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Abstract Real-time wideband digitizers are the key building
block in many systems including oscilloscopes, signal intelli-
gence, electronic warfare, and medical diagnostics systems.
Continually extending the bandwidth of digitizers has hence
become a central challenge in electronics. Fortunately, it has
been shown that photonic pre-processing of wideband signals
can boost the performance of electronic digitizers. In this arti-
cle, the underlying principle of the time-stretch analog-to-digital
converter (TSADC) that addresses the demands on resolution,
bandwidth, and spectral efficiency is reviewed. In the TSADC,
amplified dispersive Fourier transform is used to slow down the
analog signal in time and hence to compress its bandwidth. Si-
multaneous signal amplification during the time-stretch process
compensates for parasitic losses leading to high signal-to-noise
ratio. This powerful concept transforms the analog signal’s time
scale such that it matches the slower time scale of the digi-
tizer. A summary of time-stretch technology’s extension to high-
throughput single-shot spectroscopy, a technique that led to the
discovery of optical rouge waves, is also presented. Moreover,
its application in high-throughput imaging, which has recently

led to identification of rogue cancer cells in blood with record
sensitivity, is discussed.

Photonic time-stretch digitizer and its extension to real-time
spectroscopy and imaging

Ali M. Fard1,∗, Shalabh Gupta2, and Bahram Jalali3–6

1. Introduction

Continued advances in complementary metal–oxide–
semiconductor (CMOS) technology over the past few
decades have created digital signal processors with as-
tonishingly high and ever increasing data processing ca-
pability. In addition, massive amounts of digital data can
conveniently be stored in non-volatile electronic, magnetic
or optical memories whose storage density has been im-
proving at a similarly rapid pace. Combined with advances
in optical communication, these advantages have brought
about the so-called “digital revolution” by enabling easy
and economical storage, processing, and transmission of
massive amounts of information. However, most physical-
world signals are analog in nature and analog-to-digital
converters (ADCs) are required to translate them to their
digital representations. ADCs, therefore, are the crucial
components for many electronic building blocks of the dig-
ital world. It is, hence, natural that there is un-diminishing
demand for higher performance ADCs.
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In particular, there are extremely important applica-
tions that demand ADCs with a very wide bandwidth and
modest power dissipation. For instance, to satisfy the con-
stantly growing demand for internet backbone networks
and data centers, high-capacity optical networks employ-
ing advanced multi-level modulation formats (i.e., modu-
lation formats with high spectral efficiency) are actively
being pursued and are expected to be deployed [1–3]. Data
demodulation and equalization at the receivers of such net-
works require ADCs with high bandwidth near the line
data rate, which is currently between 10 Gbps to 100
Gbps. Such ADCs are also required for radar and signal
intelligence (SIGINT) systems [4] as well as biomedical
instruments [5].

1.1. Resolution of an analog-to-digital converter

An analog-to-digital converter (ADC) samples a continuous
analog signal at regular intervals of time and quantizes it
to the nearest digital values. Based on the architecture, the
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electronic ADC can have several sample-and-hold (S&H)
blocks and quantizers, extensive clock generation circuitry
providing clocks’ signals with different phases, duty cycles,
and reference voltage buffers.

Approximating an analog quantity with a fixed number
of discrete levels creates an inherent ambiguity known as
quantization noise. For an ideal N-bit ADC, which quan-
tizes the signal’s full scale magnitude into 2N discrete levels,
the quantization places an upper limit to the signal-to-noise
ratio (SNR). This limit is described by the following rela-
tion between SNR and the resolution, N,

SNR = 3

2
× 22N ≡ 6.02 × N + 1.76 dB (1.1)

In addition to quantization noise, there are other noise
sources in electronic ADCs including thermal and shot
noises from electronic devices and noise introduced due
to jitter in the sampling clock (called the aperture jitter
noise). Also, several effects such as the nonlinear behavior
of switches and amplifiers distort the signal and mismatches
in transistor characteristics and non-uniform temperature
distribution across the chip area further deteriorate the dy-
namic range. An important metric for the ADC resolution
that includes both noise and distortion is the signal-to-noise-
and-distortion-ratio (SNDR). The SNDR can also be used to
calculate the effective-number-of-bits (ENOB) of the ADC,
defined as the number of bits that an ideal ADC would have
to produce the signal-to-quantization-noise-ratio [see (1.1)]
equal to the SNDR in the given ADC.

SNDRd B = 10 × log

(
Signal

Noise + Distortion

)
(1.2)

ENOB = (SNDRd B − 1.76)/6.02 (1.3)

The ENOB in conjunction with the bandwidth over
which it is measured are the most important performance
metrics for an ADC. Most electronic ADCs available today
are based on CMOS technology. While advances in CMOS
technology due to device scaling have made a significant
impact on improved speed, reduced power consumption and
high complexity in digital circuits, the ADC performance
has not kept pace. This is mostly because as the transistor
channel length is reduced, so will its output impedance and
hence its gain. This affects analog and mixed mode circuits
(such as ADCs) more than digital logic circuits. Hence,
device scaling does not directly improve the performance
of CMOS analog-to-digital converters. Nevertheless, archi-
tectural improvements and availability of faster digital cir-
cuits and extensive amounts of digital post processing and
calibration is resulting in improved ADC performance. In
addition, certain fundamental issues associated with the use
of electronics such as aperture (clock) jitter and comparator
ambiguity (finite rise-fall time of comparators) [6] limit the
speeds of high-resolution electronic ADCs. Therefore, it
becomes imperative to explore other technologies such as

Figure 1 (online color at: www.lpr-journal.org) Resolution of
state-of-the-art electronic ADCs versus input bandwidth. Blue
data points include the 16-GHz Tektronix digitizer and Fujitsu’s
15-GHz bandwidth ADC. The data point representing 7.2-ENOB
time-stretch ADC (TSADC) over 10-GHz bandwidth [9] clearly
shows that photonics can help in overcoming the current limita-
tions of electronics.

photonics to enhance and boost performance of electronic
ADCs.

A modified survey of state-of-the-art electronic ADCs
created originally by Walden [7] is shown in Fig. 1. The
figure depicts ENOB resolution versus input bandwidth for
state-of-the-art electronic ADCs. Different traces in the fig-
ure show the limitations posed by electronics in achieving
high resolution with large input bandwidths. Two new data
points have been added to the figure to include Tektronix’s
16-GHz digital oscilloscope and Fujitsu’s 15-GHz ADC
[8]. Another data point has been added to show the results
obtained using the photonic time-stretch ADC (TSADC)
that achieved 7.2-ENOB resolution over 10-GHz band-
width [9], which is clearly beyond the capability of today’s
electronic ADCs. As discussed later in this article, a pho-
tonic time-stretch pre-processor improves the bandwidth
of electronic ADCs and also offers a path to lower power
consumption at very high speeds.

1.2. Photonic analog-to-digital converters

Many attributes of photonics can complement electronic
ADCs to improve their performance. For example, mode-
locked lasers achieve at least an order of magnitude smaller
timing jitter values compared to electronic clocks, which is
advantageous in sampling ultrafast signals with high preci-
sion [10,11]. Wide optical bandwidths and low-loss optical
dispersive media also provide large delay capabilities. Pho-
tonic systems are also more resilient to channel-to-channel
crosstalk and electromagnetic interference. These advan-
tages have led to the development of a vast number of
techniques over the past few decades that use photonics to
achieve analog-to-digital conversion of wideband electrical
signals. A comprehensive discussion about most of these
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Figure 2 (online color at: www.lpr-journal.org) Time-interleaved
ADC with optical clocking. The hybrid photonic ADC consists of an
optically-clocked switch, which samples the electrical RF signal,
and a quantizer that encodes each sample of the input signal into
its binary representation. MLL: mode-locked laser; PS: photo-
conductive switch.

techniques can be found in manuscripts by Valley [12] and
Shoop [13]. A brief summary of prominent architectures
that use the advantages of photonics to achieve wide band-
width and improved resolution ADCs are presented in this
article.

1.2.1. Optically-clocked ADCs

In optically-clocked ADCs, the electrical input signal is
split into N-parallel channels each of which is sampled by
a fast photo-conductive “Auston” switch triggered by an
optical pulse stream generated by a mode-locked laser. For
example, in Ref. [14], ultra-short mode-locked laser (MLL)
pulses are applied to low temperature grown GaAs metal-
semiconductor-metal switches to sample up to 40-GHz sig-
nals. Multiple time-interleaved samples are captured and
distributed to a bank of electronic quantizers that digitize
each sample. This is followed by digital reconstruction of
the input signal by combining the samples obtained from
different quantizers into a serial waveform, as shown in
Fig. 2.

The motivation behind optically-sampled ADCs is that
since MLL pulses typically have very low timing jit-
ter, the aperture jitter noise [6] is reduced. Additionally,
photo-conductive switching using laser pulses can pro-
vide picoseconds-scale time apertures that result in reduced
distortion in the sampled signal. However, the electronic
quanitizer cannot acquire and digitize such fast pulses and
therefore, a fast electronic sample and hold is necessary
to capture the pulses and to produce a constant amplitude

voltage for duration long enough for the digitizer to pro-
cess it. In practice, there are certain trade-offs in terms
of ADC input capacitance, linearity, sampling rate, sam-
pling noise, etc., that limit the resolution and bandwidth
of these ADCs. Consequently, experimental demonstra-
tions have mostly succeeded in capturing high carrier fre-
quencies but with narrow instantaneous bandwidth. Using
this approach, a two-channel 3.5-ENOB ADC sampling up
to 40-GHz signals at 160-MS/s conversion rate has been
demonstrated [14]. In another example, ∼11.3 effective
bits of resolution was achieved at 10 MHz of instantaneous
bandwidth [11].

