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PHOTODETECTOR OPTIC POWER OPTIMIZATION TO 
INCREASE THE GAIN ON SUB-OCTAVE MICROWAVE 
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ABSTRACT: An investigation of the optic spectral 
components beating at the photodetector to 
recover the RF signal at the output of a sub-
octave microwave photonic link is presented, 
by a theoretical and experimental approach. It 
is demonstrated the best efficiency is achieved 
when the carrier to sideband ratio (CSR) is 0 
dB at a low bias voltage condition on Mach-
Zehnder (MZM) intensity modulator. A RF power 
link gain improvement of 9.7 dB is demonstrated 
for a same photodetector incident optic power, 
compared with a link operating at quadrature bias 

voltage condition on the MZM.  
KEYWORDS: Fiber optic links; low bias photonic 
links, microwave photonics.

OPTIMIZAÇÃO DA POTÊNCIA ÓPTICA 
NO FOTODETECTOR PARA AUMENTO 
DO GANHO NO ENLACE ANALÓGICO A 

FIBRA ÓPTICA DE SUB-OITAVA
RESUMO: A análise do batimento entre 
componentes ópticas espectrais no fotodetector 
para recuperação do sinal RF na saída de um 
enlace analógico a fibra óptica de sub-oitava é 
apresentada através de abordagens teóricas 
e experimentais. Demonstra-se que a melhor 
eficiência é atingida quando a diferença entre 
amplitudes das componentes da portadora 
óptica e das bandas laterais é 0 dB, condição 
de baixa tensão de polarização no modulador de 
intensidade Mach-Zehnder. Uma melhora de 9,7 
dB no ganho do enlace é demonstrada neste ponto 
de operação em comparação com o modulador 
Mach-Zehnder polarizado em quadratura, com 
mesma potência óptica incidente no fotodetector.
PALAVRAS-CHAVE: Enlace analógico a fibra 
óptica; enlace fotônico sob baixa polarização; RF 
em fotônica.

1 |  INTRODUCTION
Microwave photonics (MWP) has been 

considered a promising technology to implement 
RF functionalities at high frequency and high 
bandwidth (BW) long distance transmission lines 
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and signal processing systems, where conventional electronics circuits based on coaxial 
cables, waveguides and printed circuits boards (PCB) face limitations, due to high propagation 
losses and circuitry complexities [2]. The electronic circuit behavior is strongly dependent to 
the wavelength, and it brings severe design limitations for high bandwidth systems, where 
the start frequency is far from the stop frequency. In contrast, microwave photonics principle 
basically consists in modulating an optical carrier with the RF signal, to transmits and processes 
it at the optic spectrum and finally recover it at the system output by photodetection. The RF 
signal modulates an optic carrier at frequencies about 200 THz, producing a very low change 
on the wavelength among all the system bandwidth. Besides, fiber optic also offers other 
advantages like electromagnetic interference immunity (EMI), low weight and size. Those 
characteristics have been attracted attention to modern microwave systems implementation 
on civilian and military application, such as 5G, radio over fiber, electronic warfare systems, 
radar and remote antennas [7-9]. The most spread architecture of MWP systems uses Mach-
Zehnder interferometric modulator (MZM) to intensity modulate (IM) the optic carrier and 
direct detection (DD) to recover the electric signal, commonly referred as MZM IM-DD analog 
optical link [2].

Just like any other RF system, the main figures of merit to evaluate an MWP system 
are the power gain (G), the noise figure (NF) and the spurious free dynamic range (SFDR). 
On MZM IM-DD systems, the gain and the NF are strongly dependent of the incident 
photodetector optic power (POP). The higher the POP, the higher the gain. But, unfortunately, 
the photodetector output noise power increases as the POP grows up. Also, in order to avoid 
harmonic distortion, the MZM is commonly biased at the quadrature point of its electrooptic 
transfer function, where the second-order harmonics are completely suppressed [2].

