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Abstract
This paper demonstrates the analytical approach of Linearized Radio over Fiber (RoF) link based on Dual-Drive Dual Parallel Mach Zehnder Modulator (DD-
DPMZM) by properly adjusting the phase shifters and biasing of the Mach Zehnder Modulator (MZM). Two input RF tones at 7 and 8 GHz applied in the used
RoF link. The proposed RoF link consists of Mach Zehnder Modulator (MZM), Parallel combination of Mach Zehnder Modulators, optical �ber and
photodetector (PD). Third Order Intermodulation Distortions (IMD3) factor act as a major issue, which is responsible as performance degradation factor. Major
sources of IMD3 spurious components have been investigated and suppressed in theoretical analysis before photodetection. The proposed method is
designed with the help of OptSim simulation software, to con�rm and validate the analytical analysis and simulation results. Analytical analysis & simulation
results show that, 40 dB suppression found in IMD3 spurious components, and 30 dB Hz2/3 enhancement found in Spurious Free Dynamic Range (SFDR), for
the proposed linearized RoF link as compared to conventional MZM RoF link.

1 Introduction
Radio over Fiber (RoF) link is ful�lling the current demand of higher frequency radio spectrum [1]. The use of mm wave (30 GHz-300 GHz) with the optical �ber
enables the higher frequency communication with the higher bandwidth, long distance, secure and cost-effective transmission [2]. Presently all mobile
spectrum users need high speed data rates, higher bandwidth, high speed multimedia services, user friendly environment, these can be possible with the help
of RoF link. RoF link also providing the large Spurious Free Dynamic Range (SFDR) and immune to Intermodulation distortions [3]. An e�cient RoF link can be
designed by enhancing the SFDR of the link and by suppressing all possible intermodulation distortions components. The non-linear behaviour of the used
external modulator is responsible for the increment of intermodulation distortions components. For the suppressions of IMD3 spurious components and
enhancement of SFDR of the RoF link, many research article have been presented in the past decades, which is based on Intensity modulator, phase-controlled
modulator, dual drive modulators and dual parallel Mach Zehnder modulator (DP-MZM).

In [4] phase modulator based Analog Photonics link investigated and suppression of IMD3 demonstrated. A proper arrangement of polarizer and optical �lters
makes convenient to suppress approximately 25 dB IMD3 components. In [5], phase modulated, and coherent I/Q demodulation based RoF link with improved
dynamic range is demonstrated. The suppression of 29 dB obtained after I/Q demodulation. In [6], Intensity Modulation based RoF link investigated. This
method used advanced digital signal processing technique with proper adjustment of coherent detector to get suppression of IMD3 components
approximately 26.8 dB, with some predetermined assumptions. [5] to [6] required highly calibrated coherent detector, which can increase instability of the used
system. In [7], Dual Parallel MZM (DPMZM) Interferometers based single side band modulation technique analytically demonstrated and experimentally
validated. In this technique 49 dB, fundamental to IMD3 ratio calculated and getting 20 dB Hz2/3 SFDR improvement. Differential delays and other pre
calibrated parameters can decay the linearization of the used RoF link. In [8], DPMZM modulator-based scheme has been proposed to get linearization in the
noisy environment for large IMD3 suppression and SFDR enhancement. That research article is one of the started articles to get linearization of the RoF link
using DPMZM modulator.

Various methods have been demonstrated to verify the suppression of IMD3 spurious components & to get the analytical investigation about the
enhancement of SFDR [9–18]. MZM is the commonly used modulator in the RoF link and its inherent nature to exploiting the non-linear behaviour, but we are
using this one due to its high stability and spectral purity. Linearization of DD-DPMZM Modulator can be achieved by proper controlling of used phase shifters
and biasing of DPMZM [15–18]. The mentioned research article only providing the limited suppression of IMD3 spurious components and getting the
asymmetrical splits ratios of optical power in the IMD3 spurious components compared with the fundamental component.

In the present paper a simple method to get the linearization of the RoF link in terms of suppression of large IMD3 and an enhancement of the SFDR is
investigated and demonstrated. Three phase shifters of π/2 radian are used in the proposed DD-DPMZM link. Properly use of biasing voltages of DD-DPMZM
gives, 40 dB suppression in IMD3 spurious components and getting 30 dB Hz2/3 enhancement in SFDR of the proposed RoF link as compared to conventional
RoF link. analytical analysis validates the simulation results in terms of the suppression of second order, third order and �fth order spurious components in the
proposed expression of photodetector current. These mentioned spurious components are the major sources of IMD3.