1.2.2. Wavelength division sampling

Another approach to optical sampling is to sample the fast
input signal with a single sampler and then de-multiplex the
high repetition rate sample stream into multiple slower rate
parallel channels, each of which is digitized by a quantizer,
as shown in Fig. 3. This optical carrier may consist of a
train of ultra-short pulses or a train of dispersed broadband
pulses. In the former case [15], the modulated pulses have to
be de-multiplexed by an all-optical switch, which limits the
number of channels. The finite extinction ratio of optical
switches and their loss will set a limit on the achievable
dynamic range, and hence the ENOB.

In wavelength division sampling (WDS), the signal is
modulated over chirped broadband pulses [16–19] and de-
multiplexed by optical wavelength filtering. By using a pas-
sive optical filter to de-multiplex the high repetition rate
samples into lower rate streams, this technique eliminates
the need for a fast all-optical switch. The extinction ratio of
the filter will be a limiting factor on the dynamic range and
also a fast sample and hold circuit is still required although
the speed requirement is somewhat relaxed by the reduction
in the optical bandwidth (due to wavelength filtering) and
the chirp in sampling pulses, both of which lengthen pulse
duration. Also, this technique requires broadband (i.e., su-
percontinuum) pulses. Fortunately, high power, stable, and
broadband supercontinuum sources can easily be obtained
nowadays with advancements in fiber-based mode-locked
lasers and nonlinear fiber optics [20,21]. An alternative ap-
proach employing polarization-maintaining CFBG to cre-
ate spectral slices and photonic sampling is also presented
in ref. [19].

Figure 3 (online color at: www.lpr-
journal.org) An optically-sampled time-
interleaved ADC employing wavelength-
division sampling [16]. AWG: Arrayed
waveguide grating.
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Figure 4 (online color at: www.lpr-journal.org)
Schematic of the time stretch pre-processor, which
is effectively an analog optical link. The electrical sig-
nal is modulated over a chirped optical pulse. Group
velocity dispersion followed by photo-detection gives
the stretched replica of the original signal [24, 25].
The dispersion penalty that can limit the electrical
bandwidth is eliminated by employing either sin-
gle sideband or phase diversity modulation, as dis-
cussed later in the article. The maximum bandwidth
is therefore that of the electro-optic modulator.

1.2.3. Photonic time-stretch analog-to-digital converter

The time-stretch ADC consists of an analog front-end pre-
processor and an electronic ADC back-end. In the photonic
time-stretch analog-to-digital converter (TSADC) [22–25]
[also called time-stretch enhanced recorder (TiSER)], the
bandwidth of the electrical signal is compressed prior to
digitization by stretching the waveform in time using a
front-end optical pre-processor, as shown in Fig. 4. Band-
width compression occurs because of time stretching and
is different than down conversion. In the former, both the
carrier frequency and the bandwidth are reduced, while in
the latter, only the carrier is reduced and the bandwidth re-
mains unchanged. To accomplish the time stretch, the elec-
trical signal is modulated over a linearly chirped optical
pulse that is obtained by dispersing a femtosecond mode-
locked laser output. Propagation through dispersive fiber
stretches the modulated pulses in time. The photo-detector
converts these optical signals back to the electrical domain
and the resultant electrical signal is the stretched replica of
the original signal with much reduced analog bandwidth.
This signal can now be recorded by a slow real-time elec-
tronic digitizer that would have been too slow to capture
the original signal. Time-stretch factors of up to 250 have
been achieved, and electrical signals with frequencies up to
108 GHz have been digitized in real-time at intervals down
to 100-fsec using the TSADC [26, 27].

To achieve continuous operation, the signal is di-
vided into multiple segments by the front-end optical
pre-processor, in addition to time stretching. These time-
stretched segments are digitized and then combined to ob-
tain the continuous-time signal in the digital domain. The
time-stretch technique effectively extends the bandwidth of
back-end electronics digitizers and hence TSADC is one of
the most practical approaches to wideband ADCs. In this ar-
ticle, we discuss the fundamental concepts of time-stretch
ADC technology and show how it can lead to practical
ultra-wideband ADCs, and high-end test and measurement
equipment.

This manuscript presents the fundamentals of the
TSADC and summarizes its important results addressing
the demand for resolution, dynamic range, bandwidth, and
power dissipation. The use of TSADC for applications in
which an optical signal is to be captured is described. Fi-
nally, spin-off applications of photonic time-stretch to ul-

trafast imaging and spectroscopy inside and outside the
telecommunications band are presented.

2. Fundamentals of photonic time-stretch
analog-to-digital converter

The photonic time-stretch analog-to-digital converter
(TSADC) [22–25, 28] extends the bandwidth of electronic
ADCs. The TSADC is also known as the photonic time
stretch (PTS) digitizer [29]. As discussed earlier, this ap-
proach employs group-velocity dispersion (GVD) to slow
down the analog signal in time (or compress its band-
width) before digitization by an electronic ADC. This
section describes the fundamental considerations and prac-
tical issues involved in achieving ultra-wideband high-
resolution analog-to-digital conversion using the photonic
time-stretch technique.

2.1. Operation principle of the time-stretch ADC

The basic operating principle of the TSADC is shown in
Fig. 5. The front-end pre-processor stretches the signal in
time and splits it into multiple segments using a coarse
wavelength division demultiplexing (WDM) filter. Filter-
ing ensures that the stretched signal segments do not over-
lap and interfere with each other after time-stretching. The
time-stretched signal segments are then converted to digital
samples by slow electronic ADCs. Finally, these samples
are collected by a digital signal processor (DSP) and re-
arranged in order to achieve the output signal as the digital
representation of the original analog signal. Any distortion
added to the signal by the time-stretch pre-processor is also
removed by the DSP.

Photonics is an ideal platform for performing the time-
stretch because the process requires a broadband chirped
carrier wave as well as a low-loss wideband dispersive
medium to transform the fast time scale of the input sig-
nal to a slower time-scale output signal. The time stretch
pre-processor is a modified analog optical link. It consists
of an optical source, an electro-optic modulator making
up the transmitter, a fiber link, and a receiver consisting
of a photo-detector and electronics. The optical source

C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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Figure 5 (online color at: www.lpr-journal.org) Conceptual diagram of the photonic time stretch ADC. The electrical signal is stretched
and segmented by an optical front-end. Stretched segments are digitized by slow back-end digitizers and combined to obtain the
digital copy of the original signal [24, 25]. Unlike a traditional time-interleaved ADC array, the analog signal that each ADC sees is
below its Nyquist bandwidth. Because the signal at the input of each digitizer is slowed down to below the digitizer’s Nyquist bandwidth
(half of the sampling rate) each digitizer captures the full input signal within each segment. This is in contrast to the situation in a
conventional sample-interleaved ADC array in which the signal at the digitizer input is above its Nyquist rate. The system functions as a
continuous-time ADC, or alternatively as a short-time Fourier transformer, where the time window is the length of individual segments.

Figure 6 (online color at: www.lpr-
journal.org) Physics of the photonic
time-stretch pre-processor. The system is
effectively a dispersive analog optical link
in which the continuous-wave laser source
is replaced by a chirped pulse source.
MLL: Mode-locked laser; HNLF: Highly
non-linear fiber; PD: Photo-detector.

is typically a mode-locked laser (MLL) producing ultra-
short optical (supercontinuum) pulses (typically 100 to
200 femtoseconds long) [30] followed by a group velocity
dispersive (GVD) element such as dispersion compensat-
ing fibers (DCF) or chirped fiber Bragg grating (CFBG),
or a recently-developed chromo modal dispersion device
(CMD) [31].

A supercontinuum pulse is typically generated using a
highly non-linear fiber (HNLF) to broaden the spectrum of
a high peak power narrow linewidth pulse through nonlin-
ear interactions such as self-phase modulation, modulation
instability and Raman frequency conversion, as shown in
Fig. 6. The pulse is then chirped upon propagation through a
dispersive medium, e.g. in a fiber with length L1 and GVD
value of D1. This process results in time-to-wavelength
mapping in the stretched pulse since different wavelength
components travel at different velocity due to GVD. The
frequency of the chirped pulse varies continuously with

time over a time window that represents the capture win-
dow of a single shot. The analog input signal is modulated
onto the chirped pulse using an electro-optic intensity mod-
ulator (e.g., Mach-Zehnder modulator). This process maps
the time scale of the input signal into the optical frequency.
The modulated chirped pulse, and hence the analog input
signal that it carries, is then stretched in a second dispersive
medium with length L2 and GVD value of D2. Finally, the
modulated optical pulses are converted to the electrical do-
main by a photo-detector, providing the stretched replica of
the original analog signal. The time stretch factor is given
by,

S = Temporal pulse width (after time − streching)

Temporal pulse width (after pre − chirping)

= D1 + D2

D1
= 1 + D2

D1
= 1 + L2

L1
. (2.1)

www.lpr-journal.org C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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For continuous operation, a train of supercontinuum
pulses is used to stretch the signal, which is then divided
into multiple (wavelength channel) segments using optical
filters similar to those used in coarse wavelength division
multiplexing.

