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Abstract

:

A system for integrated optical LiNbO3 Mach–Zehnder modulator operating point remote control and stabilization was developed. It consisted of a conventional telecom photodiode and a passive electronic circuit at the bias input of the modulator. Light from an amplitude-modulated laser was used to remotely set the output voltage of the electronic circuit at the bias input of the Mach–Zehnder modulator. Information regarding the current operating point that had been provided with feedback system implementation was taken from DC values of high frequency photodetector currents. Efficient remote control of the modulator operating point over 1 km of a single-mode optical fiber, which multiplexes an optical carrier at 1550 nm and a low frequency control signal with a peak power of 2 mW at 1310 nm, was demonstrated. The results could be of interest for antenna remoting, radio-over-fiber (RoF) technology, and other applications with broadband optical transmission from remote sources in a distributed network.
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1. Introduction


Radio-over-fiber (RoF) is an analog optical transmission technology, in which optically carried radio-frequency signals are transmitted between the central station (CS) and remote antenna units (RAUs) [1,2]. The main advantages of RoF are undeniable: remote units are greatly simplified, since, currently, the expensive, heavy, and energy-intensive equipment is generally centrally located. For this reason, RoF is widely used in systems with distributed antennas, especially for wireless networks [3].



The key component of RoF systems is a broadband optical modulator, which is placed on the RAU, and transfers radio signal to an optical carrier for transmission to the CS over the optical fiber. A lithium niobate Mach-Zhender modulator (LNMZM) [4,5] is a good choice for RoF technology based on intensity modulation and direct detection (IMDD) analog microwave transmission [6,7], as it is characterized by low additional noise, and it can operate at a high enough optical power to provide high transmission (gain) coefficient. An example of a microwave photonic link between CS and RAU is shown in Figure 1a. An optical carrier from a distributed feedback laser diode (DFB LD) at 1550 nm is delivered to the remote LNMZM over a single mode optical fiber (SMF), and the modulated optical signal is fed back over another SMF. To properly operate in an IMDD microwave photonic link, the LNMZM must be supplied with bias voltage to be set in a quadrature operating point. This voltage should be continuously controlled during system operation to mitigate long-term DC drift. A control system with a feedback loop that monitors the LNMZM operating point and supplies required bias voltage is usually used to do this. The fiber optic coupler diverts a small fraction of the light from the LNMZM output, which is fed to the input of the control system to control the current operating point. This control circuit requires a power supply, which is often inconvenient for placing on a RAU. The power-over-fiber (PoF) technique has been proposed to solve this problem [1,8], which requires a specialized high-power laser, a multi-element photovoltaic converter, and a separate optical fiber path. The power consumption of the operating point control system could be lower than 5 mW [9], but this would still require a rather high optical power due to the low efficiency of the photovoltaic power converter, which is usually about 20%. At the same time, the LNMZM bias electrode is essentially capacitive (typical impedance > 1 MOhm), thus a very low power is consumed by the LNMZM (typically, the current is significantly less than 1 μA at 6 V), and most consumption is related to the control electronics.



In this paper, we propose a system that makes it possible to control and stabilize the operating point of a remote LNMZM. The system consists of a laser diode with control electronics at the CS and a conventional telecom photodiode in a photovoltaic flyback variable voltage source (PFVVS) without active electronic components at the remote modulator side. The same single mode optical fiber was used for operating point control and optical carrier transmission in the RoF system. The use of a dual output LNMZM (DOLNMZM), which is a special type of LNMZM with two optical outputs [4,5] for balanced detection, provides very high accuracy in setting the operating point without using a conventional pilot tone [10].



