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Photonic Time Stretch and Its Application
to Analog-to-Digital Conversion

F. Coppinger, A. S. Bhushan, and B. Jal&gnior Member, IEEE

Abstract—We demonstrate a new concept for analog-to-digital Electrical input
(A/D) conversion based on photonic time stretch. The analog
electrical signal is intensity modulated on a chirp optical wave-
form generated by dispersing an ultrashort pulse. The modulated
chirped waveform is dispersed in an optical fiber, leading to the
stretching of its envelope. We have derived analytical expressions
for the stretch factor and the resolution of the system. An analog-
to-digital converter (ADC) consisting of the photonic time-stretch
preprocessor and a 1-Gsample/s electronic ADC is demonstrated.
This technique is promising for A/D conversion of ultrafast
signals and, hence, for realization of the digital receiver.

Photodetector

Fig. 1. Schematic description of the time-stretch system.

Index Terms— Analog-to-digital conversion, chirp pulses,

mode-locked laser, time stretching. for the stretch factor is verified by experimental results. The

paper also describes preliminary ADC experiments consisting
|. INTRODUCTION of the photonic time-stretch preprocessor and a 1-Gsample/s

T IS WIDELY recognized that the analog-to-digital conélectronic ADC. Section V discusses derivatives of this sys-

verter (ADC) represents the key bottleneck in modefm leading to th_e concept of wavelength division sampling

high-performance communication and radar systems. Ra YMDS)’ and the time-stretched WDS (TSWDS).

progress in CMOS technology combined with advances in par-

allel computing architectures has made the 100-Gflops digital!l- SYSTEM DESCRIPTION AND EXPERIMENTAL RESULTS

processor a reality. However, the wealth of new system capafig. 1 describes schematically the technique used for time

bilities offered by such processors cannot be fully exploitestretching of electrical signals. A compressed pulse originated

due to the limited performance of ADC’s. While electronién an erbium-doped fiber laser (EDFL) is dispersed in a spool

ADC's continue to improve, the rate of improvement is toof fiber of lengthL;, generating a chirped optical waveform.

slow compared to that of digital signal processors (DSP’sJhe electrical signal is then intensity modulated onto the chirp

This trend underscores the need for new concepts leadingataveform in a Mach—Zehnder modulator leading to direct

revolutionary improvements in ADC performance. time-to-wavelength correspondence. The modulated waveform
Such improvements may be obtained if one can reduce tsethen further dispersed in a second spool of fiber of length

speed of the analog signal prior to digitization [1], [2]. If theL,, stretching the envelope in time.

signal can be stretched in time without distortion, then the The experiments used 160 fs pulses along with a fiber

effective sampling rate and the input bandwidth of the AD(&ngth of 7., = 1.1 km to generate the chirped wave-

is increased in proportion to the stretch factor. In the case fofm. This waveform was modulated in a 12-GHz LiNpO

a continuous-time operation, the input signal will have to bach-Zehnder intensity modulator. A random signal was

segmented and interleaved into parallel channels before eagplied to the modulator in order to generate a non-Gaussian

segment is stretched in time. test signal. The modulated chirped waveform was dispersed in
Recently, we have demonstrated that electrical signals camsecond spool of fiber of length,, stretching the electrical

be stretched in time using chirped optical pulses and dispersiignal. Fig. 2(b)—(d) represents the signal, measured on a

in optical fibers [3]. The system is far simpler to implemensampling oscilloscope, after propagation through = 2.2,

and has demonstrated superior performance to that of #8, and 7.6 km, respectively. As can be seen, the envelope

traditional time manipulation technique [4], [5]. This papeof the signal is stretched as it propagates through the second

presents, for the first time, theoretical analysis for the stretdispersive element. The measured stretch factors are 3, 6,

factor and the resolution of such a system. The expressiand 8, respectively. For comparison, Fig. 2(a) shows the test