2.2. Mathematical framework

While the simple qualitative description based on
wavelength-to-time mapping is helpful, a detailed math-
ematical analysis is required to fully understand the work-
ing principle of the photonic time stretch. Being a modified
communication link, understanding and quantifying its per-
formance requires understanding the nature of the carrier
wave and modulation sidebands and what happens to them
as they propagate through the system. The mathematical
analysis explaining this process and its performance is pre-
sented in this section. The symbols used in the mathematical
model are defined in Table 1.

The time domain electric fields at different positions
in the time-stretch system are denoted by E with the sub-
scripts 1–4 for fields at the different locations shown in
Fig. 6. Fourier transforms of these fields are denoted by
Ẽ to represent them in the frequency domain. Initially, a
chirped carrier pulse is created by dispersing supercontin-
uum pulses (represented by E1) in the first group velocity
dispersion stage to obtain E2. In frequency domain, the
GVD induces a frequency dependent phase shift onto the
carrier wave Ẽ2.

Ẽ1(ω) =
∫ +∞

−∞
E1(t)e− jωt dt (2.2)

Ẽ2(ω) = Ẽ1(ω)e− jω2β2 L1/2 · e− jω3β3 L1/6 (2.3)

Here both the linear GVD (β2) and its dispersion slope
(β3) are included. To simplify the mathematics, in the
remainder of this section the β3 term is ignored. Non-
quadratic phase shifts caused by β3 of GVD elements and
elsewhere in the signal path cause time warping in the
stretched signal. Time warps and the means to eliminate
them are described later in this manuscript.

The chirped carrier field is modulated by the electrical
signal in the Mach-Zehnder modulator biased at its quadra-
ture point. It is important to note that, unlike in a time lens
[32], the input signal is not dispersed prior to modulation
onto the carrier. The lack of low-loss wideband electrical
dispersive elements prevents the use of time lens technol-
ogy for slowing electrical waveforms. We assume a single-
tone electrical signal that varies with time as cos(ωRFt) and
represent the modulation index with m to obtain,

E3(t) = E2(t)

2

[
e j(m/2)cos(ωRFt) + e− j(m/2)cos(ωRFt)+ jπ/2

]
(2.4)

The above expression is for a push-pull Mach-Zehnder
modulator (MZM). However, a similar analysis can also

Table 1 Symbols used in time-stretch ADC mathematical
framework.

Parameter Definition Dimensions

E, Ẽ Electric fields in time and frequency
domains, respectively

V/m

m Modulation index (πVamp/Vπ ) -

ωRF Angular frequency of the original
electrical signal

rad/s

β2, β3 Second and third order dispersion
parameters, respectively

s2/m, s3/m

η Photo-detector responsivity A/W

α Attenuation coefficient 1/m

γ Nonlinear coefficient W–1km–1

n Refractive index of the fiber -

ε0 Relative permittivity of free space F/m

Aeff Effective optical field mode area in
fiber

m2

Pin Average optical power at
photo-detector input

W

Vamp Signal amplitude V

Vπ Half wave voltage of the
Mach-Zehnder modulator

V

Be Electrical bandwidth after
stretching

Hz

R Electrical impedance at source or
load (50-	)

ohm

NFe Electrical noise figure (referred to
50-	 impedance)

dB

F Optical noise factor (noise figure in
linear scale)

-

nsp Optical amplifier population
inversion factor

-

C Sampling capacitance F

isignal Rms (root-mean-squared) signal
current

A

in, vn Rms noise current and noise
voltage, respectively

A, V

q Electron charge c

T Ambient temperature ◦K

k Boltzmann constant J/K

h Planck constant J.s

v Optical frequency Hz

RIN Relative intensity noise of the laser dB/Hz

PNEP Photo-detector input noise
equivalent power per

√
H z

W/
√

H z

be performed when a single-electrode MZM (with non-
zero chirp) is used. For simplicity, we assume a linear ap-
proximation, where the second and higher order terms in
(m/2) cos(ωRFt) in the Taylor series expansion of the ex-
ponentials are ignored. Second- and third-order distortions

C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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and the means to mitigate them are discussed later in this
manuscript (Section 4). The linear approximation leads to
a double sideband-modulated chirped carrier,

E3(t) ≈ E2(t)√
2

e jπ/4
[
1 + m

2
cos(ωRFt)

]

= E2(t)√
2

e jπ/4
[
1 + m

4

(
e jωRFt + e− jωRFt

)]
, (2.5)

and the frequency-domain representation of this double
sideband-modulated field is given by,

Ẽ3(ω) = e jπ/4

√
2

[
Ẽ2(ω)

+ m

4
(Ẽ2(ω − ωRF) + Ẽ2(ω + ωRF))

]
, (2.6)

Once this field propagates through the second GVD
element, the electric field is,

Ẽ4(ω) = Ẽ3(ω)e− jω2β2 L2/2

= e jπ/4

√
2

e− jω2β2 L2/2 ×
(

Ẽ1(ω)e− jω2β2 L1/2

+ m

4
Ẽ1(ω − ωRF)e− j(ω−ωRF)2β2 L1/2

+ m

4
Ẽ1(ω + ωRF)e− j(ω+ωRF)2β2 L1/2

)
. (2.7)

For wideband supercontinuum pulses (i.e.,
ωoptical 


ωRF) that have slow frequency dependent varia-
tions, Ẽ1(ω ± ωRF) ≈ Ẽ1(ω) ≈ Ẽ1(ω ± ωRF

S ). Also, when
the dispersion-induced phase is defined as φDIP =
ω2

RFβ2L2/2S, where S=1+D2/D1, and the envelope func-
tion is defined as Ẽenv(ω) = e jπ/4√

2
Ẽ1(ω)e− jω2β2(L1+L2)/2,

(2.7) can be rewritten as,

Ẽ4(ω) = Ẽenv(ω) + m

4
e− jφDIP

×
[

Ẽenv

(
ω − ωRF

S

)

+ Ẽenv

(
ω + ωRF

S

) ]
, (2.8)

E4(t) = Eenv(t)

[
1 + m

4
e− jφDIP

× (
e jωRFt/S + e− jωRFt/S

) ]
. (2.9)

The photocurrent in the absence of the electrical signal
can be written as

Ienv(t) = cε0n

2
ηAeff Eenv(t)E∗

env(t). (2.10)

Therefore, the output current with RF modulation is

Iout(t) = cε0n

2
ηAeff E4(t)E∗

4 (t) ≈ Ienv(t)

×
[

1 + m cos

(
ωRFt

S

)
cos(φDIP)

+ m2

4
cos2

(
ωRFt

S

) ]
. (2.11)

For small values of m (i.e. m � 1), the m2 compo-
nent can be ignored, and the envelope modulation can be
removed using the following operation:

Isignal(t) = Iout(t) − Ienv(t)

Ienv(t)

= m cos

(
ωRFt

S

)
cos(φDIP) (2.12)

This output signal has a frequency ωRF/S for the input
signal frequency ωRF, which implies that the frequency (and
the bandwidth) are compressed or the signal is stretched in
time by factor S. From this analysis it becomes clear that
the only requirement for time-stretching is for the analog
input frequency to be much less than the optical carrier
frequency. In the detailed analysis carried out in [25], the
starting pulses are assumed to have Gaussian shapes with
pulsewidth T0 and the terms comprising T0 are ignored to
satisfy the aforementioned condition.

The frequency-dependent phase terms cos(φDIP) results
in nulls in the frequency response. This arises due to de-
structive interference between the two RF components pro-
duced by the beating of the optical carrier with the upper
and lower modulation sidebands at the photo-detector as
illustrated in Fig. 7. This is known as the dispersion penalty
in the photonic time stretch [25] and is qualitatively the
same phenomenon that occurs in fiber-optic communication
links. However, the dispersion penalty is not fundamental

Figure 7 (online color at: www.lpr-journal.org) Dispersion
penalty arises due to destructive interference between the two RF
components produced by the beating of the optical carrier with
the upper and lower modulation sidebands at the photo-detector.
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Figure 8 (online color at: www.lpr-journal.org) Graphical description of the time–wavelength transformation. (a) Input signal. (b) Time–
wavelength transfer function associated with nonlinear dispersion in the first dispersive fiber. (c) Input signal after time-to-wavelength
mapping. (d) Wavelength–time transfer function after the second dispersive fiber. (e) Output time-stretched signal. The stretch process
is linear (uniform) despite the nonlinear fiber dispersion.

and can be eliminated. As shown later in this manuscript
(Section 3), techniques such as phase diversity and single-
sideband modulation overcome the dispersion penalty and
provide an ideal impulse response characterized by a flat
frequency response.

A physical understanding of time stretching can be ob-
tained from Fig. 8, which shows the evolution of the signal
through the system. To highlight the effect of wavelength-
dependent GVD, we use a value β3 = 1 ps3/km which is an
order of magnitude higher than that in a single-mode fiber
(SMF-28). For simplicity, we consider a linear ramp for the
input signal, shown in Fig. 8(a). Assuming operation in the
anomalous dispersion regime of the fiber, the λ-to-t map-
ping is not linear and, in particular, has positive concavity,
as shown in Fig. 8(b). This results in an apparent distortion
of the signal when the time-domain signal is mapped into
the wavelength domain by modulating the ramp signal on
the chirped pulse, as shown in Fig. 8(c). However, the λ-to-t
mapping in the second fiber has the opposite curvature, as
shown in Fig. 8(d), resulting in a linear (and stretched) out-
put after the photodetection, shown in Fig. 8(e). As shown
previously, this property is independent of the length of the
fibers (hence, independent of the stretch factor) as long as
the two fibers have identical dispersion behaviors.

