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We investigate a channel-interleaved photonic analog-to-digital conversion (PADC) system’s ability to work
stably over a long duration with an optimal driving voltage. The influence of optimum bias point drift of a
Mach~Zehnder modulator (MZM)-based photonic switch on this system was analyzed theoretically and exper-
imentally. The feasibility of extracting feedback signals from the PADC system was derived. A high-stability
channel-interleaved PADC was constructed by extracting a feedback signal from a parallel demultiplexing
module to control the MZM-based photonic switch’s driving voltage. Consequently, the amplitude mismatch
between the channels was limited to within 0.3 dB over 12 hours of operation.
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In recent years, many advances have been made in pho-
tonic analog-to-digital conversion (PADC) technology
to overcome the performance bottleneck in traditional
electronic  analog-to-digital conversion technology¥.
The PADC system consists of a photonic front-end and
an electronic back-end to combine the high performance
of photonic technology with the convenience of electronic
technology, thereby providing an ideal solution of signal
reception processing for next-generation radar and com-
munication™2. Recent research has been investigated
to develop the PADC systems, including system architec-
ture innovation, device performance optimization, and
signal processing algorithm improvements2+214,
However, both radar and communication systems need
to be able to work stably for long periods of time. Their
operating environments are complex, and environmental
factors such as temperature, humidity, and pressure can
change significantly during operation. These will lead to
an optimal bias point drift of the Mach—Zehnder modula-
tor (MZM)2X a vital component in the PADC system
that serves as a sampling gate and photonic switch22Z,
This drift will degrade the high-precision characteristics
of the PADC system. To maintain stable operating con-
ditions of the PADC system in practice, optimum bias
point selection and controlling technologies should be
studied. Although mature automatic bias control
(MBC) devices are currently available, their application
will undoubtedly increase the size and weight of PADC
systems, especially those of 4- or 8-channel PADC systems
with cascaded MZMs?. This is contrary to the trend of
miniaturizing and integrating modern radar and commu-

nication systems.
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In this Letter, we investigate the characteristics of
demultiplexed signals in a channel-interleaved PADC
system. The influence of optimum bias point drift of an
MZM-based photonic switch on the channel-interleaved
PADC system is analyzed theoretically and experimen-
tally. Simultaneously with demultiplexing, the offset of
the optimum bias voltage of the MZM-based photonic
switch is extracted through system sampling and provided
as a feedback signal to the system to change the driving
voltage applied to the photonic switch. In long-term ex-
periments, the bias-point-drift-induced fluctuation of
the PADC system is suppressed from 3.4 dB to 0.3 dB.

The switching response of an MZM-based photonic
switch can be expressed as?
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Therefore, the time-domain expression of the two
demultiplexed channels can be given as
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where ay is the maximum transmittance of the MZM-
based photonic switch. € = ay/a,, is the extinction ratio
of the photonic switch, where a,;, is the minimum
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transmittance of the MZM-based photonic switch. v(t) is
the time-domain expression of the driving signal. V', and
f4 are the amplitude and frequency of the driving signal,
respectively. ¢ is the phase offset between the sampling
pulse and the driving signal. V g is the half-wave voltage
of the MZM(RF), and V ¢ is the half-wave voltage of the
MZM(DC). Vi is the driving voltage applied to the
MZM-based photonic switch. I, () = vemplea(t) - (1) -
>8(t—mT,), where p(t) is the shape of the optical pulse,
T, is the temporal interval of the sampling series, and
Ugampled (£) 18 the time-domain expression of the sampled
signal.

Equation (2) shows that there is a fixed offset 7 between
the two signals after demultiplexing, implying that
they have a complementary relationship in signal power.
A numerical simulation based on Egs. (1) and (2) is imple-
mented to intuitively identify the relationship between
the power of two output optical signals after demultiplex-
ing under different working points; the normalized result
is shown in Fig. 1. The system sampling rate is set to
20 GS/s. The maximum transmittance is ay =1 and
the extinction ratio is € =30 dB. The driving signal
amplitude is V,, = V, zp/2 and the driving signal fre-
quency is f; = 10 GS/s. The half-wave voltage of the
MZM(DC) is V,pc =3 V. The quadrature bias
point is set to be 0.7 V and 3.7 V. The sampled signal
Usamplea(t) 15 @ 2.4 GHz single-tone signal with 20 dBm
power. After demultiplexing, these two optical signals
have an obvious complementary relationship in signal
power. These two optical pulse trains have the same op-
tical power only when the driving voltage applied to the
MZM-based photonic switch is equal to the quadrature
bias voltage.

