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Using bidirectional modulation of 2-Ch phase modulator as

basis for nonlinear distortion
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We propose a third-order intermodulation distortion (IMD3) compensation scheme based on the bidirec-
tional modulation of 2-Ch phase modulator (PM). We realize the destructive combination of IMD3 by
using different modulation efficiencies and appropriately adjusting the input optical power ratio to satisfy
a fixed relationship with modulation efficiency. The primary advantage of this scheme is that out-of-phase
IMD3 is introduced using only one 2-Ch PM, thereby resulting in the cancellation of IMD3. Up to 27-dB
suppression in IMD3 is experimentally demonstrated—a feature that will be useful in low-distortion analog
optical transmission.
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Analog photonic links (APLs) are actively developed
as substitutes for conventional electromagnetic transmis-
sion lines in numerous applications, such as phased-array
antennas, signal processing, radar systems, radio-over-
fiber, and radio astronomy[1,2]. Given that third-order
intermodulation distortion (IMD3) dominates link dis-
tortions and constrains the spurious-free dynamic range
(SFDR), several techniques have been developed to sup-
press IMD3 and improve the SFDR of APLs; these tech-
niques include broadband radio frequency (RF) predis-
tortion circuit[3], optical feed-forward system[4], post-
compensation method[5], and digital post-processing[6].
In Ref. [3], a predistortion circuit is accurately designed
and fabricated to offset the nonlinearity of the transfer
function of electroabsorption modulator (EAMs). The
basic structure of feed-forward linearization in Ref. [4]
is characterized by two cancellation loops: the carrier
signal and error cancellation loops. For broadband and
significant suppression, the amplitude and phase match,
as well as the equality of signal delays among different
branches, should be accurately controlled. A reflective
optical arbitrary waveform generator is required to im-
plement the spectral line-by-line processing of intensity-
modulated signals; such processing causes two types of
IMD3 origins to have equal intensity and cancel each
other out[5]. Multiscale sampling combined with digi-
tal post-processing has been used to extend the dynamic
range of optically filtered analog photonic systems[6].
Based on digital post-processing, the phase-modulation
I/Q-demodulation method presented by Clark et al. has
attracted increasing attention over the past few years[7,8]

Complex digital signal processing and limited processing
speed restrict system bandwidth. The methods based
on the use of the Mach–Zehnders[9] and parallel Mach–
Zehnders[10] series were proposed to realize link lineariza-
tion and low-distortion analog optical transmission. The
idea is to arrange the distortion produced by a second
modulator to be equal in magnitude but out of phase with

the distortion produced by the first modulator, thereby
canceling the distortion from the combined device. De-
spite the benefits of this approach, using two modula-
tors increases cost and complexity. Similar to the lin-
earization principle that uses parallel Mach–Zehnders,
the dual parallel Mach–Zehnder modulator (DPMZM)
has been used to generate broadband-linearized optical
single-sideband signals and highly linear vector modula-
tion signal transmission in radio-over-fiber systems[11].

In this letter, we use a destructive combination prin-
ciple that uses only one-phase modulator (PM) as basis
in developing an IMD3 compensation scheme. In the-
ory, the modulation efficiencies of a 2-Ch PM differ at
opposite directions. If the input optical power ratio is
adjusted to satisfy a fixed relationship with modulation
efficiency, then IMD3 is destructively combined and com-
pletely suppressed. An out-of-phase IMD3 is introduced
by using only one 2-Ch PM, resulting in the cancellation
of IMD3. We demonstrate up to 27-dB IMD3 suppres-
sion, with linear terms experiencing only little attenua-
tion.

Figure 1 shows the schematic of the IMD3 compen-
sation method based on the bidirectional modulation of
2-Ch PMs. With a tunable optical coupler (TOC), the
optical carrier is split into two branches and then sent to
the first input port of circulators with appropriate po-
larization orientations of θ1 and θ2 to the y-axis; the ori-
entations are derived by adjusting the polarization con-
trollers (PC1 and PC2). At ports 2 and 2’, the optical
carriers are reversely launched into the 2-Ch PM driven
by the RF signal. The 2-Ch PM developed by Versawave
Technologies supports both the TE and TM modes with
contrasting PM indexes, similar to that implemented in
the polarization modulator discussed in Ref. [12]. Given
that the 2-Ch PM has different responsivities for the
optical waves that co-propagate (forward) and counter-
propagate (reverse) to the RF signal, modulation half-
wave voltages differ and are characterized by the follow-
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ing relationship[13]:

Vπ,rev = Vπ, for

[
Ωτ/ sin(Ωτ)

]
=Vπ,forκ, (1)

where Vπ,for and Vπ,rev are the half-wave voltages for

the forward- and reverse-traveling optical waves, respec-
tively; Ω is the angular frequency of the input RF signal;
τ is the signal transit time in the traveling-wave mod-
ulator. Thus, the modulated signals can be expressed
as
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jωt(ŷ cos θ1e
jπV0cos(Ωt)/V

