
Results in Optics 5 (2021) 100190

Available online 8 November 2021
2666-9501/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

A multi-tone high efficient bandwidth system with an eliminated 
even-order distortions using double dual-parallel Mach-Zehnder modulator 

Taimur N. Mirza a, Shyqyri Haxha a,*, Iyad Dayoub b 

a Department of Electronic Engineering, Royal Holloway University of London, Egham, Surrey TW20 0EX, United Kingdom 
b Iyad Dayoub is with the Institute of Electronic, Microelectronic & Nanotechnology (IEMN CNRS), Université de Valenciennes et du Hainaut-Cambrésis Le Mont-Houy, 
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A B S T R A C T   

In this paper, a linearization of dual RF channels over a single carrier wavelength is proposed and experimentally 
demonstrated. Multiple microwave signals with a multi-octave bandwidth are modulated by a double dual- 
parallel Mach-Zehnder modulator (D-DPMZM) and recovered by a differential balanced detector (BPD). The 
theoretical and experimental model illustrates the elimination of second-order harmonic distortions (SHD) and 
second-order intermodulation (IMD2), and significant suppression of the third-order intermodulation (IMD3) by 
controlling the phase of the input RF signal and DPMZM. The proposed photonic link configuration illustrates the 
modulation of two microwave signals on a single optical carrier wavelength, and each RF channel is tested for 
Two-tone signals to illustrate the linearization of the channelized analog photonic link (CAPL). Firstly, a 
mathematical model is presented to illustrate the elimination of optical carrier and even-order distortions by 
using only single-tone in each RF channel. Secondly, the purity of the system is mathematically and experi-
mentally investigated by introducing two-tones in each RF channel. We have analyzed both test cases, with 
single-tone and with a two-tone test, to help us understand and compare the performance of the system. For test 
case 1 and test case 2 of our proposed configuration, we have achieved a fundamental signal-to-interference ratio 
(S/I) of 60 dB and 65 dB with a spurious-free dynamic range (SFDR) of 110 dB.Hz2/3 and 116 dB.Hz2/3, 
respectively.   

1. Introduction 

Analog Photonic links (APLs) deploying external modulators offer 
great advantages for transmission of microwave signal due to their 
inherent high bandwidth, high dynamic range, reliability, and immunity 
to electromagnetic interference (Yao, 2009; Ridgway et al., 2014; Cap-
many and Novak, 2007; Urick, 2010; Inoue et al., 2016; Paloi et al., 
2018). In particular, APLs have great importance in the telecommuni-
cation and defense sectors, where they are used for specific applications 
such as antenna remoting, radar detection, satellite communications, 
signal generation, and electronic warfare systems. In such APLs, it is 
essential to channelize the radio frequencies (RF) in order to enable the 
high-resolution monitoring process (Yao, 2009; Ridgway et al., 2014; 
Capmany and Novak, 2007; Urick, 2010; Inoue et al., 2016; Paloi et al., 
2018). Modulation of multiple RF signals over an optical carrier expe-
rience some limitations due to the intermodulation and cross modula-
tion generated by the nonlinearities occurring in optical devices such as 

Mach-Zehnder modulator (Xie et al., 2012; Shaqiri and Haxha, 2020). In 
addition, these nonlinearities also contribute in the generation of mul-
tiple distortion products, such as second- and third-order harmonic 
distortions (SHD and THD), and second- and third-order intermodula-
tion distortions (IMD2 and IMD3). Existence of these nonlinearities have 
an adverse effect on the spurious-free dynamic range (SFDR). Various 
techniques have been reported by the scientific community to minimize 
such distortions; however, these are often sub-octave in nature, which 
reduces their effectiveness in military and commercial applications 
(Chen et al., 2013; Wang et al., 2015; Li et al., 2014; Cui et al., 2013a; Li 
et al., 2013; Jiang et al., 2015). 

