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Amplitude Modulation to Phase Modulation
Conversion in Photonic Bandpass Sampling Link

Shanhong Guan

Abstract—The photonic bandpass sampling has been proved to
be potential in multi-carrier communication, frequency-agile co-
herent radar, compressive sensing, etc. It supports the direct down-
conversion of multi-carrier signals using a low-speed analog-to-
digital converter (ADC). We observed the distortion resulted from
amplitude-modulation to phase-modulation (AM-PM) conversion
caused by the saturated photo-detector in the photonic bandpass
sampling link. The nonlinearity caused by the AM-PM conversion
is theoretically analyzed, which is the 2nd harmonic distortion
and has a phase difference of 90 degrees with the fundamental
signal. Due to the AM-PM conversion, the 2nd harmonic distortion
occurs even the Mach-Zehnder modulator (MZM) is quadrature
biased in the photonic bandpass sampling link. Two comparative
experiments were conducted to test the nonlinearity. When the
MZM works at different bias points, the phase of the 2nd harmonic
distortion will be different. In addition, we also compared the dif-
ferences in 2nd harmonic distortion between standard continuous
wave photonic links and photonic bandpass sampling links.

Index Terms—Fiber optics links, photonic bandpass sampling.

1. INTRODUCTION

O MEET the ever-increasing demand for data capacity,

broadband communication systems that support high data
rates are being actively investigated. In recent years, commercial
modulators and detectors have enabled radio over fiber (RoF)
links to handle extremely high instantaneous bandwidths [1].
However, according to the Nyquist theory, it is difficult to digi-
tize the received signal directly after the detector. In commercial
or military software defined radios (SDRs), for example, it is
urgent to communicate simultaneously with many radios under
different radio frequency (RF) bands. In order to digitalize the
multi-carrier RF signal, a wideband analog-to-digital converter
(ADC) can be used, with usually too high sampling rate if
the Nyquist sampling theorem is satisfied. The back-end ADC
requires a high sampling rate, posing a challenge for the ADC.
Bandpass sampling is currently considered to be a promising
alternative technique, which supports direct down-conversion
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of multi-carrier signals instead of traditional multiple down-
conversion [2].

Recently, for the rapidly improved performance of femtosec-
ond lasers, photonic bandpass sampling based on the femtosec-
ond lasers support direct sampling of ultra-wideband, multi-
band, multi-carrier radio frequency signals from DC to tens of
GHz without down-conversion, effectively reducing the amount
of subsequent sample data storage and processing [3]—[5]. The
photonic bandpass sampling link has shown performance that ri-
vals that of the standard continuous wave (CW) architecture. The
front-end photonic bandpass sampling overcomes the back-end
high sampling rate and multilevel down-conversion requirement.
It has found more and more applications in high-performance
radars[6], compressive sensing [7], [8], and multi-carrier com-
munication [9], [10], etc. As with the traditional CW-based
analog photonic link, the sampled radio frequencies are also
distorted by all kinds of nonlinearities arising from the Mach-
Zehnder modulator (MZM) and other nonlinear devices due to
the nonlinear electronics-optics-electronics (E/O/E) conversion
in the photonic bandpass sampling link. To improve the link’s
spurious-free dynamic range (SFDR) and fidelity, all the gen-
erated nonlinear distortions need to be well eliminated. In par-
ticular, both the target signals and derived nonlinear distortions
are sampled and frequency-folded within the first Nyquist zone
in the bandpass sampling link. In our previous work [11], all
of the 3"-order nonlinearities arising from the MZM were well
compensated except the significant 2"4-order nonlinear spurs
generating by the photo-detector (PD).

In most situations, distortions caused by PD are not under
consideration since the PD shows un-conspicuous nonlinearity
in the non-saturated linear range. However, PD is easy to get
saturated and causes nonlinearity when the incident beam is a
pulsed light source because the peak power of the pulsed light
source is much higher than that of the CW light source under
the same average optical power [12]. It has been demonstrated
that the phase of the directly detected electrical signal changes
as a function of the applied optical energy for the un-modulated
optical pulse trains due to the PD saturation effect [13]. The
saturated PD converts optical amplitude noise to microwave
phase retardation, thereby worsening the extracted microwave
signal phase noise [14].

