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Abstract: In this paper, a post digital linearization technique is proposed and demonstrated
for a conventional intensity-modulation direct-detection analog photonic link. Instead of
precisely emulating the transfer function of the whole nonlinear system in the digital domain,
the key distortion information is directly acquired from hardware. By low biasing the Mach–
Zehnder modulator, linearization can be achieved through simply multiplying the distorted
signal by the coreceived low-pass band. Theory analysis shows that only the bias angle
should be known by the algorithm, whereas the simulation shows adequate tolerance. The
low bias angle also results in an improved link gain. The experiment shows a well-
suppressed third-order intermodulation distortion (IMD3). With the optical down conversion,
we demonstrate a spurious-free dynamic range increasing from 103.2 to 123.3 dB in a 1-Hz
bandwidth.

Index Terms: Radio frequency photonics, fiber optics systems, digital signal processing.

1. Introduction
Analog photonic link has become very attractive during the past years for both commercial and
military applications, such as antenna remoting, radio astronomy, etc. [1], [2]. In some challenging
applications such as military use, analog photonic link must meet the stringent performance
requirements in terms of dynamic range, gain, and other figures of merit. The spurious-free dynamic
range (SFDR) is one of the most important parameters. External intensity modulation by MZM is
adopted in most links due to its simple structure, capacity for high speed, stability, and commercial
availability. But the intrinsical nonlinear transfer function of MZM may introduce both harmonic
crosstalk and intermodulation distortion, which will deteriorate the link’s dynamic range,
unfortunately. In most applications where only sub-octave span is used, the third-order
intermodulation distortion (IMD3) components should be particularly considered as they lie very
close to the radio frequency (RF) carriers and are impossible to be eliminated by simple RF filtering.
The IMD3 will then significantly reduce the SFDR performance of the link [3].
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Previously, a variety of techniques have been investigated to improve the linearization of the
MZM-based intensity modulated analog photonic link. The basic design idea behind most of the
strategies is to generate a well-designed and matched distortion that can be used to cancel out
exactly the existing one. Extend linearity is then achieved by using electronic pre-distortion [4],
which however shows limitation on the capacity for higher RF carrier frequency and larger
bandwidth. The same limitation shows in the feed-forward approach [5], where the matched IMD3
is generated by a mixed electronic-optical way. The matched distortion has been also generated
in many all-optical schemes in order to obtain a high carrier frequency ability. In these schemes,
an additional Bnonlinear[ link is carefully designed, and both distortions cancel each other at the
photo detector (PD). Dual MZM in parallel [6] or series [7] are usually required, and strict RF
signal and optical power split ratio for both links, as well as time delay between them, are
demanded, which increases the system complexity. Besides, either signal or optical power split
results in the additional loss of the analog photonic link. Linearized analog photonic link with
phase modulation and direct detection is especially attractive and proposed in [8], [9], which can
get rid of DC bias control requirement and achieve certain improvement in the SFDR. Other
linearization approaches based on phase modulator and optical-phase-locked-loop [10], dual
parallel MZM [11] and dual-electrode modulator [12] are also proposed but with additional
complexity, unfortunately.

Recently the digital post distortion suppression by digital signal processing (DSP) has been
demonstrated and especially attractive due to its flexibility and superior linearization ability. The
optical down-conversion combined with DSP has been considered as a promising strategy for
remote RF receiving. Digital linearization for phase and polarization modulation has been widely
discussed, for its linear modulation and demodulation at both ends [13]–[15]. In experiment,
dynamic range as high as 124 dB @ 1 Hz bandwidth has been demonstrated [15]. With optical
down-conversion, SFDR of 120 dB is reported in [16]. Note that such performance costs a
complicated in-phase/quadrature (I/Q) demodulation scheme. On the contrary, the digital
linearization for intensity modulated photonic link shows a much simpler hardware. Fig. 1 shows
a typical intensity-modulation direct-detection (IMDD) link where the optical down-conversion and
digital post linearization are included.