The presented research article is organized as follows: 1. Section 1, shows the introduction and advantages of RoF link and previous works done regarding the
suppression of IMD3 components and an enhancement of SFDR to get the linearized RoF link. Section 2 shows the proposed simulation model with its
associated analytical analysis. Section 3 shows that the simulation work and results discussion. Section 4 shows conclusion of the proposed RoF link.

2 Principle And Operation Of Proposed Rof Link
Figure 1 shows that Simulative model of the proposed RoF Link based on DD-DPMZM. The RoF link consist of two applied RF sources, indicated as Tone-1 &
Tone-2, Laser diode as a carrier source, three electrical phase shifters, a PIN photo diode, conventional MZM structure and one DD-DPMZM structure. The used
Linearized RoF link consists of two MZMs, as MZM-1(Upper MZM) and MZM-2 (Lower MZM), and both modulators are represented as an intensity modulated
sections and they are arranged in a parallel form to get its desired outcome. Each phase shifters have 900 phase shifts to get desired outcome in the
suppression of IMD3 spurious components.

The Optical Intensity of the laser diode as a carrier source can be represented as:

Ein(t) = ALDexp jΩ0t

1

( )
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Where Ω0 & ALD are represented as angular frequency and amplitude of the transmitted optical wave respectively. The RF source are used to generate, Two
RF tones as Tone-1 & Tone-2 having frequency Ω1 & Ω2 respectively, with same amplitude. MZM-1 is biased with zero voltage while MZM-2 is biased at Vπ
voltage, here Vπ is representing switching voltage.

To get the linearized modulation & large suppression of the IMD3, the RF driving voltages at four electrodes of DD-DPMZM with proper biasing can be
arranged as:

VL1(t) = Vm cos(Ω1t + sin Ω2t }

2

VL2(t) = Vm sin(Ω1t + cos Ω2t }

3

VU1(t) = Vm sin(Ω1t + sin Ω2t +
Vπ
2 }

4

VU2(t) = Vm cos(Ω1t + sin Ω2t −
Vπ
2 }

5

Where Vm, is the amplitude of the applied RF tones. VL1(t) & VL1(t) are showing driving voltages of MZM-1 (Upper MZM); & VU1(t)&VU2(t) are showing
driving voltages of MZM-2 (Lower MZM). Assume that the MZM-1 & MZM-2 have same half wave switching voltages Vπ. The output of MZM-1 can be
expressed as:

EMZM−1(t) =
1

2√2
αEin(t) exp

jπVL1(t)
Vπ

+ exp
jπVL2(t)

Vπ

6

EMZM−1(t) =
1

2√2
αEin(t) exp

jπVm
Vπ

cosΩ1t + sinΩ2t + exp
jπVm
Vπ

sinΩ1t + cosΩ2t

7

Modulation Index or Depth of Modulation is expressed as:

m =
πVm
Vπ

8

In term of depth of modulation, the outcome of MZM-1 can be modi�ed as:

EMZM−1(t) =
1

2√2
αEin(t) exp jm cosΩ1t + sinΩ2t + exp jm sinΩ1t + cosΩ2t

9

The inner terms in the above equations assume that

A = exp
jπ
Vπ

VL1(t)  , and B = exp
jπ
Vπ

VL2(t)  (10)

A = exp jm cosΩ1t + sinΩ2t  , and B =  exp jm sinΩ1t + cosΩ2t  (11)

Both terms A & B can be expressed using Taylor series expansions as:
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A = [1 + jm cosΩ1t + sinΩ2t −
m2

2! cosΩ1t + sinΩ2t 2 −
jm3

3! cosΩ1t + sinΩ2t 3 +
m4

4! cosΩ1t + sinΩ2t 4 +
jm5

5! cosΩ1t + sinΩ2t 5 −

12

B = [1 + jm sinΩ1t + cosΩ2t −
m2

2! sinΩ1t + cosΩ2t 2 −
jm3

3! sinΩ1t + cosΩ2t 3 +
m4

4! sinΩ1t + cosΩ2t 4 +
jm5

5! sinΩ1t + cosΩ2t 5 −

13

After the simpli�cation and using Taylor series expansions in the de�ned terms, the outcome of MZM-1 is given as:

EMZM−1(t) =
1

2√2
αEin(t)[A + B]

14

EMZM−1(t) =
1

2√2
αEin(t) √2 +

m
2 exp

jπ
4 exp j Ω1t + expj Ω2t +

m3

16 exp
jπ
4 expj 2Ω1 − Ω2 t + exp −Ω1 + 2Ω2 t +

m4

64√2
e

15

The outcome of the equations (15) shows that sub-MZM-1 does not originates the second order component (Ω1 − Ω2andΩ2 − Ω1), which indicated that the
one of the major Spurious components of IMD3 has been suppressed.