In this paper, we find that the amplitude modulation will also
convert into the phase modulation in the bandpass sampling RF
photonic links when PD operated under saturated input condi-
tions. The converted phase modulation results in the significant
214 harmonic distortion, which can be observed even if the MZM
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is quadrature biased. It is well known that the other kind of 2
harmonic distortion caused by the MZM will generate only when
the operating point drifts away from the quadrature bias point.
We study the characteristics of the distortion caused by AM-PM
conversion in the photonic bandpass sampling system, which
is of great significance for suppressing this nonlinearity and
improving the performance of the photonic bandpass sampling
system. In our previous work [11], we achieved the suppression
of the third-order nonlinear spurs generated by the modulator
transfer function through digital compensation. We find that the
nonlinearity caused by AM-PM conversion is not the same as
the nonlinearity caused by the MZM, and cannot be suppressed
in the same way. Therefore, we study the characteristics of
nonlinear spurs caused by AM-PM conversion in this paper. The
2" harmonic distortion resulted from AM-PM conversion shows
a phase difference from that of the fundamental signal, which
is quite different from the one caused by the nonlinearity of the
MZM. We find that the frequency of the nonlinear distortion
caused by AM-PM conversion is twice that of the fundamental
signal, and secondly, there is a fixed phase difference between the
nonlinear distortion and the frequency-multiplied fundamental
signal. Two comparison experiments are conducted to examine
the phase difference of the two kinds of nonlinearities. In addi-
tion, we also compare the phase difference between the 2" order
distortion and the frequency multiplied fundamental signal in
both CW photonic links and photonic bandpass sampling links
under the same fundamental signal and 2"¢ harmonic distortion.

II. PRINCIPLE

Since the pulse width of the light source used in the pho-
tonic bandpass sampling link is of the order of magnitude
femtosecond, its instantaneous power is far higher than the CW
laser at the same average power. The ultra-high instantaneous
optical power results in PDs being easily to get saturated during
the photoelectric conversion process. Both the high density of
photo-carriers and the limited carrier mobility in the PD will
reduce the response time. It will further lead to instability of
the pulse sequence in amplitude and phase, which converses the
amplitude jitter of the recovered microwave signal into phase
retardation. In the previous works, the other researchers have
studied the relationship between the phase change of the output
signal of the PD and the incident optical power of the pulsed light
source [13]. In this part, the nonlinear distortion introduced by
AM-PM conversion is theoretically analyzed in the photonic
bandpass sampling link.

In the photonic bandpass sampling link, it is assumed that
the repetition frequency of optical pulse generated by the mode-
locked laser is fo and each pulse is described by its normalized
intensity profile, ¢(1), where [g(#)dt = 1, then the normalized
pulse amplitude can be expressed as

Io=> q(t—k/fo). e
k

After the MZM, the pulse sequence is modulated by a signal
of amplitude a(t). As have been proven in [11], the modulation
process is equivalent to bandpass sampling the modulated RF
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signal. The modulated signal is

Ly=a®) Y q(t—k/fo)
k

~ S ak/fo)a(t—k/fo). @
k

We denoted a(k/fo ) as ax, which is the amplitude of the direct
discrete sample of the input with a sampling rate of fo. The
approximation stands when the femtosecond pulse approaches
an impulse function. In the modulation process, the microwave
signal a(t) is down-converted by the optical pulse train and
its carrier frequency is greatly decreased. Assuming that the
frequency of the a(t) is fs, the frequency of the down-converted
intermediate frequency (IF) signal is

fIF:fs_Nf07|fIF|<fO/2' (3)

Theoretically, the modulated signal a(t) is mixed with the
pulse sequence and generates multiple frequency components
in the frequency domain, where the intermediate frequency
signal is located within the first Nyquist zone. After the PD,
the electrical signal is

vPD = ) akday (t = k/fo — 7 (ar)). 4)
k

We consider the nonlinear saturation effect of PD, where
the output pulse width, ¢,, ,and the time delay, 7(ay,), are both
disturbed by the energy of each optical pulse, ay. According to
[13], the PD moves to a saturated regime under high incident
optical power. The resulting electrical pulses move later in
time as the optical power is increased. After filtering, the IF
signal located in the first Nyquist zone can be expressed as the
following form:

vp = Y a(k/fo+7(ar) = 7 (ax)) da, (t — k/fo — 7 (ax))

k

%a(t—f(a))zqak (t—k/fo —7(ar))
k

—a(t—7(a)) (5)

