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Abstract

:

A compact multifrequency measurement system based on frequency-to-time mapping technology is proposed and experimentally demonstrated using an integrated frequency scanning signal generator. The relationship between the input microwave frequency and the time difference of a pair of pulses is established to realize the frequency information mapping to the time information. As a main part in the proposed frequency measurement system, the frequency-scanning signal is generated by heterodyning of two lasers with the monolithic integrated laser array, of which one is modulated on a saw-tooth signal. In the proposed frequency measurement system, it can measure single/multiple frequency microwave signals with a large bandwidth for high resolution and flexible tunable measurement range for multifrequency band. In the experimental demonstration, the single frequency measurement errors are less than 90 MHz within the measurement range from 4 to 12 GHz. For two-tone signal, the measurement resolution reaches about 150 MHz.
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1. Introduction


The ultra-fast microwave frequency measurement with a broadband is significant for application in the electronic warfare system [1,2]. A traditional electrical frequency measurement system can realize an ultra-high resolution within a limited processing bandwidth. In order to increase the measurement bandwidth as well as reduce the volume of the hardware and the expense, numerous microwave photonic frequency measurement methods [1] including frequency-to-power mapping, photonics-assisted microwave channelization, and frequency-to-time mapping (FTM) have been demonstrated. The technique, where the frequency information is mapped to an optical/microwave power has been reported to implement the instantaneous frequency measurement [3,4,5,6]. The power ratio between dual-channel optical/microwave powers is established using an optical comb filter [3], an optical mixing unit [4], or a couple of dispersive delay elements [5,6] as frequency-dependent transfer function. The FPM-based technique can capture the instantaneous frequency in a wideband and high resolution (up to multi-MHz), but it cannot be used to measure the multitone signal. The channelization [1,7] has been developed based on space-division multiplexing, wavelength-division multiplexing, and time-division multiplexing. Although the instantaneous bandwidth is larger than hundreds of GHz, the resolution is vastly limited by the channel resolution. In [8,9,10,11], the FTM-based approaches to implement multiple-frequency measurement have been proposed using the optical time gate with the resolution up to hundreds of MHz. Recently, our group has proposed an FTM technique using frequency scanning Fourier domain mode-lock optoelectronic oscillator [11] to achieve a high-resolution single/multitone signal measurement. It is obvious that the multiple discrete devices used to set up the measurement system increase the cost and complexity of the frequency measurement system.



In this letter, a compact microwave multifrequency measurement system based on FPM is proposed and experimentally demonstrated using an integrated linear-frequency modulation (LFM) signal generator. For an unknown microwave signal, the frequency information is inversely mapped using the relationship between the input microwave frequency and time difference of a pair of pulses. As a main part, the LFM signal is generated by heterodyning of two lasers with a monolithic integrated laser array, where a saw-tooth signal is added to modulate on one of the two lasers. Using our proposed scheme, single/multitone microwave signal can be measured with the property of broadband and high resolution. The reconfiguration among multiple bands is easy to achieve by tuning the bias current of lasers. From the experimental results, a large microwave frequency measurement ranges from 4 to 12 GHz and a low measured error of 90 MHz is realized. Moreover, a measurement resolution for two-tone signal is approximately to 150 MHz.




2. Principle


The schematic diagram of the proposed microwave frequency measurement system is shown in Figure 1. The main part in the proposed structure is the LFM signal generation by heterodyning of the monolithic integrated laser array, which consists of four distributed feedback (DFB) lasers and an array waveguide grating, is demonstrated in our reported reference [12]. The laser array is beaten at a photodetector after amplifying via the erbium-doped optical fiber amplifier. As reported in [13], the performance of the laser array can be realized by loading the bias current to ground-signal-ground electrode port as well as direct current (DC) to thermal tuners electrode port. In [12], DFB1 and DFB2 in one integrated transmitter module are used to generate the microwave signal. When a saw-tooth signal is injected to modulate the DC1, DFB1 can realize the wavelength linear scanning. After detection at a photodiode, the LFM signal is generated, of which the duration time and bandwidth are totally determined by the repeat frequency and amplitude of the saw-tooth signal. The frequency-scanning performance of the LFM signal can be obtained by calculating the real-time frequency distribution of the generated LFM signal using short-time Fourier transform (STFT). After down-conversion with an unknown microwave signal received by the antenna, a pair of pulses is recorded in the oscilloscope after passing through the low-pass filter.