Without complicating the traditional design, an effective digital linearization algorithm for intensity
modulation will be widely used in the receive end of future radio-over-fiber applications. However,
few experiments have been demonstrated, since the intensity-modulated link has a more complex
transfer function than the phase or polarization modulated one with I/Q demodulation. Though it is
well-known that the MZM has a sinusoidal transfer function, its nonlinear dependence on the
optical power, the responsivity of the photodiode (PD), the bias angle and half-wave voltage of
the MZM, etc. making it actually impossible to reconstruct the RF signal by a direct inverse of
the transfer function. In [17] the linearization algorithm depends on the precise PD responsivity
and the input optical power. In [18], authors demonstrate a brilliant algorithm where an equalization
filter and a transfer function emulator are used instead of the direct inverse. In [19], such
algorithm is iterated so that the SFDR of 120 dB @ 1 Hz is achieved without down-conversion.
However, multiple link parameters related to the equalizer and emulator have still to be precisely
determined to match the physical system, which may otherwise result in significant imperfections.

Fig. 1. General IMDD analog photonic link with optical down-conversion and DSP-based linearization.
LO: local oscillator; ADC: analog-to-digital converter.
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Besides, the down-conversion is all excluded where the analog to digital converter (ADC) may
show difficulty for RF signal with high carrier frequency [17]–[19].

In order to release the above requirement, we propose and demonstrate a novel DSP
algorithm for digital linearization of MZM-based intensity-modulated analog photonic link in this
paper. In our approach, the MZM is low-biased, and the nonlinear distortion information is
acquired with hardware, i.e., the digital low-pass band after PD, instead of building a digital
transfer function emulator. By precisely fixing the bias angle of MZM only, the IMD3 can be
suppressed exactly. The algorithm is compatible with optical down-conversion. Experimentally,
we demonstrate an SFDR improvement from 103.2 dB to 123.3 dB @ 1 Hz bandwidth in a down-
conversion link. An obvious increase of the link gain is also demonstrated due to the use of the
low-biased design.

2. Operation Principle of the Scheme
Fig. 1 shows the schematic diagram of the proposed digitally linearized MZM-based IMDD link. The
output of the optical source is modulated by an electrical band-pass signal

xðtÞ ¼ AðtÞcos !RFtð Þ: (1)

Its bandwidth is less than an octave span and the RF angle frequency is !RF. The MZM1 is low
biased. As a result, such link contains all orders of harmonics. In general, we assume that the link
voltage-to-voltage transfer function is

y ¼ a0 þ a1x þ a2x2 þ a3x3: (2)

Note that higher order harmonics than three are ignored since their minor contributions. At the
receive end, only the low-pass band, yo, and the fundamental band around !RF, y1, are considered.
Substitute (1) into (2) and we can get the corresponding expressions as

y0ðtÞ ¼ a0 þ
a2
2
AðtÞ2;

y1ðtÞ ¼ a1 þ
3a3
4

AðtÞ2
� �

� AðtÞcosð!RFtÞ: (3)

We can clearly observe the IMD3 inside y1 due to the additional modulation by AðtÞ2. Also, we
can observe that such modulation is contained in yo. So we propose that the distortion can be
eliminated by the following algorithm:

y 01 ¼ y�0 y1 � a�0a1 1þ �a2
2a0

A2 þ 3a3
4a1

A2
� �

� Acos!t

¼ a�0a1Acos!t : (4)

Equation (4) shows that the nonlinearity compensation occurs when

� ¼ � 3
2
a0
a2

a3
a1
: (5)

Such condition can be applied to any specific link such as the MZM-based IMDD one, where the
voltage-to-voltage transfer function is

y ¼ RPDIPDZPD

1þ sin’
1� sin

�

V�;RF
x � ’

� �� �
(6)

where V�;RF and ’ are the RF half-wave voltage and the bias angle that shifted away from the
quadrature point, respectively, of MZM1, IPD is the average optical power received by the PD, and
RPD and ZPD are the RF responsivity and equivalent output impedance of the PD, respectively. By
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approximately expanding (6), one can easily calculate all the four coefficients ða0 � a3Þ defined by
(2), and can get

a0 ¼RPDIPDZPD

a1 ¼ �
cos’

1þ sin’
RPDIPDZPD

�

V�;RF

a2 ¼ �
1
2

sin’
1þ sin’

RPDIPDZPD
�

V�;RF

� �2

a3 ¼
1
6

cos’
1þ sin’

RPDIPDZPD
�

V�;RF

� �3

: (7)

Substitute (7) into (5), and we finally get

� ¼ � 1þ sin’
2sin’

: (8)

With a second MZM cascaded in series, the RF frequency down-conversion is accomplished in
the optical domain. Due to the nonlinearity of the second MZM, both difference-frequency (the
desired intermediate frequency) and sum-frequency of the RF signal and the local oscillator are
generated. The sum-frequency component is not a problem. This is due to the fact that the sum-
frequency component is beyond the operational bandwidth of system. After optical down-
conversion, yo is still there while y1 is moved to intermediate frequency (IF). Though y1 and yo get
additional loss, the ratios of a0=a2 and a3=a1 are kept unchanged. As a result, the distortion
information acquisition and the post-compensation algorithm shown in (5) and (8) work with and
without optical down-conversion. The only influence brought by the cascaded MZM is the gain
penalty, unfortunately.