While the time-stretch technique performs linear map-
ping of the input to output time-scales, mismatches between
these parameters (β3, β4, etc.) lead to non-ideality in the
linear mapping of time scales. The non-zero β3 introduces a
slow amplitude modulation in the signal over the stretched
pulse duration [25]. If the higher order dispersion parame-

ters are not the same for the two dispersive fibers, another
effect, called the time-warp is introduced, which can be
mitigated using the algorithm discussed in Section 6.

2.3. Fundamental considerations in time-stretch
ADC

There are several inherent advantages of using the time-
stretch technique that enable us to improve the resolution
(i.e., ENOB) and bandwidth of ADCs using the time-stretch
technique. However, as in the case of conventional ADCs,
there are also a number of sources of noise and distor-
tion in the TSADC that limit its resolution and dynamic
range. Since the TSADC is essentially a dispersive analog
optical link, noise and distortion effects in the system can
be analyzed via a link analysis. The optical signal at the
photo-detector input results in an electrical current with a
magnitude ηPin. In an analog optical link (and the TSADC),
the information is modulated over an optical signal. Hence,
power in the information carrying component of the elec-
trical signal is dependent on the modulation depth and can
be written as,

i2
signal R = 1

2
(mηPin)2 R. (2.13)

This signal power is compared with noise and distor-
tion components to obtain the ENOB (effective resolu-
tion) of the ADC defined in (1.3). The contributions of

C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org



REVIEW
ARTICLE

Laser Photonics Rev. (2013) 9

different noise and distortion components are discussed in
the following subsections.

2.3.1. Noise

Typically, the readout resolution (in bits) from an ADC is
about one bit higher than the ENOB resolution of the ADC,
except in case of subsampling ADCs. Higher readout res-
olution (or higher number of quantization steps) makes the
effect of quantization noise in the ADCs insignificant. Here
we consider the contributions of different noise sources in
a TSADC.

Shot noise. The quantum nature of light results in shot
noise, with its distribution governed by the Poissonian
statistics. The mean-squared shot noise current in the
TSADC is

i2
n,shot = 2qηPin Be. (2.14)

Therefore, from equation (2.13) and (2.14), the shot
noise limited SNR can be written as,

SNRshot = i2
signal

i2
n,shot

= m2ηPin

4q Be
. (2.15)

Optical losses and amplified spontaneous emission noise.
Optical amplification using Raman gain in fibers and/or
using Erbium-doped fiber amplifiers (EDFAs) is used for
compensating optical losses, which also adds amplified
spontaneous emission (ASE) noise. The optical losses and
the ASE noise dictate the optical noise figure (F0). For an
amplifier with gain G, the output ASE noise power spectral
density can be written as [33],

ρASE = nsphν(G − 1). (2.16)

This ASE beats with the carrier and with itself at the
photo-detector, generating signal-to-ASE and ASE-ASE
beat noise currents. The signal-ASE beat noise is integrated
only over the electrical bandwidth Be as it beats with the
carrier, whereas the ASE-ASE beat noise depends on both
the optical bandwidth Bopt of the wavelength channel and
the electrical bandwidth Be (as out of band components
are rejected). As a result, the noise current components in
electrical domain are given by [33]:

i2
n,sig−ASE = 4η2ρASE Pin Be (2.17)

i2
n,ASE−ASE = 4η2ρ2

ASE Be Bopt (2.18)

In most cases, the ASE-ASE beat noise is ignored since
it is much smaller compared to the signal-ASE beat noise.
Therefore, using Equations (2.13) and (2.17), the SNR due

to the amplifier ASE noise can be written as

SNRsignal−ASE = m2 Pin

8ρASE Be
(2.19)

Therefore, using Friis’ formula [34], the total noise fac-
tor of the optical link (Fo,total) due to a series of cascaded
loss or gain components (with loss or gain Gi and noise
factor Fi) can be calculated as,

Fo,total = F1 + F2 − 1

G1
+ F3 − 1

G1G2
+ F4 − 1

G1G2G3

+ · · · + Fn

G1G2 · · · Gn−1
(2.20)

For a passive lossy optical component, the noise factor
can simply be replaced by the loss factor of the device. The
noise due to losses and ASE is also characterized as shot
noise, as it is due to the quantum nature of light. Therefore,
the total shot noise current variance for a cascaded optical
link gain G can be written as,

i2
n,shot,total = 2qηPin Be + 2Pinhν(G − 1)η2 Be Fo,total

= 2ηPin Be
[
q + hν(G − 1)ηFo,total

]
(2.21)

Thermal noise. The noise contributed by thermal fluctua-
tions in electronic components and the photo-detector are
quantified by the thermal noise. The mean squared thermal
noise current, when the photo-detector output is directly
fed to the front-end of the electronic digitizer (typically a
variable gain amplifier), which has input impedance R and
electrical noise figure NFe, is given by,

i2
n,thermal = 4kTBe

R
NFe + (ηPNEP)2 Be. (2.22)

Since the source impedance of a photo-detector is infi-
nite for all practical purposes, a trans-impedance amplifier
(TIA) can be connected directly to the output of the photo-
detector, which effectively increases the value of impedance
R to improve the sensitivity. As a result, the contribution
of the thermal noise can be reduced significantly. In this
case, for an input referred TIA rms noise current in,TIA in
electrical bandwidth Be, the thermal noise current is written
as,

i2
n,thermal = i2

n,TIA + (ηPNEP)2 Be. (2.23)

The sample-and-hold (S&H) stage periodically samples
the analog signal generated by the TIA onto a capacitor
through a switch. In addition to the above mentioned ther-
mal noise sources, an error voltage due to thermal fluctua-
tions in the switch is also added to this sampling capacitor.
The mean squared error in the captured voltage (due to
thermal fluctuations in the switch) is given by kT/C, and it
is independent of the sampling frequency.

v2
n,thermal = kT

C
(2.24)
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Figure 9 (online color at: www.lpr-
journal.org) Sampling a signal with and
without time-stretch. When time-stretch
technique is used, the noise due to clock
jitter becomes insignificant, and noise
added by the laser jitter dominates, which is
typically much less than the electronic clock
jitter (Vn represents the noise voltage).

However, for faster charging/discharging operation in
wideband ADCs, the value of sampling capacitance, C, has
to be smaller (i.e. higher kT/C noise), which creates a trade-
off between sampling speeds and thermal noise-limited
SNR in electronic ADCs. Since time-stretching reduces
the bandwidth, the kT/C noise constraint is significantly re-
laxed. Since the kT/C noise component directly influences
the resolution of the back-end electronic digitizer, we do
not need consider it separately to determine the resolution
of the TSADC, if we already know the resolution of the
back-end digitizer.

Laser RIN. The laser relative intensity noise (RIN) is the
noise introduced into the optical signal due to dynamic fluc-
tuations in the intensity of the laser. It is generally measured
on a logarithmic scale with units dB/Hz. Mean squared
noise current in the electrical domain due to RIN can be
written as,

i2
n,RIN = (ηPin)210RIN/10 Be. (2.25)

However, when differential operation is performed in
the TSADC using a dual output push-pull Mach-Zehnder
modulator [35,36], the RIN component is common to both
outputs of a Mach-Zehnder modulator (assuming the RIN
is much above the optical quantum noise limit). Hence,
the additive component of the RIN (as defined in [35])
is canceled in differential operation and its contribution
becomes,

i2
n,RIN,diff = m2

2
(ηPin)210RIN/10 Be. (2.26)

Similar noise rejection is commonly achieved in coher-
ent optical links using a balanced photo-detector [37]. Ad-
ditionally, when intensity envelope correction is performed
by using the envelope from each optical pulse separately
[35], the multiplicative RIN component is also rejected, to
achieve the shot-noise-limited SNR for the optical signal.

Jitter noise. Clock (or aperture) jitter becomes a signifi-
cant source of noise in the high-speed ADCs [6]. The clock
jitter causes an inaccuracy in the aperture (the time window
that defines the sampling point) location in time, as shown
in Fig. 9. This inaccuracy in sampling position results in
an inaccuracy in the sampled voltage. Clearly, for faster
signals, even a small amount of clock jitter can result in
a significant error in the captured voltage (as the voltages
vary quickly with time). Therefore, the aperture jitter noise
is signal frequency (fRF) dependent and can become very
significant for moderate to high-speed signals. The aperture
jitter limited SNR for rms clock jitter τ j can be statistically
found out to be [6]:

SNRjitter = −20 log(2π fRFτ j ) (2.27)

Most of the aperture jitter noise is added by the jitter in
the sampling clocks generated by the clock sources. In the
time-interleaved electronic ADC architecture used in [38],
static timing errors in clocking different sub-ADCs also
add the same effect as jitter and limit the achievable SNR.
For example, the 20-GS/s ADC reported in [38] shows a
resolution of 6.5 effective bits at low frequencies, but the
resolution drops to 4.6 effective bits for 6-GHz RF signal
because of an effective rms sampling jitter of 0.7 ps. In
another example [39], an rms jitter of 250 fs is shown to
reduce the effective resolution of a 14-bit ADC to about
11.2-effective bits for a 230-MHz RF signal.

