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The microwave photonic vector modulator (MPVM) sometimes shows an unmodulated carrier peak, which appears in the modulated signal. This peak results from an incorrect bias value or a Mach-Zehnder modulator (MZM) bias drift over time, which in turn leads to an imbalance in the I/Q signals. This paper describes a mathematical model of an MPVM output by showing the unmodulated carrier peak behavior. It also discusses a constellation imbalance resulting from this non-modulated peak. To control this non-modulated carrier peak and restore the constellation balance, an automatic bias control (ABC) is proposed and simulated through a co-simulation technique. Unlike previous methods, this ABC is based on the analysis of the I/Q signals to generate voltage steps for the photonic modulator bias. The I/Q signals were recovered through a direct-conversion receiver, and an algorithm was developed to analyze the I/Q amplitude and phase imbalance. Consequently, the photonic modulator bias is continuously monitored by analyzing the resulting modulated microwave signal. In this way, its operation is transparent under MZM bias variations or extinction ratio (ER) imperfection since only the I/Q and microwave signals are considered in the algorithm implementation. ABC is validated through a co-simulation technique using low and high-order modulation formats such as QPSK, 64QAM, and 256QAM.

Introduction

Nowadays, due to the progressive evolution of Microwave Photonics (MWP), many systems implemented in the electrical domain such as wireless communications, signal generation, phased array radar, signal processing, filters have been enhanced with photonic technology [START_REF] Cox | Analog optical links: theory and practice[END_REF]; [START_REF] Capmany | Microwave photonics combines two worlds[END_REF]; [START_REF] Yao | Microwave photonics[END_REF]; Berceli and Herczfeld (2010); [START_REF] Iezekiel | RF engineering meets optoelectronics: progress in integrated microwave photonics[END_REF]; [START_REF] Urick | Fundamentals of microwave photonics[END_REF]. One application that has attracted significant interest is the generation of vector signals, where different approaches have been reported in previous years by several authors [START_REF] Jemison | Microwave photonic vector modulator for high-speed wireless digital communications[END_REF]; [START_REF] Sambaraju | Performance analysis of photonic vector modulation techniques for multi-Gb/s wireless links[END_REF]; [START_REF] Gao | Fundamental/subharmonic photonic microwave i/q up-converter for single sideband and vector signal generation[END_REF]. Some of these studies were focused on the generation for wireless transmission and others on fiber optical transmission.

Considering an embedded digital vector signal generation subsystem, such as in Fig. 1, along with the promising scenario of applying photonic technology in wireless transmission systems, an MPVM suitable for transponders and data transmitters has recently been proposed, assembled and characterized [START_REF] Panasiewicz | A photonic QPSK modulation in 2 GHz with an rf signal from a microwave optoelectronic oscillator[END_REF]. In this way, in addition to the low attenuation and weight reduction, the intrinsic characteristics of the photonic circuit were also explored.

In [START_REF] Panasiewicz | A photonic QPSK modulation in 2 GHz with an rf signal from a microwave optoelectronic oscillator[END_REF], an MPVM using two separated Mach-Zehnder modulators (MZM) was studied. As a consequence of a Mach-Zehnder modulator bias drift over time due to environmental temperature changes, aging effects, and mechanical effects [START_REF] Nagata | Reliability estimation from zero-failure LiNbO 3 modulator bias drift data[END_REF]; [START_REF] Salvestrini | Analysis and control of the DC drift in LiNbO 3 based Mach-Zehnder modulators[END_REF], an unmodulated peak appears in the modulated signal. Thus, the modulated microwave signal exhibits poor quality by showing an unbalanced I/Q signal. For this reason, for long-term stable operation, an automatic bias control (ABC) must set and maintain the properly adjusted MZM bias. Nowadays, ABCs have been reported employing several methods that can be grouped into two categories; dither-tone or dither signal monitoring techniques and dither-free or optical power monitoring techniques.

The dither-tone technique is one of the most widely implemented in field applications. It has been proven to be robust and stable [START_REF] Wang | A versatile bias control technique for any-point locking in lithium niobate Mach-Zehnder modulators[END_REF]. However, the tone amplitude can affect the spurious-free dynamic range (SFDR) of the system Ackerman and Cox (2000) and its control accuracy [START_REF] Fu | Mach-zehnder: a review of bias control techniques for mach-zehnder modulators in photonic analog links[END_REF]; [START_REF] Wang | A versatile bias control technique for any-point locking in lithium niobate Mach-Zehnder modulators[END_REF]. Previously, to circumvent these problems, arbitrary ABCs using dither-tone were demonstrated for MWP to lock one MZM at an arbitrary bias: based on dither-correlation detection [START_REF] Li | Arbitrary bias point control technique for optical IQ modulator based on dither-correlation detection[END_REF] or using a linear-frequency modulated (LFM) signal [START_REF] Pan | Arbitrary bias point control for Mach-Zehnder modulator using a linear-frequency modulated signal[END_REF].