The approximation in Eq. (5) stands when the duration of
electronic pulse is much smaller than the period of IF tone. In
[13], it has been proved that the pulse centroid motion during
PD saturation fits a linear shift. Approximately, we can consider
7(a) = 7a, that is, the time jitter is proportional to the optical
power, where ~ is the saturation coefficient related to PD.
From Eq. (5), we can conclude that the output of PD when the
modulated signal is x(¢) can generally expressed as

y =z (t—yx(t). (©)
Supposing z(t) = 7= [ X (w)e™'dw, then
y = % /X (W) eiw(tf'yw(t))dw
1 )
am / (1 —iwyz (1) X (w) e™tdw
=z (t) (1472’ (1)) )
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In Eq. (7), the approximation stands under small modulation
depth ~. In the photonic bandpass sampling link, the transfer
function for the optical intensity of the MZM operating at
quadrature bias point is y = sin Sx, where 3 is the modulation
depth. If the RF signal is cos(2t), since the modulation depth
is small, the modulated signal after the quadrature-biased MZM
can be approximated as S cos(Qt). According to Eq. (7) the
input of the ADC is

y = (t) (1492 (1))
= [ cos () (1 — Q2 sin (Qt))

B2y m
3 Q cos (ZQt—i- 2) .

It can be seen from the theoretical deduction that when the
AM-PM conversion is introduced by the saturated PD in the
photonic bandpass sampling link, there will be 2" harmonic
distortion generated even if the modulator is quadrature biased.
Since the frequency of the fundamental signal is different from
that of the 2™ harmonic distortion, it is not feasible to compare
their phase directly. Therefore, we compare the phase of the
frequency multiplied fundamental signal with that of the 2™
harmonic distortion. The detected 2" harmonic distortion has
a phase difference of 90 degrees from the frequency multiplied
fundamental signal.

In the traditional CW photonic links, the 27 harmonic dis-
tortion will only occur when the MZM operating point deviates
from the quadrature bias point. In order to compare with the
2" harmonic distortion in the photonic bandpass sampling link,
the transfer function of the CW photonic link deviating from
the quadrature bias point under a small modulation depth 3 is
expanded as follows

= Bcos (Qt) + ®)

y =sin(fz + )

2.2
~ [Bxcosp + (1— ﬂ; )simp

B B
=sinp — - sin ¢ + B cos ¢ cos () + T sin ¢ cos (2Qt) ,

€))

where ¢ is the angle of the MZM operating point offset from
the quadrature bias point. We can see that the 2" harmonic
distortion, which is caused by the MZM, is only generated when
the MZM operating point deviates from the quadrature bias
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(a) The optical spectra and (b) pulse waveform of the mode-locked

point. In addition, the phase of the 2" harmonic distortion is
the same as that of the frequency multiplied fundamental signal,
which is different from the one caused by the statured PD in the
photonic bandpass sampling link.

III. EXPERIMENT AND RESULTS

The classical photonic bandpass sampling link employing the
optical pulse train is shown in Fig. 1. In our experiment, the
optical pulse train, which is generated from a homemade passive
mode-locked Er-fiber laser, has a fundamental repetition rate of
78.42 MHz and full width at half maximum (FWHM) pulse
duration of 401.7 fs. The laser resonant cavity is composed of
two parts: a free space optical path and a section of single-mode
fiber. The total length of the cavity is about 2.56 m. All the optical
fibers are positive dispersion single-mode fibers. When the pump
power of the 980 nm laser is 200 mW, the output power of the
mode-locked laser is about 3.8 mW. The optical spectra and pulse
waveform of the mode-locked laser are shown in Fig. 2(a) and
2(b), respectively. After the optical coupler (OC), approximately
5% of the femtosecond pulse train is detected directly by the
low-speed PD2 (New Focus, Model 1611) to synchronize the
ADC (ADlink PCIE-9852). The other 95% is used in the optical
sampling of the RF signal after the polarization controller (PC).
The input 10 MHz microwave signal is modulated on the pulse
train by the MZM (EOSpace, 20 GHz) of which the operation
point is fixed by a homemade dither-free bias controller. The
insertion loss of the MZM is about 4 dB. Both the input and
the output fibers are polarization maintaining. The half-wave
voltage at 1 GHz is about 5V. Then, the modulated optical
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The RF spectrums of photonic bandpass sampling link with MZM operating at (a) quadrature bias point and (b) low bias point. (c) The phase difference

