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Abstract: A multi-octave highly-linear analog photonic link with
simultaneous suppression of second-order intermodulation distortion
(IMD2) and third-order intermodulation distortion (IMD3) is proposed and
demonstrated based on a single integrated polarization-multiplexing dual-
parallel Mach-Zehnder modulator (PM-DPMZM). The IMD?2 is eliminated
by biasing one sub-MZM in each sub-DPMZM at a point close to the
maximum transmission point and the other sub-MZM at a point close to the
minimum transmission point. The obtained fundamental frequency terms
are in phase while the second-order harmonics are complementary when the
two outputs of the two sub-MZMs are photodetected. The IMD3 is
suppressed by adjusting the RF powers introduced to the two sub-
DPMZMs, producing two complementary IMD3 terms when the modulated
signals are photodetected. An experiment is carried out. Simultaneous
suppression of IMD2 and IMD3 is achieved. The second-order spurious-
free dynamic range (SFDR2) and third-order spurious-free dynamic range
(SFDR3) are 82 dB-Hz"? and 110 dB-Hz*”, respectively, indicating an
improvement of 12 dB in SFDR2 and 13 dB in SFDR3 as compared with
the low-biased MZM based analog photonic link, or an improvement of 3
dB in SFDR2 and 16 dB in SFDR3 as compared with the quadrature-biased
MZM based photonic link.
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1. Introduction

Thanks to the advantages in terms of broad bandwidth, low loss, light weight, and immunity
to electromagnetic interference, analog photonic link is considered a key technology for the
distribution of RF signals with large bandwidth, which is required in applications such as the
next generation wireless communication systems [1], radars [2] and electronic warfare [3]. An
important performance indicator of the analog photonic link is the spurious-free dynamic
range (SFDR) which is always limited by the nonlinear transfer function of the optical
transmitter [4]. For a single-octave system, the third-order intermodulation distortion (IMD3)
which is close to the spectrum of the signal for transmission is the main restriction factor of
the SFDR, since the second-order intermodulation distortion (IMD2) and the second-order
harmonic distortion (SHD) are out of the band of interest, which can be easily removed by a
filter [5]. In the past decades, great efforts have been devoted to improve the SFDR of the
analog photonic link by suppressing the IMD3 [5-15]. Electronic linearization including
electrical predistortion [6] and post digital signal processing [7] is one typical way to suppress
the IMD3, but it has limited bandwidth due to the electronic bottleneck. Another way to
eliminate the IMD3 is to produce one complementary IMD3 term to cancel the existing one.
Methods in this category include the use of two Mach-Zehnder modulators (MZMs) in
parallel [8], dual-parallel polarization modulators [9], a dual-parallel Mach-Zehnder
modulator (DPMZM) [10,11], or bidirectional operation of a polarization modulator [12].
However, precise matching of the parallel links is usually needed and hard to realize [8,9]. In
[10], the optical carrier is modulated in one of the two parallel modulators and unmodulated
in the other one, and IMD3 suppression is achieved by adjusting the three biases and the
modulation depth. For the approach in [11], the optical carrier is modulated in both the two
parallel modulators, and IMD3 suppression is achieved by the biases of the DPMZM and
using a unsymmetrical power divider to adjust the modulation depth in both the two parallel
modulators. For both the approaches, IMD2 suppression is not considered. Linearized
photonic links based on phase modulation have also been proposed, taking the advantages of
high degree of linearity and bias-free operation of the phase modulators [13,14]. However,
extra optical bandpass filters are required, which makes the system complicated and restricts
the frequency range. A low-biased MZM based analog photonic link has also been proposed
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to improve the third-order spurious-free dynamic range (SFDR3) performance [15]. All the
above approaches, however, can only be applied in single-octave photonic links, since only
the IMD3 is suppressed while the IMD2 and SHD still exist.

On the other hand, some efforts have been devoted to suppress the IMD2 of the analog
photonic link [16—18]. The key idea is to implement two intensity modulations, which would
produce two complementary IMD?2 if the modulated signals are sent to the photodetectors
(PDs). This can be realized by placing two MZMs in parallel [16], employing the wavelength-
dependent nature of the half-wave voltage of a LiNbO; modulator [17], and using a dual-
output MZM followed by a balanced PD [18]. These systems are usually complicated since
two lasers or two modulators are needed. In addition, all these approaches are only effective
for the suppression of the IMD2, so the SFDR of the system is still limited. For future
wireless communication (such as satellite communication [19], and 5G Mobile Wireless
communication [20]) and military applications [2,3], RF signals with large bandwidth will be
used and the system should be operated within multi-octave bandwidth. Not only the IMD3
but also the IMD2 and SHD will lie in the spectral range of interest, which cannot be simply
filtered out. As a result, the simultaneous elimination of the IMD3, the IMD2 and the SHD
are highly required.