In the past, most of the research work has reported an improvement 
of SFDR by suppressing IMD3 and ignoring other distortion products. 
Though there are various techniques reporting the suppression of IMD2 
and IMD3, but these has been unable to demonstrate a simultaneous 
suppression. Therefore, a main reason of selecting IMD3 has been due to 
the existence of these frequencies close to the fundamental frequencies, 
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which essentially limits the SFDR and signal bandwidth. A number of 
modulation techniques have been reported for the system linearization 
such as using phase modulations (Chen et al., 2013), intensity modu-
lation by using Dual-Electrode MZM (DEMZM) (Wang et al., 2015; Li 
et al., 2014; Cui et al., 2013a) and Dual-Parallel Mach-Zehnder Modu-
lators (DPMZM) (Li et al., 2013; Jiang et al., 2015; Stewart and Blaylock, 
Nov 2004; Cui et al., 2013b). In (Chen et al., 2013), an experimental 
demonstration of linearized APL is reported, which significantly sup-
presses the IMD3 and IMD2. However, the model does not allow a 
simultaneous suppression of the IMD3 and IMD2, and it needs to be re- 
configured for each system optimization. It also requires a further 
adjustment to its phase modulator and alignment of a polarizer. In 
(Wang et al., 2015), a two-path structure is demonstrated. The first path 
modulates the RF signals, and the second path induces a phase shift in 
the optical carrier. Both paths are combined and then demodulated to 
achieve a suppression of IMD3. However, it does not present a third- 
order SFDR, and it only shows a performance of fifth-order SFDR. It is 
also limited to a precise adjustment in the optical phase between the two 
paths to achieve the IMD3 cancellation. In (Li et al., 2014), an analog 
system configuration based on a DEMZM and a balanced photodetector 
(BPD) is reported. It theoretically demonstrates the elimination of SHD 
and suppression of the IMD3 by 46 dB. This configuration is complex and 
difficult to implement in real-life applications. In (Cui et al., 2013a), 
optical carrier band processing technique is analyzed. It illustrates the 
suppression of the IMD3 by adjusting the phase of an optical carrier. The 
reported fundamental to IMD ratio is 64.3 dB, however this scheme is 
only limited to the sub-octave bandwidth systems. In (Li et al., 2013), 
Symmetrical Single Sideband (SSB) is realized by using multiple RF 
phase shifters and Dual-drive MZMs. However, in such systems it is 
critical to realize the RF phase balance accurately, and any such im-
balances would deteriorate the IMD3 cancellation. A similar configu-
ration has also been reported in (Jiang et al., 2015), which eliminates 
the IMD3 by using multiple RF phase shifter and Dual-drive MZMs. 
These models do not have the capability of eliminating the second-order 
distortions, which makes them sub-octave. 

To the best of our knowledge, few efforts have been carried out on 
the multi-octave APL systems as compared to the sub-octave systems. It 
should also be stated that dual RF channel APL links have not been 
previously fully explored for performance analysis. We believe that the 
dual RF channel would have major valuable applications, such as an-
tenna remoting (Stewart and Blaylock, Nov 2004). A multi-octave 
bandwidth system is presented in (Cui et al., 2013b), however it has 
not considered the nonlinearities like IMDs. In (Zhu et al., 2016a), a 

linearization technique based on a polarization-multiplexing dual-par-
allel Mach-Zehnder modulator (PM-DPMZM) is reported, which exper-
imentally demonstrates the suppression of the IMD3, IMD2, and SHD. 
However, its performance is merely dependent on the external bias 
control and the optical polarization rotator, which is very complicated to 
control in harsh environmental applications. 

In this paper, a linearized method for two RF channels over a single 
optical wavelength is proposed and investigated theoretically and 
experimentally. The linearity of the proposed model is investigated by 
using two-tones in each RF channel, and the suppression of intermod-
ulation distortions are demonstrated. The RF channelization using 
multiple input signals produces cross modulation and intermodulation 
distortions (Agarwal et al., 2011; Mendis et al., 1994). However, the 
proposed models do not contribute to the production of Cross Modula-
tion distortions, which is why it is benchmarked with a single channel 
modulation system to show a comparison on the linearization of the 
proposed configuration. In the proposed configuration, the laser beam is 
split into two equal polarization-maintained paths; the first path in-
cludes the modulation link, and the second path consists of a polariza-
tion maintained (PM) optical fiber. The modulation link comprises two 
independent GaAs DPMZMs, and each has a RF phase shifter to cause 
180◦ between two RF inputs of the modulator. Further, the modulated 
signal with a suppressed carrier is transmitted through the first path, and 
the optical carrier is traversed through the second path. Both paths are 
combined by using a 50/50 polarization-maintained coupler and its 
outputs are connected to a BPD to retrieve the fundamental frequencies 
of both RF channels. This novel technique, with suppressed optical 
carrier, proves to be highly efficient as compared to the previously re-
ported linearization techniques, and consequently, a higher suppression 
of the IMD3 is achieved. 