Optical output at MZM-2 is given as:

EMZM−2(t) =
1

2√2
αEin(t) exp

jπVU1(t)
Vπ

+ exp
jπVU2(t)

Vπ

16

The inner terms in the above equations assume that

C = exp
jπ
Vπ

VU1(t)  , and D = exp
jπ
Vπ

VU2(t)

C = exp
jπ
Vπ

Vm sinΩ1t + sinΩ2t +
Vπ
2

17

D = exp
jπ
Vπ

Vm cosΩ1t + cosΩ2t −
Vπ
2

18

Using all mentioned values of C and D in the equation number 16, then the outcome of MZM-2 is given as:

EMZM−2(t) =
1

2√2
αEin(t)[C + D]

19

Using Taylor series expansions, the mentioned terms C and D, is expressed as:

C = j 1 + jm sinΩ1t + sinΩ2t −
m2

2! sinΩ1t + sinΩ2t 2 −
jm3

3! sinΩ1t + sinw2t 3 +
m4

4! sinΩ1t + sinΩ2t 4 +
jm5

5! sinΩ1t + sinΩ2t 5 −

20
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D = ( − j) 1 + jm cosΩ1t + cosΩ2t −
m2

2! cosΩ1t + cosΩ2t 2 −
jm3

3! cosΩ1t + cosΩ2t 3 +
m4

4! cosΩ1t + cosΩ2t 4 +
jm5

5! cosΩ1t + co

21

After the simpli�cation and using Taylor series expansions in the de�ned terms, the outcome of MZM-2 is given as:

EMZM−2(t) =
1

2√2
αEin(t)

m
2 exp

jπ
4 exp j Ω1t + expj Ω2t +

m3

16 exp
j5π
4 expj 2Ω1 − Ω2 t + exp −Ω1 + 2Ω2 t +

m5

384exp
jπ
4

22

The outcome of the equations (22) shows that MZM-2 does not originates the second order component (Ω1 − Ω2andΩ2 − Ω1), which indicated that the one
of the major components of IMD3 has been supressed. The outcome of the equations (15) and (22) shoes that the third order component 

{(2Ω1 − Ω2)and( − Ω1 + 2Ω2)} from MZM-1 and MZM-2 respectively, having the same magnitude (
1

2√2αALD
m3

16 ), but having opposite phases. As MZM-1

having phase 
π
4 , while MZM-2 having phase 

5π
4 , so once they are combining at the outcome stage of the linearized RoF link, both terms are cancelled out

completely. Also the outcome of the equations (15) and (22) shoes that the �fth order component {(3Ω1 − 2Ω2)and( − 2Ω1 + 3Ω2)} from MZM-1 and

MZM-2 respectively, having the same magnitude (
1

2√2
αALD

m5

384 ), but having opposite phases. As MZM-1 having phase 
5π
4 , while MZM-2 having phase 

π
4  for

the mentioned �fth order component, so once they are combining at the outcome stage of the linearized RoF link, both terms are cancelled out completely.
Thus, the proposed RoF link shows that the combined outcome of the DD-DPMZM is free from the second, third and �fth order components, that one is the
major resources of the IMD3.

The combined outcome of linearized RoF link is given as:

Eout(t) = EMZM−1(t) + EMZM−2(t) /2

After simpli�cations, the combined outcome of the linearized RoF link can be expressed as:

Eout(t) =
1

2√2
αEin(t) 1 +

m
2 exp

jπ
4 exp j Ω1t + expj Ω2t +

m4

64 exp(jπ) expj 2Ω1 − 2Ω2 t + exp −2Ω1 + 2Ω2 t +
m7

18432exp

23

The equations (23) shoes that the optical outcome of linearized RoF link, it contains only the fundamental component, fourth order component & seventh

order component. The fundamental component having the same magnitude 
1

√2αALD
m
2 , from both sub-MZMs with the same phase 

π
4 , thus the proposed RoF

link enhancing the magnitude of the fundamental component, that’s good indication about the linearization. The fourth and seventh order spurious
components having very little magnitude as compared to the desired fundamental components, so they will impact a little effect on the proposed model
performance.

