The harmonic
components appear in the spectrum of the local periodic optical
signal will lead to corresponding passbands in the system re-
sponse. Figure 9(a) shows the measured amplitude frequency
responses of the system when the carrier’s frequency of the local

periodic signal is set at 2.5 GHz, and the output amplitude of
AWG is set at 0 dBm. The passbands located at 5 and 7.5 GHz
are corresponding to the designed local periodic signal’s second
and third harmonics, respectively. The second harmonics is
mainly caused by the nonlinearity of an LNA, while the third
harmonics is caused by the nonlinearity of an LNA and
MZM_1.

Figure 9(b) shows the measured amplitude frequency
responses of the system when the carrier’s frequency of local
periodic signal is set at 6 GHz. and the power levels of input
RF signals are set at 20 dBm by adding a small signal amplifier
after the microwave signal generator. We can see that, besides
the designed passband at 6 GHz, there are two unwanted pass-
bands at 2 and 3 GHz, respectively. The main reason is that the
harmonics of the input signal (the third harmonics of 2 GHz
and the second harmonics of 3 GHz) caused by the nonline-
arity of a small signal amplifier. and MZM_2 in high input
powers is located in the designed passband of the system.
The second harmonics is mainly caused by the nonlinearity
of small signal amplifier, while the third harmonics is caused
by the nonlinearity of a small signal amplifier and MZM_2.

In conclusion, we present a generic integrated filtering and
digitizing principle based on periodic signal multiplying, which
can simultaneously realize signal filtering and digitizing. The
equivalent response of the system is determined and can be
flexibly configured by the temporal shape of the local periodic
signal and/or the impulse response of photodetection. The pro-
posed generic principle is experimentally validated through an
electrical scheme and a photonic scheme. The effects of the
nonlinearity in the photonic scheme are also discussed.
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