Furthermore, we can substitute V,,/V, grp =1/2 and

= 0 to simplify Eq. (2) because a previous study found
that the PADC system has a relatively high efficiency
under these settings?. Therefore, the frequency-domain
expression of the two demultiplexed channels can be
given as
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Fig. 1. Simulation results of the relationship between the powers
of two output optical signals after demultiplexing under different
working points.
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According to Eqs. (3) and (4), one can find that the bias
point drift of the MZM-based photonic switch results in an
amplitude mismatch between the two signals after demul-
tiplexing when the sampled signal falls into the Nyquist
interval; in this case, because 1, and 53 have opposite
trends when Vy;,, changes. Note that the Nyquist interval
corresponds to the sampling rate of each demultiplexed
channel, which is half before demultiplexing. When the
sampled signal falls outside the Nyquist interval, the bias
point drift of the MZM-based photonic switch results in
the response efficiencies of both channels declining by
the same amount after demultiplexing because the re-
sponse efficiencies of both channels are determined by #;.

The effect of bias point drift of the MZM-based pho-
tonic switch in the PADC system is experimentally inves-
tigated based on the classic architecture, a schematic of
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where Ay is the effective amplitude of the sampled signal; f;, is the frequency of the sampled signal; P(f) is the
Fourier transform of p(t); f, is the system sampling rate before demultiplexing; and 7, 75, and 53 can be expressed

as follows:
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Fig. 2. Experimental setup of a high-stability channel-
interleaved PADC system with a feedback link. AMLL, actively
mode-locked laser; AMP, optical amplifier; MZM, Mach-
Zehnder modulator; TDL, time delay line; PD, photodiode;
ADC, analog-to-digital converter; OC, optical coupler; BPD,
balanced photodiode; DSP, digital signal processor; PPS, pro-
grammable power supply.

which is shown in Fig. 2. An actively mode-locked laser
(AMLL; Calmar PSL-10-TT) is used to generate the op-
tical sampling pulse train. A 20 GHz microwave signal
generated by a low-noise microwave generator (Keysight
E8257D) is used to provide a seed signal to the AMLL.
The optical sampling pulse train is amplified by an optical
amplifier (AMP; Calmar AMP-ST30) and passes through
an MZM (MZM1, Photoline MXIQLN-40) with 40 GHz
input bandwidth. The microwave generator (N5083B)
is used to generate the signal to be sampled. A microwave
generator (SMA100B) is used to generate a 10 GHz driv-
ing signal. The dual-output MZM (MZM2, EOSpace
AX-1x2-0MSS-20) is used as a photonic switch driven by
the 10 GHz driving signal. The sampled optical signal is de-
multiplexed into two channels by the photonic switch. The
demultiplexed signals are photoelectrically converted by two
10 GHz bandwidth PDs (Conquer PDA-10 G-InGaAs-SM-
FA) and digitized by two channels of a real-time oscilloscope
(Keysight MSO804A). In addition, the low-noise micro-
wave source (Keysight E8257D) that provides the seed
signal to the laser outputs a 10 MHz reference signal to
the microwave generator (SMA100B) and the oscilloscope
as a reference clock.

Two single-tone signals with frequencies of 2.4 GHz and
12.4 GHz are applied to the sampling gate, respectively.
As in the theoretical derivation, the fiber delay line is ad-
justed until the phase offset between the sampling pulse
and the driving signal is 0, and the amplitude of the driv-
ing signal is adjusted until V,,/V gzr = 0.5 is satisfied.
The sampling rate of the PADC system is 20 GS/s.
Figure 3 shows the experimental results. When the
sampled RF signal has a frequency of 2.4 GHz, a signifi-
cant amplitude mismatch is seen between the two signals
after demultiplexing when V,;, deviates from V pc/2
(quadrature bias point). When Vi, = V,pc, there is
no switching response. Only when Vi, = V,pc/2, there
is no amplitude mismatch between the two signals after
demultiplexing. Previous studies have shown that
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Fig. 3. Experimental results of the relationship between demul-
tiplexing performance and driving voltage in the PADC system
when the frequency of the input signal to be sampled is
(a) 2.4 GHz and (b) 12.4 GHz.