. . . . waveform before the second fibé&L-).
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T deptha is small, such that harmonics ¢f, can be neglected.
@ ’\M The modulated electric field is expressed by
“"‘j et Ein(L,t) = Ea,(L1,t) x [1 4+ acos(2r fnt)]. 3)
©® 3 Lr22km f\ 0.75 nfdiv The modulated electric field can be represented in the
8 / frequency domain as follows:
2 ——————+—+—+
% L=5.5 km | Ein(Lla f) = Ech(Lb f)
(C) € MmﬁJ\ 1.5 ns/div a
S <805+ 5180 = S 460 + F)}] @)
Li=7.6 km i where %" denotes the convolution operation. Thus, the output
O v electric field after dispersion througfl; + L») meters of
T S fiber is given by

Time

Eoui(L1 + Lo, f) = Ein(L1, f) x exp(j27° L2 f?)

Fig. 2. Envelope of the chirp optical pulse (a) after the modulator and after
propagation through (b) 2.2 km, (c) 5.5 km, and (d) 7.6 km of fiber, showin@r
stretch factors of 3, 6, and 8, respectively.

Eout(Ll + L27 f)

requirements for temporal imaging leading to a focussed image _ VT
have been obtained [6]. The experimental demonstrations, |72+ j/2L1 o
however, had limited success due to the difficulty of obtaining —r2f2 a
high-rate quadratic phase modulation or highly dispersive X {exp <—r—2+7'/2L 3 ) 3

. .. . 1472
elements [7], [8]. Furthermore, the experiments were limited 2 9
to manipulation of simple optical pulses or digital electrical .{exp <_7;(f—_fm))
signals [7], [8]. In the new time-stretching technique described T2 4 /2012
here, the signal is not dispersed prior to mixing with the Fexp < —7*(f + fm)? )H
frequency ramp (see Fig. 1), leading to a nonfocused image in T2 4+ §/2L1
time. A nonfocused image manifests itself as classical disper- x exp(j272Lafa f2). (5)

sion, i.e., slow phenomena (low frequency) will appear clearly, o o o

while fast phenomena will be filtered out. This nonfocused 1he €lectric field in time domain is given by (see the
image will limit the maximum modulation frequency that cari*PPendix)

be handled by the time-stretch processor. As will be seenin  g_ (L, + L,,t)

the following mathematical analysis, the maximum frequency I, 42

resolvable depends on the chirp rate and exceeds 50 GHz for =4/ ———— Xexp [ }

our experimental system. Lyt Lo {r(Ly + L)/ L1}

o [ —jt? }
ex —
P 2(L1 + L2)fs

Ill. ANALYSIS L
To understand and analyze the system, we assume an w142 P <‘727rfmt' L1+L2>+
ultrashort transform-limited Gaussian pulse. After propagation 9 f ot Iy
through the first fiber of lengthL;, the electric field can be oxp | —j2rfmt - L+ L,
represented by [9]
ma Jt’ X e <*2 2Lofaf? ) 6
ECh(Ll7t) = exp <7> X exp <— 2L1/32> (1) Xp | 747 2[ Qf'rn Ll ¥ L2 . ( )

where; is the second derivative of the propagation constant o _ )
/3 with respect to the angular frequency, ad is the 1/e The light intensity detected by the photodetector is, there-

width of the Gaussian pulsafter dispersionHere, we assume fore,

L1535 /7% < 1 [9]. Physically, this approximation means that Towt(L1 4 L2, 1)
the pulse duration before the first dispersion element is much N
smaller than the pulse duration after the first dispersion. This > Eoul(ln + Lz, 1) X Egu (L + L2, 1)
is always the case for subpicosecond pulses propagating in
a few hundred meters of fiber. In the frequency domain, the _ L, wexp | — 2t
electric field is represented by Li+ 1L, < Li+ Lo\ ?