Our proposal is different from the previous ones where the whole link transfer function has to be
precisely emulated in digital domain. Actually, the key distortion information, yo, is generated with the
signal, y1, after MZM1 and is acquired with hardware at the receive end, which simplifies our
algorithm and release the demand of link parameter estimations: only the bias angle of MZM1 should
be precisely known by the algorithm, which can be easily achieved now by commercial available bias
control circuit [20]. Such property shows a robust signal reconstruction independent from other link
parameters such as optical power, link loss, RF-frequency-related PD responsivity, etc.

In order to get an effective �, the bias angle should be out of the quadrature point. In our design
low bias is selected, i.e., sin’ G 0. For conventional PDs the input power is limited to only a few
dBm to get a linear response. The fiber delivery also shows an optical power limitation due to the
stimulated Brillouin scattering. When the maximum input optical power of the PD is less than the
maximum value the optical source can offer, (6) shows that the link gain can be further increased by
a low bias angle as sin ’ G 0. The gain improvement is cos2’=ð1þ sin’Þ2 according to (6),
compared with the quadrature bias. So our design combines the nonlinearity cancellation and gain
increase, rather than other schemes where the linearization costs additional loss. For example, if
MZM1 is biased so that sin’ ¼ �1=3, the link gain improvement is 3 dB, while � ¼ 1, i.e., the IMD3
can be easily removed through multiplying the down-converted IF directly by the co-received low-
pass signal. Larger link gain can be achieved by further increase the optical source power while
decreasing the bias angle. Note that MZM2, which is used for the down-conversion, should be at
the quadrature bias to maximize the down-conversion efficiency.

3. Simulation and Experiment Results
Fig. 2(a) shows our experiment setup. The continuous-wave (CW) laser source operating at a
wavelength of 1550 nm is used as the optical carrier. The principal axis of the output light beam is
aligned with that of the following standard MZM1 (EOSpace, 20 GHz). Two RF tones, with
frequencies of 3.040 GHz and 3.041 GHz, respectively, are generated by two vector signal
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generators (Agilent E8267D) and used to drive the modulator. The bias angle is fixed at �43�,
corresponding to a gain increase of about 7.2 dB compared with a quadrature biased link under the
same input power of the PD. After a short single mode fiber delivery, the optical signal is modulated
again by MZM2 which is driven by a 3 GHz LO. The optical signal is received by a PD with
responsivity of 0.92 A/W (EM4, 20 GHz). As a result, the RF signal is down-converted to IF band
around 40 MHz. The output voltage is recorded by an ADC (ADLink with 14-bit level and 200 MS/s).
Fig. 2(b) shows the following DSP algorithm. The digitalized voltage is firstly filtered by a low-pass
filter and a band-pass filter, respectively, in order to get the distortion information, yo, and the down-
converted IF signal, y1. The bandwidths of both filters are required to match the signal bandwidth.
Then the �th power of yo is calculated. y�o times y1 is the final output.

The above setup is simulated to verify the validity of the proposed distortion hardware
acquisition and the corresponding algorithm. We assume ZPD is 50 �, the half wave voltage of
both MZMs is 3.5 V, IPD is 3 dBm, where the parameters follow those in the experiment. Power of
each input RF tone is 2 dBm. The bias angle, ’, is scanned from �5� to �60�, and the down-
converted signals are recorded. For each record under certain ’, the distortion suppression
algorithm in Fig. 2(b) is performed under a scanned � (from 0.1 to 5). For each case the power
ratio between the fundamental frequency (40 MHz or 41 MHz) and the distortion part (39 MHz or
42 MHz) is calculated, while the contour plot is shown in Fig. 3.