amplitude mismatch reduces the effective number of bits
(ENOB) of a PADC system™. When the sampled RF
signal has frequency of 12.4 GHz, the digitized spectrum
of the 12.4 GHz sampled signal is folded to 2.4 GHz
according to the subsampling principle?. Although no
obvious amplitude mismatch is seen between the two
signals after demultiplexing when Vi, deviates from
V .pc/2, the response efficiencies of both channels declined
by the same amount after demultiplexing. The larger the
offset, the lower is the response efficiency. This is consis-
tent with the results derived using Egs. (3) and (4). This
phenomenon also undoubtedly reduces the ENOB of the
PADC system. Regardless of the sampled signal fre-
quency, the bias point drift of the MZM-based photonic
switch degrades the ENOB of the PADC system. There-
fore, the experimental results are completely consistent
with the theoretical derivation results.

Previous experiments often overlooked the bias point
drift of the MZM. However, this factor cannot be avoided
during long-term operation. This effect is more pro-
nounced in multistage multichannel PADC systems
(e.g., those with 4 or 8 channels). Therefore, varying
the driving voltage with the optimum bias point drift of
the MZM is an important way to further improve the abil-
ity of PADC systems to work stably for a long duration.
Furthermore, considering the integration trend of PADC
systems, a feedback link should be constructed based on
the system characteristics.

Figure 2 further shows the schematic of high-stability
channel-interleaved PADC systems with automatically
selected driving voltages. Inspired by the power character-
istics of the two optical signals after demultiplexing,
10% optical signals of both demultiplexed signals are di-
vided using the two 90:10 optical couplers, which serve as
feedback signals. In the feedback link, the two feedback
optical signals are converted into feedback voltage values
by a narrow-bandwidth balanced photodiode (BPD, DC-
300 MHz) whose output signal includes a DC component.
Based on the working principle of the photodiode (PD),
the value of the DC output component depends on the
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input optical power and the responsiveness of the PD. The
optical pulse in the parallel demultiplexing module has a
high frequency that is not within the frequency response of
the PD; therefore, the final output of the PD is only the
DC component. Considering that the response character-
istics of the two PDs in the BPD are approximately
identical, the BPD output can be considered as the result
of power comparison of the two optical signals after
demultiplexing. The feedback voltage value is read by a
digitizer and passed to the processor. According to the
feedback voltage value, the processor changes the driving
voltage provided by the programmable power supply
(PPS) to the photonic switch. This feedback is used to
control the photonic switch (MZM2) of the channel-
interleaved PADC system. Note that the response rate
of the feedback subsystem depends on the response rate
of the digital signal processor and the programmable
power supply, which is much faster than the optimum bias
point drift rate of the system. It is an automatic control
system for real-time feedback that does not affect the
operation of the PADC system.

To verify the validity of the feedback signal, a step-
increasing driving voltage is applied to the photonic
switch of MZM2 and the feedback signal value is measured
in real time. In addition, the photonic switch transmission
curve is measured immediately thereafter. Figure 4 shows
the experimental results; they are consistent with the
theoretical ones. When the BPD output is 0 V, the pho-
tonic switch is exactly at the optimal working point.
Therefore, the driving voltage can be changed accurately
according to the magnitude of the feedback value to
ensure that the photonic switch works at the optimal
working point. It is worth noting that this feedback archi-
tecture is also applicable when the dual-output modulator
serves as the sampling gate.

A long-term comparative test of the two experimental
architectures with and without the feedback optimization
is conducted. A 2.4 GHz signal with 10 dBm power is
input to the PADC system. As analyzed previously, the
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Fig. 4. Experimental results of the relationship between the
feedback signal and transmission function of the photonic switch
(MZM2).
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Fig. 5. (a) Measured result of the amplitude mismatch between
channels after demultiplexing in a channel-interleaved PADC
system without a feedback link. (b) Measured result of the
amplitude mismatch between channels after demultiplexing
in a channel-interleaved PADC system with the feedback
optimization.

two-channel 2.4 GHz input signal shows an amplitude
mismatch after demultiplexing owing to bias point drift
of the MZM-based photonic switch. Further, the larger
the drift, the more serious is the amplitude mismatch.
Therefore, a spectrum analyzer (FSW43) is used to detect
the amplitudes of the 2.4 GHz signals in the two channels
and compare their differences. The optimized PADC
system could work very stably over a long duration [see
Fig. 5(b)], and its amplitude mismatch varies within
0.3 dB around the fixed difference. In contrast, the classic
architecture fluctuates more than 3.4 dB over only 12
hours of operation and this seriously affects the high-
precision characteristics of the system [see Fig. 5(a)].