The use of two independent GaAs based DPMZMs as opposed to 
LiNbO3 offers additional benefits, such as thermal stability and less 
susceptible to bias drift (Walker et al., 2016; Walker et al., 1989). 
Moreover, this configuration enables the link for an application of 
remotely located RF antennas (RF Channels) (Stewart and Blaylock, 
2002). For the demonstration purpose, two test cases were employed. 
First case involves the modulation of single-tone at each channel and the 
second case includes the modulation of two-tones, which subsequently 
verifies the linearity of RF channels. For a single-tone analysis of the two 
RF channels, the experimental demonstration shows an SFDR perfor-
mance of 116 dB Hz2/3 and fundamental signal-to-interference ratio (S/ 
I) of 65 dB. However, for a Two-tone analysis, the SFDR and S/I of 110 
dB Hz2/3 and 60 dB are achieved, respectively. The purpose of 

Fig. 1. Schematic diagram of proposed linearization scheme with two input frequencies. OC: Optical Coupler; EDFA: Erbium-doped fiber amplifier; PD: Photodiode; 
BPD: Balanced Photodetector. 

T.N. Mirza et al.                                                                                                                                                                                                                                



Results in Optics 5 (2021) 100190

3

illustrating these two different case scenarios is to demonstrate the pu-
rity of each RF channel in the proposed system. 

2. Mathematical model of the proposed system 

The schematic diagram of the proposed linearized system with two 
input tones and four input tones are shown in the Fig. 1 and Fig. 2, 
respectively. The laser light is injected in a novel monolithic double-dual 
parallel Mach-Zehnder modulator (D-DPMZM), which is denoted by Ec 
with its angular frequency of ωc. 

2.1. Suppression of an optical carrier 

In this section, a mathematical model of a proposed system is 
developed, where the optical carrier and even-order harmonics are 
theoretically eliminated. Initially, a single-tone signal is used in each RF 
channel to demonstrate the optical carrier suppression, as it is shown in 
Fig. 1. The D-DPMZM deployed which consists of two dual-parallel 
MZMs (DPMZM) where each DPMZM is comprised of two sub-MZMs. 
Both incoming signals; RF1 in channel-1 and RF2 in channel-2 are 
used as input RF signals in DPMZM1 and DPMZM2, respectively. RF1 
and RF2 are mathematically denoted as ω1 and ω2, respectively. 

The input RF signal to the upper and lower sub-MZMs of DPMZMi (i 
= 1, 2) has a phase difference of 180◦, which is achieved by using an RF 
Phase Shifter. Each MZMij (i = 1, 2, j = 1, 2, 3) of DPMZMi (i = 1, 2) are 
bias controlled to set the operating point at NULL. It is well known that 
biasing the modulator electrodes to NULL operating point leads to the 
suppression of optical carrier and even order harmonics. In our proposed 
model, the purpose of RF phase shifters is to avoid the destructive 
interference of fundamental sidebands when DPMZMi (i = 1, 2) is biased 
to Null operating point. The transfer function of DPMZMi (i = 1, 2) can 
be expressed as (Mirza et al., 2021): 

EDPMZMi (t) = Ecejωct
[

cos
(

ϕi1(t)
2

)

+ ejϕi3 cos
(

ϕi2(t)
2

)]

(1) 

To further simplify (1), a phase difference between the two arms of 
each MZMij is∅ij = πVbiasij/Vπi, which is controlled by the DC bias 
voltageVbiasij and the half-wave voltageVπi. Each MZMij is modulated by 
an RF signalωmi. The phase difference caused by a modulation voltage on 
MZMi1 of ith-DPMZM is∅mi (t) = πVicos

(
ωmi

)/
Vπi, and the phase differ-

ence on MZMi2 with an additional RF phase shift of 180◦ is∅’
mi (t) =

micos
(
ωmi t+π

)
, wheremi = πVi/Vπi, consequently, the total phase 

change of MZMi1 can be expressed as; 

ϕi1(t) = ϕmi
(t)+ϕi1 (2) 

Likewise, the phase change of MZMi2 is shown as; 

ϕi2(t) = ϕ
′

mi
(t)+ϕi2 (3) 

