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We propose and demonstrate an all-optical time-stretch digitizer for real-time capture of ultrafast

optical signals, beyond the bandwidths achievable by electronics. This approach uniquely combines

four-wave mixing and photonic time-stretch technique to slow down and record high-speed optical

signals. As a proof-of-concept, real-time recording of 40-Gb/s non-return-to-zero on-off-keying

optical data stream is experimentally demonstrated using a stretch factor of 54 and 1.5-GHz back-end

electronic bandwidth. We also report on the observation of dispersion penalty and its mitigation via

single-sideband conversion enabled by an optical bandpass filter. Our technique may provide a path

to real-time capture of ultrahigh-speed optical data streams. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4742173]

The rapid growth of internet traffic requires develop-

ment of high-capacity optical networks1–3 employing

advanced modulation formats for efficient use of bandwidth

at high data rates.4,5 Such networks rely on real-time analog-

to-digital converters (ADC) to detect and equalize ultrafast

optical data streams. Indeed, the demand for higher data rates

increases the burden on the optical-to-electrical (E/O) inter-

face and front-end electronics at the receiver side. Moreover,

optical performance monitoring (OPM)6,7 in self-managed

and reconfigurable optical networks is an important function

that requires rapid measurement and evaluation of the

ultrahigh-data rate signal quality in a very short-time scale.

At current pace, state-of-the-art photo-detectors and elec-

tronic ADCs do not provide sufficient front-end bandwidth

and are, therefore, becoming the major bottleneck in high-

speed network developments.

The photonic time-stretch analog-to-digital converter

(TSADC)8–10 has proved its capability of enhancing the per-

formance of electronic analog-to-digital converter and can

provide continuous digitization of wideband electrical sig-

nals.9 TSADC relies on the principle of dispersive analog op-

tical link in which the electrical signal is first modulated

onto a pre-chirped broadband optical pulse, thus mapping

the signal onto the optical spectrum. The modulated pulse is

then time-stretched in a dispersive element. After photo-

detection, the resultant signal is a stretched copy of the origi-

nal signal with reduced RF bandwidth. The single-channel

version of the TSADC, called time-stretch enhanced record-

ing (TiSER) oscilloscope, offers a potential solution to re-

cording and monitoring of high data rates in a reasonably

short time period.11 A recent demonstration has shown cap-

ture of data streams up to 100-Gb/s return-to-zero (RZ) dif-

ferential quadrature phase shift keying (DQPSK) signal

using a two-channel time-stretch oscilloscope.12

Similar to conventional analog optical links, single-

sideband (SSB) modulation13 or phase diversity technique14

eliminates any fundamental bandwidth limitation in the

TSADC. However, in practice the maximum bandwidth is

limited to that of the Mach-Zehnder modulator—currently

up to 100 GHz.15 While such a bandwidth is more than suffi-

cient for digitizing electronic signals and having an electrical

input to the system is ideal, it would be desirable to have an

all-optical modulator when the input signal to be digitized is

optical.

Here, we propose and demonstrate an all-optical time-

stretch digitizer, which directly captures optical signals,

eliminating bandwidth limitation imposed by E/O and O/E

conversions. This approach maps the signal under test onto a

chirped optical carrier using four-wave mixing (FWM) pro-

cess in a highly nonlinear fiber (HNLF). Over the last deca-

des, FWM process has formed the basis for a class of

versatile parametric devices enabling amplification and

regeneration,16–19 frequency conversion,18,20 phase conju-

gation,21–23 and optical sampling.24 Our all-optical time-

stretch digitizer exploits ultrafast FWM process between a

pulsed pump and a signal to encode wideband optical sig-

nals onto the spectrum of a pre-chirped broadband optical

carrier. It then stretches the wideband optical signal in

time before detection, so that the signal can be recorded

using a low-bandwidth photo-detector and electronic ana-

log-to-digital converter. Another technique that achieves

real-time full-field measurement of ultrafast optical wave-

forms was demonstrated by Fontaine et al.25 This method

is able to measure the amplitude and phase of an optical

signal by performing parallel coherent detection on spectral

slices.