Photo detector current is given as:

IPD(t) = REout(t)E
∗
out(t)

= R
α2

2 E2
in(t) 1 + m√2 cos Ω1t +

π
4 t + cos Ω2t +

π
4 t + m2 1 + cos Ω1 − Ω2 t +

m5

32√2
cos − Ω1t + 2Ω2t −

3π
4 t + cos 2Ω1t

24

Where R is the responsivity of PIN photodetector (PD). Eq. (24) shows the measured fundamental component with enhanced magnitude while the IMD3
spurious components {(2Ω1 − Ω2)and( − Ω1 + 2Ω2)} having negligible magnitude compared with the fundamental components. Thus, the linearized RoF
link with optimized performance can be obtained with large suppression of IMD3 spurious components in the proposed DD-DPMZM model.

From Eq. (24) the fundamental component power and IMD3 spurious component power in a simpli�ed form is given as:

{P}_{\varOmega 1}= \frac{{\alpha }^{4}{R}^{2}{P}_{LD}^{2}{m}^{2}{R}_{Load}}{4}
25
{P}_{{2\varOmega }_{1}-{\varOmega }_{2}}= \frac{{\alpha }^{4}{R}^{2}{P}_{LD}^{2}{m}^{2}{R}_{Load}}{4*{8}^{4}}
26
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Where {P}_{LD} is the optical power and {R}_{Load} is the load resistance at PIN PD. load resistance is setup to one ohm and considered attenuation coe�cient
is taken − 0.21 dB with permissible conditions.

3 Results Analysis And Discussion
Figure 1 is representing proposed linearized RoF link. Simulation model is set up with the help of Optical simulator (OptSim), commercial simulation software,
to verify the cancellation/suppression of IMD3 spurious components. A comparison in terms of SFDR between conventional RoF link and linearized RoF link is
obtained through the simulation using MATLAB software. For the performance investigation of the proposed RoF link, an optical wave via laser diode, whose
center frequency is 193.414 THz with power of 16 dBm, injected to the parallel combination of MZMs (MZM-1 and MZM-2). Two RF Tones of frequency 7 GHz
and 8 GHz are subjected to sub-MZMs, followed by three phase shifters. Each phase shifters have 900 phase shifts. Phase shifters are used such that the
IMD3 Spurious components should be suppressed out completely. The transmitter bandwidth is taken 20 GHz. the conventional MZM having the same
amplitude & frequency as the linearized DD-DPMZM. The excess loss and switching voltage of linearized RoF link is used at 2 dB and 5 volts respectively. the
outcome of DD-DPMZM is linked with the optical �ber cable. Fiber length is considered as 5 Km for the proposed linearized RoF link, and that directly
connected to the PIN PD, where detection process can be done to get the photo current and its measured electrical spectrum. Electrical spectrum of the
generated electric photo current can be easily view using electrical spectrum analyzer. The responsivity of PIN photo detector is considered as 1.0 A/W and
Quantum E�ciency of PIN PD is set about to 0.799.

Figure 2 shows that the input RF tones as Tone-1 and Tone-2, centred at 7 GHz and 8 GHz, respectively. Figure 3 shows that Optical Spectrum of conventional
MZM centred at 193.414 THz. Figure 4a, representing Optical Spectrum of MZM-1. Figure 4b, representing Optical Spectrum of MZM-2. Second order spurious
component completely suppressed at outcome stage of MZM-1 and MZM-2, as already discussed in the analytical approach. Figure 5, representing Combined
Optical Spectrum at the output of linearized RoF link. The combined output of DD-DPMZM only contain the fundamental component with enhanced
magnitude, while fourth order component and seventh order component with negligible magnitude. The second order, third order and �fth order spurious
component completely suppressed at the outcome stage of linearized RoF link. Figure 6 representing the Comparative Analysis of optical outcome between
linearized DD-DPMZM and conventional MZM. It clearly shows that linearized DD-DPMZM structure is e�cient power saving scheme than conventional MZM
structure. Figure 7a, representing electrical spectrum of PIN PD used at conventional MZM. Figure 7b, representing electrical spectrum of PIN PD used at DD-
DPMZM. Electrical-Signal to Intermodulation Ratio (e-SIR) for the conventional MZM is obtained 11.39 dB, while for linearized DD-DPMZM the e-SIR is about
to 51 dB, thus the use of linearized RoF link provides an enhancement in e-SIR is about to 39.61 dB, which clearly means that approximately 40 dB
suppression founded in IMD3 spurious components using linearized RoF link as compared with the conventional RoF link.