Eq. (1) can be further expanded by substituting (2) and (3). It is 
simplified by applying a Jacobi-Anger Expansion, where high-order 
Bessel functions are analyzed as below; 

EDPMZMi (t) = Ec

[
− 2J1m1cos(ωct)cos(ωmit)
+2J3m2cos(ωct)cos(3ωmi t)

]

(4)  

Where J1 and J3 are the first-order and third-order Bessel functions. The 
resultant electric field of the modulator shows that an optical carrier and 
even-order harmonics are eliminated, as follows; 

EDPMZMi (t) = Ec

[
− J1m1{cos(ωct + ωmi t) + cos(ωct − ωmi t) }

+J3m2{cos(ωct + 3ωmi t) + cos(ωct − 3ωmi t) }

]

(5)  

2.2. Second-order and third-order intermodulation suppression 

A further investigation is carried out by introducing two-tone fre-
quencies at each RF channel in the first model (shown in Fig. 1). which is 
a combination of two RF signals at each input of the DPMZMi, as it is 
shown in Fig. 2. The DC bias conditions are kept the same as the first 
model. 

At each RF channel, two-tone frequencies are equally spaced from 
each other with a band of 10 MHz. Like the first model, as in (2) and (3), 
the two-tones are modulated in each sub-MZM, and the phase difference 
caused by the modulating voltage is expressed as; 

ϕm1(t) = m11cos(ωm11t) + m12cos(ωm12t)
ϕ

′

m1(t) = m11cos(ωm11t + π) + m12cos(ωm12t + π)
ϕm2(t) = m21cos(ωm21t) + m22cos(ωm22t)

ϕ
′

m2(t) = m21cos(ωm21t + π) + m22cos(ωm22t + π)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(6)  

Where,∅m1(t) and ∅’
m1(t) are the phase changes occurred due to the RF 

modulation voltages at the sub-MZMs of DPMZM1 for RF1 and RF3, and 
similarly, ∅m2(t) and ∅’

m2(t) are the phase change at each sub-MZM of 
DPMZM2 for RF2 and RF4, respectively. By using (6), this phase infor-
mation can be substituted into (1) in order to obtain the transfer function 
of the D-DPMZM with four input frequencies. Hence, the electric field of 
DPMZM1 and DPMZM2 is expressed in (7) and (8). 

Fig. 2. Schematic diagram of the proposed dual RF channel linearization scheme with four input frequencies.  
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EDPMZM1(t) = Ecejωct

⎡

⎢
⎢
⎢
⎣

cos
(
[m11cos(ωm11t) + m12cos(ωm12t) ] + ϕ11

2

)

+

ejϕi3 cos
(
[ − m11cos(ωm11t) − m12cos(ωm12t) ] + ϕ12

2

)

⎤

⎥
⎥
⎥
⎦

(7)  

EDPMZM2(t) = Ecejωct

⎡

⎢
⎢
⎢
⎣

cos
(
[m21cos(ωm21t) + m22cos(ωm22t) ] + ϕ21

2

)

+

ejϕi3 cos
(
[ − m21cos(ωm21t) − m22cos(ωm22t) ] + ϕ22

2

)

⎤

⎥
⎥
⎥
⎦

(8) 

The electric field of DPMZM1 and DPMZM2 can be combined to 
achieve a resultant D-DPMZM electric field, which is expressed as; 

ED− DPMZM(t) = EDPMZM1(t) +EDPMZM2(t). (9) 

Equation (9) can be further expanded by using (7) and (8), hence; 

ED− DPMZM(t) = Ecejωct

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

cos
(

ϕm1(t) + π
2

)

+ejϕ13 cos
(

ϕ
′

m1(t) + π
2

)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

+

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

cos
(

ϕm2(t) + π
2

)

+ejϕ23 cos
(

ϕ
′

m2(t) + π
2

)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(10) 

Bias conditions for all the sub-MZMs are kept the same at a NULL 
operating point. Since the carrier is suppressed, a coherent receiver is 
needed to recover the signal in the RF domain (Zhu et al., 2009). An 
optical carrier is combined with the reference signal by using a direc-
tional coupler. The two output fields of the optical coupler are given in 

the (11), which is then detected at the BPD (Qin and Jiang, 2015). 
[

E1(t)
E2(t)

]

=
1̅
̅̅
2

√

[
ED− DPMZM(t) + jEL(t)
EL(t) + jED− DPMZM(t)