The proposed scheme for the remote control of the DOLNMZM operating point is shown in Figure 1b. A low-power (average power ~1 mW) laser diode (LD) at a wavelength of 1310 nm was directly modulated by an alternating current at a frequency f of several kilohertz. Light at 1310 nm was launched into the same SMF as the optical carrier of the 1550 nm RoF signal by a 1310/1550 fiber optic wavelength division multiplexer (WDM) and transmitted to the RAU. Any other wavelength from the SMF transparency bands could potentially be used with a spectral spacing that ensures no crosstalk. Our choice was based on commercial availability and the cost of fiber optic components. In addition, such widely spaced wavelength multiplexing provides transparency for various modulation formats, flexibility, and extended functionality. At the modulator end, 1310 laser light was extracted by a complementary 1310/1550 WDM and sent to a photodiode that was operating in photovoltaic mode. Then, the voltage from the output of the photodiode was fed to the flyback transformer. A rectified DC voltage from the transformer was supplied to the bias electrode of DOLNMZM. Thus, the change in the intensity modulation index of 1310-nm LD resulted in a change in the bias voltage, which varied from 0 to 15.2 V. Optically carried RoF signals at the wavelength of 1550 nm were transmitted from DOLNMZM outputs to CS and detected by balanced photodetector. The DC components of the photocurrents of the two photodiodes of the balanced detector were processed to calculate the current operating point of the modulator and close a feedback loop by adjusting the amplitude of the 1310 nm LD modulation current. For example, the system aimed for equal DC current components in order to set the modulator to the quadrature operating point.




2. Principles of Photovoltaic Flyback Variable Voltage Source


A typical half-wave voltage at the bias electrodes of commercially available broadband MZMs is around 6 V, thus the system should be able to provide at least this maximum voltage. However, considering the long-term drift of the modulator, at least a twofold increase of the maximum voltage is required [11]. Since the voltage of a single InGaAs photodiode forward voltage drop is below 0.6 V [12], more than 20 photodiodes should be connected in series to provide a sufficient maximum voltage in photovoltaic mode with a resistive load. We solved this problem with an ingenious circuit that performed step-up functions when converting DC-DC voltage and achieved the required voltage range with a single photodiode.



First, we analyzed a circuit comprising of an idealized inductor and a photodiode. We illuminated the photodiode with a laser light, the power of which was modulated with a sine wave. This light induced current and voltage in the photodiode in the photovoltaic mode of operation. We assumed the photocurrent was represented by a raised sine waveform (Figure 2a), whose characteristics were IDC: a DC value of photocurrent, IAC: an amplitude of AC component of photocurrent (see inset of Figure 2b) and f was the frequency of the AC component of the photocurrent that was equal to that of the laser modulation. The photodiode was represented by an intrinsic diode with voltage drop Vf and current sources IDC and IAC. Zero-approximation of operation of such circuits is show in Figure 2a. When the current starts to rise from zero, a constant voltage Vf is applied across the inductor. The inductor current linearly rises, and, at certain time tcross, it accumulates all photocurrent, which corresponds to the intersection of the photocurrent curve and the rising inductor current line at current Icross in Figure 2a. From that time, the current in the inductor is equal to the photocurrent, and, when it starts to fall, it provokes an electromagnetic induction spike. The dependence of the peak value of the induced spike on frequency f is shown in Figure 2b for an 4700 μH inductor, IAC = 0.5 mA and IDC = 0.5 mA. As demonstrated, this model predicts that the peak voltage of the spike can be made arbitrarily high by increasing f. Furthermore, from Figure 2c, one can see that the peak voltage of the spike is monotonically dependent on the photodiode IAC that potentially allows for the realization of a continuously variable DC voltage source after spike smoothing.



To make the model more realistic, parasitic capacitances of the photodiode and inductor coil were added to the circuit, together with a half-wave rectifier and a load resistor. Output voltage, Vout, is a DC voltage at the output of the rectifier. To exclude the influence of voltage-dependent junction capacitance on circuit behavior, both the photodiode and rectifier were considered to have negligible junction capacitance. Photodiode parasitic capacitance was considered to be 1 pF, and parasitic capacitance of the coil was taken from values of self-resonance frequencies for general-purpose SMD coils, as shown in Table 1.



To obtain quantitative results, Microcap 9 SPICE simulator was used. Inset of Figure 3 shows a circuit used in the simulation. Frequency responses of the output voltage for the circuit with coils of different inductance were simulated with IAC = 0.5 mA and IDC = 0.5 mA. As seen in Figure 3, the output voltage exhibits a quasi-resonant behavior, and the maximum output voltage at a quasi-resonance frequency is highly dependent on the coil inductance. It should be noted that the quasi-resonance frequency, fqr, is far less than the frequency of a true LC resonance for each coil, ffree, as can be seen from Table 1.