As shown in Figure 1, the received unknown microwave signal in Figure 2a and the frequency-to-time relationship curve of the generated LFM signal based on the monolithic integrated laser array in Figure 2b are passed into the mixer to generate the frequency down-conversion signal. A portion of down-conversion signal between the received unknown microwave signal    S   f i        ( i = 1 , 2 )   and the frequency-scanning signal    S f    is filtered by the low-pass filter. Therefore, a pair of optical pulses can be observed at the output of low passband filter shown in Figure 2c. The principle of the proposed microwave signal frequency measurement system based on FTM is shown in Figure 2d when a pair of beat-notes is filtered. The beat-note between the unknown microwave signal and the frequency scanning signal is matched with the passband of the low passband filter. The relationship between the frequency    f i      ( i = 1 , 2 )   of input microwave signal in the frequency domain and the time difference ΔT of optical pulses in the time domain is established, which is used to achieve the FTM. For a single-tone microwave signal, when a portion of the beat-note frequency signal is recorded in the oscilloscope, the beat-note frequency is expressed as


   f  b e a t   = f −  f 1   



(1)




where  f  is the frequency of the generated LFM signal. As shown in Figure 2d, a pair of pulses can be observed at the output of the low passband filter in one sweep period, where one pulse is the beat-note signal between the input microwave signal and the positive chirp rate section of the generated LFM signal, the other comes from the beat-note signal between the input microwave signal and the negative chirp rate section of the generated LFM signal. The down-conversion frequency at the output of the low passband filter can be written as


       f  b e a t    |    t =  t 1    =      f  b e a t    |    t =  t 2    =  f  L P F    



(2)




where    t 1    and    t 2    is the exact time when the filtered frequency is measured by the oscilloscope. Therefore, the FTM relationship is established as


   f 1  ∝ Δ T  



(3)




where   Δ T =  t 2  −  t 1    is the time difference between double pulses. From Equation (3), the frequency of the unknown signal is related to the time difference   Δ T   between double pulses. Therefore, the frequency of unknown signal in the frequency domain can be obtained via the time difference   Δ T   in the time domain.




3. Results and Discussion


The experiment based on the setup shown in Figure 1 was carried out. The low passband filter has a 3-dB bandwidth of 150 MHz and the suppression ratio of 20 dB. As a main component in the LFM signal generator, the InP-based (Indium phosphorus) laser array was designed and then fabricated in Fraunhofer HHI (Berlin, Germany) with the chip size of 4 × 6 mm. Four DFB lasers combine within an array waveguide grating, where four pair of electrodes are orderly arranged on the vertical direction of the device. The fabrication as well as the package is described in detail in our reported reference [12] and does not repeatedly demonstrate our previous work in the FTM-based frequency measurement system. Here, it focuses on the FTM-based frequency measurement method for measuring single-tone signal and two-tone signal with a high resolution over a large bandwidth.



In the experiment, the optical module was kept at 25 °C controlled by thermoelectric cooler. The bias currents of DFB1 and DFB2 were fixed at 68 and 30 mA, respectively. The direct current from the controller (ILX Lightwave LDC-3724C, California, CA, USA) and an electrical signal from the pulse function arbitrary generator (Agilent Technologies 81150A, Woburn, MA, USA) was used to drive the DFB1 to achieve the precise wavelength tuning with a period of 18 KHz and a peak-to-peak voltage of 4 V. An erbium-doped optical fiber amplifier (JDS Uniphase, Santa Rosa, CA, USA) was used to amplify the light wave with a tunable gain and a noise figure of 3.3 dB. Double amplified light waves with an output power of 6.2 dBm is heterodyne detection at a photodiode (HP 11982A, Santa Rosa, CA, USA) with a 3-dB bandwidth of 15 GHz and a photoelectric conversion efficiency of 300 V/W. Thus, a frequency scanning microwave signal was generated at the output of photodiode. In the frequency measurement experiment, we assume that a microwave signal from a vector network analyzer (R&S ZVA40) acting as an unknown signal is down-conversion with the generated frequency-scanning microwave signal at the mixer. The beat-note pulse was selected after a low passband filter and observed in the oscilloscope.



For the LFM signal generation, an 18 KHz saw-tooth driving signal was added to the DFB1 to realize wavelength scanning and a fast frequency scanning microwave signal can be generated by heterodyning of two lasers as demonstrated in our reported reference [12]. The frequency scanning performance in one period is shown in Figure 3a. The period approached 55   μ s   and the frequency scanning range is from 3.5 to 12.5 GHz by calculating the real-time frequency distribution of the generated LFM signal at the output of photodiode using STFT. As shown in Figure 3a, a saw-tooth signal is modulated on one laser, but the generated triangular-shape LFM consists of positive chirp rate region and negative chirp rate region which results from the relaxation oscillation of the laser. It is reported that the chirp-rate of the LFM signal rather than the waveform of the driving signal limits the measurement error [11].



