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Letters Comments on “A Fully Electronic System for Time Magnification of Ultra-Wideband Signals” Josh A. Conway, George C. Valley, and Jason T. Chou



The above paper by Schwartz et al. recently demonstrates time stretching of RF signals entirely in the electronic domain [1], which is in contrast to the large body of work that implements RF time stretching in the optical domain. Such strict RF technology allows for simplified integration accompanied by a reduction in system complexity. Unfortunately, the above paper [1] mixes discussion of the “photonic time-stretch” technique [2]–[5] with discussion of RF [6], [7] and optical [8]–[10] implementations of the “time-lens” technique. This leads to incorrect conclusions about the limitations of the photonic time-stretch technique. We intend to discuss subtleties of these technologies that will then clarify the limits and applicability of each technique. The time-stretching system realized in the above paepr by Schwartz et al. [1] is shown schematically in Fig. 1, which is functionally identical to the first figure of Caputi’s seminal work [7] (although identical variables take different meanings in each study). In these systems, a time-limited input signal first propagates through a medium with dispersion d1 (seconds/hertz). The “time lens” then applies a quadratic phase modulation in time to the dispersed signal [11]. In the RF implementation, this phase modulation is accomplished by mixing a chirped reference signal with the input signal, where the chirped reference is generated by an impulse that traverses a medium of dispersion d2 . In the optical implementation, the technique is the same, although the phase is typically directly modulated using a conventional phase modulator with a quadratic drive signal. The signal is then “focused” (or “compressed”) to the stretched output by 0 d01 1 0 d201 01 and square-law a medium with dispersion d3 detected. This effectively stretches features in the input of length t1 to length t2 d2 = d 2 0 d1 t1 . As has been developed extensively by Kolner [8], there is a mathematical duality between this system and an imaging system consisting of a single lens. The time lens adds a quadratic phase in time, just as the physical lens adds a quadratic phase in space. In this analogy, d1 is equivalent to the distance between object and lens, d2 is the focal length, and d3 is the image distance determined by d1 and d2 to achieve the imaging condition. While Caputi’s paper named this technique the “Stretch system,” Kolner clarified the analogy with imaging systems and suggested the use of the term “time lens,” which is a more illustrative descriptor. In contrast to the “time-lens” technique, the basic “photonic timestretch system,” which is shown schematically in Fig. 2, stretches an RF signal by a different method. We note that the name “photonic time-stretch” system invites confusion with the “time-lens” system, as both may employ photonics for the sake of time stretching. Regardless
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Fig. 1. Functional schematic of the time lens system.



Fig. 2. Functional schematic of the photonic time-stretch ADC. Note that the RF input is not dispersed before driving the optical modulator.



Fig. 3. Shadow casting analogy of the “photonic time-stretch system.”
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of name, these systems are very different in that the “photonic time stretch” does not employ phase modulation or lensing of any kind. Instead, the photonic time-stretch system achieves magnification by modulating the signal directly onto a chirped carrier and then dispersing it further. This chirped carrier is typically generated by an ultrafast pulse that is dispersed in a medium with dispersion D1 (seconds/hertz), as shown in Fig. 2. An optical intensity modulator then impresses the RF signal on this chirped optical carrier, which is further dispersed with dispersion D2 , and finally detected with a square law detector (photodiode). Here, the optical pulse duration after the second dispersive medium is M times the duration incident on the modulator where M D1 D2 =D1 . The corollary to the stretching in time is that the frequency content of the RF signal is uniformly compressed by the same factor M . It is important to note a significant distinction between the photonic time-stretch technology and that of the aforementioned time-lens. In the “photonic time-stretch system,” one modulates the intensity of a chirped optical source and then further disperses it. Again by analogy with optical imaging, this corresponds to shadow casting, as illustrated in Fig. 3. Since there is neither lens, nor imaging condition, the magnification can be increased by any combination of decreasing D1 or increasing D2 , which can be set arbitrarily. The price one pays for relaxing this imaging condition is that the optical carrier and bandwidth
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must be much greater than the RF signal bandwidth just as the spatial frequencies of the features of an object must be much smaller than the spatial frequencies of the source in the shadow casting model. This condition has been well met for all photonic time-stretch experiments to date since the optical carrier frequency is on the order of 100 THz and the maximum RF frequency fRF is typically less than 100 GHz . Note that the time lens does not share this or fRF =fopt < = bandwidth limitation, which may make it a more favorable technology for stretching extremely high-frequency signals. Moving from pulsed to continuous-time operation of the system developed by Caputi and Schwartz et al. requires time-domain interleaving of the unstretched input signal followed by a parallel array of time-lens systems. This fundamental limitation comes about because the chirped signal is dispersed before arriving at the time lens. This effectively mixes the time and frequency components of the signal in a manner that fixes the length of the input signal. In contrast to this, continuous time operation of the photonic time-stretch system requires that the first dispersive medium stretch the pulsed source into a continuous-time chirped source. The function of the photonic time-stretch technology allows for passive separation of time segments of the stretched continuous wave (CW) signal through conventional wavelength-division demultiplexers after the second dispersive medium. This necessitates multiple photodiodes and ADCs, but not “multiple electro-optic modulators and mode-locked lasers,” as stated in the above paper by Schwartz et al. [1, p. 331]. The great advantage of the photonic time-stretch system for CW operation is that the input signal to be stretched can directly drive the optical modulator. This eliminates the difficult operation of interleaving input signals at the unstretched bandwidth, which is required for the continuous operation of the time-lens system. Not only is CW operation of the photonic time-stretch system theoretically possible in this manner, but it also has been demonstrated and reported [12]–[14]. To conclude, we have shown that there are two distinct methods discussed in the literature for stretching RF signals. The first employs a “time-lens” technique in the RF or optical domain and is well suited to stretching pulses whose features have spectral content at frequencies such that it is not feasible to modulate them onto a much higher frequency carrier [15]. These would generally include resolving features in the high terahertz regime and beyond. The second method is called “photonic time stretch” and is implemented using both RF and optical technology. It is well suited for time-stretching continuous-time signals and those with features in the low terahertz regime and below.



