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Abstract— An improved linearized Analog Microwave
Photonic Link (AMPL) with significant multi-octave bandwidth
performance is experimentally presented. The proposed AMPL
configuration is based on a double dual-parallel Mach-Zehnder
modulator and a differential balanced photodetector. Explicitly,
a Gallium Arsenide (GaAs) based modulators are used as
opposed to the commonly known Lithium Niobate (LiNbOs3)
modulators, due to its robustness in the harsh environment. The
system configuration is designed to process a carrier suppressed
double-sideband signal through the link, and then at the
receiver, a carrier suppressed double-sideband signal is
combined with an unmodulated optical carrier, which is
transmitted through a polarization maintained (PM) optical
fiber. In our experiment, only PM based optical components are
used for better system stability. The developed theoretical model
of the proposed system illustrates the elimination of even-order
distortions and a high suppression to the third-order
intermodulation  distortions (IMD3) at the balanced
photodetector (BPD). Consequently, the fundamental Signal to
Interference ratio (S/1) of 60dB was experimentally achieved.
Furthermore, experimental results, simultaneously,
demonstrate a significant increase of Second-order Spurious-
free Dynamic Range (SFDR2) and Third-order Spurious-free
Dynamic Range (SFDR3) by 19.5dB and 3.1dB, respectively,
compared to the previously reported AMPL performances
based on polarization multiplexing dual-parallel Mach Zehnder
Modulator (PM-DPMZM). To the best of our knowledge, this is
the highest dynamic range AMPL system performance
deploying GaAs electro-optic (EO) modulator which has most
significant capabilities in managing RF signals and exhibits
excessive performance in harsh operating environment in terms
of thermal stability, power-handling, radiation resistance and
longevity for aerospace, defense, and satellite-to-ground
downlink communication system applications.

Index Terms—Electro-optic modulators, Harmonic Distortions,
Intermodulation distortion, Microwave Photonics, Multi-
Octave bandwidth.

I. INTRODUCTION

ANALOG Photonic Link (APL) has a vast range of
applications in defense as well as in commercial sectors,
due to its intrinsic properties such as huge bandwidth,
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immunity to electromagnetic interference (EMI) and low
losses [1-3]. The continuous growth in the usage of
conventional communication networks has constrained the
system capabilities, which now requires extensive
improvements to the system performance [4-7]. One of the
main contributors in the degradation of system performance
is the transfer function of an external modulator. [8-9]. This
performance is generally assessed by using performance
indicators like spurious-free dynamic range (SFDR) and
signal to interference ratio (S/1). These performance
indicators show the level of distortion products in the RF
spectrum. It is highly imperative to suppress the distortion
products by using a linearization technique. Previously,
various linearization techniques have been reported and some
of them include the suppression of optical carrier (OC) by
shifting the modulator’s bias point, and by using the optical
filters [10-13]. It is well known that optical carrier contains
most of the optical power in the transmitted signal and the
transmitted information is carried by the sidebands [10]. So,
it is prudent to suppress the optical carrier through the
transmission process. However, there are some other
linearization techniques, which consider optimizing the
modulator’s transfer function to remove the distortion
products. These techniques are often sub-octave in nature,
and they limit the effectiveness in military and commercial
applications [14-20]. Sub-octave systems generally
bandwidth limited, and only certain distortions are required
to be removed. Contrarily, multi-octave systems require the
elimination of all the distortion products.

A lot of studies have been carried out in the past to suppress
the IMD3 and IMD2, and to maximize the SFDR. However,
the focus has been greatly on the suppression of the IMD3, as
it lies close to the fundamental frequencies. This makes the
system sub-octave, and the linearization techniques based on
this system uses phase modulator [14], dual electrode Mach
Zehnder modulator (DEMZM) [15-17], and dual-parallel
Mach Zehnder modulators (DPMZM) [17-23]. An APL with
phase modulator, polarizer, and an optical filter has been
experimentally demonstrated [14]. But this technique is
limited by optical filter’s bandwidth and unable to suppress
the IMD2 and IMD3 simultaneously. In [15], a two-path
structure has been reported, where RF is modulated on one
path, and an unmodulated optical carrier is transmitted
through the second path. Both paths are coupled and detected
by a single photodetector. However, a precise phase
adjustment is required for the IMD3 cancellation. Similarly,
a balanced photodetector has been used to eliminate the
second-order harmonic distortions (SHD) [16]. Optical wave
shaper has also been reported to linearize the APL [17], but it
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makes the link highly dependent on the bandwidth of the
wave shaper. Furthermore, in [18], two parallel MZMs has
been used to reduce the noise figure and enhance the SFDR,
but the model is limited to a precise polarization control. In
[19, 20], a DPMZM structure with a complicated phase
control of the RF input signal is demonstrated, where the Sub-
MZMs are used to modulate the microwave signals to
produce symmetrical single sidebands (SSB). However, it is
very challenging to achieve the balance of the symmetrical
SSBs.