In dither-free techniques, the optical output power or the ratio of optical input/output power is monitored and used as a reference for bias control Cho and Nazarathy (2010); [START_REF] Li | Slope value detection-based ditherless bias control technique for Mach-Zehnder modulator[END_REF]; Yupeng [START_REF] Yupeng Zhu | A ditherfree bias voltage and driver signal amplitude control technique for optical 8PSK generator[END_REF]; [START_REF] Kim | A Mach-Zehnder modulator bias controller based on OMA and average power monitoring[END_REF]. This technique can stabilize the MZM at an arbitrary bias point and has little or no effect on the system's SFDR. It is, however, susceptible to optical power fluctuations and optical path loss variations [START_REF] Wang | A versatile bias control technique for any-point locking in lithium niobate Mach-Zehnder modulators[END_REF]. Recently, to avoid this characteristic, ABCs based on a dither-free Fig. 1 Block diagram of a transmitter architecture. The colored block represents the one that will be replaced by photonic technology approach were applied to optical communications (OOK, BPSK, PAM4, or 8PSK) [START_REF] Yuan | Any point bias control technique for MZ modulator[END_REF]; [START_REF] Pang | Flexible bias control for a mach-zehnder modulator based on a twolayer neural network algorithm[END_REF]. Only two techniques are demonstrated for MWP applications, one for analog optical links (AOL) [START_REF] Ning | Dither-free low-bias controller for deeply modulated Mach-Zehnder modulators[END_REF] and the other for quadruple RF signal generation Bae et al. (2021). The AOL technique stabilizes the MZM bias by reversely transmitting a second laser source. This approach works well for a single MZM. However, as it needs a second laser source, it cannot be used for an MPVM using two independent optical modulators or using the dual-parallel MZM (DPMZM) due to the inner and outer MZMs inside a single component. In a quadruple signal generation, the DPMZM output intensity is monitored to stabilize it using an annealing algorithm. However, the MPVM application cannot use the proposed method since it shows an approximately constant power level.

Thus, despite the numerous ABCs reported so far in the literature, none has been demonstrated for an MPVM application. In this study, a novel dither-free ABC technique based on monitoring the constellation imbalance by demodulating the output signal is proposed and validated through simulations. This technique is based on a previous algorithm for I/Q imbalance compensation used in digital receivers [START_REF] Nemer | An iterative feedback algorithm for correcting the I/Q imbalance in DVB-S receivers[END_REF]; [START_REF] Moseley | A low-complexity feed-forward I/Q imbalance compensation algorithm[END_REF]; [START_REF] Nam | Blind adaptive I/Q imbalance compensation algorithms for directconversion receivers[END_REF]. As the modulated and carrier signals are known, the model was modified to provide error values to correct the MZM bias level. In this way, its operation is transparent under MZM bias variations or extinction ratio (ER) imperfection since only the I/Q and microwave signals are considered in the algorithm implementation. As an MPVM can process the IQ signals to achieve M-ary phase-shift keying (M-PSK) and quadrature-amplitude-modulation (QAM), the modulation schemes of quadrature phase-shift keying (QPSK), 64QAM, and the 256QAM will be used to demonstrate the proposed ABC.

The remainder of this paper consists of five other sections. A description of the MPVM and the new mathematical model are provided in Sect. 2. Numerically simulated results of the mathematical model showing the bias behavior in the modulated signal are presented and discussed in Sect. 3. The description of the control technique based on the IQ imbalance is presented and discussed in Sect. 4. For the technique verification, a simulation using VPItransmissionMaker TM and MATLAB Ⓡ in co-simulation was conducted in Sect. 5. A discussion follows in Sect. 6. Finally, the main findings of this study are summarized in Sect. 7.

Microwave photonic vector modulator -MPVM

Setup

The MPVM can process the IQ signals to achieve M-ary phase-shift keying (M-PSK) and quadrature-amplitude-modulation (QAM). Figure 2a shows the block diagram of a general setup used to implement a multilevel microwave-modulated signal, which is based on a configuration with two separate MZMs and two laser sources [START_REF] Jemison | Microwave photonic vector modulator for high-speed wireless digital communications[END_REF]; [START_REF] Panasiewicz | A photonic QPSK modulation in 2 GHz with an rf signal from a microwave optoelectronic oscillator[END_REF]. To generate the multilevel microwave-modulated signal, the RF carrier is split through a 90 • hybrid. The RF components, cos( t) and sin( t) , are then applied to the MZM with binary data signals, I(t) and Q(t). Each MZM generates the BPSK modulation resulting in the QPSK scheme at the output.

The expression that describes the modulated microwave signal detected at the output of the photodetector is written in Equation (1). Due to its path length characteristic, the MZM transfer function is written in this study in terms of sin function [START_REF] Jemison | Analog fiber-optic links[END_REF].

From Equation (1) ℜ is the photodetector responsivity, t ff 1 and t ff 2 are the insertion loss of MZM1 and MZM2, P 1 and P 2 are the optical power of Laser1 and Laser2, V 1 (t) and V 2 (t) are the applied voltage on the MZM1 and MZM2 and V 1 and V 2 are the half-wave voltage of MZM1 and MZM2, respectively.