T —m2f? 4 L
Balln 1) =17 J\r/;/zL B P <m> I,

12
14 2a- 27 fnd -
%) X [ + 2a Cos<7rf L1—|—L2>
This chirp pulse is intensity modulated in the LiNHO . cos <27r2L2/32- Ly 2)} @)

modulator with a sinusoid at frequendy,. The modulation Li+Ly”™
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Fig. 3. Transmission characteristic of the time-stretch systemfoe= 10 L, (km)
and for different values of the chirp rate (differet ). Thex axis represents
the input modulation frequency. Fig. 4. Signal attenuation due to dispersion when propagating through the

second fiber, for two different frequencies. Solid lines: optical carrier is
) ) chirped inL; = 1 km of SMF. Dashed lines: single-frequency carrier.
Equation (7) represents the transformation undertaken by the

electrical signal during the time-stretch process. By comparig - vidth is more than 55 GHz and it increases to more
this intensity after dispersion with the intensity before thg - -6 cHz for 500 m SME H,owever reducidg also

second dispersion, the following observations are made. reduces the aperture time of the system. The aperture time (i.e.,
1) The pulse retains its Gaussian nature, and the Gaussig@gment of the input analog signal that can be captured and
envelope is stretched by the factor given by stretched in a single pass) is determined by the laser bandwidth
M=1+Ly/L;. (8) Mmultiplied by the total dispersion ir;. With the 60-nm
bandwidth for EDFL used in the experiments, the aperture
2) The argument of the first cosine function shows that thgne is approximately 1 and 0.5 ns fdr, = 1 km and 500
modulation frequency has been reduced by the stretgh) respectively. Therefore, a tradeoff between the maximum
factor M. The stretch factor is only dependent on th@nalog bandwidth and the aperture time exists. Equation (9)
ratio of total dispersion in the fir¢tZ; ) and secondL2) also contains higher frequency peaks. To avoid the distortion
stages. In the experiment presented in Fig. 2, a length@fused by these peaks, the maximum signal bandwidth should
L, = 1.1 km has been used to generate the frequengg |imited to the—3 dB frequency described above.
chirp. According to (8), the stretch factor is 3, 6, and while propagating through the second fiber, the envelope
7.9 for Ly = 2.2, 5.5, and 7.6 km, respectively. Thoseepresenting the signal is stretched and dispersed concurrently.
values are in remarkable agreement with experimentallyy. 4 (solid lines) represents the attenuation due to dispersion
observed values of 3, 6, and 8. as a function of_, (lower abscissa) and/ (upper abscissa) for
3) The intensity of the signal is reduced by the factdr modulation frequencies of 30 and 50 GHz, andZer= 1 km.
This results from the conservation of energy: a signghe dispersion penalty is small and quickly saturates as the
stretched in time by a factal/ is reduced in power by signal propagates in the fiber. This phenomenon is expected,
M. because, as the signal propagates, it is slowed down and
4) The second cosine term represents the penalty intiscomes less sensitive to dispersion. The asymptotic value
duced by the dispersion suffered in the second staig |arge stretch factors depends on the modulation frequency.
L. This behavior is in contrast to the classical dispersion occuring
The dispersion penalty occurs concurrent with the stretah the same length of fiber when the optical carrier is at a
process and limits the maximum frequency of the systefiixed wavelength (instead of being chirped). The conventional
Although this phenomenon is qualitatively identical to thease corresponds to whdn tends to infinity in (8), and its
dispersion penalty experienced in a conventional analog liefect can be expressed by the the transfer functigp,, =
of lenth L,, quantitatively, it is drastically different. According (cos(B2 Lo £2,))%. The dashed lines in Fig. 4 represent the
to (7), this process is described by the transfer function  modulation amplitude at 30 and 50 GHz when the signal is
I 2 modulated on a fixed-wavelength carrier. Dispersion results in
Hy = <Cos <27r2[32—2f,2n>> ) (9) rapid and significant attenuation of the signal. By comparing
M the solid and dashed lines in Fig. 4, we observe that the
The attenuation in intensity depends on the stretch facwispersion penalty for the time-stretched signal is negligible
M, the modulation frequency,,, and the amount of chirp compared to that of a conventional analog link with the same
1/#:L1. The attenuation appears due to the fact that thength of fiber
sidebands representing the modulation are phase shifted witlhs a numerical example, we consider an EDFL with 60-
respect to the carrier. Fig. 3 represents this low-pass charan bandwidth. If we use 1 km of fiber to generate the chirp,
teristic for M = 10 and for different lengths of fibel;. then the aperture time is more than 1 ns. For a stretch factor
The z axis represents the input RF frequency—the outp = 10, L, = 9 km of fiber must be used for the second
frequency is actually divided b§Z. The higher the chirp rate dispersion. According to (9), the 6-dB bandwidth of the system
(smaller L), the larger the bandwidth. For example, withis approximately 55 GHz. Therefore, the output will be a 10-ns
a chirp obtained in 1 km of single-mode fiber (SMF) thaignal with a maximum frequency of 5.5 GHz.
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0 2 46 8 1 12 Fig. 7. WDS. A spatial-dispersive device such as an AWG replaces the