In conclusion, we have theoretically and experimentally
verified that the bias point drift of MZM-based photonic
switches deteriorates the performance of PADC systems.
Therefore, we have optimized a PADC system to perform
real-time monitoring feedback and theoretically and
experimentally verified the rationality of using the feed-
back signal. Finally, we conducted a long-term compari-
son test between the two experimental architectures
with and without the feedback optimization and found
that the optimized PADC system architecture has an ex-
cellent ability to work stably over a long duration: the
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bias-point-drift-induced fluctuation of the PADC system
is suppressed from 3.4 dB to 0.3 dB in the long-term test.
In the next study, we are planning to adopt the feedback
optimization to a multiple-channel PADC system.

This work was partially supported by the National
Natural Science Foundation of China (Nos. 61571292,
61535006, and 61822508).

References

1. G. C. Valley, Opt. Express 15, 1955 (2007).

2. A. Khilo, S. J. Spector, M. E. Grein, A. H. Nejadmalayeri, C. W.
Holzwarth, M. Y. Sander, M. S. Dahlem, M. Y. Peng, M. W. Geis,
N. A. DiLello, J. U. Yoon, A. Motamedi, J. S. Orcutt, J. P. Wang,
C. M. Sorace-Agaskar, M. A. Popovi¢, J. Sun, G. Zhou, H. Byun, J.
Chen, J. L. Hoyt, H. I. Smith, R. J. Ram, M. Perrott, T. M.
Lyszczarz, E. P. Ippen, and F. X. Kértner, Opt. Express 20, 4454
(2012).

3. G. Yang, W. Zou, L. Yu, and J. Chen, Opt. Lett. 43, 3530 (2018).

4. L. Yu, W. Zou, G. Yang, X. Li, and J. Chen, Chin. Opt. Lett. 16,
120602 (2018).

5. F. Scotti, F. Laghezza, S. Pinna, P. Ghelfi, and A. Bogoni, in Opto-
Electronics and Communications Conference and Photonics in
Switching (Optical Society of America, 2013), paper TuO1_ 3.

6. G. Yang, W. Zou, Y. Yuan, and J. Chen, Chin. Opt. Lett. 16, 030601
(2018).

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

012502-5

. P. Ghelfi, F. Laghezza, F. Scotti, G. Serafino, A. Capria, S. Pinna, D.

Onori, C. Porzi, M. Scaffardi, A. Malacarne, V. Vercesi, E. Lazzeri,
and A. Bogoni, Nature 507, 341 (2014).

. W. Zou, H. Zhang, X. Long, S. Zhang, Y. Cui, and J. Chen, Sci. Rep.

6, 19786 (2016).

. S. Xu, W. Zou, G. Yang, and J. Chen, Chin. Opt. Lett. 16, 062801

(2018).

J. Yang, S. Li, X. Xiao, D. Wu, X. Xue, and X. Zheng, Chin. Opt.
Lett. 16, 060605 (2018).

J. Yao, J. Lightwave Technol. 27, 314 (2009).

F. Zhang, Q. Guo, Z. Wang, P. Zhou, G. Zhang, J. Sun, and S. Pan,
Opt. Express 25, 16274 (2017).

Y. Xu, S. Li, X. Xue, X. Xiao, X. Zheng, and B. Zhou, IEEE
Photonics J. 11, 5502009 (2019).

S. Peng, S. Li, X. Xue, X. Xiao, D. Wu, X. Zheng, and B. Zhou, Opt.
Express 26, 1978 (2018).

J. P. Salvestrini, L. Guilbert, M. Fontana, M. Abarkan, and S. Gille,
J. Lightwave Technol. 29, 1522 (2011).

H. Nagata, G. D. Feke, Y. Li, and W. R. Bosenberg, IEEE Photonics
Technol. Lett. 16, 1655 (2004).

H. Zhang, W. Zou, G. Yang, and J. Chen, Chin. Opt. Lett. 14,
030602 (2016).

H. Gevorgyan, K. Al Qubaisi, M. S. Dahlem, and A. Khilo, Opt.
Express 24, 13489 (2016).

G. Yang, W. Zou, L. Yu, K. Wu, and J. Chen, Opt. Express 24,
24061 (2016).

J. Kim, M. J. Park, M. H. Perrott, and F. X. Kértner, Opt. Express
16, 16509 (2008).