The above-reported techniques are only based on a sub-
octave system, and comparatively, little work has been
reported on the simultaneous elimination of IMD2 and IMD3,
which makes the system multi-octave [21]. A PM-DPMZM
represents the two parallel DPMZM structures and by
accurately adjusting the bias conditions, IMD3, IMD2, and
SHD can be suppressed [22, 23]. The suppression of
distortion products mainly depends on the DC bias voltage
which is difficult to control manually. In [24], a multi-octave
linearized system is proposed, which is also based on the PM-
DPMZM and balanced photodetector (BPD). This research
work [24] experimentally demonstrates the performance, and
they report SFDR2 and SFDR3 of 95.5dB.HzY? and
123.9dB.Hz?3, However, the working of this system depends
only on the precise control of DC bias shifting of the
modulator, which is considered highly unstable. Another
multi-octave system based on a phase modulator and a BPD
is presented in [25]. The suppression of IMD2 and IMD3 is
realized simultaneously by using the BPD and the phase
modulation with optical sideband filtering. However, the
bandwidth of the system becomes limited by the bandwidth
of OBPF.

In this paper, a linearized APL is proposed and the linearity
of the APL link is tested by using a two-tones. Two
independent GaAs based DPMZMs are used in the proposed
structure, which has many benefits over LiNbO3; modulators,
such as they are thermally stable and operate over a broad
range of temperatures without causing any bias-point drift
[26, 27]. These intrinsic properties of GaAs modulators make
them highly suitable for harsh operating environment. In the
proposed configuration, two electrical input ports of each
DPMZM have a phase difference of 180°, which is generated
by using a microwave phase shifter. Additionally, DPMZMs
are biased to suppress the optical carrier, which essentially
improve the system performance by reducing the effects of
fiber nonlinearities [11]. It should also be noted that optical
carrier is critical for the recovery of fundamental frequencies
at the receiver. Therefore, an unmodulated optical carrier is
transmitted through a PM fiber, which is then coupled with
the carrier-suppressed modulated signal. This coupled signal
is detected by a BPD and the even-order distortions are
eliminated due to its differential function. The performance
of our proposed system has been compared with the
previously reported configurations based on a PM-DPMZM
[22, 24]. We have experimentally demonstrated the SFDR
performance of our proposed system, which is measured to
be 115dB.HzY? and 127dB.Hz?".

Il. MATHEMATICAL MODEL DESCRIPTION OF THE AMPL
OPERATION

The schematic diagram of the proposed linearized multi-

octave system is illustrated in Fig. 1. The modulation section
of the system comprises of two dual-parallel Mach Zehnder
Modulators (DPMZM), which is named as double dual
parallel Mach Zehnder Modulator (D-DPMZM). The
transmitted light from the laser is equally (50:50) split; 50%
is fed to the inputs of D-DPMZM, and the other 50% is
transmitted to the receiver-end over an optical fiber, which is
then coupled with a reference modulated signal before being
detected by the BPD. E. denotes the light beam, with its
angular frequency of w¢. Two input RF signals are combined
and then equally split. Each DPMZM has two push-pull
configured sub-MZMs that are fed with two-tone signals, and
the input to both the sub-MZMs has a phase difference of
180°, as it is shown in Fig.1. A 180° phase shifter is used
because both RF ports of the DPMZM are injected with the
same signals, it would be logical to have that 180° out of
phase so that the fundamental sidebands don’t cancel out at
the parent MZM (MZM;i3, MZM33) due to the destructive
interference. RF1 and RF; represent the two-tone RF signals,
and their angular frequency is denoted as i1 and >,
respectively. The RF phase shift and the modulator’s
operating points contribute to suppressing the optical carrier.
An external DC bias (Vuias) is used to control the operating
points of each sub-MZM (MZMjy; i=1, 2; j=1, 2, 3) in order
to achieve maximum suppression of an optical carrier and
even-order distortions. The transfer function at the output of
DPMZM1 and DPMZM2 can be expressed as;
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The transfer function of a phase change g;(t) in each
MZM;; can be further simplified by evaluating (1) and (2),
which is caused by a modulating voltage of RF signal and a
DC bias, can be represented as;