Fortuitously, stretching the signal in time using optical
preprocessing reduces the effective signal frequency seen
by the S&H block by the stretch factor S. Therefore, as
illustrated in Fig. 9, the noise added to the system due to
electronic clock jitter is scaled down by S2. For example,
if a stretch factor of 10 is used in a TSADC, the noise due
to clock jitter can be lowered by close to 20-dB compared
to a conventional ADC. However, after stretch the timing
jitter of the mode-locked fiber laser pulses in the TSADC
can become significant. The total effective jitter value in
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the TSADC can be written as,

τj,eff =
√

τ 2
j,laser +

(τj,clock

S

)2
. (2.28)

The total mean squared noise current due to jitter noise
can therefore be calculated using (2.27) as,

i2
n,jitter = i2

signal × (2π fRFτj,eff)
2. (2.29)

Mode-locked fiber lasers can achieve very small jitter
values, for example, a mode-locked fiber laser with 18-fs
rms jitter has been demonstrated in [40]. Jitter values as
low as 1-fs have been predicted and demonstrated, for high
frequency components [41]. Low-frequency jitter adds low-
frequency phase noise to the digitized signal, which might
not be important in many applications. Hence, for such
applications, effective jitter performance on the order of 1-fs
can be achieved by the optical front-end. On the other hand,
the best jitter performance achieved by clocks in high-speed
electronic digitizers is on the order of 100-fs. Therefore, the
noise limitation due to sampling jitter in high speed ADCs
can clearly be overcome by time-stretching the signal. With
these major contributors of noise, the total signal-to-noise
(SNR) ratio in the stretched RF signal received from the
time-stretch preprocessor can be written as,

SNRtotal = i2
signal

i2
n,total

= (m2/2)(ηPin)2

i2
n,shot,total + i2

n,thermal + i2
n,RIN + i2

n,jitter

.

(2.30)

The thermal, shot, and RIN noise components in the
above equation are directly proportional to the electrical
bandwidth Be. Hence, larger stretch ratios can be used to re-
duce the electrical bandwidth and improve the SNR. Larger
stretch factors involve longer fibers and more wavelength
channels, which requires more optical power to maintain
the same power level at the photo-detector inputs. Raman
amplification can be used to compensate for these losses
(as it can provide a virtually lossless dispersive device)
with only a very small increment in the noise spectral den-
sity. Therefore, when the bandwidth factor is also taken

into account, larger stretch factors can clearly improve the
overall SNR.

When the TSADC uses both the outputs of the MZM
to achieve differential operation [36], the contributions of
noise components, which are incoherent in the two channels
are reduced by 3 dB (because the signal adds coherently
whereas noise adds incoherently for these sources). These
sources include the shot and the thermal noise. Additionally,
the common mode RIN noise can be canceled. Therefore,
for differential operation, the SNR achieved is given by

SNRtotal,diff

= (m2/2)(ηPin)2

1

2

(
i2
n,shot,total + i2

n,thermal

) + i2
n,RIN,diff + i2

n,jitter

.

(2.31)

The expression for SNR clearly shows that by im-
proving optical signal power and/or modulation depth, the
signal-to-noise-ratio can be improved. However, for larger
signal levels, nonlinear distortion can become significant,
leading to reduction in the dynamic range and ENOB reso-
lution. We briefly discuss the causes of nonlinear distortion
in the TSADC in the next section.

Quantization noise. I. Nyquist ADC: The quantization
noise of a Nyquist ADC is determined by the least sig-
nificant bit (LSB) of the quantizer. It can be shown that
in practical ADCs, quantization noise has a white spec-
trum [6] and that the total noise power is PN=
2/12 where

 is the quantization step. Figure 10(a) represents the
power spectrum density of the system before stretching,
the signal is assumed to have a bandwidth fin. The sam-
pling rate fs, according to Nyquist criteria, has to be at least
twice the maximum signal frequency. The SNR is given by
the hatched area over the gray area. Figure 10(b) represents
the power spectrum density of the signal after stretching
by a factor of 2. The bandwidth of the signal is reduced
by a factor of 2. The signal power is reduced by a factor
of 2, but the power spectral density remains unchanged.
Similarly the quantization noise power spectral density re-
mains unchanged (the full scale voltage is reduced by

√
2,

thus the quantization step can be reduced by
√

2). The SNR
is then represented by the hatched area over the gray area
in Fig. 10(b) and is unchanged compared to that of the

Figure 10 (online color at: www.lpr-
journal.org) Power spectral density (PSD)
in a Nyquist type ADC (a) before stretch-
ing and (b) after stretching by a factor of
2. The signal to quantization noise ratio re-
mains unchanged.
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unstretched signal. Hence, the time-stretch process has no
effect on the quantization noise of a Nyquist ADC.

II. �-
 ADCs: In �-
 digitizers, the SNR is given by
[42],

SNR = 3

2A

(
2L + 1

π2L

) (
2N − 1

)2
OSR2L+1, (2.32)

where A is the ratio of the amplitude of the signal to the full-
scale range of the quantizer, N is the quantizer resolution,
and L is the order of the modulator or the number of loops
in the �-
 digitizer. Also, in this equation, OSR = fs/fN
is the over sampling ratio, where fs is the actual sampling
rate and fN is the equivalent Nyquist rate. Also, The SNR
improves with the oversampling ratio as OSR2L+1.

When the input signal is stretched in time, its bandwidth
is reduced by the stretch factor, S. The effect on the �-

ADC is to increase the OSR. Thus, the SNR is improved
by a factor S2L+1. For a first order modulator with a one
bit quantizer, the SNR improves by 9 dB (∼1.5 bit) and 15
dB (2.5 bit) for every octave of time-stretch for a 1st- and
2nd-order �-
 quantizer, respectively [43].

2.3.2. Dispersion penalty

As discussed in the previous section, electro-optic modu-
lation creates the sidebands of the electrical signal in the
optical field. When the two sidebands beat with the optical
carrier at the photo-detector, the beat terms are in phase and
add to recreate the electrical signal in the photo-detector.
However, dispersion adds different (optical frequency de-
pendent) phases to these two sidebands. Hence the resultant
two beating components at the photo-detector output will no
longer be in phase. Since the phase difference is a function
of the frequency, the resultant electrical signal amplitude
will be frequency dependent with null frequencies at which
the two sidebands are 180 degrees out of phase. The dis-
persion penalty limits the bandwidth of the TSADC but it
can be eliminated using one of two techniques: single side-
band modulation or phase diversity techniques. A detailed
discussion of this topic appears in Section 3.

2.3.3. Nonlinearities

As in any analog communication links, the signal can suf-
fer distortion in the time stretch ADC. The sources of
this distortion include the nonlinear transfer function of
the Mach-Zehnder modulator, additional nonlinearity when
the modulation sidebands produced by the modulator are
dispersed during time stretch, photo-detector saturation,
all-optical nonlinearities, and nonlinearities of electronic
circuits. While larger signal amplitudes (large modulation
depth) are preferred for better SNR, increasing the signal
power causes intermodulation and harmonic distortion and
degrades the signal-to-distortion ratio (SDR). A tradeoff
exists between the two when choosing the optimum optical
power level (and modulation index) in order to achieve the

best dynamic range and ENOB. Fortuitously, since the non-
linear distortion is primarily deterministic and not random,
it can be suppressed to a large extent using smart archi-
tectures and signal processing algorithms. Different con-
tributions of the nonlinear distortions are briefly discussed
here.

Mach-Zehnder modulator and dispersion induced nonlinear-
ity. When the optical field is modulated by the electrical
signal using a Mach-Zehnder modulator (MZM), it consists
of the optical carrier with the upper and lower sidebands
at the fundamental frequency, harmonic and intermodula-
tion components (the harmonic components were ignored
in the discussion in Section 2.1.1). At the photo-detector,
these sidebands beat with the optical carrier and with each
other to generate the electrical signal and its harmonics.
For a perfect quadrature biased MZM, and in the absence
of dispersion, only odd-order harmonic and intermodula-
tion components remain, while even order components can-
cel each other. However, in the presence of dispersion (or
bias offsets in the MZM), the even order distortion com-
ponents do not cancel each other because of asymmetry
in the phases and amplitudes of the upper and lower side-
bands introduced by dispersion. To suppress these distor-
tion components, either differential and arcsine operations
[36] or back-propagation algorithm [44] and/or broadband
linearization [45] can be used. The effect of a variable
and a chirped optical carrier on the spurious free dynamic
range (SFDR) has been also studied in Ref. [46]. A novel
wavelength insensitive biasing technique has been also de-
veloped that reduces the second order-harmonic distortion
and thereby, increases the usable optical bandwidth of the
MZM [46].

Photo-detector and electronic nonlinearities. For high dy-
namic range applications, the nonlinear behavior of the
photo-detector and the electronics also becomes very im-
portant. In a photo-detector at sufficiently high optical
power levels, the photo-generated carriers screen the elec-
tric field of the p-n junction, reducing carrier collection
efficiency. This leads to a reduction in the detector respon-
sivity at high optical powers. To ensure that photo-detector
nonlinearity is unimportant, the optical input power level
must be significantly lower than the saturation power Psat

of the photo-detector. Fortunately, the second-order distor-
tion, which is a major type of nonlinearity added by the
photo-detector, can be suppressed using differential (bal-
anced) operation [36]. We note that second order distortion
is only important in very wideband (multi-octave) applica-
tions. For two differential (180-degree out-of-phase) signals
undergoing the same nonlinearity, the even-order distortion
components are in phase and appear as a common mode.
Differential (subtraction) operation then doubles the signal
amplitudes but cancels these even order distortion compo-
nents. On the other hand, odd order distortion components
remain, but can be suppressed digitally using a lookup table
or using adaptive or tunable electronic hardware [47, 48].
The nonlinear distortion contributed by electronics (if sig-
nificant) has a similar behavior and hence can be suppressed
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in conjunction with the suppression of photo-detector added
nonlinear distortions.