]

(11) 

The photocurrent IBPD(t) of the BPD can be determined by 
substituting output fields of the coupler into the following equation: 

IBPD(t) = R
[
E1(t).E*

1(t) − E2(t).E*
2(t)
]

(12)  

Where, Ris the responsivity of the photodetector, and E1(t) and E2(t) are 
the optical fields of the optical coupler. By using (10) and (11), and 
setting∅ij = π, (12) can be rewritten as follows; 

IBPD(t) = 4RECEL

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

− 2sin
(

ϕm1(t)
2

)

− 2sin
(

ϕm2(t)
2

)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

cos((ωC − ωL)t) (13) 

It is known that the Optical carrier angular frequency ωC and local 
oscillator angular frequency ωL are the same. Also, by substituting 
∅m1(t) and ∅m2(t) into (13), hence; 

IBPD(t) = 4RECEL

⎧
⎪⎪⎨

⎪⎪⎩

− sin
(m11cos(ωm11t) + m12cos(ωm12t)

2

)

− sin
(m21cos(ωm21t) + m22cos(ωm22t)

2

)

⎫
⎪⎪⎬

⎪⎪⎭

(14) 

By applying the Jacobi-Anger Expansion in (14), the high order 
Bessel functions can be explored to understand the beating of different 
frequency components, which can be expressed as; 

Fig. 3. Experimental setup of the proposed scheme in our microwave photonics lab.  
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IBPD(t) = − 4RECEL

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑∞

k,l=− ∞
Jk,l

(m11

2

)(m12

2

)(m21

2

)(m22

2

)

×

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

sin

⎛

⎜
⎜
⎝

kωm11 + lωm12

+(k + l)
(π

2

)

⎞

⎟
⎟
⎠

+sin

⎛

⎜
⎜
⎝

kωm21 + lωm22

+(k + l)
(π

2

)

⎞

⎟
⎟
⎠

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(15) 

By expanding (15), the second order intermodulation distortions and 
second order harmonics can be removed. However, in order to satisfy 
this condition, the variable “k” is not equal to “l” (k ∕= l). The Jth order 
Bessel Function can be expanded up to Fourth order as anything above 
can be neglected or filtered out by the system Bandwidth., hence; 

IBPD(t) = − 4RECEL

×

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

J0,1

(m12

2

)(m22

2

)
(cos(ωm12t) + cos(ωm22t) )

+J1,0

(m11

2

)(m21

2

)
(cos(ωm11t) + cos(ωm21t) )

+J1,2

(m11

2

)(m12

2

)(m21

2

)(m22

2

)
(

cos(ωm11 + 2ωm12)t

+cos(ωm21 + 2ωm22)t

)

+J2,1

(m11

2

)(m12

2

)(m21

2

)(m22

2

)
(

cos(2ωm11 + ωm12)t

+cos(2ωm21 + ωm22)t

)

+J− 1,2

(m11

2

)(m12

2

)(m21

2

)(m22

2

)
(

cos(2ωm12 − ωm11)t

+cos(2ωm22 − ωm21)t

)

+J2,− 1

(m11

2

)(m12

2

)(m21

2

)(m22

2

)
(

cos(2ωm11 − ωm12)t

+cos(2ωm21 − ωm22)t

)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(16) 

From (16), it can be clearly observed that IMD2 and SHD are elim-
inated. The proposed design perseveres a high dynamic range by keep-
ing IMD3s low, even when a modulator is driven at high RF power. J0,1 
and J1,0 represent the first-order Bessel function, and can be seen in (16) 
as fundamental RF signals. J1,2 and J2,1 represent the intermodulation 
signals produced due to interference between the first-order signals and 
the second-order signals, which is known as the third-order Intermod-
ulation distortions. 