The down-conversion microwave signal between the input microwave signal    f i    and the generated frequency scanning signal by heterodyning of two lasers with the laser array, which includes two optical pulses with different pulse widths, was recorded by the oscilloscope. A negative FTM database between the time difference of a pair of pulses and the frequency of microwave signal was set up as shown in Figure 3b. Through these operations, the FTM relationship was achieved and then the unknown microwave frequency measurement can be looked up through the FTM database by measuring the time different between two pulses. For an unknown signal, a pair of optical pulses was recorded in the oscilloscope and the time difference was calculated to inversely map the unknown microwave signal frequency using the FTM-based relationship shown in Figure 3b. The microwave frequency measurement range ranged from 3.5 to 12.5 GHz depending on the LFM signal performance.



A microwave signal from the vector network analyzer acted as unknown signal with the output power of 5 dBm and the frequency of 5 GHz was injected into the mixer to demonstrate the single-frequency performance of the frequency measurement system. The recorded pulse in a single period on the oscilloscope is shown in Figure 4a. As shown in Figure 4a, the duration of the right pulse is shorter than the left pulse. It results from the positive slope of the frequency scanning less than the negative slope in one period as shown in Figure 3a. The real-time frequency distribution of the pulse is shown in Figure 4b using STFT. From Figure 4b, the time difference   Δ T   between a pair of pulses is achieved clearly. By measuring the time difference, the frequency of the unknown microwave signal can be calculated using the FTM relationship shown in Figure 3b.



Figure 5a–e shows the recorded unknown signal in the oscilloscope, where the frequency is set as 4–12 GHz with 2 GHz frequency space. The time difference between a pair of pulses was calculated by the STFT as shown in Figure 5f–j. The microwave frequency was measured by the time information inversely mapping to the frequency information in Figure 3b. The input microwave power for our proposed frequency measurement system should be larger than −15 dBm, which is mainly limited by noise floor of the frequency measurement system as well as the efficiency of the frequency mixing between the input microwave signal and the generated frequency scanning signal. The minimum input power of the unknown microwave signal can be further improved by incorporating an electrical amplifier. Besides, the maximum power is up to 20 dBm which is dependent on the 1-dB compression point of the mixer. Hence, the linear dynamic range can be further enhanced by reducing the noise and optimizing the component of the proposed frequency measurement system.



When the single-frequency microwave signal ranging from 4 to 12 GHz injects into the microwave frequency measurement system, the measurement frequencies and measurement errors at different frequencies are calculated as the result shown in Figure 6a,b. The frequency measurement range is from 4 to 12 GHz, which depends on the frequency scanning range generated by heterodyning of two lasers. Our proposed frequency measurement range can be extended to 15 GHz and even above by increasing the driving voltage. The maximum measured bandwidth is theoretically limited by the bandwidth of photodiode as well as the mixer. The measurement errors for the single-frequency microwave signal in Figure 6b are less than 90 MHz, which mainly comes from the resolution of the oscilloscope and the ambiguity of time difference after STFT. A higher accuracy can be obtained with the higher slope of frequency-to-time function in Figure 3a [11] as well as precise temperature control to fix one wavelength. Besides, in order to degrade the measured error, the FTM relationship in Figure 3b can be acquired by doing statistics over many measurements.



The wavelength stability of the laser array is closely related to the operating temperature. The fluctuation of operating temperature would result in the wavelength change of the laser array and then the frequency of beat-note signals subsequently changing after the heterodyning detection of two lasers. Besides, the overheated laser chip is vulnerable to burn out in the case of nonuse of the thermal control. As we all know, the wavelength of laser varies with the temperature approximately 0.2 nm/°C and then the thermal control accuracy reaches to 4 × 10−5 °C/MHz. When the home-made temperature control circuit is about 10−4 °C in our laboratory, the wavelength stability is theoretically 2.5 MHz.