The MPVM can also be implemented with a DPMZM or IQ modulator as shown in Fig. 2b, resulting in a more compact setup [START_REF] Lin | A novel direct detection microwave photonic vector modulation scheme for radio-over-fiber system[END_REF]; [START_REF] Jiang | Photonic vector signal generation employing a novel optical direct-detection in-phase/quadrature-phase upconversion[END_REF].

In the following, this configuration will be considered for all developments.

An additional bias drives the phase control to combine the mutually orthogonal optical signals [START_REF] Korotky | Dual parallel modulation schemes for low-distortion analog optical transmission[END_REF]. In this way, the resulting equation will be composed of an additional term: the beat signal between the two optical signals multiplied by phase control. This expression is written in Equation (2), where its derivation is shown in Appendix A.

where P 0 is the optical power of a single laser, and t ff 0 is the insertion loss of DPMZM. As it consists of two MZMs integrated inside another MZ structure, V 3 and V 3 are the applied voltage and the half-wave voltage of the outer MZ.

The applied voltage to the MZM is V(t) = V bias + v m (t) , composed of a DC bias, V bias , and a RF signal, v m (t) . The V 3 or V bias3 is only a DC bias level.

To perform BPSK modulation, the V bias is the I(t) or Q(t) digital signals. In previous studies, the digital signals had a switching bias voltage between the bias points to maintain the MZM at the quadrature point [START_REF] Jemison | Microwave photonic vector modulator for high-speed wireless digital communications[END_REF]; [START_REF] Candelas | Optically generated electrical-modulation formats in digitalmicrowave link applications[END_REF]; [START_REF] Chandramouli | Direct carrier modulation for wireless digital communications using an improved microwave-photonic vector modulator (MPVM) approach[END_REF]. However, when an MZM with an independent bias port was used, it was kept at the minimum, or null transmission point [START_REF] Lin | A novel direct detection microwave photonic vector modulation scheme for radio-over-fiber system[END_REF] [START_REF] Gao | Wideband photonic microwave SSB Up-converter and I/Q modulator[END_REF]. Thus, a previous model considered only two terms of the applied voltage on the MZM Candelas et al. (2003).

; Jiang (1) i RF (t) = ℜ P 1 2 t ff 1 1 + sin V 1 (t) V 1 + ℜ P 2 2 t ff 2 1 + sin V 2 (t) V 2 (2) i RF (t) = ℜ P 0 8 t ff 0 2+ sin V 1 (t) V 1 + sin V 2 (t) V 2 +4 cos 2 V 1 (t) V 1 × cos 2 V 2 (t) V 2 × cos V 3 V 3

Mathematical model

Due to these considerations, the mathematical model is based on adjusting the MZM bias point instead of setting it to the minimum or the quadrature point. Hence, I(t) and Q(t) signals correspond to a nonreturn-to-zero (NRZ) data signal with a peak-to-peak voltage of V . As the MZM bias point is not fixed, the applied voltage is composed of three terms and can be expressed by: and where the V m is the amplitude of the RF signal, and m is its angular frequency. Thus, the expression which describes the MPVM output behavior will consist of three terms inside the term sin(x) in Equation ( 1). In order to facilitate the writing of the equa- tions, only the trigonometric part of the transfer function will be shown using the following substitutions:

From the above assumptions, it is possible to develop and obtain Equation (7) and Equation ( 8), as can be seen on the next page. From Equation (7) and Equation ( 8), m 1 = V m ∕V 1 , and m 2 = V m ∕V 2 are the modulation indices of MZM1 and MZM2; and the J n (x) are the Bessel functions of the first kind. The development of Equation ( 8) is obtained in the same way as Equation ( 7) by observing the correct relation of the Jacobi-Anger expansion. Additionally, the obtained results indicate an infinite sequence represented by the sum of the Bessel functions. To see the first terms, as they represent the main values, the sequences are truncated making k = 0 , which explains the approximation.

Substituting the obtained equations in Equation ( 1) results in a QPSK modulation where its RF spectrum will consist of the digital data signals at baseband indicated by J 0 (m) and by the modulated microwave signal symbolized by J 1 (m) . The bias level of each MZM indicated by V bias1 and V bias2 controls the residual carrier suppressing it, even when the amplitude level of the data signals shows different power levels. Previous authors considered only two terms, which is not possible to evaluate the carrier peak [START_REF] Candelas | Optically generated electrical-modulation formats in digitalmicrowave link applications[END_REF]. For high-order modulation like 8-PSK or 16-QAM, the signals I(t) and Q(t) will have a multilevel characteristic. However, the RF output will show the same behavior as described for QPSK modulation.

For Equation ( 2), the development of the beat signal follows the same procedure of Equation ( 7) and Equation ( 8). This beat signal will introduce a phase imbalance between the signals I(t) and Q(t). By setting the V bias3 = V 3 ∕2 , it is possible to cancel the third term

(3) V 1 (t) = V bias1 + I(t) + V m cos( m t) (4) V 2 (t) = V bias2 + Q(t) + V m sin( m t) (5) T 1 = sin V bias1 V 1 + I(t) V 1 + V m V 1 cos RF t (6) T 2 = sin V bias2 V 2 + Q(t) V 2 + V m V 2 sin RF t
and keep the I/Q signals in quadrature. These expansions result in an important behavior analysis of the unmodulated carrier peak, as will be shown and discussed later.