Qualitatively, this quasi-resonant behavior can be explained as follows: at tcross time, when the electromagnetic induction manifests itself, free oscillations of the LC resonant circuit at ffree frequency are excited. As f frequency increases, tcross time is shifted closer to a point where the photodiode current is minimum, that is, to the period of the sine modulation 1/f, so that less LC oscillation periods fall into that time interval between tcross and 1/f. At some frequencies, there is not enough time between tcross and 1/f for a second period of oscillations to develop. In this case, only a single pulse is excited by the electromagnetic induction. This frequency corresponds to the maximum Vout voltage, and we call it quasi-resonance frequency. This can be mathematically expressed as 1/fqr ≈ tcross + 1/ffree. At an even higher frequency, a higher portion of the photocurrent is shorted by the capacitance, which leads to a roll-off.



The nonlinear nature of the circuit causes the fqr to be slightly dependent on the amplitude of the AC component of the photocurrent: Figure 4a shows that fqr shifts to higher frequencies as IAC decreases. Parasitic capacitance significantly affects the output voltage at the quasi-resonance frequency with a fixed value of the inductance, as can be seen in the inset in Figure 4b. Moreover, a higher capacitance results in lower fqr. An amplitude response of the output voltage versus IAC is monotonic, as shown in Figure 4b for L = 10,000 μH, f = 92.5 kHz, and IDC = 1 mA. This will make it possible to implement a closed-loop system that can set the bias voltage for the stable operating point of the DOLNMZM by changing the amplitude of the laser power modulation.




3. Implementation of Laser-Fed Variable DC Voltage Source


It is possible to extract a few conclusions from the results of the previous section that will help us to implement a circuit that will produce variable DC voltage in the range of 0 … 12 V from the output light of a 1 mW laser diode at 1310 nm that can be used to feed the bias electrode of a remote DOLNMZM. To establish the DC voltage source with an output range of 0 … 12 V, a step-up transformer is required, because even an 10,000 μH inductor is insufficient for this purpose. Moreover, the maximum allowed reverse voltage of photodiodes is within the range of 10 … 15 V, and straight application of the flyback inductor would likely result in overvoltage. Therefore, the step-up flyback transformer was made using a T35 ferrite toroidal core with a 22.1 mm outer diameter, a 13.7 mm inner diameter, 6.35 mm thickness, and an inductance factor of 3200 nH. The resulting transformer had a 8.05 turn ratio, 1550 μH primary inductance, 101.8 μH secondary inductance, a resonance frequency of 160 kHz, and a parasitic capacitance of 630 pF. Its primary coil active resistance was 0.5 Ohm, and that of its secondary coil was 9.0 Ohm. To construct a circuit as shown in Figure 5a, a pigtailed high-speed PIN photodiode with a responsivity of 0.85 A/W at a 1310 nm wavelength and a parasitic capacitance of 0.2 pF was used. A small signal diode, 1N4148, was used as a rectifier, and a storage capacitor with 68 nF was used; the load resistance was 10 MOhm. An A370-Type 1 mW uncooled laser diode with a wavelength of 1310 nm from Lucent Technologies was employed.



The circuit shown in Figure 5c was used to drive the laser. The value of the current sensing resistor in the transistor emitter was set so that a voltage of ~0.65 V current through the laser produced around 1 mW of optical power. The input of back-to-back diodes prevents overvoltage in an operational amplifier input and laser over-current, and they also compress the sine wave to a voltage level that enables the laser to emit 2 mW of optical power, even for high input voltage. A compensation network was included in the feedback path of the operational amplifier to make the step response aperiodic.



The circuit was studied using the setup shown in Figure 5b. The quasi-resonance frequency was found to be 67 kHz for a maximal average optical power of 1 mW from the laser diode with a Gen1 voltage amplitude of 10 V. This situation corresponded to an almost square-like shape at the input of the operational amplifier and 100% modulation of laser power and attenuation was provided by the variable optical attenuator (VOA). The amplitude response of Vout versus the amplitude of the Gen1 generator at a quasi-resonance frequency of 74 kHz is shown in Figure 6a.