$a (1) =, (1) + 41y
Go(1) =" (1) + B, 3)
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In (3), the phase difference caused by DC bias and the input
RF signals are described by dij = 7Voiasii /V zi , and @mi(t)
(i=1, 2; j= 1, 2, 3), respectively. Similarly, ¢"'mi(t)
represents the input RF signals with a 180° of phase shift,
which is induced by an external RF phase shifter. The transfer
function of the phase change caused by modulating voltages
can be expressed as below;
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Schematic diagram of proposed linearization scheme with two input frequencies. BPD: Balanced Photodetector, DPMZM: Dual-Parallel Mach

Zehnder Modulator, EDFA: Erbium-doped fiber amplifier, MZM: Mach Zehnder Modulator, OC: Optical Coupler, PD: Photodiode.

In (4), ‘m;” and ‘my’ are the modulation depth for
DPMZM1 and DPMZM2, respectively. This is defined as
mi=zVi/Vz (i = 1, 2), where V; represents the amplitude of the
input i RF signal. The optical fields of DPMZM1 and
DPMZM?2 are combined to obtain the transfer function of the
D-DPMZM.

Eo_opmzm (1) = Epemzma () + Eppyzm 2 (1) 5)

Assuming ¢ij = 7z ; (i=1,2; j= 1,2,3), (5) can be further
simplified to achieve an optical spectrum with carrier
suppression. The suppression of optical carrier in the
modulated signal has a great influence on the reduction of
power fading and dispersion in the transmission link.
Therefore, the overall system performance can be improved.
It should be noted that optical carrier is required at the
receiver for the recovery of fundamental RF signals. So, an
unmodulated optical carrier is transmitted through a separate
polarization maintained (PM) fiber and coupled with the
modulated signal. The phase change 4., and ¢, are set to .

Hence, (5) can be re-written as below;
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At the receiver, the optical carrier signal (

E, (t) = E, /~/2 eI) is directly combined with a carrier-
suppressed modulated signal by using an optical coupler. A

photodiode must have an optical carrier with its sideband
signals to retrieve the fundamental frequencies (RF1 and RF2)
[25]. The two output optical fields from the coupler can be
expressed as [26];

E,(t) i Ep_oevzm (1) + JEL (1) )
E,(t) E. (1) + JEp ppuzm (1) .

V2
The photocurrent Igpp(t) of the balanced photodetector can

be determined by substituting output fields of the coupler into
the following:

oo (1) = R[EO.E/O)-E,0 E;®) ] ®

Where, ‘R is the responsivity of the photodetector, E*1 (t)

and E",(t) are the conjugates of the actual transfer

functions, and both fields are subtracted due to a differential
configuration of the BPD. By substituting (4), (6) and (7), to
(8), it can be rewritten as;

lepo (1) = 49‘%%005((% o)) {—4sin (%m)}
©

The unmodulated carrier frequency is represented as oy,
and the modulated carrier frequency is denoted as mc. Since
a single wavelength laser source is used in the proposed
system, o and oc are equal (same angular frequency). Also,

by substituting ¢m1(t) into (9), the photocurrent can be
expressed as;

lgpp (1) = _\/EmEC E. {Sin ( m, cos(at) +m, cos(m,t) j}

2
(10)
By applying the Jacobi-Anger Expansion in (10), the high

order Bessel functions can be expanded to investigate the
beating of different frequency components as shown below;
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By expanding (11), and claiming that p#q to satisfy the
conditions for the elimination of IMD2 and SHD;
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In (12), the jth order represents the higher order of
frequencies. It can be observed that IMD2 and SHD do not
exist and are eliminated at the Balanced Photodetector (BPD).
However, theoretically, IMD3s still exist and are suppressed
immensely, which results in a higher SFDR and Fundamental
signal-to-interference ratio (S/1).