Multifrequency measurement based on the proposed microwave frequency measurement system was also verified. Two-tone signal at 5 and 5.3 GHz from two signal generators are combined using an electrical power combiner and then injected into the electrical mixer. The pulses from the output of the low passband filter are shown in Figure 7a and its real-time frequency distribution is calculated using STFT as the result shown in Figure 7b. The frequencies of unknown signals were mapped using the FTM relationship with the time differences ≈  Δ  T 1    and   Δ  T 2   . The frequency measurement accuracy for multiple frequencies based on the proposed frequency measurement system was also demonstrated. The fixed frequency was set as 5 GHz and the other frequency was changed from 5.1 to 5.3 GHz with a frequency step of 0.05 GHz, where the measured results are shown in Figure 8a–e. The time differences with different frequency spaces are calculated in Figure 8f–j after the STFT. From the results in Figure 8f–j, we can know that the frequencies of two-tone cannot be clearly distinguished when the frequency space less than 100 MHz. From Figure 7b, we can find that two peaks are close to each other and the 3-dB bandwidth of the recorded two-tone signal is approximately double the 3-dB bandwidth of the single-frequency signal. As the frequency space increases, the measured microwave signal is obviously separated into two lines. Hence, the resolution of the proposed frequency measurement system for two-tone microwave signal is about 150 MHz. The measurement accuracy for two-tone is determined by the bandwidth of the electrical filter as well as the chirp-rate of the generated frequency-scanning microwave signal [11]. A higher chirp-rate by increasing the microwave frequency bandwidth can lead into a lower measurement error. Besides, a narrower electrical filter, which is 150 MHz in our experiment, can be expected to improve the measurement accuracy.




4. Conclusions


A frequency measurement system based on frequency-to-time mapping was proposed to realize the ultra-fast multifrequency measurement. A relationship between the unknown signal and the time difference of two optical pulses was established with the assist of a frequency scanning heterodyne approach. The unknown microwave frequency was inversely mapped by FTM relationship. The proposed frequency measurement system can measure single frequency signal as well as multiple frequency signals with a wideband, high resolution, and small compact. The frequency measurement range ranged from 4 to 12 GHz with the measurement error less than 90 MHz. Meanwhile, two-tone microwave signal was also measured with the resolution less than 150 MHz. The proposed method to measure frequency information in time domain with the help of partly integrated heterodyning technology provides an alternative for microwave frequency measurement in radar and electronic warfare systems.
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Figure 1. Experimental setup. CS: current source, SG: signal generator, DFB: distributed feedback laser, BT: bias-tee, BC: bias current; TEC: thermoelectric coolers; AWG: array waveguide grating, EDFA: erbium-doped optical fiber amplifier, PD: photodetector, RA: received antenna, LPF: low-passband filter, OSC: oscilloscope. 






Figure 1. Experimental setup. CS: current source, SG: signal generator, DFB: distributed feedback laser, BT: bias-tee, BC: bias current; TEC: thermoelectric coolers; AWG: array waveguide grating, EDFA: erbium-doped optical fiber amplifier, PD: photodetector, RA: received antenna, LPF: low-passband filter, OSC: oscilloscope.



[image: Applsci 10 08571 g001]







[image: Applsci 10 08571 g002 550] 





Figure 2. (a) The two-tone unknown signal from the received antenna, (b) the frequency-to-time relationship of the linear frequency modulation (LFM) signal by the heterodyning of two lasers, (c) a pair of pulses for two-tone signal can be recorded at the output of the low passband filter, (d) the principle based on the frequency information mapping to the time information. 
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Figure 3. (a) Measured frequency scanning property of the heterodyning with a scanning range from about 3.5 to 12.5 GHz. (b) The relationship between the frequency of the unknown signal and the time difference. 
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Figure 4. Measured result for a single frequency microwave signal at 5 GHz. (a) Measured waveform on the oscilloscope. (b) Corresponding instantaneous frequency and time relationship using STFT. 
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Figure 5. Frequency measurement results for single-frequency microwave signal at 4, 6, 8, 10, and 12 GHz. (a–e) Measured waveform on the oscilloscope. (f–j) Corresponding instantaneous frequency and time relationship using STFT. 
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Figure 6. Frequency measurement results (a) and errors (b) for different frequency microwave signals. 
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Figure 7. Measured result for two-tone microwave signal at 5 and 5.3 GHz. (a) Measured waveform for two-tone signal in the oscilloscope. (b) Corresponding instantaneous frequency and the time relationship. 
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Figure 8. Measured results for two-tone microwave signal as one fixed at 5 GHz and the other from 5.1 to 5.3 GHz with 0.05 GHz frequency step. (a–e) Measured waveform on the oscilloscope. (f–j) Corresponding instantaneous frequency and the time relationship. 
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