of fundamental and 2" harmonic distortion with MZM operating at quadrature bias point (blue line) and low bias point (red line).

signal is sent to a homemade PD1 (6 GHz bandwidth with a
responsivity of 0.9 A/W). The maximum input optical power of
the PD is about 10dBm. The power of the input RF signal is fixed
at 4 dBm at the MZM. The average powers of the light-wave
hitting on the PD1 are 3 dBm and 0 dBm, when the MZM are
quadrature biased and low biased, respectively. We used a 200
MHz bandwidth ADC to digitize the PD output signal. In the
digital domain, offline digital signal processing (DSP) is intro-
duced to identify the phase retardation of the harmonic distor-
tion. Firstly, two narrowband numerical filters are introduced to
extract the fundamental signal and 2"¢ harmonic distortion from
the received digitized signal, respectively. Then, we compare
the phase difference between the 2" harmonic distortion and
frequency multiplied fundamental signal, as shown in Fig. 1.
Two comparison experiments are conducted to examine the
phase retardation of the 2" harmonic distortion by driving the
MZM at quadrature and low bias points, respectively. The re-
ceived RF spectrums with different operating points are shown in
Fig. 3(a) and (b). We can observe the considerable nonlinear dis-
tortions around the fundamental signal within the first Nyquist
zone. The corresponding phase difference between fundamental
and 2™ harmonic distortion can be observed in Fig. 3(c). When
the MZM is operating at the low bias point, the significant 2"¢
harmonic distortion will generate from the MZM and dominate
the nonlinearity, the power ratio between fundamental and 2"
harmonic distortion is 21 dB, as shown in Fig. 3(b). As is known
that the 2" harmonic distortion can be ignored when the MZM
is quadrature biased in the CW analog photonic links. However,
in the photonic bandpass sampling link, the 2" harmonic dis-
tortion still distorts the fundamental signal even if the MZM is
quadrature biased, as shown in Fig. 3(a). Therefore, the AM-PM
conversion nonlinearity due to the saturated PD dominates the
2"_order distortion when the photonic bandpass sampling link
is quadrature biased. The two types of nonlinearity, i.e., phase
modulation conversation distortion caused by the saturated PD
and amplitude modulation distortion caused by the nonlinearity
of MZM operating at the low bias point, dominate the 2"
harmonic distortion of the photonic bandpass sampling link
operating at quadrature and low biased point, respectively. When
the MZM is operating at the low bias point, the phase difference
between the fundamental signal and the 2" harmonic distortion

is close to 0 in the photonic bandpass sampling link, which is
the same as that of the CW photonic link shown in Fig. 3(c).
However, when the MZM is quadrature biased, the 274 harmonic
distortion shows a phase difference of 7/2 from the frequency
multiplied fundamental signal. It indicates that the 2" harmonic
distortion caused by phase distortion conversion will have 7/2
phase retardation, which is different from the one caused by
amplitude-dependent nonlinearity.