g (t) = _\/E%Ec E, (12)

I1l. EXPERIMENTAL RESULTS AND DISCUSSIONS

The proposed APL system configuration illustrated in
Fig.1 is now implemented experimentally, as shown in Fig. 2
and Fig.3. In Fig.2, the components used for this experiment
are laid out to relate with the schematic diagram from Fig.1.
Fig.3 depicts the actual presentation of the experiment in our
Microwave Photonics and Sensors (MPS) lab. The
experimental setup of the proposed AMPL uses PM fibers
and fiber-components, such as Laser source, EDFA, Optical
couplers, Modulators, and Optical patch cables. The use of
PM fibers in the set up contributes to enhancing the system

R&S FSL18, ESA

2x2 coupler 50:50 Balanced

Photodetector

Experimental setup demonstration of our proposed scheme

stability in contrast to the use of Single-mode (SM) fibers. A
Distributed Feedback Laser source with the following
specifications is used; (Gooch & Housego, EM650-193400-
100-PM900-FCA-NA), center wavelength 1550nm with an
optical output power of 20dBm and Relative Intensity Noise
(RIN) of -155dBm/Hz. The RF signals are modulated by two
independent GaAs DPMZMs (Axenic, aXMD2050, and
axXSD2125), which has an RF half-wave voltage of 3V and
4.2V and a bandwidth of up to 50GHz. The two-tone RF
signals (RF1=5GHz and RF,=5.0005GHz) at an amplitude of
6dBm are generated from the Signal Generators (R&S,
SMAI100A, and SMF100A). It should be stated that the RF
signals are combined and split by power dividers (Marki
Microwave, PD-0R618), and each electrical input of the
DPMZM is phase-shifted to 180°, by using Microwave
Hybrid couplers (RF Lambda, RFHB02G18GPI). After
processing through these electrical components, the RF
signals, become lossy and weak, and the actual incident
power of RF signals on the modulator electrodes is measured
to be around -2dBm. The optical output of both DPMZMs is
coupled by using a 50:50 polarization maintained (PM)
optical coupler, where the resultant output is amplified by
20dB with an Erbium-doped fiber amplifier (EDFA)
(Thorlabs, EDFA100P). The amplified optical field is finally
coupled with an optical carrier from the original laser source.
For the experimental demonstration of the proposed
architecture, a 5meter PM fiber was used and this length of
fiber was chosen based on the estimated optical path length
of the modulated transmission link. It was critical to match
the path length of modulated and unmodulated transmission
link for a common mode rejection ratio. As difference in
optical path length can potentially cause discrepancy in
optical phases of both paths. This would result in poor
cancellation of distortion products at the balanced
photodetector. However, in the case of different optical path
length an optical delay line can be deployed to correct the
phase error. The optical path is approximately matched by
measuring the optical fiber lengths used with each
component, and a 5-meter PM optical fiber is used to transmit
an optical carrier, which is then combined with an amplified



modulated signal by a 50:50 optical coupler. The two optical
fields from the coupler are then injected into the inputs of
BPD (Finisar, BPDV2120R-VM-FP), where the detector is
biased to function as a differential balanced detector. The first
and second diodes of the BPD have a responsivity of
0.60A/W and 0.63A/W, respectively. It should be stated that
the intrinsic property of BPD also helps in reducing the
amplified spontaneous emission (ASE) and relative intensity
noise (RIN) from the laser [30]. It is also well known that the
increase in laser power by EDFA increases the RIN, which
results in the degradation of signal to noise ratio (SNR).
However, this degradation in SNR can be avoided by using
the differential balanced detector. These benefits of the
balanced detector over a single direct photodetector makes it
suitable for the proposed scheme [31]. The electrical output
of the BPD is analyzed by an electrical spectrum analyzer
ESA (R&S, FSL 18). This experiment is developed by using
components with polarization maintained (PM) fiber pigtails
and connectors, which obsolete the need for any manually or
electronically controlled polarization controllers.