In this paper, a multi-octave highly linear analog photonic link with simultaneous IMD2
and IMD3 suppression based on a polarization-multiplexing dual-parallel Mach-Zehnder
modulator (PM-DPMZM) is proposed. Compared to the previously reported approaches to
increase the SFDR of an analog photonic link, the proposed scheme eliminates the IMD2 and
the IMD3 simultaneously by using only one laser diode (LD), one modulator and one PD. An
experiment is carried out. Both the IMD2 and IMD3 of the proposed link are effectively
suppressed. The second-order spurious-free dynamic range (SFDR2) and SFDR3 are
measured to be 82 dB-Hz"* and 110 dB-Hz>*, respectively, indicating that an improvement of
12 dB in SFDR2 and 13 dB in SFDR3 is achieved as compared with the low-biased MZM
based photonic link, or an improvement of 3 dB in SFDR2 and 16 dB in SFDR3 as compared
with the quadrature-biased MZM based photonic link.

2. Principle

Fig. 1. Schematic diagram of the proposed linearized analog photonic link based on a
polarization-multiplexing dual-parallel Mach-Zehnder modulator. LD: laser diode; DPMZM;
dual parallel Mach-Zehnder modulator. PR: 90°polarization rotator; SMF: single mode fiber;
PD: photodetector; ATT: microwave attenuator.

The schematic diagram of the proposed linearized analog photonic link based on a PM-
DPMZM is shown in Fig. 1. A lightwave from a LD is introduced to a PM-DPMZM. The
PM-DPMZM is an integrated modulator which is composed of two sub-DPMZMs lying in
two branches and a 90°polarization rotator (PR) in one of the branchs. The lightwave is split
into two parts and modulated at the two sub-DPMZMs. In the lower branch, the PR rotates
the polarization state of the modulated signal by 90°to let it be orthogonal with the signal in
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the upper branch. The two orthogonally polarized lightwaves are then combined at the output
of the PM-DPMZM, which can be expressed as
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where E; and w. are the amplitude and angular frequency of the input optical carrier,
respectively. @, = nV;/V, is introduced by the DC bias V}; of the ™ sub-MZM in the i™ sub-
DPMZM, and V;, is the half-wave voltage of the /" sub-DPMZM (i =1, 2,/ =1, 2, 3). ¢m(?) =
Wi/ Vie = BiVu(?) is the modulating RF signal on the i sub-DPMZM. Since the two
lightwaves are orthogonally polarized, after photodetection, the generated photocurrent is
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where R is the responsivity of the PD. Ignoring the DC term and setting ¢; = kn + /2 and ¢,
= (2n + 1)n—¢;;, where k and n are integers, Eq. (2) can be rewritten as
I(t)=-RE; sing, sing,, —RE; sing, sing,, 3)
To evaluate the dynamic range performance of the link, a two-tone analysis should be

applied, in which the RF signals with frequencies of w; and w, are applied. Setting V,(f) =
cos(wit) + cos(wyt), we get
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where J,(f;) donates the n"-order Bessel function of the first kind, [, = -RE/ sing;;
Jo(B)1(B), and T';5 = RE? sing;J;(5,)J>(8;). As can be seen, the IMD2 and SHD is eliminated.
So Eq. (4) can be rewritten as

I(t) =< RE; {[—sinq)“J0 (B, (B)—sing, J,(5,)J,(B,)][cos(amt) + cos(at)] +

[Sin ¢1 1‘]1 (ﬁl )Jz (ﬂ] )+sin ¢21J1 (ﬂz )Jz (/Bz )] [cos(2a)l -, )+ COS(sz - )] +- }
(%)
From Eq. (5),the IMD3 can also be cancelled when the following condition is satisfied,
ie.