The MZM IM-DD link gain depends on the squared optic power and there is no 
theoretical superior limit to it. However, in practice, it is limited by the photodetector optic 
saturation power, limited on few milliwatts for high speed commercial devices. On quadrature 
biased MZM photonic links, the optic carrier to sideband ratio (CSR) is high [8], approximately 
20 dB for low signal condition. So, most of the power relies on the optical carrier, which brings 
the photodetector to the saturation region with no significant contribution to recover the RF 
signal, since it results from the beating between the carrier and the optic sidebands [5]. 

To improve the RF recovering efficiency at the photodetector, the CSR reduction is 
mandatory. Some approaches use nonlinear optic effects to transfer power from the carrier 
to the sideband, such as four-wave-mixing [7] and parametric amplification of the sidebands 
[9]. Other approaches move the MZM bias away from the quadrature point to get the carrier 
power down, known as low biasing technique [5][6][10]. Those approaches have shown good 
improvement on the system gain, NF and SFDR, comparing to quadrature biased MZM links. 
As consequence, the system is limited to a sub-octave bandwidth because of the increase on 
the harmonic distortion. Previous works mentioned above explore those techniques focused 
on the system performance, not considering the photodetector optic power as a reference 
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variable. This work investigates the low biasing technique to obtain gain improvement, 
considering the POP as a constant parameter, compared with the quadrature condition.

Section 2 shows the analytical analysis of the system.  Section 3 shows simulations 
using the expressions deduced in the previous section, with some approximations and 
considerations. In section 4, experimental results are presented as a proof of concept. 
Conclusions are presented in section 5.

2 |  THEORETICAL FOUNDATION
The schematic diagram of an MZM IM-DD photonic link is shown on Fig. 1. It is 

composed basically by a laser as the optical source feeding a Mach-Zehnder intensity 
modulator, followed by a photodetector connected to the MZM by a single-mode optical 
fiber. To get a general formulation, it is considered a dual drive configuration (DD-MZM), 
where two independent RF signal are injected into the modulator together with a DC bias 
voltage to stablish the operation point at the modulator electrooptic transfer function.

It is assumed the lightwave electric field can be expressed by:

                                                (1)
where Eo is the electrical field amplitude, ωo is the optic angular frequency, φo is the 

initial phase and  is the electric field polarization vector. For a sake of clarity, it will be 
assumed the field polarization does not change through the optic system and can be neglect 
on the formulation, which will consider only phasor representation from now on and will be 
referred as optic signal.

The intensity modulation process at the DD-MZM will produce at the output an optic 
spectrum composed by an optic carrier surrounded by a series of sidebands spaced by 
multiples of the RF modulating frequency. Neglecting all the losses in the modulator and in the 
fiber optic path, it can be expressed by [3]:

                                                    (2)

where φb is the absolute phase shift accumulated through the system, φps=π(Vdc1+Vdc2)/2Vπ is 
the common phase produce by the bias voltages Vdc1 and Vdc2 applied to the MZM arms 1 and 
2, respectively, Vπ is the half wave voltage of the MZM, Jn(m) represents the coefficients of the 
Bessel functions of first kind of order n,  is the RF modulation index, Vm is the 
modulating signal amplitude, φpd=π(Vdc1-Vdc2)/2Vπ is phase difference between the MZM arms 
produced bias voltages, φmd=(φm1-φm2)/2 and φms=(φm1+φm2)/2 are optic phases produced by 
the two RF modulating signals, where φm1 and φm2 are its initial phases respectively and ωm 
is its angular frequency.
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The total power of the spectrum represented by (2) is the sum of the individual powers 
of each optic component [1]. The optic power at the photodetector, Pd , can be expressed by:

                                                                 (3)
where PL is the laser optic power and Kpo is the link coefficient loss, including the 

insertion loss of the DD-MZM.
The instantaneous envelope power of the modulated signal is proportional to the 

product of (2) by its complex conjugated and it is related to its optic intensity [3]. It can be 
understood as the average power within one period of the carrier lightwave. The RF signal at 
the photodetector output is proportional to this envelope power [2]. From (2), the photodetector 
envelope power, Pd , can be expressed by:

                            (4)

where p represents the orders of the optical spectrum components, and k the orders 
of the RF spectrum components, in other words, the electric harmonics frequencies.