As can be seen, it is possible to achieve an output voltage as high as 15.2 V. The frequency responses of Vout for different amounts of optical attenuation provided by the VOA shows that fqr is shifted towards a higher frequency, as the photodiode provides a smaller current. This agrees with the conclusions of the previous section. The dynamic performance of the circuit was studied using gating of the Gen1 generator. As one might expect, a high nonlinearity of the circuit results in the step response being highly dependent on the Gen1 output voltage: the response is fast and almost exponential for a small Gen1 amplitude of around 0.6 V, and it lasts for more than an order of the magnitude when the Gen1 amplitude is set to at 10 V. Furthermore, the dynamic response of the circuit was tested using a PWM signal with a 42% duty cycle was found to provide a maximum output voltage achieved in experiments, which was 16.7 V. The trailing edge of the response in all cases was just an exponential discharge of the storage capacitor through the load resistor, and it is independent of the Gen1 amplitude or signal type.



As the RAU can be placed outdoors, it is useful to address PFVVS operation in different temperature regimes. A heating test for PFVVS was conducted using the setup shown in Figure 5b. The circuit was placed in an aluminum container and heated using a hot air gun. VOA attenuation was set so that at 25 °C the output voltage was 10.8 V. At 54 °C, the output voltage was found to be 10.3 V, and was 9.3 V at 95 °C. We attributed the drop in output voltage to increased leakage of the rectifier diode. At low temperatures, a main factor will be the decrease of transformer inductance due to the loss of magnetic permeability of the T35 ferrite. This will cause an increase in quasi-resonant frequency. To mitigate this effect, ferrite with more stable permeability in a wide range of temperatures, such as N96, could be used.




4. Experimental Results on Setting the Bias Point of Remote DOLNMZM


Using the circuits described above, a system was implemented that supplied bias voltage to a remote DOLNMZM and set the quadrature operating point, as shown in Figure 1b. A pair of 1550 nm 100 mW CW DFB lasers formed an unpolarized source [13] of the RoF optical carrier. The light from this source was delivered to the DOLNMZM using a 1 km SMF coil. Because lithium niobate device operation is polarization dependent, there was a built-in polarizer inside the modulator package to remove the light with unwanted polarization. Insertion loss of the modulator was 4.5 dB, and the half-wave voltage of the bias electrode was 6.5 V. Light of the 1550 nm source was combined with the light of the 1310 laser at the input of the 1 km fiber using 1310/1550 WDM with a stop band attenuation of 20 dB, and a 1310/1550 WDM of the same type was used to split the light of two bands at the output of the 1 km fiber. No influence of residual 1550 nm light leaking through an output 1310/1550 WDM to 1310 port on operation of the biasing circuit was found. A balanced photodetector was built using two closely spaced dies of back-illuminated photo diodes. A current for each detector was measured using a shunt resistor and an instrumentation amplifier. It was then digitized using AD7798 ADC. A PCM1753 audio DAC was used as the sine wave source for the 1310 nm laser modulation circuit. Digital signal processing was implemented using a microcontroller.



In an idealized system in which optical loss of both output fibers from DOLNMZM to balanced detector, including optical connectors, are equal, as well as the responsivities of the diodes of the balanced photodetector, setting DOLNMZM to quadrature will require setting currents of photodiodes to be equal to each other. In the real system, due to an inequality in pairs of the aforementioned quantities, a more complex algorithm at the start of the system should be implemented. Sine wave frequency for laser modulation was set to be the quasi-resonance frequency of the remote biasing circuit for maximum possible PCM1753 DAC output voltage and optical attenuation level, corresponding to 1 km of optical fiber plus optical connectors. This frequency is called the optimum frequency of the system. After power supply was turned on and power-on-reset took place, sine wave at the output of PCM1753 DAC at the optimum frequency was scanned from 0 to maximum value, which resulted in changing DOLNMZM bias voltage from 0 to the maximum DC value, which was 8 V in our experiments. The output voltage range was less than what the PDC could generate (Figure 6a) due to the limited output voltage of the PCM1753 DAC. During scanning, the current for both photodiodes was recorded and the maximum current value was found in each photodiode of the balanced photodetector. These values of currents were used as normalization coefficients for the corresponding channels. After that, a PID controller was started, the goal of which was to set the normalized values of the current of the photodiodes of the balanced detector to be equal to each other by changing the amplitude level of a sine wave at the output of the PCM1753 DAC. The startup sequence is shown in Figure 7.