{_SinﬂlJl(ﬂl)J2(ﬂl):Sin¢21Jl(ﬂ2)J2(ﬂ2) 6)
_Sin@]JO(ﬁl)J] (ﬁl) # Sin¢21‘]0(ﬂ2)"]] (ﬁz)
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By carefully adjusting the biases of the PM-DPMZM to make “@;=knt+n/2” and “@p= (2n
+1)n-¢,” which are expressed above (k and n are integers), and by adjusting the input RF
power and the microwave attenuator to tune the ; and /5, to make the condition in Eq. (6) to
be satisfied, all the IMD2, SHD and IMD3 can be eliminated

Furthermore, for the small signal modulation condition, by adopting J,(m) =m"/(2"n/), Eq.
(6) can be further simplified as

{—sinq)“ /sing, =,/ B o

—sing,, /sing,, # B,/

Thus by adjusting the biases of the PM-DPMZM and the modulated RF power in both the two
branches, a multi-octave linearized analog photonic link will be realized, with all the IMD2,
SHD and IMD3 being eliminated.

3. Experimental results and discussions

An experiment based on the setup shown in Fig. 1 is carried out. The wavelength of the laser
source (Teraxion, PS-NLL-1550.52-80-04) is set to be 1550.52 nm. The PM-DPMZM
(Fujitsu FTM7977THQA) has a half-wave voltage of 3.5 V and a bandwidth of 23 GHz. In
order to compare the link performance with the conditional MZM-based analog photonic
links, a MZM (Fujitsu FTM7938EZ) with a 2.8-V half-wave voltage and a bandwidth of 25
GHz is used. The two-tone RF signal with frequencies of 17.995 GHz and 18.005 GHz is
generated by a microwave signal generator (Angilent E8267D). A tunable microwave
attenuator is used in one branch to adjust the power of the RF signal. The PD (u’t,
XPDV2150R) has a bandwidth of 50 GHz and a responsivity of 0.65 A/W. The electrical
spectra are measured by an electrical signal analyzer (R&S, FSV-40, 10 Hz~40 GHz).

The link performances are measured by a two-tone signal test. As a comparison, the
performance of the traditional links based on a quadrature-biased MZM and a low-biased
MZM are also measured. Figure 2 shows the measured electrical spectra for all the three links
when the total input RF power is set to be 6 dBm. By introducing a two-tone RF signal with
frequencies of 17.995 and 18.005 GHz to the modulators, IMD3 components at frequencies of
17.985 GHz and 18.015 GHz are presented, as shown in Figs. 2(a)-2(c). Simultaneously, the
SHD at frequencies of 35.99 and 36.01 GHz and the IMD?2 at frequency of 36 GHz are also
generated, with the spectra shown in Figs. 2(d)-2(f). In order to show the fundamental to
IMD3 ratio differences for the three conditions more clearly, the output fundamental signal
powers are set to be the same (about —37.5 dBm) by adjusting the optical powers injected into
the PDs for the three conditions. As can be seen, linearization of the link is realized based on
the PM-DPMZM. The fundamental to IMD3 ratio is dramatically increased to 55 dB,
showing a 25-dB improvement as compared with the quadrature-biased MZM based photonic
link, and a 20-dB improvement as compared with the low-biased MZM based photonic link.
In addition, the measured power of the IMD2 component at 36 GHz for the proposed link is
—78.2 dBm. Compared with the value of =70 dBm for the traditional quadrature-biased MZM
based photonic link, the IMD2 cancellation ratio is about 8 dB, and compared with the value
of =51.1 dBm for the low-biased MZM based photonic link, the IMD2 component is reduced
by about 27 dB. According to [21], the SHD component is theoretically 6-dB lower than the
corresponding IMD2 component, so all the IMD3, SHD and IMD2 are effectively suppressed
in the proposed scheme. Figure 2(g) shows the measured electrical spectrum with a span of 24
GHz obtained by the proposed linearized link based on the PM-DPMZM, showing that multi-
octave operation is achievable.
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Fig. 2. Electrical spectra of the output fundamental signal and their IMD3 for (a) the
quadrature-biased MZM, (b) the low-biased MZM and (c) the proposed PM-DPMZM based
photonic links; Electrical spectra of the output SHD and IMD?2 for (d) the quadrature-biased
MZM, (e) the low-biased MZM and (f) the proposed PM-DPMZM based photonic links; (g)

electrical spectrum with a span of 24 GHz for the proposed linearized photonic link based on
the PM-DPMZM.