Our proposed technique, based on the photonic

time-stretch, should not be confused with the time-lens
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technique.26–28 The two techniques are different in nature

and in origin, and their differences have been previously

documented.9,29 The time-lens is an elegant technique that

constructs the temporal equivalent of a classical lens. Hence,

an equivalent lens equation needs to be satisfied. It is suited

for slowing down optical pulses. The photonic time-stretch

is a dispersive (analog) communication link.29 In contrast to

the time lens, it does not require the input signal to be dis-

persed. It was originally developed for boosting the speed of

electronic ADCs by slowing down the electrical waveforms

before the electronic quantizer.8–10 Due to the lack of wide-

band and low-loss electrical dispersive elements, the time

lens is not suited for this application. In addition, in its origi-

nal version for capturing electrical signals, it has been

extended to continuous-time operation,9 a feat that is

required when comparing against all-electronic ADCs. The

present demonstration attempts to create an all-optical equiv-

alent of the time-stretch technique, where it can be noted that

the input signal is not dispersed.

To replace the electro-optic modulation to all-optical

modulation in the input stage of the TSADC, we employ a

broadband optical pulse source as the “pump” for FWM in

an optical fiber. The ultrafast optical data (signal to be digi-

tized) then represents the “signal” in the FWM process. The

pump is pre-chirped to map the wavelengths into time (i.e.,

wavelength-to-time mapping). This can be realized by using

a mode-locked laser (MLL) followed by a dispersive me-

dium such as dispersion compensating fiber (DCF). The all-

optical time-stretch technique also employs a medium with a

large nonlinear index such as HNLF to perform mixing. The

HNLF is particularly well-suited medium for this purpose,

since it offers low-loss propagation and precise dispersion

tailoring. From the spectral-domain point-of-view, the signal

mixes with the pre-chirped broadband pump, generating a

broadband chirped idler that contains information of the sig-

nal [Figure 1(a)].

From the time-domain point-of-view, at each time

instant, a wavelength of the pre-chirped broadband pump

mixes with the signal; creating a modulated idler that is

chirped [Figure 1(b)]. The dispersion profile of the nonlinear

medium is engineered such that the zero-dispersion wave-

length (ZDW) lies near the pump wavelengths, and is fairly

flat within the signal and pump bands. This ensures maximal

phase matching, and nearly no walk-off, while mixing

occurs. In other words, one-to-one mapping of the signal

waveform onto wavelength of the pre-chirped pump is

achieved. The modulated chirped idler is then extracted and

time-stretched using another dispersive medium, e.g., DCF.

A photo-detector converts this time-stretched optical signal

to the electrical domain and the resultant signal is hence a

stretched replica of the original optical data signal with

much reduced analog bandwidth. An electronic analog-to-

digital converter that would normally be too slow can now

be used to digitize the electrical signal.

In case of degenerate FWM process employed here, the

idler frequency (fi) is related to pump (fp) and signal (fs)
wavelengths by fi¼ 2fp � fs. Assuming that the signal’s opti-

cal bandwidth is negligible compared with the pump and

idler bandwidths, the idler bandwidth, Dfi¼ 2 Dfp, where Dfp
is the pump bandwidth. Hence, the idler bandwidth (Dfi) is at

least twice as large as the pump bandwidth (Dfp). The effect

has been also reported by Inoue and Toba20 that a frequency

displacement of mixing signals leads to twice the frequency

shift of the mixing product. In photonic time-stretch pre-

processor, the time-stretch factor (the amount by which the

signal is stretched) is determined by,

S ¼ 1þ D2:Dk2

D1:Dk1

; (1)

where D1 and D2 are the dispersion values of first and second

dispersive medium, while Dk1 and Dk2 are the optical

FIG. 1. (a) Spectral-domain representation. The

ultrafast optical data signal (fs) mixes with the

broadband pulsed pump (Dfp¼ fp1� fp2) via

the FWM process. (b) Time-domain representa-

tion. At each time instant along the signal, a

wavelength of the pre-chirped broadband pump

mixes with the signal at that time instant; creat-

ing a chirped modulated idler. The idler is then

time-stretched to reduce the analog bandwidth

of the optical data signal.
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bandwidths before and after modulation. In case of conven-

tional TSADC,8–10 Eq. (1) simplifies to S¼ 1þD2/D1, since

the optical bandwidths before and after modulation are con-

stant. However, in case of an all-optical time-stretch pre-

processor, Dk1 and Dk2 are not the same, and are propor-

tional to Dfp and Dfi, respectively. This implies that the

stretch factor (S) is increased (by a factor of >2) compared

with conventional TSADC. As will be discussed later in this

paper, the increase in optical bandwidth also appears to be

useful in improving the bandwidth limitation due to disper-

sion penalty.