Analytical simulations

To evaluate the proposed model, the obtained sequence of ( 7) and ( 8) was truncated making k = 1 enabling us to see the first three components.

A simulation was performed according to the parameters of Table 1, using QPSK modulation to highlight the bias behavior.

The following parameters were considered: a laser source with a power of 40 mW, an insertion loss of 5 dB for both MZMs, and a photodetector with a responsivity of ℜ = 1 A/W. However, the initial bias voltage was different to show the constellation behavior. The simulation results are shown in Fig. 3. ( 7)

T 1 = sin I(t) V 1 cos V m V 1 cos RF t + cos I(t) V 1 sin V m V 1 cos RF t cos V bias1 V 1 + cos I(t) V 1 cos V m V 1 cos RF t -sin I(t) V 1 sin V m V 1 cos RF t sin V bias1 V 1 = sin I(t) V 1 J 0 (m 1 )+2 ∞ ∑ k=1 J 2k (m 1 )(-1) k cos(2k RF )t + cos I(t) V 1 2 ∞ ∑ k=0 (-1) k J 2k+1 (m 1 ) cos[(2k + 1) RF ]t cos V bias1 V 1 + cos I(t) V J 0 (m) + 2 ∞ ∑ k=1 J 2k (m)(-1) k cos(2k RF )t -sin I(t) V 2 ∞ ∑ k=0 (-1) k J 2k+1 (m) cos[(2k + 1) RF ]t sin V bias1 V T 1 ≈ J 0 (m 1 ) sin I(t) V 1 +2J 1 (m 1 ) cos I(t) V 1 cos RF t cos V bias1 V 1 + J 0 (m 1 ) cos I(t) V 1 -2J 1 (m 1 ) sin I(t) V 1 cos RF t sin V bias1 V 1 (8) T 2 ≈ J 0 (m 2 ) sin Q(t) V 2 +2J 1 (m 2 ) cos Q(t) V 2 sin RF t cos V bias2 V 2 + J 0 (m 2 ) cos Q(t) V 2 -2J 1 (m 2 ) sin Q(t) V 2 sin RF t sin V bias2 V 2
The results of the initial condition, i.e., without bias-level adjustment, are shown in Fig. 3a. The spectrum shows a residual carrier followed by the data signal at the baseband and two harmonic components with an unmodulated peak. The constellation shows a phase distortion, as can be seen in the inset of Fig. 3a. For a bias level greater or lower than V bias3 = 3 V, the I/Q signal loses the quadrature condition. The mathemati- cal behavior of ( 7) and ( 8) explains the constellation distortion with I(t) and Q(t) values showed in the figures insets.

The results after bias adjustment are shown in Fig. 3b. When the bias voltage was set to V bias1 = 1.46 V, V bias2 = 1.48 V and V bias3 = 3 V, the residual carrier was suppressed in the first harmonic jointly with a reduced baseband data level. Although there are still one harmonic carrier and another modulated component, in practice, they have a low level where suppression is 18 dB. Furthermore, with proper adjustment of bias levels, the I/Q levels of the constellation were completely restored, as can be seen in the inset of Fig. 3b.

Due to the presence of harmonic components on the modulated spectrum, a sensitivity analysis of the first harmonic was conducted for V bias values ranging from -1.5 to +4.5 V. Phase control was not analyzed since modulation is performed in the MZMs. The results of this analysis are shown in Fig. 4.

Figure 4 shows the power level throughout the V bias level. Between V bias values of approximately -1.1 to 1.1 V and 1.7 to 3.6 V, the output dramatically increases, indi- cating the presence of the unmodulated peak. However, from 1.1 to 1.7 V, the level remains approximately the same, indicating a low amplitude or even absence of the nonmodulated peak. Thus, this analysis serves to determine a region on the curve where the unmodulated peak will disappear from the modulated signal. Fine-tuning to adjust the exact point of the bias level is made through the constellation diagram. 

MZM I/Q levels Signal V 1 = 2.92 V I Low = -1.35 V Bit Rate= 1 Gbps V 2 = 2.96 V I High = 1.35 V f RF = 4 GHz V 3 = 6 V Q Low = -1.35 V V m1 = 1.5 V Q High = 1.35 V V m2 = 1.5 V Fig. 3 Simulation results, a V bias1 = V bias2 = 2.1 V; V bias3 = 2.2 V; b V bias1 = 1.46 V; V bias2 = 1.48 V; V bias3 = 3 V
In order to demonstrate the feasibility of the method, an experimental verification will be conducted in the following sections. Finally, the complete system will be analyzed regarding the digital modulation metrics.