1



1 1000



1



REFERENCES [1] J. D. Schwartz, J. Azana, and D. V. Plant, “A fully electronic system for the time magnification of ultra-wideband signals,” IEEE Trans. Microw. Theory Tech., vol. 55, no. 2, pp. 327–334, Feb. 2007. [2] A. S. Bhushan, F. Coppinger, and B. Jalali, “Time-stretched analogue-to-digital conversion,” Electron. Lett., vol. 34, no. 11, pp. 1081–1083, May 1998. [3] F. Coppinger, A. S. Bhushan, and B. Jalali, “Photonic time-stretch and its application to analog-to-digital conversion,” IEEE Trans. Microw. Theory Tech., vol. 47, no. 7, pp. 1309–1314, Jul. 1999. [4] Y. Han and B. Jalali, “Photonic time-stretched analog-to-digital converter: Fundamental concepts and practical considerations,” J. Lightw. Technol., vol. 21, no. 12, pp. 3085–3103, Dec. 2003. [5] F. Coppinger, A. S. Bhushan, and B. Jalali, “Time magnification of electrical signals using chirped optical pulses,” Electron. Lett., vol. 34, no. 4, pp. 399–400, Feb. 1998. [6] J. Schwartz, J. Azaña, and D. V. Plant, “A fully electronic time-stretch system,” presented at the 12th Int. Antenna Technol. Applicat. Electromagn. Symp., 2006. [7] W. J. Caputi, “Stretch: A time-transformation technique,” IEEE Trans. Aerosp. Electron. Syst., vol. AES-7, no. 2, pp. 269–278, Mar. 1971.



2271



[8] B. Kolner, “Space–time duality and the theory of temporal imaging,” IEEE J. Quantum Electron., vol. 30, no. 8, pp. 1951–1963, Aug. 1994. [9] P. Naulleau and E. Leith, “Stretch, time lenses, and incoherent time imaging,” Appl. Opt., vol. 34, no. 20, pp. 4119–4128, Jul. 1995. [10] B. Kolner and M. Nazarathy, “Temporal imaging with a time lens,” Opt. Lett., vol. 14, no. 12, pp. 630–632, Jun. 1989. [11] J. Azana, N. Berger, B. Levit, and B. Fischer, “Simplified temporal imaging systems for optical waveforms,” IEEE Photon. Technol. Lett., vol. 17, no. 1, pp. 94–96, Jan. 2005. [12] B. Jalali and Y. Han, “Tera sample-per-second time stretched analog-to-digital conversion,” in Advances in Microwave Photonics, C. H. Lee, Ed. Boca Raton, FL: CRC, to be published. [13] Y. Han and B. Jalali, “Continuous-time time-stretched analog-to-digital converter array implemented using virtual time gating,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 52, no. 8, pp. 1502–1507, Aug. 2005. [14] J. Chou, G. Sefler, J. Conway, G. Valley, and B. Jalali, “4-channel continuous time 77 GSa/s ADC using photonic bandwidth compression,” in Int. Microw. Photon. Top. Meeting, Victoria, BC, Canada, Oct. 2007, to be published. [15] C. V. Bennett and B. H. Kolner, “Subpicosecond single-shot waveform measurement using temporal imaging,” in IEEE LEOS’99, San Francisco, CA, Nov. 8–11, , Paper ThBB0001.



Authors’ Reply Joshua D. Schwartz, José Azaña, and David V. Plant In their recent comments [1], Conway et al. provide a helpful clarification between two types of temporal imaging systems, namely, those which feature pre-dispersion of the input waveform [2]–[6] and those which do not (the so-called “photonic time-stretch” technique) [7]–[10]. Although we stand corrected on our statement in the above paper [2] about the limitations of the “photonic time-stretch” technique, as regards continuous operation (i.e., they do not require multiple sources and modulators), we do wish to point out that our previous studies clearly distinguish between the two types of imaging systems. The photonic time-stretching system is discussed in detail (referred to as “simplified time-stretching”) in [11] and is also mentioned in the concluding paragraph of the above paper [2, Sec. IV], which states that an all-electronic implementation would be incapable of this implementation for reasons of bandwidth. One source of potential confusion stems from the assertion by Conway et al. that the photonic time-stretch system should not be classified as a “time-lens” system because it “does not employ phase modulation or lensing of any kind” [1]. Firstly, we must consider the origin of the term “time-lens”: it is an analogy to familiar space lenses of optics, which perform quadratic-phase modulation in the spatial sense (i.e., by introducing a phase term proportional to x2 y 2 ). We would point out that the “photonic time-stretch” system essentially does revolve around quadratic-phase modulation: the electrooptic modulation of the input RF signal with a linear-frequency-chirped (quadratic-phase) optical pulse (as portrayed in [1, Fig. 2])—an
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