Fig 3. Experimental Setup of the proposed scheme in our Microwave
Photonics lab.

Both independent DPMZMs are externally biased by DC
supplies to Null the optical carrier, as it is shown in Fig.4. The
optical spectrum is observed by using an Optical spectrum
Analyzer (ID Photonics OSA). The nulling of the optical
carrier is achieved by biasing the sub-MZMs (including a
parent sub-MZM) of each DPMZM to a Vr, and by applying a
180° RF phase shifter to accomplish a phase difference of &
between the two input electrical ports of each DPMZM. Fig.
4(a) shows an output of DPMZM1 with the maximum
suppression of optical carrier at a level of -63dBm, whereas
Fig. 4(b) shows the output spectrum of the DPMZM2, and it
depicts the suppression of OC to -66dBm. The difference in the
optical power of carrier from both the modulators is 3dB,
which is because both devices are not 100% identical, and due
to this reason, upon a combination of their output, an increment
in the optical carrier peak power can be noticed as shown in
Fig. 4(c). The upper sidebands (USB) and lower sidebands
(LSB), shown in Fig. 4, are the modulated RF signals, which

are the addition and subtraction from the carrier frequency (wc).
It should be stated that external DC bias sources are used to
control the modulators operating point and it is observed that
the bias-point of the modulators do not drift over a long period.
This validates the properties of the GaAs as mentioned in
Walker’s article [26]. As it is aforementioned, the suppression
of optical carrier helps in limiting the dispersions of an optical
signal caused by the nonlinearity of fiber.

Throughout the experiment, it is noticed that the extinction
ratio (ER) of each sub-MZM of the DPMZM is not identical,
due to this difference in ER, the maximum suppression of
optical carrier cannot be achieved. Therefore, we explored the
sub-MZM imbalance in the DPMZM by using the VPI
simulation model [32], where we found that the maximum
suppression in the optical carrier and second-order distortions
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Fig. 4. Measured Optical spectrum of the proposed structure illustrates
the highly suppressed carrier (a) Optical spectrum from DPMZM1 (b)
Optical Spectrum from DPMZM2 (c) Combined Optical Spectrum of



can only be achieved when the MZM imbalance is zero, as it
is shown in Fig. 5. It also illustrates that in a DPMZM, when
sub-MZMs are biased to operate at a Null point, the phase
relation between the optical carrier and second-order
harmonics (SHD) become identical, which is why in Fig. 5,
both OC and SHD varies uniformly to each other. In our
study, the measured imbalance in the ER of sub-MZMs is
3.3dB, which cannot be externally corrected, and it requires
an internal monolithic optical attenuator.

The output of the modulator is amplified by using EDFA,
and it is adjusted to limit the incident power on the
photodiode to 8dBm. The carrier signal from the laser source

is propagating through 5 meters of PM optical fiber, and it is
coupled with the reference modulated signal for the
photodetector to retrieve the fundamental RF signals with
high efficiency. Both optical fields from the coupler are
detected at the BPD, where the differential configuration of
the BPD cancels out the even-order distortions (SHD and
IMD2). Nevertheless, it should be stated that due to the
limitations posed by the components, a complete cancellation
of the even-order harmonics is practically impossible. Hence,
in Fig. 6(b) IMD2 (10.0005GHz) and SHD (10GHz &
10.001GHz) still exist, but their peak power is around 5dB
lower compared to the performances reported in the literature
[22].
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The second DPMZM in Fig. 1 has similar configuration and
the main idea behind the use of second DPMZM is to emulate
the architecture of a monolithic polarization multiplexing
dual parallel Mach Zehnder modulator (PM-DPMZM). The
function of second DPMZM is identical to the first DPMZM,
however, it is included to present an additional functionality
of second remotely located channel, which is highly
favourable in Defence and aerospace applications. In order to
further explain this functionality, we have included the
experimental results of two channel in Fig. 7. In Fig. 7, the
output electrical spectrum has been shown, where four
different frequencies are transmitted through two different RF
channel. In this case, the first DPMZM was injected with
6.0005GHz and 6GHz, and the second DPMZM was injected
with 6.00328GHz and 6.00278GHz. Therefore, it can be
stated that the second DPMZM is highly useful for a remotely
located channel, where the signals need to be transmitted
through a singular optical link.
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Fig. 8. The Fundamental Signal-to-interference ratio as a function of
modulation index