I/Q imbalance correction

As observed from the simulations in Sect. 3 and Fig. 4, there is a region where the unmodulated peak will disappear. Therefore, a model to correct the I/Q signals and restore the constellation was developed to determine the exact point. An architecture based on a direct-conversion receiver was used to obtain the baseband I/Q signals and, later, to perform the imbalance correction [START_REF] Namgoong | Direct-conversion RF receiver design[END_REF]. Figure 5 shows the block diagram of the implemented receiver to recover the I/Q signals. The RF modulated signal along with the carrier sine and cosine tones are sampled by the analog-to-digital converter (ADC). Mixing the modulated signal with the sine and cosine tones results in the baseband data plus a high-frequency component. The mixed signals are applied in a finite impulse response (FIR) low-pass filter (LPF) to attenuate the high-frequency terms. Then, the filtered output is integrated over a onebit period, resulting in the I/Q signals by assuming an equiprobable bit transmission. Although the integration process in a digital demodulator is performed over one symbol period [START_REF] Sklar | Digital Communications Fundamentals and Applications[END_REF]; [START_REF] Xiong | Digital Modulation Techniques[END_REF], the ABC goal is to verify the constellation imbalance. This approach will be clarified in the following sections. Consequently, the ideal baseband complex signal at sample time n can be written as:

where I(n) and Q(n) are the real-valued I and Q signals. Assuming that the signal r(n) is a zero-mean complex random variable, it should satisfy the conditions [START_REF] Nam | Blind adaptive I/Q imbalance compensation algorithms for directconversion receivers[END_REF]:

where [.] denotes statistical expectation and var [.] indicates the variance of a random vari- able. These conditions apply for baseband or IF signals of different modulation schemes such as QAM and M-PSK [START_REF] Nam | Blind adaptive I/Q imbalance compensation algorithms for directconversion receivers[END_REF]. In this study, the signals I and Q were analyzed independently since each one is imbalanced according to the MZM bias level.

Amplitude imbalance

As commented before, the I and Q signals hold an equivalent absolute variance. Additionally, these signals have positive and negative values that are shifted from the center according to the MZM bias value. Thus, they were separated into positive and negative parts to analyze the behavior as described below:

It was possible to determine an imbalance coefficient through the separated parts by relating the positive part with the corresponding negative part. It was thus defined the parameters I and Q , as follows:

(9) r(n) = I(n) + jQ(n) (10) r 2 (n) = 0 var[|I(n)|] = var[|Q(n)|] (11) + = I if I > 0 0 otherwise (12) -= I if I < 0 0 otherwise (13) + = Q if Q > 0 0 otherwise (14) -= Q if Q < 0 0 otherwise (15) I = |I + | |I -|
where I + , I -, Q + , and Q -are the sum of the corresponding vector elements of + , -, + , and -indicated in the following equations:

These parameters indicate the constellation behavior according to the MZM bias level. For example, the following response was observed from analytical simulations of the system behavior under several conditions of the bias level. For bias levels lower than the minimum transmission point, or minimum, 𝜃 I < 1 and 𝜃 Q < 1 , indicating that the I/Q signal is shifted from the center in a negative direction. For bias levels higher than the minimum, 𝜃 I > 1 and 𝜃 Q > 1 , indicating that the I/Q signal is shifted from the center in a positive direction. In turn, when I = Q = 1 means a perfectly balanced I/Q signal with the adequately adjusted bias level. Thus, an error coefficient is defined to correct the bias value, which increases or decreases it according to the variations of I and Q . This error coefficient is based on a linear normalization of the I/Q signals to find their imbalance and distinguish between negative, zero, and positive values. Thus, from a well-known min-max normalization method, these error coefficients were defined as follows:

Since I + , I -, Q + , and Q -are the sum of all elements, I and Q can have a positive or nega- tive value in a range from -1 V to +1 V. For example, if 𝜃 I < 1 or 𝜃 Q < 1 , the values of I or Q will be negative, which shows a bias level below the minimum point. Hence, it should be increased. For the case where 𝜃 I > 1 or 𝜃 Q > 1 , the values of I or Q will be positive, which express a bias level above the minimum point. Hence, it should be reduced. Finally, I = Q = 0 means a perfectly balanced I/Q signal with the adequately adjusted bias level. Thus, the MZM bias voltage values can be determined according to the following equations:

(16) Q = |Q + | |Q -| (17) I + = N ∑ n=1 + (n) (18) I -= N ∑ n=1 -(n) (19) Q + = N ∑ n=1 + (n) (20) Q -= N ∑ n=1 -(n) (21) I = I + + I - I + -I -= I + + I - |I| (22) Q = Q + + Q - Q + -Q -= Q + + Q - |Q|
where new and old stand for the corrected and previous bias values applied to the MZM, respectively. Hence, the maximum voltage step will be ±1 V. Table 2 shows the main deci- sion points where the voltage level should be increased or decreased. This table forms the basis for amplitude correction of the I/Q signals. The first line shows that the bias level's condition will not be adjusted since I or Q is close to one.

From the equations of Table 2, we can see that the higher the value of I or Q , the higher will be the increase/decrease of the bias voltage and vice-versa. Thus, the algorithm will take longer steps for a far-from-optimal polarization voltage and take shorter steps when approaching the optimum. In practice, this can take many iterations to converge to an optimal point. Also, there are situations where the voltage level should be increased rather than decreased or vice-versa. Therefore, the factor r reduces the voltage steps, depending on the modulation scheme used. In the simulation, a starting point to reduce the number of iterations will be discussed as the factor r, r I or r Q , on the voltage- level decisions.