3. Experimental results and discussions 

The proposed APL system configuration is developed and imple-
mented experimentally in our microwave photonics and sensors (MPS) 
lab, inducing its real-life performance demonstration. The experimental 
setup is illustrated in Fig. 3. It should be stated that all-optical equip-
ment used in the experiment have polarization maintained fiber (PMF) 
pigtails. The purpose of employing PMFs in the system is to void any 
disturbance in the state-of-polarization throughout an optical link. A 
distributed feedback (DFB) laser (Gooch & Housego, EM650-193400- 
100-PM900-FCA-NA) operating at wavelength of 1550 nm with a 
maximum optical power of 20dBm, and relative intensity noise (RIN) of 
− 155dBm/Hz, is used as an optical source. The beam is split by a 50/50 
polarization-maintained optical coupler (Thorlabs, PN1550R5A2), and 
then the first half is transmitted through a modulation link, and the 
other half traversed through a PMF. The modulation link is composed of 
two independent GaAs DPMZMs (Axenic, aXSD2050), which have a 
half-wave voltage of 4 V and a bandwidth of 50 GHz. The RF ports in 
each DPMZM are connected to a 180◦ hybrid coupler (RF Lambda, 
RFHB02G18GPI), which induces a phase difference of 180◦ between the 
two RF inputs. The input RF signals; RF1 = 6.0005 GHz, RF2 = 6.00328 

GHz, RF3 = 6 GHz, RF4 = 6.00278 GHz, are generated from the RF 
signal generators (R&S, SMA100A; R&S, SMF100A; Anritsu, 68369A/ 
NV; Hewlett Packard, 8350B) at an amplitude of 6dBm. It should be 
stated that the input RF signals are combined by using two power di-
viders (Marki Microwave, PD-0R618). Both optical paths are joined at 
50/50 optical coupler, and each output link of the coupler is connected 
at the input link of the BPD (Finisar, BPDV2120R-VM-FP). The respon-
sivity level of the BPD is defined as 0.6A/W and 0.63A/W. The BPD is 
configured to form a differential function by applying an oppositely 
charged bias on each diode. The length of both optical paths is kept the 
same, and a slight adjustment is made by using an optical delay line (Oz 
Optics, ODL-700-11-1550-9/125-S-60-3A3A-1-1), which can induce a 
delay of up to 18 ps. It should be stated that the intrinsic property of the 
BPD also helps in reducing the amplified spontaneous emission (ASE) 
and RIN from the laser (Zhu et al., 2009; Middleton and DeSalvo, 2009). 

In a proposed architecture, balanced detection is primarily used to 
cancel out the SHD and IMD2. Due to the suppression of the optical 
carrier at the modulator, only sidebands are transmitted through the 
optical fiber, which requires the BPD to retrieve the transmitted signal. 
The phase information is not available at the direct detection, whereas 
balanced detection provides phase and amplitude information of the 
transmitted signal. As we know, the increase in laser power increases the 
RIN, which results in the degradation of the signal-to-noise ratio (SNR). 
However, this degradation of the SNR can be avoided by using the 
coherent BPD. The benefits of the BPD over a single direct photodetector 
makes it suitable for the proposed schematics (Kim et al., 2009). The 
electrical output of the BPD is analyzed by the electrical spectrum 
analyzer ESA (Advantest, U3771). 

Both independent GaAs DPMZMs are bias controlled to achieve 
maximum suppression of optical carrier, as it is shown in Fig. 4. The 
suppression is analyzed by using an optical spectrum analyzer (OSA), 
and the modulator’s Null operating position was adjusted by gradually 
varying the DC voltage. However, the manual handling of DC voltages 
can be replaced by automated bias controllers (ABC) in future work. In 
Fig. 4, a suppressed carrier double sideband spectrum is illustrated, 
which is observed at the output of a coupler that joins the output fields of 
both DPMZMs. Experimentally, complete elimination of the optical 
carrier is not possible due to the intrinsic imbalance properties of the 
modulator. A suppressed carrier double sideband is then transmitted 
through an optical patch cable and then combined with a pilot optical 
carrier, which has traversed through an independent polarization- 
maintained optical fiber. In Fig. 4, upper sideband (USB) and lower 
sideband (LSB) represent the fundamental input frequencies (RF1 =
6.0005 GHz, RF2 = 6.00328 GHz, RF3 = 6 GHz, RF4 = 6.00278 GHz) of 
dual RF channel with respect to a central optical carrier frequency of 
193.404THz (1550.084 nm). 