Fig.1 - Microwave photonic link with a DD-MZM configuration and direct detection.
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The small signal RF power gain can be calculated taking the fundamental harmonic 
frequency for m << 1. Considering the input and output impedances matched, it can be 
expressed by [4]:

                                                 (5)

where ηd is the photodetector responsivity, ΔVdc is the DD-MZM voltage bias drift far from 
the quadrature bias point, expressed by , Zm is the DD-MZM input 
impedance and ZL is the load output impedance.

3 |  SIMULATIONS
It was considered the DD-MZM in a push-pull operation, where Vdc1 = -Vdc2 and the 

phase difference between φm1 and φm2 is π. The DD-MZM Vπ adopted for the simulations is 
3.5 V. For simulation, the phases φo and φb were considered equal to 0 to simplify (2) and (4).  

It was considered Vm = 0.25 V to keep the modulation index on small signal condition, 
resulting in m = 0.224.

a. Bias voltage at the quadrature point
Based on the previous considerations, the electric field amplitude spectrum from (2) 

is expressed by:

                                                    (6)
which has the shape shown in Fig. 2, per unit of electric field.

Using (4) to plot Fig. 3, it is possible to realize that the second harmonic does not 
appear on the expected RF amplitude spectrum. 

Appling the quadrature condition in (3) results in:

                                                     (7)

which reveals that, together (6), it is possible to decrease the carrier, n=0, and increase the 
sidebands, n= ±1, by growing up the cosine bias argument φpd, toward to π/2. Fig. 4 shows 
that condition. Equation (2) and the red lines in Fig.4 reveal that there is a high CSR penalty 
to eliminate the second-order harmonics,
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Fig.2 - Optic amplitude spectrum of the modulated signal, at quadrature bias condition and m=0.244.

Fig.3 - Optic power envelope spectrum per unit of PL, at quadrature bias condition and Kpo unitary.

i.e, the cosine amplitude factor in (6) and (7) is the same for the carrier and sidebands 
components. For low modulation indexes, the carrier power is much bigger than the 



 
Coleção desafios das engenharias: Engenharia elétrica 2 Capítulo 1 7

sidebands and does not contribute to recover the RF output signal efficiently. This effect 
goes down with the modulation index increasing, but it keeps still high for practical condition. 
Consequently, increasing the laser power will bring the photodetector to saturation without 
produce link RF power gain efficiently.

b. Shifting bias voltage far from the quadrature point
By inspection of (2) and starting from the quadrature condition, the best bias voltage 

to optimize the beating between the carrier and the sidebands can be calculated for a given 
modulation index. The best beating efficiency will occur when the amplitude of the two 
components are equals. From (2) this bias condition can be determined, resulting in:

                                                                (8)

For the same modulation condition adopted for the quadrature case, m = 0.224, φpd_opm  
is 1.46 and the amplitude spectrum of (2) becomes:

                                                     (9)

which are shown in Fig. 5.
The blue dotted lines in Fig. 4 also shows, together (9), that the Bessel functions 

coefficients continues with a great difference between then, but the cosine amplitude factor 
attenuates the carrier and increases the sidebands, bringing the optics components to the 
same amplitude to achieve the highest beating efficiency.

The total power incident at the photodetector is calculated from (3), expressed by:

                                                           (10)

The photodetector output RF signal spectrum is shown in Fig. 6, where it can be 
seeing the presence of the second harmonic.
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Fig.4 - Trigonometric circumference plotting of the cosine argument (φpd+ n π / 2).

Red lines represent the quadrature condition. Dotted blue lines represent the low bias condition.

 
Fig.5 - Optic spectrum amplitude of the modulated signal, at optimum MZM bias condition.
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Fig. 6 - Optic power envelope spectrum per unit of PL and Kpo unitary, at optimum MZM bias condition.

c. Link RF power gain
Fig. 7 shows a comparative plot of the RF power gain of the link, considering the two 

conditions assumed above and equation 5. It was considered Zm = ZL = 50Ω, and kpo and ηd  

unitary. As can be seen in Fig. 7, the gain for optimal bias condition is 9.7 dB above the gain 
in quadrature, for the same incident optic power at the photodetector.