Five decision regions can represent the equations described in Table 2 according to the imbalance coefficients, I , and Q . These regions are represented in Fig. 6. Each condition of Table 2 will determine the graphic area, and consequently, the correction parameter to be used. 

(23) V bias1 =V bI new = V bI old ± I (24) V bias2 =V bQ new = V bQ old ± Q
≤ 1.05 V bI new = V bI old V bQ new = V bQ old 2 𝜃 I > 1.05 and 𝜃 Q > 1.05 V bI n = V bI o -I ∕r I V bQ n = V bQ o -Q ∕r Q 3 𝜃 I > 1.05 and 𝜃 Q < 0.98 V bI n = V bI o + I ∕r I V bQ n = V bQ o + Q ∕r Q 4 𝜃 I < 0.98 and 𝜃 Q > 1.05 V bI n = V bI o + I ∕r I V bQ n = V bQ o + Q ∕r Q 5 𝜃 I < 0.98 and 𝜃 Q < 0.98 V bI n = V bI o -I ∕r I V bQ n = V bQ o -Q ∕r Q Fig. 6
The five decision regions, according to the I and Q values

Phase imbalance

For a photonic system that uses two laser sources and two separated MZMs, the amplitude imbalance discussed above is sufficient. However, as discussed earlier, it is possible to use a scheme with the DPMZM, which employs a third bias voltage. It is essential to make the optical signals orthogonal to each other and, simultaneously, to keep the I/Q signals in quadrature. This polarization voltage cannot correct if a phase imbalance is generated in the RF sinusoidal and co-sine tones. For this, an RF phase shifter is required.

To correct the third bias level, the quadrature condition of the signals I/Q will be analyzed. For this, the orthogonality condition of two vectors will be used to determine the angle between the I and Q signals. Thus, the angle between I/Q can be written as follows:

where is the calculated angle, which is in the 0 to 180 • range. According to the phase imbalance determination from [START_REF] Nemer | An iterative feedback algorithm for correcting the I/Q imbalance in DVB-S receivers[END_REF] and considering that cos is between -1 and 1, it is possible to rewrite the previous expression as:

Note that if [I ⋅ Q] = 0 , then = ∕2 . Also, the greater the phase imbalance, the greater the cos value. For angles smaller than ∕2 , cos will be positive, and for angles larger than ∕2 , cos will assume negative values. Therefore, it is possible to use the cos func- tion to determine the voltage step in the third bias voltage. It can be determined according to the following equation: Using this relation, as in the amplitude imbalance, the bias will take a maximum voltage step of ±1 V. To reduce the number of algorithm iterations, an initial bias condition should be defined with a difference of ±1 about its quadrature point. At this point, or V ∕2 , the MZ structure induces a phase shift of ∕2 between the two integrated MZMs. Therefore, by adjusting the V bias3 to an initial condition of V ∕2 -1 or V ∕2 + 1 , it will be possible to converge to an optimal point without numerous iterations.

Algorithm implementation and simulations

A simulation using VPItransmissionMaker and MATLAB was conducted to verify the feasibility of the proposed algorithm for imbalance correction in the MPVM. The simulation consisted of a co-simulation technique where it was possible to correct the I/Q imbalance in real-time. First, the MPVM output modulated signal was analyzed by the algorithm implemented with MATLAB. After the calculations, it returned the new bias values for the photonic system, which started a new modulation in a different condition.

The MPVM and bias controller were implemented according to Fig. 5. The bias controller is based on a direct-conversion architecture, as previously discussed. The FIR project used a Hamming windowing function of 100 coefficients, or taps, for a cut-off frequency of ( 25)

cos = I ⋅ Q ‖I‖ ⋅ ‖Q‖ (26) -1 ≤ [I ⋅ Q] √ [I 2 ] √ [Q 2 ] ≤ 1 (27) V bias3 new = V bias3 old + cos
the simulated bit rate of 1Gbps. Thus, the filtered output is integrated over a one-bit period by the trapezoidal method, which results in the I/Q signals to be analyzed.

To analyze the I/Q signals, the parameters I + , I -, Q + , and Q -must be estimated to determine the coefficients and . They are estimated according to Equations ( 17) to (20), respectively. The following additional estimators are used to find the other parameters used in the algorithm:

where N is the number of samples used by each estimator. As the symbol period did not change according to the modulation scheme, each had the same number, N. The simulations were performed according to the parameters of Table 3. As the statistical entities were estimated using time averages, and the I and Q signals were summed to determine the error value, integration was performed over a one-bit period to produce more samples. Moreover, to estimate the bias values blindly without knowledge of modulation format.