We noticed that when the MZM operating point is offset
from the quadrature bias point, the 2"-order spurs caused by
the nonlinearity of the MZM will be generated. The distortion
caused by MZM is mixed with the one caused by saturated
PD and cause errors in the final measured phase results. When
the MZM operating point is drifting from the quadrature bias
point, the power ratio of the 2"-order distortion generated by
the nonlinearity of the modulator to the fundamental signal is
[22); tan ¢*, where J,, (+) is the n-th order Bessel function of
the first kind. S is the modulation depth, and ¢ is the angle of
the MZM operating point deviating from the quadrature bias
point. The bias phase stability of the bias controller working
at the quadrature bias point is +1.0 degree. The phase error
caused by the drifting of the MZM bias point is about 0.0347.
In the low bias bandpass sampling link, the 2"-order distortion
caused by saturated PD is related to the power of the fundamental
signal. When the power of the fundamental signal is the same, the
2"_order distortion caused by the nonlinearity of the modulator
is about 30 dB higher than that caused by the saturated PD, and
the corresponding phase error between fundamental signal and
the 2"-order distortion is about 0.017.

In the photonic bandpass sampling link, when the 2" har-
monic distortion is minimal, the MZM is exactly quadrature
biased. We compare the 2" harmonic distortion in both the
CW photonic link and the photonic bandpass sampling link. The
photonic bandpass sampling link that operating at the quadrature
bias point is also demonstrated as the reference. In Fig. 1, the
femtosecond laser is replaced with a CW laser in the CW pho-
tonic link, and the synchronized clock of the ADC is canceled.
Under the same input RF signal, by changing the optical power
of the laser and the bias point of the MZM in the CW photonic
link, the fundamental signal and the 27 harmonic distortion
are set to equal with that of the photonic bandpass sampling
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link. Under such conditions, the MZM is operating at the low
bias point in the CW photonic link. When the input RF signal
power varies from 0 dBm to 8 dBm, the fundamental signal and
the 2" harmonic distortion are recorded as shown in Fig. 4(a).
While changing the RF signal, the fundamental signal and the
2" harmonic distortion in the two links are almost equal. Under
this circumstance, we compare the phase difference between the
fundamental signal and the 2"¢ harmonic distortion in the two
links. In Fig. 4(b), we can see that when the input RF signal
ranging from 0 dBm to 8 dBm, the phase difference is close
to 90 degrees in the photonic bandpass sampling link, while
the phase difference is close to 0 in the CW photonic link. We
also calculated the phase error caused by the drift of the MZM
operating point in the pulse bandpass sampling link and marked
it in the figure.

When the MZM is quadrature biased in the photonic bandpass
sampling link, the amplitude of the 2" harmonic distortion,
which is caused by the AM-PM conversion, is the same as that of
the low biased CW photonic link as long as the input RF signal
and gain of the two links are the same. However, the 2"¢ harmonic
distortion caused by the AM-PM effect has a phase difference
of 90 degrees from that of the fundamental signal. It is different
from that of the CW photonic link. Moreover, the nonlinearity
caused by AM-PM conversion cannot be eliminated simply by
adjusting the MZM operating point and should be suppressed
by exploring new methods.

IV. CONCLUSION

In conclusion, we have theoretically and experimentally
demonstrated the harmonic phase change in photonic bandpass
sampling RF link with saturated PD. Experiment results show
that severe 2" harmonic distortion caused by the AM-PM
conversion can still be observed even if the MZM is quadrature
biased. Different from the amplitude-dependent nonlinearity, the
AM-PM conversion nonlinearity results in /2 phase difference.
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Compared with the CW photonic link, the amplitude of the 2"
harmonic distortion caused by the AM-PM conversion in the
photonic bandpass sampling link is the same as the 2" harmonic
in the low biased CW photonic link under the same input and
gain. Although a low-speed system is used to study the non-
linearity caused by AM-PM conversion, these conclusions are
also applicable to systems with larger bandwidths. In addition,
the nonlinearity caused by the AM-PM conversion has a phase
difference of 7/2 from the frequency multiplied fundamental
signal, which means the traditional methods of suppressing
the 2"%-order nonlinearity caused by MZM may no longer be
suitable for the nonlinearity caused by AM-PM conversion.
After studying the nonlinear characteristics caused by AM-PM
conversion, we can suppress it through appropriate digital com-
pensation techniques in the subsequent work. In particular, the
90 degrees’ phase lag compared to the fundamental frequency
signal is the key factor in suppressing the nonlinear spurs and
it has not been encountered in the previous nonlinearity digital
compensation techniques.
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