To demonstrate the proposed system, we constructed an

experimental apparatus as illustrated in Figure 2. A mode-

locked laser followed by an optical bandpass filter was used

to generate an optical pulse train with �7 nm bandwidth cen-

tered at 1565 nm and a pulse repetition rate of �37 MHz.

The optical pulses were dispersed in time using a spool of

dispersive fiber (dispersion value of �41 ps/nm) to enable

wavelength-to-time mapping. The average power of the

pulse train was set to 20.8 dBm using a combination of an

Erbium-doped fiber amplifier (EDFA) and a variable optical

attenuator (VOA). Hence, the obtained pulses had �280-ps

time-width, offering real-time burst sampling (RBS) over re-

petitive intervals (repetition rate of the laser is �37 MHz)

that can span several sequential bits (for 40-Gb/s data).

Another optical bandpass filter was used to suppress the

amplified spontaneous emission (ASE) noise. The pre-

chirped broadband pulse train was then fed into the FWM

modulator unit as shown in Figure 2. The FWM modulator

consists of a WDM coupler to combine the pump and signal

and a �20 -m long segment of HNLF with 1556-nm ZDW

and 0.0191 ps/(km nm2) dispersion slope. The output was

monitored through a 1%-splitter on an optical spectrum

analyzer.

The resultant chirped idler containing the optical data

signal is stripped by a WDM and is sent to another spool of

dispersive fiber (dispersion values of �1105 ps/nm)—

achieving a stretch factor of �54. It is at this stage that the

optical data signal is stretched in time and its analog

bandwidth is significantly reduced. At the photo-detector,

the stretched optical signal is converted to the electrical

domain. A commercial digitizer (Tektronix–DPO72004)

with 20-GHz analog bandwidth and 50-GS/s sampling rate is

used to digitize the time-stretched signals. Note that a digital

low-pass filtering with cut-off frequency of 1.5 GHz is also

applied to emulate a low-speed commercial ADC.

To evaluate the performance of the all-optical time-

stretch digitizer, we implemented a 40-Gb/s non-return-to-

zero (NRZ) on-off keying (OOK) signal transmitter as shown

in Figure 3. This transmitter consists of a continuous-wave

laser (�1579 nm) and >40 GHz Mach-Zehnder modulator

driven by a 40-Gb/s pseudo-random bit stream (PRBS)

source. An EDFA and a VOA are used to obtain desired

power level (�14.2 dBm) at the output. The 40-Gb/s optical

data signal is captured by the all-optical time-stretch digit-

izer. Real-time segments of the optical data signal spanning

FIG. 2. Detailed schematic of the experi-

mental setup for demonstrating the all-

optical time-stretch pre-processor based on

four-wave mixing process. BW: bandwidth;

EDFA: erbium-doped fiber amplifier; VOA:

variable optical attenuator; PC: polarization

controller; WDM: wavelength division mul-

tiplexer; HNLF: highly nonlinear fiber;

OSA: optical spectrum analyzer; PD: photo-

detector; ADC: analog-to-digital converter.

Inset: spectrum of pump, signal, and idler at

the output of the HNLF.

FIG. 3. Detailed schematic of the 40-Gb/s NRZ

OOK signal transmitter. This unit was implemented

to evaluate the performance of the all-optical time-

stretch pre-processor. CW: continuous wave; PC:

polarization controller; EDFA: erbium-doped fiber

amplifier; VOA: variable optical attenuator; PRBS:

pseudo-random bit stream source.
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8–10 sequential bits are captured every �27 ns (repetition

rate of the mode-locked laser is �37 MHz) at an effective

sampling rate of 1.25 TS/s as shown in Figure 4(a). Using

these segments, the original signal was reconstructed in

equivalent-time mode [Figure 4(b)].