From the determined estimators and, consequently, the calculated imbalance coefficient, the algorithm calculates the I or Q . From the sensitivity analysis previously conducted, it is possible to see a region where the non-modulated peak has vanished, as shown in Fig. 4. Thus, a starting point of 1.2 V was chosen to reduce the number of iterations to converge to an optimal point. Furthermore, as I + , I -, Q + , and Q -are scalar values, I or Q can assume infinite or undefined values depending on the V bias value. It is due to the non-linearity of MZM modulator, which approximates the positive and negative values, thereby shifting the I, Q signal to one quadrant of the vector diagram. Therefore, making the ABC work in the region defined by the sensitivity analysis avoids an indeterminate condition, which guarantees its stable operation. Figure 7 shows the algorithm flowchart implementation, which will be detailed in the following.

The algorithm determines the voltage step according to the value of I,Q by following Table 2. Due to the multilevel characteristic of I/Q signals in modulation schemes such as 64QAM and 256QAM, a higher absolute value was observed compared to the QPSK scheme. Consequently, the determined I or Q value produced a higher voltage step than (28) QPSK and used the same initial starting point. This higher value is linked to the MZM's non-linearity, which approaches the levels of the I/Q signals, thus increasing their absolute value. This characteristic results in more iterations to converge or never converge in the worst case. For example, for a bias of 1.2 V, the calculated value of I or Q was ≈ 0.24 for QPSK while for 64QAM was ≈ 0.65 and for 256QAM was ≈ 0.75 . Thus, the bias would alternate between two extreme points for higher modulation schemes and never reduce its value. For this reason, a reduction factor r I,Q is necessary to reduce the voltage steps when correcting high-order modulation schemes. The r I,Q factor depends on the modulation and the configuration and characteristics of the device. It can be determined beforehand either analytically from equations ( 7) and (8) or empirically. In any case, this determination will be time-consuming and complex. For this reason, a different approach to determine the value of r I,Q is proposed making the algo- rithm more effective, regardless of the modulation used. For QPSK modulation, a reduction factor is not necessary, as the system converges in a few steps. This characteristic was observed using an NRZ digital signal, i.e., without pulse shaping and independent of the used photonic setup.

[I ⋅ Q] = 1 N N ∑ n=1 (I(n) ⋅ Q(n)) (29) [I 2 ] = 1 N N ∑ n=1 (I(n)) 2 (30) [Q 2 ] = 1 N N ∑ n=1 (Q(n)) 2
Thus, a table of error values was generated from 1.2 to 1.8 V with 0.05 V steps applied on the MZM bias and using a NRZ data signal. Then, the r value was determined in each iteration according to the MZM bias voltage and the error values stored on this table. For example, suppose the voltage applied to the MZM bias is 1.43 V. In that case, the value of r I,Q will be obtained from the ratio of the calculated error I,Q by the calibrated value between 1.4 and 1.45 V. Therefore, the system must be calibrated with a QPSK modulation, NRZ data signal, and the photonic system in quadrature. Then, from the generated table or a lookup table, the algorithm finds the value of r at each iteration. Through this approach, the algorithm proved to be robust and converged in a few iterations regardless of the modulation used.

Subsequently, for a photonic system using the DPMZM configuration, the angle between the I/Q signals is determined according to Equation 26. Thus, the bias voltage is incremented or decremented according to Equation 27. Since the calculation of cos involves the full vector of the I and Q signals, i.e., an equilibrium point is not being analyzed, not requiring a reduction factor. Instead, a starting point of 2 V was chosen to reduce the iteration steps to converge since the V of the V bias3 was 6 V.

The correction process for a photonic system using the DPMZM is shown in Fig. 8 where the letter l represents the iteration number as before. All simulations started with a bias voltage of 1.2 V, and a starting point of 1.8 V was also simulated where a similar performance was obtained. For Fig. 8b (64QAM) the V bias3 has an initial voltage of 4 V, while for Fig. 8a andc (QPSK and 256QAM) the V bias3 has an initial voltage of 2 V. In this way, for 64QAM, the initial angle was greater than 90 • while for the other two schemes it was less than 90 • . A contrary condition was also simulated where a similar performance was obtained with the number of iterations. As before, the 64QAM and 256QAM produced a level of distortion in the I/Q signals induced by MZM non-linearity, as showed in the first iteration of Fig. 8b andc.

Discussion

Table 3 shows the parameters for the simulation, which could inform the technical details for practical implementation. As the signal is integrated over a one-bit period, the algorithm generates the same number of samples N, irrespective of the modulation scheme. Thus, using a one-bit integration period can produce more samples while keeping the ABC blind to any modulation format.

Table 4 compares previously reported automatic bias controllers with the proposed method in this study. As shown in Table 4, previous studies were conducted with optical communications in mind and a few in MWP application. In contrast to previous techniques, the developed ABC was based on a digital receiver to recover and analyze the imbalance of I/Q signal.

In principle, this technique is bit rate-dependent due to the integration process to recover the baseband signals. However, it can be circumvented by obtaining this information from the FPGA responsible for generating the coding of the I/Q signals. Moreover, the circuit proved simple to implement. For example, an electronic circuit employing the algorithm in an FPGA could monitor and correct the modulated signal directly at the operating frequency.