Figure 8a, shows that the measured SFDR of RoF link using Conventional MZM, founded as 106 dB Hz2/3, while Fig. 8b, shows that measured SFDR for
linearized DD-DPMZM, founded as 136.0 dB Hz2/3. SFDR is enhanced by approximately 30 dB Hz2/3, while using linearized RoF link.

Noise �oor is set at -174 dBm/Hz. Figure 8 (a) and (b) shows that slope of IMD3 spurious component power changed from slope 3 to slope 5, which indicated
that the major IMD3 components has been suppressed. Phase controlled based RoF link is designed, and we found that the linearity of the proposed RoF link
is enhanced in a signi�cant amount, by proper controlling the used phase shifters and biasing in DD-DPMZM structure.

Table 1
Simulation work parameters

Centre Emission Frequency of LD 193.414 THz

CW Power of LD 16 dBm

Linewidth of LD 0.003 MHz

Responsivity of Pin PD 1 A/W

Quantum E�ciency of PD 0.7999

-3 dB Bandwidth of PD 20 GHz

Bit Error rate 0.0227501

Q-factor 6.02 dB

Average opening of Eye 0.0246312 (a.u.)

Jitter 0.019931 ns

Sampling time 0.00418163 ns

Table 1 representing the used simulation parameters and Table 2 representing Comparison of parameters between Conventional MZM Modulator and DD-
DPMZM Modulator based RoF Link. Table 2 shows that the 11.39 dB, Fundamental to IMD3 ratio has been measured for conventional MZM RoF Link, while
51.0 dB, Fundamental to IMD3 ratio has been measured for DD-DPMZM RoF Link.
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Table 2
Comparison Between Conventional MZM Modulator and DD-DPMZM Modulator based RoF Link

S.No. Parameters Conventional MZM Modulator DD-DPMZM Modulator

1 Fundamental to IMD3 Ratio 11.39 dB 51.0 dB

2 SFDR of RoF Link 106 dB Hz2/3 136 dB Hz2/3

2 Excess loss of MZM 2 dB 5 dB

3 Maximum Offset Voltages corresponding to phase of MZM 2.5 V 2.5 V

4 Extension Ratio Type Ideal Ideal

5 Voltage Vpi 5 V 5 V

6 Average Power Reduction due to Modulation 3.0 dB 3.0 dB

7 First Filter Notch NA NA

8 Chirp Factor 0.0 0.0

4 Conclusion
This research article representing linearized RoF link with large IMD3 suppression and enhancement of the SFDR using simple and adjustable electrical phase
shifters. Without using any digital signal processing technique, major sources of IMD3 spurious components have been investigated and suppressed in
theoretical analysis before photodetection. The proposed simulation model enhanced the linearization of the RoF link, which is in good accordance with the
theoretical approach. For linearized RoF link, Fundamental to IMD3 ratio is 51 dB Measured, while for conventional RoF link, Fundamental to IMD3 ratio is
11.39 dB Measured. A suppression of 40 dB has been found in the IMD3 spurious components and enhancement of 30 dB Hz2/3 has been found in the SFDR
for linearized RoF link. For conventional RoF link measured SFDR is 106 dB Hz2/3, while for linearized RoF link measured SFDR is 136 dB Hz2/3. These
outcomes of the proposed RoF link will be bene�cial for the Emerging Wireless Networks.
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Figures

Figure 1

Simulative model of the proposed RoF Link based on DD-DPMZM.
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Figure 2

Input RF Tones at 7 & 8 GHz.
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Figure 3

Optical Spectrum of conventional MZM centred at 193.414 THz.

Figure 4

Optical Spectrum at the outcome stage of (a) MZM-1, (b) MZM-2
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Figure 5

Combined Optical Spectrum at the outcome stage of DD-DPMZM

Figure 6

Comparative Analysis of optical outcome between Linearized DD-DPMZM and conventional MZM
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Figure 7

Electrical Spectrum at outcome stage of PIN PD for (a) conventional RoF link, (b) for Linearized RoF link.

Figure 8

SFDR measurement of RoF link using (a) Conventional MZM, (b) Linearized DD-DPMZM.