Time (ns) second temporal-dispersive device2) in Fig. 1. The system performs

) ) ) o ) sampling and interleaving in the wavelength domain and eliminates the need
Fig. 5. Time-stretched ADC experiment consisting of the time-stretch preyr high-speed switches.

processor and a 1-Gsample/s electronic ADC.
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Fig. 6. System for stretching a continuous-time input signal. The input is

segmented and interleaved infd parallel channels, and each segment ifig. 8. Experimental data for WDS at 10 Gsamples/s.
stretched byM.

carrier Ty. For example,Ti., > 5017 is sufficient to ensure

IV. APPLICATION TO ANALOG-TO-DIGITAL 10-bit accuracy.

(A/D) CONVERSION

A time-stretch preprocessor can revolutionize A/D con- V. WDS
;i;SI?r?é 'i:nopru? sztarrfél(\:/\: dﬁcgr/[t’h;higge:;\e/eirfggilgg Arzgte An interesting system emerges if the second temporal-
. . . . dispersion stage in Fig. 1 is replaced by a spatial-dispersive

[1]. The preliminary A/D conversion experiment shown i b 9 g P y P P

) ) a L) ment, such as a diffraction grating or an arrayed waveguide
Fig. 5 consists of the photonic time-stretch preprocessor aé

) S ) ting (AWG), as shown in Fig. 7 [10]. Each output port of
a 1-Gsample/s electronic ADC. The solid lines display t e AWG filter samples a portion of the optical spectrum. Since

analog signal captured on the sampling oscilloscope (sa@gn gptical wavelength corresponds to a different time, the

as in Fig. 2), and the data points represent digitized sampigs, herforms sampling in time. Pulses at the output of the

produced by the electronic ADC. Slowing down the analoger correspond to a time-interleaved sampled version of the
signal in time allows it to be captured by the ADC. FObnaiog signal. This method of sampling eliminates the need
curve (@) in Fig. 5, 1-ns spaced samples of the ADC are ngb; high-speed switches necessary in the traditional approach,
sufficient to capture the waveform with 100 ps transition timgynere sampling is achieved via “time gating.” Hence, prob-
In curves(b)-(d) of Fig. 5, the effective sampling rate and th§ems caused by the limited speed and power dissipation of the
input bandwidth of the ADC are increased by 3, 6, and 8, &yitch are eliminated. Optical sampling techniques relying on
proportion to the stretch factdd. In curve(d) of Fig. 5, the 1-  the mixing of a narrow optical pulse with the fast electrical
Gsample/s ADC is nearly capable of capturing the high-spegg@nal have been proposed and demonstrated [11]-[13]. Those
analog signal with 100-ps transition times. techniques take advantage of the narrow pulsewidth available
If the input analog signal is continuous in time, then @ optics to achieve ultrahigh timing resolution. However,
parallel architecture must be used in order to preserve ty are based on thsamplingoscilloscope technique and
information. Fig. 6 shows the block diagram for such a systemaquire a repetitive waveform. Aeal-time high-speed ADC
The analog signal is segmented and interleavedifitparallel system using the WDS would consist of the WDM sampler
channels. Each segment is time stretched by the same faetod a parallel array of electronic quantizers [10], [14]. Fig. 8
M prior to entering a slow ADC. Segmentation in time createhows WDM sampling at 10 Gsamples/s. 160-fs full width
sidebands in the signal spectrum. To ensure that the generatetlalf maximum (FWHM) pulses were dispersed in 7 km of
sidebands are below the quantization noise, the length of e&MF producing a chirp of 120 ps/nm. Sampling is performed
segment,1 .., must be much greater than the period of thby a silica AWG with a channel spacing of 0.8 nm and a
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We will try to simplify the exponent,E; of 73j. Since
L153;/7%* < 1 E; can be expressed in the following manner:

TsT Ta By~ 5272 L1Bo(f — fm)? - (1 + 52015277 2) + j272 Lo B f2.

«—p

I (A2)

- H: Using~y = 1+ j2L1 3,72, (A2) can be rewritten as

f, = f,/N oy

By = j27°fa(Livy + L2)

Fig. 9. The concept of TSWDS. The output is a sampled representation L L
of the input, and the samples are slowed down in time by the AWG with X f2 —2f fm 17 4 f2 17 . (A3)
feedback loop. The system represents the discrete-time version of the general Liv+ L, m Liyv+ Ly

time-stretching system shown in Fig. 1. )
By noting that2L,8:772 < 1 = Lyiv/(Liy + L) =

o L,/(L; + L), (A3) can be expressed as
passband of 0.3 nm. Outputs from individual AWG ports are

detected and displayed using a digital-sampling oscilloscopbe. .
The measured pulse-to-pulse spacing of 100 ps agrees Wéll—
with the 0.8 nm channel spacing of the AWG and the 120
ps/nm chirp rate.

An interesting rendition of the WDS system is obtained )
if AWG outputs are fed back to the symmetric inputs with 1he termZi(f) can, therefore, be approximated by
incremental delays, as shown in Fig. 9. Because of the in- N
put/output symmetry of the AWG, this feedback architecture T(f) = V2 + /L)
represents a true time delay [15]. In the context of sampling, J Lz

I 2
02 =
3277 Ba( L1y + L) % <f L.+ Lo fm)

. Ll 2
45212 Loflo——— - f2. (A4
J&m 2/2L1+L2 m ( )

the feedback architecture separates the samples in time or, in a2 <f L fm>2

effect, stretches the sampled waveform. The feedback converts a exp Li+ Ly

a spatial-dispersive AWG to a temporal-dispersive device. The 2 L+ Lo\ 2 j

TSWDS system can, thus, be thought of as the discrete-time <T I, ) 2(Ly + L2)fa

version of the general time-stretching system shown in Fig. 1. I

If the input analog signal is continuous in time, it must be X exp <j27r2L2/32—1 . 3,) (A5)

segmented and fed into an array of TSWDS modules. The Lit Ly

overall system architecture would be similar to Fig. 6. From (A5), one can calculate the inverse Fourier transform
of T}

VI. SUMMARY Ly +Ly\ 2 j
In summary, we have analyzed and demonstrated a time- <T L ) * 2(Ly + L2)B2
stretch system that can potentially enable A/D conversion Ti(t) =

of microwave and millimeter-wave signals. The system takes |\/772 +3/(2L1132)]
advantage of the tremendous bandwidth of ultrashort optical a ) L+ Ly\ 2
pulses to generate high-rate frequency chirp. We have derived X 5 exp | —t- <TT>

and experimentally verified an expression for the stretch
factor. It is shown that the dispersion penalty is reduced X exp <j27r Ly fmt>
because the signal is slowed down as it propagates through Li+ L

the dispersive medium. In general, the dispersion penalty is y j2n2Lf Ly 2
negligible for high chirp rates. A discrete-time version of the xXp A\ Jem b2 Li+L, '™
system, performing sampling, can be realized if the dispersive T
iber i i i xexp| ——— 1. A6
fiber is replaced by an AWG with symmetric feedback. p <2(L1 T Lg)/32> (A6)
Similarly, we can treat other terms in (5) leading to (6).
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