Regarding the mathematical model describing the MPVM output, it was observed and verified that this model permits unmodulated peak analysis and its suppression through bias correction. As a result, a sensitivity analysis was performed to verify its behavior and suppressing region to reach better stability and modulated signal quality. This is an important characteristic since an amplifier is connected after the I/Q modulator, as shown in Fig. 1.

In a wireless communication system, special amplifiers are used to achieve the desired power to transmit the data overcoming the path loss between stations. In a previous study conducted by the authors [START_REF] Panasiewicz | A photonic QPSK modulation in 2 GHz with an rf signal from a microwave optoelectronic oscillator[END_REF], it was observed that this carrier peak could reach 15 dB above the modulated signal. This unmodulated carrier peak should saturate the amplifier, which may distort the modulated signal envelope and generate carrier harmonics [START_REF] Jia | PSK communications systems using fully saturated power amplifiers[END_REF]. For this reason, a monitoring circuit is required to keep the modulated signal at a constant power level. The proposed ABC allows the photonic system to operate at the specified power level, thus avoiding critical distortions. 

Conclusion

We have introduced a mathematical model of a microwave photonic I/Q modulator output.

Using this model, it is possible to analyze and suppress an unmodulated carrier peak in the modulated signal. Consequently, the constellation balance of a microwave modulated signal is restored by suppressing this peak. Moreover, a sensitivity analysis was conducted, which showed a region around the null point where the unmodulated peak can be removed. The exact point is found by analyzing the I/Q signals where an innovative ABC was proposed. The ABC was based on a direct-conversion receiver and an algorithm to analyze and generate voltage steps to the photonic bias modulator. It was supported through simulations by a co-simulation technique, where the photonic system was implemented using VPItransmissionMaker and the bias correction algorithm with Matlab.

The initial photonic modulator bias voltage determines the number of iterations required to converge on an optimal point. Adjusting it to a region specified by the sensitivity analysis made it possible to restore the constellations with few iterations. However, a reduction factor was necessary for higher-order modulation schemes such as 64QAM and 256QAM since the MZM distorted the multilevel I/Q signals. Thus, the r I,Q value was an optimization factor that adjusts the number of iterations for high-order modulation schemes. It was found after each iteration where the system should be calibrated with a QPSK signal. As the ABC monitors the resulting constellation from a specific modulation, its operation is transparent under bias fluctuations conditions due to temperature or aging effects and also due to RF frequency drift.
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 2 Fig. 2 Block diagram of the microwave photonic vector modulator (MPVM)

Fig. 4 Fig. 5

 45 Fig. 4 Power output versus DC bias level
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 7 Fig. 7 Algorithm flowchart implementation

Fig. 8

 8 Fig.8Simulation corrections process for each modulation scheme in a photonic system using the DPMZM: a QPSK, b 64QAM and c 256QAM. The initial voltage was V bias1 = V bias2 = 1.2 V and V bias3 = 4 V for 64QAM and V bias3 = 2 V for 256QAM. The letter l indicates the iteration number

Table 1

 1 Parameters of QPSK simulation

Table 2

 2 Parameters of I/Q amplitude imbalance correction. The letters n and o stand for new and old, respectively ≥ 0.98 and I ≤ 1.05 Q ≥ 0.98 and Q

	Condition	V bI	V bQ
	1		

I

Table 3

 3 

	Global simulation parameters	QPSK	64QAM	256QAM
	TimeWindow	4096/1e9 s	6144/1e9 s	16384/1e9 s
	Sample Rate	16 GSample/s		
	Bit Rate	1 Gbps		
	RF signal	4 GHz		
	N	4096	6144	16384
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Appendix A DPMZM derivation

The dual-parallel MZM has two MZMs embedded in an outer MZM responsible for setting a phase shift between the inner MZMs. According to [START_REF] Korotky | Dual parallel modulation schemes for low-distortion analog optical transmission[END_REF], in a square-law detector, the electrical current produced is proportional to the output intensity, which is determined by: where E 1 and E 2 are the field amplitude of the inner MZMs, ( 1 -2 ) is the phase shift between the inner MZMs set by the outer MZM, and E = √ I gives the optical intensity relation to the field amplitude.

Assuming that the inner MZMs are single drives in a Push-Pull configuration, the applied voltages are equal in magnitude but with opposite phases. Hence, using the trigonometric relation of cos 2 = 1 2 (1 + cos 2 ) , and assuming a fixed optical phase shift, 0 = 90 • , between the MZM arms, the MZM transfer function can be written as [START_REF] Cox | Analog optical links: theory and practice[END_REF]; [START_REF] Jemison | Analog fiber-optic links[END_REF]:

where t ff is the MZM insertion loss, P is the the laser optical power, V(t) is the applied volt- age on the MZM, and V is the half-wave voltage of MZM.

Plugging the obtained Equation A2 in Equation A1, it is possible to get the DPMZM transfer function denoted by: where P 0 is the single laser input power, and t ff 0 is the insertion loss of DPMZM, and V 3 and V 3 are the applied voltage and the half-wave voltage of the outer MZM.

In the first line of Equation A3, the input power P 0 is divided by four due to a 3 dB loss of the splitter and coupler of outer MZM.
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