Note that without digital linearization the power ratio is about 36 dB, which stands for every bias
angle. After the linearization, the suppressed ratios are shown in the contour plot (the blank area
corresponds to the states where the linearization fails, i.e., the ratio is less than 36 dB). One can
clearly see a ridge where the distortion is suppressed greatly under an optimized �, which is
consistent well with the theoretical prediction by (8) (shown as the square line in Fig. 3). Besides,
one can see the increased link gain as the bias angle decreases, while the tolerance of � for an
effective linearization is also decreased.

On the premise that the same optical power is launched, the link gain is reduced as the bias angle
is shifted towards 180�. But the reduction of the slope efficiency can be compensated by increasing
the input optical power [6]. Due to the limited maximum output optical power (16 dBm) of the laser
source that we have, a �43� bias angle is selected to make the best use of the available laser
power, while a 3 dBm IPD is maintained before the photodiode (PD). Note that higher link gain can
be achieved by using the low bias technique, as compared with that of the quadrature biased case,
when IPD is the same for both cases. The gain advantage is easy to be observed in Fig. 3. It is also

Fig. 2. (a) Experimental setup. (b) Block diagram of the proposed linearization algorithm.
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worthwhile to note that the link gain may be further increased by further decreasing the bias angle
(but optical input power higher than 16 dBm is required for maintaining the same IPD). That is, of
course, if the detected IF signal is absent of gain saturation (or has tolerable gain saturation). It is
also worthwhile to note that the extra nonlinear distortion introduced by the low-biased modulator
has limited impact on the sub-octave analog photonics link.

A proof-of-concept experiment is carried out, according to Fig. 2. The digital linearization is
performed by an offline MATLAB program. The electrical spectrum comparison between links with
and without digital linearization is shown in Fig. 4, when the input RF power is 2 dBm per tone. The
down-converted fundamental at 40 MHz and 41 MHz as well as the corresponding intermodulation
distortions at 39 MHz and 42 MHz are presented for both cases. Considerable IMD3 is observed due
to the intrinsic nonlinear in the IMDD link in Fig. 4(a), with a fundamental to IMD3 ratio of 36.1 dB.
After digital linearization, the nonlinearity is significantly suppressed by 22.5 dB. A fundamental to
distortion ratio of 58.6 dB is achieved in Fig. 4(b).

The input RF power is scanned while both the fundamental and the intermodulation components
are monitored, and the measured IF power value as a function of the input RF power is plotted in
Fig. 5. The measured noise floor level around 40 MHz is �162 dBm/Hz, which is dominated by the

Fig. 4. Received IF spectra (a) before and (b) after the proposed digital linearization.

Fig. 3. Contour plot of the power ratio between the fundamental and distortion under different
combination of bias angle and �. Green square line: the theoretical prediction of � by (8); Solid purple
line: link gain.
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shot noise. By comparing Fig. 5(a) and (b), one can observe a down-conversion SFDR increasing
from103.2 to 123.3 dB@1Hz bandwidth. Comparedwith a conventional IMDD link, the improvement
is as large as 20.1 dB by the proposed digital linearization.

Fig. 5 also shows the well suppression of IMD3. As can be seen in Fig. 5(a), the slope for the
measured fundamental component is 1, while it is 3 for the intermodulation component. As a result,
the IMD3 dominates the inter-modulation nonlinearity before the digital linearization. In Fig. 5(b), the
intermodulation component has a slope of 5 instead, which indicates that the fifth-order
intermodulation dominates and IMD3 is completely suppressed by the proposed algorithm. Further
suppression of higher-order nonlinearity is under investigation.

4. Conclusion
In conclusion, we proposed and demonstrated a digital linearization technique for the conventional
MZM-based intensity-modulation direct-detection analog photonic link. Experimental results
showed that the third-order intermodulation distortion was well suppressed. With optical down-
conversion, a dynamic range increase from 103.2 to 123.3 dB @ 1 Hz bandwidth was observed.
The proposed technique did not complicate the traditional IMDD link. Instead, by low biasing the
MZM the key distortion information can be acquired by digital low-pass filtering, so that there is no
longer need to rebuild the whole system precisely in the digital domain, and the link gain can be
further increased as well. Our theory showed that with the help of hardware acquisition, only the
bias angle should be known by the algorithm. The simulation showed an adequate tolerance. It
should also worthwhile to note that the proposed algorithm is feasible to circumstances other than
MZM, e.g., a link with a RF pre-amplifier.
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