The combination of two optical paths is then fed to each input of 
BPD, which is then converted to an electrical signal. We have also 
analyzed the electrical output signal with the help of a VPI simulation 

Fig. 4. Measured optical spectrum of a combined optical field from 
two DPMZMs. 
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model, and then it was compared with the results achieved from an 
experiment. In Fig. 5(a), the fundamental single-tone signals of RF 
channel-1 and RF channel-2 are shown at a frequency of 6.0005 GHz and 
6.00328 GHz. The IMD3 produced due to interference between the 
channels is below the noise floor when the modulation index is kept 
0.28. Hence, the signal to interference (S/I) ratio of 71 dB was observed. 
In Fig. 5(b), fundamental two-tone signals are modulated in each 
channel and transmitted through an APL. It is noticed that the S/I of 70 
dB can be achieved at a modulation index of 0.22. The two-tone signals 
used in RF channel-1 are 6 GHz and 6.0005 GHz, whereas, in RF 
channel-2, 6.00328 GHz and 6.00278 GHz are used. 

Likewise, the electrical signals received at the BPD are analyzed by 
an ESA, which itself has some restrictions such as the limited noise 
power density. However, the results are shown in Fig. 6 has a smaller S/I 
as compared to the simulated results. It can be clearly illustrated that the 
performance is mainly limited by the noise floor in the experimental 
results. Fig. 6(a) shows a single-tone spectrum of dual RF channel, and 
the measured S/I is 65 dB. IMD3 produced, in this case, are at 5.99772 
GHz, and 6.00606 GHz, which has an amplitude of around − 85dBm. The 
fundamental single-tones have a peak power of around − 20dBm. It is to 

Fig 5. Simulated Electrical spectrum (a) Single-tone Dual RF channel (b) Two-tone Dual RF channel.  

Fig 6. Measured Electrical Spectrum, (a) Single-tone dual RF channel (b) Two-tone dual RF channel (c) Second-order distortions for two-tone test (d) Wide spectrum 
for a two-tone dual RF channel. 

Fig. 7. Performance analysis of a proposed model and the benchmark model, as 
a reference of Optical input power. 

T.N. Mirza et al.                                                                                                                                                                                                                                



Results in Optics 5 (2021) 100190

7

be noted that the input RF power is kept at 6dBm for all tones, which 
gives a link gain of around − 26 dB. Fig. 6(b) shows a two-tone spectrum 
of dual RF channel with a measured S/I of 60 dB. In this case, RF 
channel-1 demonstrates a link gain of around − 38 dB, whereas RF 
channel-2 shows a link gain of − 36 dB. The two-tone test is further 
explored in Fig. 6(c) for IMD2 and SHD, which do not appear above the 
noise floor. To observe the distortions, a wideband spectrum is shown in 
Fig. 6(d), which depicts the fundamental frequencies and suppressed 
intermodulation distortions. Different levels of noise floor are due to the 
internal band filter of the ESA. 

After the demodulation process of the transmitted signal, the S/I is 
plotted with reference to optical input power from the laser and 
compared with the benchmarked results, as shown in Fig. 7. It should be 
noted that the benchmark method reported in (Zhu et al., 2016a) has 
limited S/I due to the existence of high IMD3, whereas the proposed 
method is much robust and has a potential to achieve S/I of up to ~75 dB 

considering the power limitation posed by the optical devices. However, 
the S/I for benchmarked PM-DPMZM method reported in (Zhu et al., 
2016a) is nearly constant at 15.5dBm. This illustration provides a 
foreseen optimized performance of the proposed link when the optical 
source power is increased. The components used in the existing infra-
structure of APL are power limited, and high optical power would either 
deteriorate the performance or damage the component. Therefore, by 
overcoming the power limitation, the performance of APL can be further 
improved. 

A linear modulation range of the proposed model is investigated by 
observing the modulation index. At a small modulation index, the sys-
tem generally has a higher signal-to-interference ratio, and by plotting 
the data, the linear region of a modulator can be observed. In our pro-
posed model, the modulation index is optimized to achieve a maximum 
dynamic range. For a single-tone test, the S/I is maximum at a modu-
lation index of 0.57. However, for the Two-Tone linearization test, the 
S/I of ~65 dB is achievable at a modulation index of 0.14 (as shown in 
Fig. 8). Both cases are benchmarked with the previously reported single 
channel two-tone APL (Zhu et al., 2016a) and the optical carrier sup-
pression with carrier (OCS + C) based APL link (Zhu et al., 2016). 
Similar symmetry is observed across all cases, as the performance of the 
model deteriorates at a high modulation index, which means the 
modulator is being overdriven. Benchmark model shows S/I of 36.2 dB 
at a modulation index of 0.26, whereas the proposed method can ach-
ieve a S/I of upto 70 dB at a modulation index of 0.28. 