The SFDR performances are also measured by varying the input RF power. Considering
the fixed 6-dB difference between the IMD2 and the SHD, IMD?2 is used to calculate the
SFDR2. For the comparison, Figs. 3(a) and 3(b) show the measured fundamental, IMD2 and
IMD3 power as a function of the input RF power for the cases of the traditional photonic
links based on the quadrature-biased MZM and the low-biased MZM, respectively. Figure 4
shows the measured fundamental, IMD2 and IMD3 powers as a function of the input RF
power for the proposed linearized photonic link based on the PM-DPMZM, and the noise
floor is set to be =160 dBm/Hz, according to the measurement. As can be seen, by using the
proposed approach, the SFDR2 and SFDR3 are 82 dB-Hz'"? and 110 dB-Hz*”, respectively.
Furthermore, the slope of the detected power at frequencies of 17.985 GHz and 18.015 GHz
varying with the input RF power is 5, instead of 3 in traditional links, showing that IMD?3 is
almost eliminated and the main odd-order intermodulation distortions (IMDs) are originated
from the fifth-order nonlinearity. On the other hand, the slope of the detected power at 17.985
and 18.015 GHz varying with the input RF power for both the quadrature- and low-biased
MZM based photonic links is 3, confirming that their odd-order IMDs are generated by the
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third-order nonlinearity. For the link based on PM-DPMZM, an improvement of 12 dB in
SFDR2 and 13 dB in SFDR3 is achieved compared with the low-biased MZM based photonic
link. The SFDR3 and SFDR2 of the quadrature-biased MZM based photonic link is 94
dB-Hz** and 79 dB-Hz'”?, respectively. Compared with the quadrature-biased MZM based
photonic link, the SFDR3 is improved by 16 dB, and the SFDR?2 is improved by 3 dB. Thus it
can be seen that by using the proposed scheme, the distortions of SHD, IMD2 and IMD3 can
be cancelled simultaneously. In this way, the multi-octave operation is guaranteed.

In our experiments, the quadrature-biased MZM based photonic link is measured as a
comparison, with the SFDR2 value of about 79 dB-Hz". Theoretically, the IMD2 should be
zero for the quadrature-biased MZM based photonic link [22]. However, in actual
experiments, the ideal quadrature-biased working condition is affected by the enviroment, and
the amplitude and phase relationships among the optical carriers and sidebands are changed,
which in turn makes the system deviate from the ideal state with the IMD2 being equal to
zero. In addition, the nonlinearities of the PDs will also result in the generation of IMD2
[23,24]. For the quadrature- and low-biased MZM based photonic links, the SFDR3
difference is 4 dB, which is mainly due to injected optical power differences into the PD [15].
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Fig. 3. SFDR performance of the (a) quadrature-biased and (b) low-biased MZM based
photonic links.
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Fig. 4. SFDR performance of the proposed multi-octave linearized link based on the PM-
DPMZM.

By using the proposed scheme, a multi-octave highly linear analog photonic link with
simultaneous suppression of IMD2 and IMD3 is realized by using a single PM-DPMZM.The
influence factors of the IMD2 and IMD3 suppression performance are mainly the modulator
biases control stability and the modulated RF power tuning accuracy. The system
performance can be further improved if stable bias voltage controllers are used and the RF
power attenuator can realize tuning of the modulated RF signal’s power more accurately. By
integrating the RF power anttenuator in the modulator, the structure will be made simpler and
the system performance will be improved.

4. Conclusion

We proposed and demonstrated a multi-octave highly linear analog photonic link with
simultaneous suppression of IMD2 and IMD3 based on a single integrated PM-DPMZM. The
proposed link requires only one LD, one modulator and one PD, which insures compact
structure and simple operation. The simultaneous suppression of IMD2 and IMD3 is
experimentally demonstrated, with SFDR2 and SFDR3 improved to 82 dB-Hz"? and 110
dB-Hz**, respectively. The IMD3 is effectively eliminated and the IMD5 is the main odd-
order IMDs. The performance is improved by 12 dB in SFDR2 and by 13 dB in SFDR3 when
compared with the low-biased MZM based analog photonic link, or improved by 3 dB in
SFDR2 and 16 dB in SFDR3 as compared with the traditional quadrature-biased MZM based
photonic link. The simultaneous elimination of IMD2 and IMD3 ensures multi-octave
working bandwidth with linearity. This approach can find applications in future wireless
communication systems and military systems.
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