Optical nonlinearities. The mathematical framework pre-
sented in Section 2.1.1 ignores the effect of all-optical non-
linearities, which can become significant in case of wide
dynamic range TSADC, where high optical powers may be
used to maximize the signal to noise ratio. The nonlinear
interaction occurs primarily in the long length of disper-
sive fiber used to stretch the signal after the electrooptic
modulator. Optical pulse propagation under the nonlinear
regime in the presence of dispersion in optical fibers can be
analyzed using the nonlinear Schrödinger equation (NLSE)
described in [30]:

∂ A

∂z
− j

∑
m=2

jmβm

m!

∂m A

∂tm

= jγ

[
|A|2 A + j

ω0

∂(|A|2 A)

∂t
− TR A

∂|A|2
∂t

]
(2.33)

Here A(z,t) is the electric field in space and time, βm

represent the dispersion parameters, γ is the nonlinear pa-
rameter of the fiber, ω0 is the center frequency of the optical
carrier, and TR characterizes the delayed nonlinear response
in the fiber. The terms on the right hand side square brack-
ets represent the non-linear response corresponding to Kerr
effect, self-steepening and Raman effect, respectively. In
case of a wide dynamic range continuous time TSADC,
the Kerr effect (or self-phase modulation) term can become
significant.

The effect of optical nonlinearities in the long disper-
sive fiber can be numerically simulated using the split-step
Fourier method [30, 49]. To minimize optical nonlinearity
and obtain good SNR, the optical power levels have to be
kept below the nonlinear threshold. At the same time, the
power must be large enough to obtain the desired SNR
and ENOB. To maintain this delicate balance, distributed
Raman amplification can be used, to not only compensate
for the loss of the dispersive fiber but also to maintain
a relatively uniform and optimum power level inside the
fiber. Fortunately, the effect of optical non-linearity in the
TSADC is also tolerable because the nonlinear interaction
length in the fibers is small thanks to dispersion and wide
optical bandwidths used in the TSADC. A detailed discus-
sion on optical nonlinearity and its impact on performance
of the TSADC is presented in Section 5.

2.3.4. Time warps correction, and channel-to-channel
stitching for continuous operation

The time stretch process modifies the time base of the elec-
trical signal. Ideally, the mapping between the original time
base to the stretched time base is linear, i.e., the stretch fac-
tor is uniform over the time scale of the stretched pulse.
However, in practice, there are a number of non-idealities
that result in a non-uniform time transformation. Coun-
terintuitively, optical frequency dependent dispersion char-

acterized by β3, β4, etc. do not cause non-uniform (time
dependent) stretch factor as long as the two fibers, one used
to create the chirped carrier pulse and the other used to
stretch the modulated waveform, have identical dispersion
coefficients per unit length (note they can be of different
length) [25]. Another source of non-uniform time stretch is
self-phase modulation suffered in the first dispersive fiber
that occurs near the input of the fiber, where the pulse peak
power is high. These non-idealities make the stretch factor
time dependent within the stretched pulses adding small
amount of phase modulation to the signal.

Another issue that needs to be considered for a
continuous-time TSADC implementation is the stitching of
signal segments obtained from different parallel channels.
These segments need to be aligned properly in time be-
fore they can be combined, which is challenging to achieve
purely by hardware. Fortunately, both the time-warp and
channel misalignment problems are static and determinis-
tic, and are similar in nature. Hence, using training (cal-
ibration) signals and digital signal processing techniques,
the time-base error can be measured and corrected in the
digital domain, as discussed in Section 6.

2.3.5. Time-bandwidth product of TSADC

A crucial feature of the photonic time-stretch system is the
spectral efficiency, i.e. the optical bandwidth required to
capture a certain time segment (time aperture) of an RF
signal with a given RF bandwidth. It is naturally desirable
to maximize the time aperture so that more of the signal
is captured. The time aperture [25] of the PTS system is
equal to the width of the optical pulse after the first dis-
persive fiber. When double side-band modulation (DSB) is
employed to modulate the RF signal onto the pre-chirped
pulse, a frequency-fading phenomenon due to the disper-
sion penalty occurs. The overall effect is to limit the effec-
tive 3-dB RF bandwidth which, for the same stretch fac-
tor, decreases with the time aperture resulting in a tradeoff
between the RF bandwidth and the aperture length. This
time-bandwidth product (TBP) increases with the optical
bandwidth. Hence spectral usage efficiency is important
because improving the spectral efficiency equates to in-
creasing the TBP for the same optical bandwidth. To this
end, a dual-polarization photonic time-stretch (DP-PTS)
technique has been developed [50], which exploits polar-
ization multiplexing to improve the spectral efficiency.

2.4. Time-Stretch Fourier transform for
high-throughput single-shot spectroscopy

The photonic time-stretch technique relies on wavelength-
to-time mapping by employing group-velocity dispersion
(GVD). In a spin-off application, it has been used to per-
form Fourier transformation on an optical signal [51]. It
indeed replaces a diffraction grating and detector array
with a dispersive fiber and single-pixel detector, enabling
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ultrafast real-time spectroscopy and imaging. In this sec-
tion, we briefly discuss the underlying mathematics, and
show how a time-stretch Fourier transform (TS-FT) is
realized.

In order to examine the role of GVD, we begin with a
hypothetical optical field, E(t), that propagates through a
dispersive medium. The propagation constant in a medium
can be written as,

β(ω) ≈ β0 + β1(ω − ω0) + 1

2
β2(ω − ω0)2

+ 1

6
β3(ω − ω0)3 + · · · . (2.34)

where ω is the optical frequency and βn is the n-th order
GVD parameter. The parameters, β0 and β1 add a constant
phase and a latency, respectively. Both are inconsequen-
tial as it relates to wavelength-to-time mapping and time
stretching. The quadratic 2nd-order GVD term is the most
important, and after propagation over length, z, it changes
the phase of each spectral component of optical field by,

e− jβ·z = e− jβ2ω
2z/2. (2.35)

Hence, the optical field can be written as,

E(t) =
∫

E(ω).e− jβ2ω
2z/2.e jω·t dω, (2.36)

where E(t) is the temporal profile of the dispersed optical
field, and E(ω) is the Fourier transform, or equivalently the
spectrum of the field, and β2z is the GVD produced by a
linearly dispersive medium of length z. The time-domain
waveform after photo-detection is proportional to optical
intensity,

|E(t)|2 =
∣∣∣∣
∫

E (ω) e
− jβ2 z

2

(
ω− t

β2 z

)2

dω

∣∣∣∣ . (2.37)

If GVD parameter, β2, is large, then only ωopt = t/(β2z)
contributes to the integral. For other frequencies the argu-
ment oscillates rapidly and averages out to zero. In optics,
this is known as Stationary Phase Approximation (SPA)
[52]. In physics and mathematics, it is known as the Saddle
Point Approximation.

As evident from (2.37), at each time instant, t, only
one frequency survives and that frequency depends lin-
early on t. In other words, there is a one-to-one corre-
spondence between time and frequency. Hence, frequency-
to-time or wavelength-to-time mapping is achieved. This
process, which enables detection of optical spectrum in
time-domain, is also called dispersive Fourier transform
(DFT) [53, 54]. Note that the time scale in the time-
frequency map has a scale factor of β2z; this is the total
dispersion that slows down the time scale of the measured
signal – it stretches the signal in time. Hence this tech-
nique is also known as the time-stretch Fourier transform
(TS-FT). The dispersive fiber can also amplify the light,
via stimulated Raman scattering, to overcome the noise of

the photodetection circuitry, resulting in high sensitivity
detection [26, 52, 54].

2.5. Comparison of time stretch with time lens

While the time-stretch technique is inherently a dispersive
analog optical link and was inspired from a work on ana-
log optical links for phase array antennas, it has at times
been re-interpreted in terms of its analogy with time lenses
[12,55,56]. While such re-interpretation does not serve any
practical purpose, it may be useful for purely a comparison
reason. The time-lens relies on the mathematical equiva-
lence between spatial diffraction and temporal dispersion,
or the so called space-time duality, as shown in Fig. 11. It
was first introduced in a classic article by Caputi in 1971
[32] and applied to optics by Kolner et al. in 1989 [57] and
later advanced by Bennett et al. [58] and most recently by
Foster et al. [59].

A lens held a fixed distance from an object produces a
magnified image at the screen. It imparts a quadratic phase
shift to the spatial frequency components of the optical
waves. As the optical waves propagate further, they fo-
cus on to the screen generating a magnified image. Owing
to the mathematical equivalence between paraxial diffrac-
tion and temporal dispersion, an optical waveform can be
temporally imaged by following the three step process of
applying dispersion (quadratic phase shift in frequency),
quadratic phase shift in time (the time-lens), and dispersion
again. A focused aberration-free image is only obtained
under a specific condition when the quadratic phase shifts
imparted in frequency (due to dispersion) and the quadratic
phase shift in time satisfy the temporal equivalent of the
classical lens equation. Alternatively, the time lens can be
used without the second dispersive element to transfer the

Figure 11 (online color at: www.lpr-journal.org) Comparison be-
tween spatial imaging (top) and temporal magnification of an ul-
trafast waveform (bottom), which are related to each other owing
to space-time duality.
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waveform’s temporal profile to the spectral domain, anal-
ogous to an ordinary lens that produces the spatial Fourier
transform of an object at its focal points [59, 60]. Here a
spectrometer would be used to read the output however, the
frame rate (throughput) of such a system would be very
slow due to the very low real-time throughput of optical
spectrum analyzers (less than 1 kHz).