The SFDR performance of the proposed scheme, based on the line-
arization tests for the Dual RF channel, is illustrated in Fig. 9. The output 
RF power of fundamental frequencies and IMD3 as a function of the 
input RF power is plotted for both Single-tone and two-tone tests. The 
noise floor based on the laser RIN, photocurrent shot-noise and thermal 
noise is set to − 160dBm/Hz, considering the thermal noise of 3.163e- 
10A/√Hz at the detector (Mirza et al., 2021). However, the measured 
noise floor from the ESA is − 140dBm/Hz, which is restricted by ESA 
specifications. In the SFDR measurements, the calculated noise floor of 

Fig 8. Signal to Interference ratio as a function of Modulation index.  

Fig 9. SFDR performance of (a) a proposed D-DPMZM scheme for the linearization of Single-Tone and (b) Two-Tone Dual RF channel, and (c) PM-DPMZM based 
single RF channel scheme (Zhu et al., 2016a). 
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− 160dBm/Hz is used. All the fundamental frequencies and their IMD3s 
have an equal output power as the input RF powers for each tone is kept 
similar, which is then varied to calculate the performance of SFDR. As 
can be seen from our proposed Single-tone linearization test, we have 
achieved an SFDR of 116 dB Hz2/3, and it is of 110 dB Hz2/3 for the two- 
tone linearization test of a dual RF channel, which is 6 dB higher than 
the PM-DPMZM based system (Zhu et al., 2016a). Although, the system 
used in (Zhu et al., 2016a) is a single channel, the performance of our 
proposed dual channel system is much better. Fig. 9(a) shows the 
measured and calculated SFDR performance of the proposed model with 
a Single-tone input signal at each RF channel. The measured SFDR2 and 
SFDR3 for a single-tone test are 1 dB and 1.5 dB lower than the calcu-
lated values, respectively. This demonstrates that single-tone in two RF 
channels behave linearly. Whereas, for our two-tone test, the calculated 
SFDR2 and SFDR3 are 2 dB and 2.5 dB higher than the measured 
experimental values, respectively as it is shown in Fig. 9(b). It is to be 
noted that in both cases, the SFDR2 is comparatively high, which il-
lustrates that IMD2s have been highly suppressed. Fig. 9(c) shows the 
SFDR2 and SFDR3 performance of a single channel PM-DPMZM based 
system is 82 dB Hz1/2 and 110 dB Hz2/3, respectively. 

The proposed linearized scheme realizes a highly efficient multi-tone 
dual-channel system. However, biasing the multiple modulators to a 
desired operating point can be a bit tricky, which can be omitted by 
using automated bias controllers (ABC) in a real experiment. The per-
formance can be further improved by using amplified spontaneous 
emission (ASE) filters to reduce the noise level after the amplification of 
an optical signal. 

4. Conclusion 

A highly linearized APL with two RF channels, based on a D-DPMZM, 
has been developed and demonstrated. The proposed APL configuration 
has been validated for two test performance scenarios, where initially 
only single RF tone was modulated in each channel, known as single- 
tone test. In the second test scenario, two-tones were modulated in 
each channel, which is known as two-tone test. The proposed architec-
ture was mathematically validated and then it was developed in a VPI 
simulation software. The model has been experimentally demonstrated, 
and it was proved that by suppressing the optical carrier at modulation 
stage, the linearization of APL can be highly improved. It was discovered 
that the main performance contributing factors in the proposed APL are; 
RF phase difference of 180 deg between two sub-MZMs of each DPMZM, 
adjusting the MZM imbalance, nulling the optical carrier by appropri-
ately biasing the modulators, and input power to the BPD. The proposed 
double dual-parallel MZM can be realized for a multi-tone dual RF 
channels and a multi-octave bandwidth system over a single optical 
wavelength. The performance of two Channels is tested by using single- 
tone and two-tone tests, which has exhibited an SFDR3 of 116 dB Hz2/3, 
SFDR2 of 109 dB Hz1/2, and S/I of up to 65 dB for a single-tone test. The 
SFDR3, SFDR2, and S/I of 110 dB Hz2/3, 108.5 dB Hz1/2, and 60 dB, are 
measured for two-tone test, respectively. The proposed APL configura-
tion have great impact on RF signal channelization, and it would also 
have significant potential on transmitting more than four-tones, which 
can be pursued for future work. 
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