4 |  EXPERIMENT
Fig. 8 shows the schematic diagram of the experiment setup. Similarly to simulations, 

the experiment was carried out with the MZM operating upon a push-pull configuration. The 
optic carrier is from a DFB laser, tuneded at the wavelengh of 1552.54 nm, with a maximal 
power of  100 mW when drived by a current of 454.72 mA.

A laser drive controls the temperature and the current in the DFB laser. The optical 
carrier is coupled into a Mach-Zehnder intensity modulator with 10.
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Fig.7 - Comparative plot of the RF link power gain. Quadrature condition in purple line and low bias 
condition in blue line.

GHz of bandwidth, from EOspace Inc, with a mesured insertion loss of 5 dB,  a RF Vπ 
of 6.54 V, a bias Vπ of 6.3 V and input impedance of 50 . A symetric DC power supply of +/-10 
V feeding a potenciometer was used to regulate the bias voltage into the MZM, measured 
by a digital voltimetre. An RF signal generator feeds the MZM with the modulating signal.

To measure the optical spectrum, it was inserted before the photodetector a 90/10 
fiber coupler, taking 10% of the modulated optic signal to an optical spectrum analyzer (OSA) 
and injecting 90% into a high speed photodiode, from New Focus Inc, with responsivity of 
0.6 A/W, saturation power of 8 mW, output impedance of 50 Ω and bandwidth of 25 GHz. A 
multimeter was used to measure the incident power on photodiode, using a low frequency 
transimpedance amplifier available in the photodetector module, with 1 kΩ of gain. The RF 
photodetector output signal is injected into an RF amplifier, from Miteq Inc, to feed an electric 
spectrum analyzer (ESA). The RF power gain of the amplifier is 40 dB at 7 GHz, with an input 
and output impedances of 50 Ω, powered by a DC power supply of 15 V. The fiber path is a 
single mode fiber and the total losses are 3.3 dB.
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Fig.8 - Schematic diagram of the experiment setup.

To achieve an RF signal amplitude of 0.25 V, the same value used for the 
simulations, the signal generator power was adjusted to 3.44 dBm at a frequency of 7 
GHz. The first gain measurement was taken for the low bias condition. Measuring the 
optic signal on the OSA, the MZM bias voltage was adjusted to get a CSR of 0 dB as 
shown in Fig. 9 (left).

So, the laser power was set to its maximum, PL = 100 mW. The transimpedance 
amplifier output marked 48 mV at this point. The fundamental RF frequency output 
signal measure was -12.98 dBm, as shown in Fig. 9 (right). Taking out the RF amplifier 
gain, the intrinsic link gain was -52.98 dB.

Then, the MZM bias voltage was adjusted to the quadrature point, where the 
second harmonic is canceled. The laser power was decreased to obtain the same value 
at the photodetector for the low bias condition, that is, 48 mV at the transimpedance 
output.  On that condition, the laser power was 2.57 mW. The optic spectrum was 
measured, and it is shown in Fig. 10 (left), with a measured CSR of 16.12 dB.

The fundamental RF output signal is -20.61 dBm, and its spectrum is shown in 
Fig. 10 (right), with no second harmonic observed. The intrinsic link gain is -60.61 dB, 
that is, 7.63 dB below the low bias condition gain. Due to the MZM electrooptic transfer 
function instability and the absence of an automatic bias control circuit, there was an 
uncertainty on the measurements and was considered as about 2 dB, after several 
sequential observations.
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Fig.9 – Left: optic modulated signal spectrum at low bias condition. Right: RF output signal spectrum at 

low bias condition.

  
Fig. 10 – Left: Optic modulated signal spectrum at quadrature bias condition. Right: RF signal output 

spectrum at quadrature bias condition.

5 |  CONCLUSION
The beating of the optic spectral components at the photodetector was investigated 

to optimize the power efficiency to recover the RF signal at the sub-octave link output, 
considering the photodetector saturation power as the bottleneck of the system. It was 
demonstrated the best condition is when the CSR is 0 dB, and there is a RF link power gain 
improvement of 9.7 dB for the same photodetector optic power.
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