In contrast to the time-lens approach, the photonic time-
stretch (PTS) system is not based on the space-time duality.
No lens equation needs to be satisfied in order to obtain an
error-free slowed-down version of the input waveform. It
is a simpler and more practical system and has already
demonstrated true continuous time wideband analog-to-
digital conversion [61], a feature that is needed for real-time
oscilloscope applications.

A critical difference between the two techniques is that
the time lens requires the input waveform to be dispersed be-
fore it is mixed with a chirped optical carrier. For electrical
waveforms, the required electronic dispersive elements that
have sufficient bandwidth and low loss do not exist. This
renders time-lens impractical for slowing down wideband
electrical waveforms and hence creating wideband analog-
to-digital converters. In contrast, PTS does not have such
a requirement. It was developed specifically for slowing
down electrical waveforms to obtain extremely high-speed
digitizers.

3. Impulse response of TSADC

Ever growing high-speed applications have created the de-
mand for ADCs with up to 100-GHz bandwidth. These
applications include cognitive radios that are digital re-
ceivers (also known as software-defined radio), test and
measurement equipment, receivers for 100G+ optical links
and millimeter-wave radio, and radar systems. The criti-
cal bottleneck in these applications is the analog-to-digital
converter, and the photonic time-stretch technique has the
potential to provide ultra-wideband conversion by boosting
the input bandwidth and sampling rate of electronic digi-
tizers. Therefore, evaluation of the impulse response of the
TSADC, which characterizes its input bandwidth, becomes
necessary. The dominant source of bandwidth limitation
in the photonic time stretch is the dispersion penalty. In
this section, it will be shown that dispersion penalty can
be eliminated and TSADC can achieve an ideal impulse
response.

3.1. Dispersion penalty

The photonic front-end of the TSADC is fundamentally a
modified analog optical link that uses chirped optical carrier
pulses instead of continuous wave (CW) light. Hence, the
impulse response functions of the two systems have similar
behavior. Fortuitously, since the output of the TSADC is
available in the digital domain, it becomes possible to cor-

Figure 12 (solid line) Dispersion penalty behavior in a conven-
tional optical link and in the photonic time-stretch ADC (TSADC).
The dispersion penalty, characterized by frequency fading (nulls)
arises from destructive interference between the upper and lower
modulation sidebands when they beat with the carrier inside the
photodiode. In practice, the dispersion penalty is eliminated by
employing either single-sideband modulation [62], or by taking
advantage of the natural phase diversity in the outputs of a dual-
output Mach Zehnder modulator [63]. When phase diversity is
employed, the outputs have complementary dispersion penalty
characteristics (compare dashed and solid lines).

rect for imperfections in its impulse response using digital
signal processing (DSP).

In a conventional optical link, the signal is transmitted
through the optical fiber by modulating it onto a CW laser.
The modulator produces the upper and lower sidebands of
the RF signal in the optical spectrum at frequencies ωoptical
± ωRF. In the absence of dispersion, these sidebands beat
with the optical carrier at the photo-receiver to reproduce
a copy of the original signal. When dispersion is present,
the two sidebands slip in phase with respect to each other
and interfere at the photo-receiver, creating nulls at cer-
tain frequencies (with no signal power). This relative phase
shift, thus, results in a non-ideal impulse response with pe-
riodic fading characteristic versus frequency, as illustrated
by Fig. 12. For a dispersive fiber with dispersion parame-
ter β2, fiber length L, and angular frequency ωRF, the two
sidebands accumulate additional ±ω2

RFβ2L/2 phases with
respect to the carrier. As a result, at the photo-receiver,
the summation of these two sideband products gives the
following transfer function:

H (ω) = Y (ω)

X (ω)
= cos

(
ω2

RFβ2L

2

)
(3.1)

In the photonic time-stretch (PTS) pre-processor, the RF
signal is modulated onto a chirped optical carrier, as shown
in Fig. 6. Dispersion stretches the chirped carrier along with
the modulation in time, giving the stretched replica of the
RF signal at the photo-receiver output. As shown in [25],
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Figure 13 (online color at: www.lpr-journal.org) Dispersion
penalty in a conventional optical link and in the TSADC versus
dispersion length. Larger dispersion results in a severe disper-
sion penalty in an optical link, whereas this power penalty satu-
rates with increasing dispersion (or stretch factor) in the TSADC.
Hence, very large stretch factors can be achieved without in-
curring any additional dispersion penalty. As shown below, the
dispersion penalty can be eliminated by employing either phase
diversity or single-sideband modulation techniques.

because of time-stretch, the transfer function is modified to

H (ω) = Y (ω)

X (ω)
= cos

(
ω2

RFβ2L

2S

)
= cos(φDIP), (3.2)

where the stretch factor S and the dispersion-induced phase
φDIP are defined in Section 2. This characteristic frequency-
dependent fading of the optical link and the PTS pre-
processor is known as the dispersion penalty (Fig. 12).
Though the two optical links have similar fading character-
istics, there also exists a remarkable difference.

In a conventional optical link, increasing the length of
the transmission fiber (or the dispersion value) increases
the dispersion penalty at a particular frequency. On the
other hand, in the PTS pre-processor, this penalty satu-
rates, which implies that the signals can be slowed down
by very large factors without incurring additional power
penalty, as evident from (3.1) and (3.2). In Fig. 13, the chirp
rate corresponds to the dispersion of a 1-km long standard
single mode fiber (SSMF), i.e., 17-ps/nm/km dispersion.
In the next section, we discuss different techniques that
can be used to overcome the power penalty due to disper-
sion and achieve the ideal impulse response of unity in the
TSADC.

3.2. Dispersion penalty mitigation techniques

Several techniques have been devised that can mitigate the
dispersion penalty effects to fully recover the originally

transmitted signal. These techniques either involve elimi-
nating one of the sidebands of the signal in the optical field,
or using phase diversity to recover the signal from two
measurements that have complementary frequency fading
characteristics. The phase diversity techniques are espe-
cially suited for the TSADC, as real-time signal processing
can easily be performed in DSP, thanks to advancements
in highly efficient CMOS technology. The techniques used
for mitigating the dispersion penalty are discussed in the
following subsections.

3.2.1. Phase diversity technique

When a dual-output single-electrode Mach-Zehnder modu-
lator (MZM) is used to modulate the intensity of the optical
field, the two outputs have opposite chirps, as shown in
Fig. 14. Chirp is the additional phase modulation compo-
nent in an amplitude modulated optical field, which mod-
ifies the dispersion penalty behavior of the optical link.
Since the two outputs of the modulator have complemen-
tary chirps, they have complementary fading characteristics
[63]. When the chirp factor is unity, a null at one of the
outputs after dispersion at certain frequency implies a max-
imum at the other output (for the same frequency). The two
outputs can be combined in different ways to fully recover
the originally transmitted signal, implying practically an
unlimited bandwidth in the system; hence, an ideal impulse
response.

For the TSADC employing phase diversity (with an
intensity modulator having chirp factor of ±1), the two
output transfer functions (shown in Fig. 15) can be written
as [63]:

H1(ω) = cos

(
ω2β2L

2M
− π

4

)
(3.3)

H2(ω) = cos

(
ω2β2L

2M
+ π

4

)
(3.4)

With the phase diversity technique, the following meth-
ods can be employed for complete recovery of the original
signal.

Maximal ratio combining algorithm. The frequency-
dependent signal fading in the two outputs of a phase-
diverse TSADC is similar to spatial fading in wireless
communications links due to multipath effects. In wire-
less communications, this fading is overcome by the use
of maximal ratio combining (MRC) of the signals ob-
tained from spatially-separated antennas. In the MRC al-
gorithm, weighted summation is used to combine the sig-
nals from different channels to obtain the original signal.
The frequency dependent weighting coefficients are pro-
portional to signal amplitudes obtained from different chan-
nels. Therefore, the final output Y(ω) is obtained from the
two time-stretch pre-processor outputs Y1(ω) and Y2(ω) as,
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Figure 14 (online color at: www.lpr-journal.org) In the single electrode Mach-Zehnder modulator, the intensity modulation (cosine
term) phases are complementary in nature with respect to chirp (exponential term) phases in the two outputs. This phase diversity
results in complementary frequency fading characteristics after dispersion. This fortuitous feature of the modulator is used to eliminate
the frequency fading (nulls) and hence remove the bandwidth limitation of the photonic time-stretch system.

Figure 15 Frequency response for the two phase-diverse
TSADC outputs, showing complementary frequency fading be-
havior [63]. This powerful feature inherent in a dual-output Mach-
Zehnder modulator allows the user to eliminate the dispersion
penalty and hence the bandwidth limitation of the time-stretch
pre-processor. The plot shows how a flat frequency response
is achieved; this can be done by summing the two outputs. In
practice, however, a maximum-ratio combining is used for better
signal-to-noise ratio [63]. The use of this technique for eliminating
the dispersion penalty in fibers is not limited to the time stretch
system. It can also be employed in digital and analog fiber optic
communication links.