The performance of the proposed AWPL is analyzed at
varying modulation index from 0 to 1. The modulation index
is a ratio of a drive voltage and a half-wave voltage of the
modulator. It is an important performance indicator for every
modulation link, which identifies a linear working region of
any modulator, where distortions are minimized. In Fig.8, the
modulation index is varied, and S/l is measured. It is then
compared with the previously reported literature based on

PM-DPMZM [22, 24]. It should be stated that the system with
a modulation index from 0.05 to 0.2 has a S/I of above 60dB.
Beyond this limit, the system performance starts to
deteriorate and becomes limited by intermodulation
distortions. System with S/l of more than 60dB is considered
a linearized system. It is demonstrated that S/I of 75dB can
be achieved at a modulation index of 0.12, which is 10dB
higher than the PD-DPMZM based method, as shown in Fig.
8. This performance factor indicates that our proposed and
developed method is more robust to IMD3s and IMD2s and
shows much better performances as compared to any
predecessor techniques reported in the literature.

The SFDR performances for IMD3 and IMD2 are analyzed
by increasing the input RF power and measuring the changes
in the fundamental frequency amplitudes, including measuring
the third and second-order intermodulation’s amplitude at the
output of the BPD. The noise level of the proposed system is
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Fig. 9. SFDR performance analysis of IMD3 and IMD2.
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mainly dependent on the shot noise and ASE noise
contributions from the EDFA. However, the BPD reduces the
RIN noise and ASE noise, which substantially decreases the
noise floor to -170dBm/Hz. The noise floor was estimated to
be at -170dBm/Hz. However, the measured noise floor from
the electrical spectrum analyzer is -140dBm/Hz. Thus, the
SFDR2 and SFDR3 with respect to the measured noise floor is
99dB.Hz"? and 103dB.Hz??, respectively. This has been



shown in Fig 9. The path length of both the optical inputs of
BPD is kept similar so that noise levels can be reduced, and
SFDR performance can be enhanced [32]. The reported values
of SFDR2 and SFDR3 in [24] are 95.5dB.Hz'? and
123.9dB.Hz?3. From Fig. 9, it can be seen that the IMD2 and
IMD3 are increased by 19.5dB and 3.1dB, respectively.

The performance of the proposed system is further analyzed
at different frequency ranges. In Fig. 10, the signal-to-
interference ratio (S/1) has been investigated at a frequency
range of 0.5GHz to 20GHz. It is observed from the results that
the performance of the system deteriorates at higher
frequencies.

IV. CONCLUSION

In this paper, we proposed, and theoretically &
experimentally demonstrated an improved linearized multi-
octave AMPL system with eliminated even-order distortions
from the RF spectrum at the output of the detector/receiver.
The mathematical model has been developed and fully
validated against the experimental. The RF phase and DC
bias of the modulator has been optimized to achieve the
maximum possible suppression in the optical carrier. The
carrier suppressed double-sideband signals have been
transmitted over the proposed AMPL to limit the introduction
of additional dispersions from the optical fiber. It has been
proved that even order harmonics can be eliminated by using
the proposed method and the overall improvement in SFDR2
and SFDR3 of 115dB.HzY? and 127dB.Hz?® has been
achieved, respectively. To the best of our knowledge, we
have reported the highest performance of AMPL system,
using a GaAs electro-optic (EO) modulator. These
modulators overcome the issue of bias drift due to
environmental effects on the device. Therefore, it can be
stated that the system is robust and suitable for operating in a
harsh environment. It can also be noted that the system
provides a high signal to interference ratio regardless of the
system limitations such as the ASE noise induced by the
EDFA amplification. However, ASE filter can be used to
further reduce the EDFA noise. The biasing of the two dual-
parallel Mach-Zehnder modulator needs to be precisely
controlled, which can be improved in future by using an
automated bias controller. The fundamental signal to
interference ratio (S/1) can also be further enhanced by using
polarization combiners to overcome the losses from the
optical combiners.
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