In the conventional TSADC, when double-sideband

(DSB) modulation is used to modulate RF signals onto the

optical pre-chirped carrier, a frequency-fading phenomenon

due to dispersion9 occurs. This is due to the fact that disper-

sion introduces different phase shifts in sidebands and leads

to constructive/destructive interference beating of the side-

bands with the carrier at the photodetector. The overall effect

is to limit the 3-dB bandwidth of the TSADC.

Similar phenomenon is observed in the all-optical time-

stretch pre-processor. Since the optical data signal is a

double-sideband modulated signal, the resultant idler is also

double-sideband modulated. Therefore, the idler sidebands

undergo different linear and nonlinear phase shifts, resulting

in power penalty at the photo-detector. Fortuitously, the

increase in optical bandwidth through the FWM process

effectively manifests itself as a reduction in the initial disper-

sion (by a factor of >2). Therefore, the 3-dB bandwidth due

to dispersion penalty is at least twice larger compared with

the conventional TSADC. To observe this effect and charac-

terize the system, we intentionally increased the initial dis-

persion to shift the bandwidth roll-off into the measurable

range of our equipment. In order to characterize the system, we

implemented an optical signal generator similar to Figure 3

with an RF synthesizer instead of a 40-Gb/s PRBS source. The

RF synthesizer was swept from 5 GHz to 45 GHz. Figure 5

shows the measured dispersion penalty (blue curve) and theo-

retical calculation (green solid curve) for an all-optical time-

stretch pre-processor with initial dispersion of �150 ps/nm.

This measurement is in good agreement with theoretical

calculation shown in the same plot. Note that the theoretical

calculation does not consider nonlinear phase shift as

explained in Ref. 30. The slight mismatch between the theo-

retical prediction and measurement comes from the fact that

nonlinear phase shift in the fibers shifts the null frequency of

dispersion penalty curve toward lower frequencies as evident

from Figure 5. Also, note that the 3-dB bandwidth limitation

for the previous demonstration was >40 GHz, which is suffi-

cient for capture of 40-Gb/s NRZ-OOK signal.

In the context of TSADC, single-sideband modulation13

has been able to eliminate the bandwidth limitation due to

dispersion penalty. Our all-optical time-stretch pre-processor

behaves in the same way. Hence, we adapt this technique to

our proposed system by converting optical data modulation

format from DSB modulation to SSB modulation before the

four-wave mixing process. This can be performed by using

an optical bandpass filter to suppress one of the optical

sidebands. In order to demonstrate mitigation of dispersion

penalty using SSB modulation conversion, we used a pro-

grammable optical processor (Finisar, WaveShaper 1000) to

implement a desired filter profile. Figure 5 shows measured

dispersion penalty curve (red curve) for an all-optical time-

stretch pre-processor with initial dispersion of �150 ps/nm

when SSB modulation was performed. The result shows the

complete mitigation of dispersion penalty null frequency by

converting the optical data signal to SSB format.

We have proposed and demonstrated an all-optical time-

stretch digitizer for direct capture of ultrafast optical data sig-

nals. This was achieved by integrating all optical modulation

into the time stretch digitizer. As a proof-of-concept demon-

stration, we showed the capture of 40-Gb/s NRZ OOK data.

We also reported on observation of a power penalty due to

dispersion and provided a solution using all-optical single-

sideband modulation to mitigate this limitation.

The authors would like to acknowledge the partial sup-

port from National Science Foundation through CIAN NSF

ERC under Grant No. EEC-0812072.

FIG. 4. 40-Gb/s NRZ OOK data. (a) Two

real-time segments of 40-Gb/s data captured

at an effective sampling rate of 1.25 TS/s.

(b) Eye-diagram of 40-Gb/s constructed

from real-time segments in equivalent-time

mode.

FIG. 5. Dispersion penalty in an all-optical time-stretch digitizer with an ini-

tial dispersion of �150 ps/nm. Note that we intentionally increased the ini-

tial dispersion to shift the bandwidth roll-off into the measurable range of

our equipment. When DSB modulation is used, the measured penalty (blue

curve) that is in good agreement with theoretical prediction (green solid

curve). By employing single-sideband technique, the dispersion penalty is

completely mitigated (red curve). Single-sideband modulation is imple-

mented by suppressing one of the sidebands of the optical data signal. An

optical bandpass filter can be used for this purpose.
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