To determine the error in setting the operating point into quadrature, a sine wave with low harmonic distortions was sent to the RF input of the DOLNMZM and was detected at the RF output of the balanced detector. From the level of the second harmonic that arose during such transmission, it was found that the system sets the operating point with a precision of ~1 degree. Note that the setting of the DOLNMZM to an arbitrary operation point could be potentially realized with a more complicated procedure.




5. Conclusions


A system for the remote control and stabilization of the operating point of integrated optical LiNbO3 Mach–Zehnder modulators was developed, which did not require electrical power supply to the modulator. The same single-mode optical fiber was used for operation point control and RoF transmission. A 1310 nm laser diode with control electronics at the CS and a conventional telecom photodiode and a fly-back DC-DC converter with no active electronic components at the remote modulator side (RAU) were used for bias voltage generation and control. The setting and stabilization of the remote modulator to the quadrature operating point were demonstrated through 1 km of a single-mode optical fiber. Only 2 mW of the peak optical power were required to provide bias voltage tuning in the range of 0 … 8 V. High accuracy and stability of the operating point setting was confirmed by a very low level of the second harmonic of the transmitted RF signal. The quadrature setting accuracy was estimated at ~1 degree.



Multiple PFVVSs for the remote control of modulators can be multiplexed using the WDM technique in a similar manner to the information RoF channels. Thus, the proposed approach could be extended for the control of multiple LNMZMs. Notably, each of the modulators corresponds to an independent PFVVS operating at a certain wavelength, since, in a general case, the voltage values of the operating points of different modulators, as well as their drift, are not correlated with each other.



These results appear to be of interest for antenna remoting, radio-over-fiber (RoF) technology, and other applications with broadband optical transmission of RF signals from remote sources in distributed networks.
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Figure 1. (a) Antenna remoting with the RAU consisting of the LNMZM and the operation point control electronics requiring power supply. (b) Proposed system of antenna remoting with remote DOLNMZM bias setting using PFVVS. 
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Figure 2. (a) Simplified operation of PFVVS; (b) frequency dependence of the peak value of the voltage spike produced by inductance for 4700 μH, IAC = 0.5 mA and IDC = 0.5 mA, inset shows circuit used in analysis; (c) dependence of the peak value of the voltage spike produced by inductance on AC component of photocurrent for 4700 μH inductor, f = 800 kHz and IDC = 0.5 mA. 
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Figure 3. Frequency response of PFVVS found using SPICE. The inset shows the circuit used in the simulation. 
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Figure 4. (a) Frequency response of PFVVS for inductance value of L = 10,000 μH and different IAC; (b) amplitude characteristic of the PFVVS for L = 10,000 μH at f = 92.5 kHz; the inset shows PFVVS output voltage against coil parasitic capacitance. 
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Figure 5. (a) Photodiode circuit (PDC) used in the experiment, (b) experimental setup for study of PDC operation, (c) laser drive circuit (LDC) used in the experiment, (d) I-V curve of photodiode employed in PDC. 
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Figure 6. (a) PDC amplitude characteristic at f = 74 kHz, the inset shows the frequency response of PDC for different values of average optical power; (b) the step response of PDC for different laser-driving signals of LDC. 






Figure 6. (a) PDC amplitude characteristic at f = 74 kHz, the inset shows the frequency response of PDC for different values of average optical power; (b) the step response of PDC for different laser-driving signals of LDC.



[image: Electronics 12 00206 g006]







[image: Electronics 12 00206 g007 550] 





Figure 7. Start-up of bias point stabilization. 
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Table 1. Parameters of coils used in SPICE simulation, resonant frequency of free oscillation of resulting LC resonator and pseudo-resonant frequency of operation of PFVVS.






Table 1. Parameters of coils used in SPICE simulation, resonant frequency of free oscillation of resulting LC resonator and pseudo-resonant frequency of operation of PFVVS.





	Coil Inductance (μH)
	Coil Parasitic Capacitance (pF)
	LC Resonant Frequency (kHz)
	Pseudoresonant Frequency fqr (kHz)





	10,000
	10.1
	480
	90



	4700
	8.4
	760
	170



	2200
	8.0
	1100
	300



	1000
	8.8
	1600
	500



	330
	8.0
	2900
	1140



	100
	6.0
	6000
	2900
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