π, for+x̂ sin θ1e
−jπV0cos(Ωt)/V

π, for)
√

P2e
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The modulated optical signals are routed to the third
port of circulators and sent to the polarization selective
element that comprises a PC and polarizer. The two po-

larizers aligned at α1 and α2 relative to the y-axis and the
polarization axis are denoted as Ĵ1 and Ĵ2, respectively.
The output optical fields are derived thus:
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]
. (3)

If α2=α1 ± π/2, condition Ĵ1⊥Ĵ2 holds. Thus, the two optical fields are incoherent, and the output optical power is
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The equivalent incoherent combination of the two optical
signals is achieved after 3-dB coupling. Following photo-
electric conversion, considering θ1=θ2=α1=π/4 and α2

=–π/4, the RF photocurrent at the output port of the
detector is destructively combined and can be given by

I ∝ P1 sin
[
2β cos(Ωt)

]
− P2 sin

[
2β cos(Ωt)/κ

]

= P12β cos(Ωt) − P22β

κ
cos(Ωt)

− 1

6

[
2β cos(Ωt)

]3

− 1

6

[2β

κ
cos(Ωt)

]3

+ · · · . (5)

When the input signal is set as a two-tone RF signal,
disregarding higher order terms yields
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According to Eq. (6), if the coefficient of the nonlinear
terms equals 0 as the attenuation of linear terms are kept
low, the following relationship should be satisfied:

P2/P1 = k3, k 6= 1. (7)

Given that k is generally not equal to 1 in our scheme,
adjusting the optical power ratio implemented by the
TOC to satisfy P2/P1 = k3 completely eliminates the
IMD3 that usually limits the dynamic range.

To demonstrate the proposed scheme, we conduct a
proof-of-concept experiment using the configurations
shown in Fig. 1. The light from the laser source (NKT
Photonics) is first separated and then adjusted by the
TOC (FIBERPRO TDC1443451028). Given that the
alignment accuracy of the TOC is limited, additional
polarizers and PCs are inserted after PC1 and PC2 to
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Fig. 1. Schematic of the proposed IMD3 compensation
scheme. LD: laser diode; PD: photodetector; ESA: electrical
signal analyzer. The inset depicts output power as a function
of the applied voltage for the 2-Ch PM in opposite directions.

Fig. 2. Spectrum analyzer traces for the two-tone IMD3 test.
(a) Counter-propagating trace; (b) co-propagating trace; (c)
after the compensation of nonlinearity.

Fig. 3. Output signal power versus input RF power for
counter-propagating and dispersion compensation links.

further align the two optical power levels injected into
two ports of the 2-Ch PM. The 2-Ch PM is driven by
two equal-amplitude RF tones with frequencies of 2.999
and 3 GHz. Two low-noise amplifiers are inserted before
the RF signal is sent to the 2-Ch PM. After bidirectional
modulation and polarization selection, the modulated
signals are coupled and sent to the detector to realize

optical-to-electrical conversion and destructive combina-
tion. The output signal is observed using an electrical
signal analyzer (Anritsu MS2690A).

We can obtain output spectrum characteristics (Fig. 2)
before and after IMD3 compensation. Figure 2(a) shows
the counter-propagating trace. IMD3 is severe because
of the nonlinear modulation characteristics. The same
phenomenon is observed for the co-propagation trace
(Fig. 2(b)). The IMD3 amplitudes of the two traces are
almost identical to each other; i.e., about –74 dBm. By
contrast, the amplitudes of the fundamental signals con-
siderably differ from each other; i.e., –34.4 and –74.45
dBm. After destructive combination in the detector,
26.88-dB IMD3 suppression is achieved. Only about 0.4
dB sacrifice for the fundamental signal compared with
that applied before IMD3 compensation (Fig. 2(c)).

We also analyze the relationship among the input RF
signal power, output fundamental RF signal power, and
output IMD3 power before and after the nonlinear dis-
tortion compensation with the two-tone RF signal. In
Fig. 3, the two upper lines with slope = 1 represent the
fundamental signal tone, and the two lower lines rep-
resent the IMD3 power. Without IMD3 compensation,
the IMD3 power increases with the slope of three versus
the power of the input RF signal. Nevertheless, after
IMD3 compensation, the IMD3 power remains almost
unchanged because the IMD3 is constantly suppressed.
As shown in Fig. 3, the IMD3 is effectively suppressed
up to 27 dB. Meanwhile, the power of the fundamental
signal before and after distortion compensation remains
almost constant, but because of destructive combination,
small attenuation occurs after distortion compensation;
this result is consistent with the principle analysis in
part 2 and the analysis of Fig. 2. As indicated by the
experimental results and analysis, IMD3 suppression up
to 27 dB indicates the feasibility of applying the IMD3
compensation scheme in APLs.

In conclusion, we experimentally demonstrate an IMD3
compensation scheme based on the bidirectional modula-
tion of 2-CH PM. By using the destructive combination
of IMD3 in bidirectional modulation, we achieve a reduc-
tion of 27 dB in IMD3.
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