Y (ω) = H1(ω)Y1(ω) + H2(ω)Y2(ω)√
|H1(ω)|2 + |H2(ω)|2

. (3.5)

As evident from (3.5), for any input signal X(ω), the
transfer function for the final output Y(ω) turns out to be
unity. Even if the magnitude of the chirp factor is not unity,
the signal can be completely recovered without loss of any
information as long as phase diversity due to non-zero chirp
exists. This, in fact, ensures that the two channels never have

a common null frequency. The phase diversity technique
with MRC has been used to demonstrate an ultra-wideband
TSADC with an ideal impulse response [63]. When the
chirp factor and dispersion parameters of the link are not ex-
actly known, an adaptive two-dimensional spatio-temporal
signal processing algorithm can be employed to mitigate
dispersion penalty fading [64]. The MRC technique ignores
the nonlinearities added due to the non-linear MZM trans-
fer function and dispersion that are discussed in Section 4.
However, the back-propagation algorithm discussed below
is able to eliminate these nonlinear distortions.

Back-propagation algorithm. The back-propagation algo-
rithm can be used for obtaining a distortion-less signal
from the two phase-diverse outputs of the time-stretch pre-
processor [44]. It requires use of a single-electrode MZM,
in which only one arm of the MZM phase-modulates the
signal (i.e., chirp factor = ±1), as shown in Fig. 16. This
simplifies computation of the optical fields at the inputs
of the two photo-detectors that are used for recovering the
original signal.

In this algorithm, the modulated field AM at the output of
the phase modulating arm in the MZM can be accurately ob-
tained by numerical back-propagation of the optical fields
at the two photo-detectors (as shown in Fig. 16). Optical
intensities ID1 & ID2, measured at the detector, are obtained
from the superimposed optical fields from the modulated
arm of the Mach-Zehnder interferometer (PM) and that from
the non-modulated arm (P0), after propagation through the
second dispersive fiber.

ID1 = |P0|2 + |PM |2 + 2 |P0 PM | cos(ϕp) (3.6)

ID1 = |P0|2 + |PM |2 − 2 |P0 PM | cos(ϕp) (3.7)

Hence, PM can be calculated unambiguously from the
ID1 & ID2:

|PM | =
√

ID1 + ID2

2
− |P0|2 (3.8)
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Figure 16 (online color at: www.lpr-journal.org)
Phase-diverse TSADC employing the back-
propagation technique for eliminating the band-
width limitation associated with dispersion penalty.
From intensity measurements ID1 & ID2, the RF sig-
nal represented by the phase of modulated field
AM can be obtained by calculating AM numerically.

φP = cos−1

(
ID1 − ID2

4 |PM | |P0|
)

(3.9)

PM = |PM | exp (i(arg(P0) + ϕP ) (3.10)

where ϕP is the phase difference between the two fields at
the detector. The magnitude of P0 (the non-modulated opti-
cal field component) can be established from the envelope
of the measured pulses. The phase of P0 can, for slowly
varying pulse envelopes, be assumed to be constant. Hav-
ing calculated the complex PM, it is trivial to back propagate
the field to the phase modulation point (AM), at which the
input signal voltage can be calculated. This approach not
only removes dispersion penalty fading, but also removes
any nonlinear distortions added to the signal due to genera-
tion of signal harmonics in the optical field when the signal
amplitudes are large, as demonstrated in [65].

3.2.2. Single sideband techniques

As discussed earlier, the dispersion penalty is caused when
the two sidebands of the RF signal slip with respect to
each other and interfere destructively. This problem can be
overcome if one of the sidebands of the signal in the optical
field is suppressed, and hence, resulting in an ideal impulse
response of the system. The following techniques can be
used to accomplish this goal.

Single sideband modulation. A dual-drive Mach-Zehnder
modulator has two phase-modulating arms that can be inde-
pendently driven by RF sources. It can be used to modulate
the optical field with the RF signal in one arm and its
quadrature in the other arm (as shown in Fig. 17). In this
case, when the modulator is biased at quadrature point, one
of the RF sidebands in the optical field from the two arms
adds destructively at the output coupler, whereas the other
sideband adds constructively. This suppresses one of the
sidebands, and thereby, eliminates the frequency dependent
fading even in the presence of dispersion. This technique is
known as single sideband modulation and it is commonly
used in analog optical links and wireless communications
systems. The single-sideband modulation has been used to
demonstrate dispersion penalty mitigation in the TSADC
[66]. The bandwidth of the hybrid coupler sets the limit on
the maximum system bandwidth that can be achieved.

Time-gated filtering. In the time-stretch ADC, the electro-
optic modulation generates sidebands of the signal in the

chirped pulse. In a conventional TSADC, this chirped pulse
is dispersed to stretch the signal and slow it down in time.
Instead of stretching, if the modulated chirped pulse is first
compressed using dispersion of opposite sign, the two sig-
nal sidebands can be separated in time (shown in Fig. 18).
One of the signal sidebands in the optical field can now be
removed by time gating [67]. If the resultant optical signal
is dispersed, a dispersion-penalty-free stretched signal with
single sideband is obtained.

It should be noted that even though the single-sideband
technique eliminates the frequency dependent fading, the
group-delay variations versus frequency need to be equal-
ized to achieve an undistorted impulse response. Thanks to
advancements in low-cost CMOS technology, this equaliza-
tion can be easily performed digitally using simple linear
tapped delay filters.

3.3. Ideal impulse response of TSADC

Different techniques described in the previous sections can
be used to overcome the dispersion penalty in the TSADC.
However, the limited bandwidth of the Mach-Zehnder mod-
ulator can also affect its impulse response. Fortunately,
these modulators can be designed to operate with 100-GHz
bandwidths, which is sufficient for almost all practical ap-
plications. For example, 110-GHz electro-optic modulators
have been demonstrated in [56] and the commercial avail-
ability of 100-Gbps modulators has been announced by
GigOptix, Inc [68]. Therefore, for all practical electrical
signals, an ideal impulse response can be obtained in the
TSADC. As an example, a phase-diverse TSADC is simu-
lated with a 10-ps Gaussian-pulse-shaped electrical signal
and a stretch factor of 100 [69]. Figure 19(a) shows the
two phase-diverse outputs captured by a 3-GS/s digitizer.
The signal reconstructed using the back-propagation tech-
nique perfectly matches the input 10-ps Gaussian pulse
[Fig. 19(b)].

4. Nonlinear distortion and its correction in
TSADC

All real world analog systems exhibit some degree of non-
linear behavior, even though the nonlinearity can be negli-
gible. Nonlinear behavior induces distortion to the signal as
the output amplitude does not change perfectly linearly with
respect to the input. This becomes more severe for large am-
plitude signals. Nonlinearity can cause gain modulation,
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Figure 17 (online color at: www.lpr-
journal.org) Time-stretch ADC employing a
dual-drive modulator to achieve single side-
band modulation. Single sideband modu-
lation eliminates the frequency dependent
fading caused by dispersion penalty and can
be used instead of the phase diversity tech-
nique. The choice depends on which archi-
tecture is more readily implementable in a
particular application.

Figure 18 (online color at: www.lpr-
journal.org) Application of time-gated filter-
ing to remove one of the signal sidebands
in the optical field. This technique can be
used to mitigate dispersion penalty in the
TSADC [67]. DSB: double sideband, SSB:
single sideband, LSB: lower sideband, USB:
upper sideband.

Figure 19 (online color at: www.lpr-journal.org) (a) Simulation results showing a 10-ps Gaussian pulse captured by the phase-
diverse time stretch ADC with a stretch factor of 100. Two output channels are denoted by IA and IB. (b) The original signal and
the reconstructed signal after numerical back-propagation (the effective sample rate is 300 GS/s). These simulations show that the
TSADC has no fundamental bandwidth limit imposed by dispersion. Simulations do not include the practical limit set by the maximum
frequency response of the MZ modulator which at the time of this writing is between 100–150 GHz [27,55,68]. C© 2009 IEEE. Reprinted,
with permission, from [69].

resulting in mixing of different frequency components, and
hence, generates new frequencies that are within the band-
width of the signal, and cannot be filtered out. As an exam-
ple, due to nonlinearity, an out-of-band signal can interfere
with the signal-of-interest and result in loss of information.
Even in the absence of an interferer, the nonlinearity can
result in self-phase modulation and saturation, and thereby,
limits the dynamic range of the system.

The nonlinear behavior can be memory-less or dynamic
(i.e., it can show memory effects) [70]. Memory-less non-
linearity is frequency independent, resulting in a direct
mapping between the instantaneous amplitude of the in-
put signal to the corresponding output signal amplitude.
On the other hand, in the presence of memory effects, non-
linear distortion of the signal depends upon input signal
behavior over a period of time instead of a single time
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instant. Correcting for memory-less nonlinearity is rela-
tively easy as it requires a one-dimensional lookup table
that maps the observed signal amplitudes to the correct
values (assuming a one-to-one mapping between input sig-
nal and its corresponding output). However, the presence
of memory effect makes this task extremely challenging
even if the system transfer function is well known. For
such a system, the response of the system is approximated
by multi-dimensional coefficients – such as Volterra se-
ries kernels [70–72]. In practical systems, obtaining these
coefficients becomes very challenging. Moreover, even if
these coefficients are known, obtaining the inverse of the
transfer function to estimate the input to the system from
the observed output may be extraordinarily difficult and
computationally intensive. In this section, the origin of the
nonlinear distortion in the electrical signal due to various
effects in the TSADC is described. The techniques devel-
oped to overcome this distortion are also discussed here. It
should be noted that the effect of optical nonlinearity oc-
curring inside the optical fiber are discussed separately in
Section 5.

4.1. Nonlinear distortion in TSADC

In a TSADC, the analog RF signal modulates the optical
field, generating RF signal sidebands and their harmon-
ics in the optical field as shown in Fig. 20. In the pres-
ence of dispersion, these harmonics and sideband compo-
nents undergo different phase shifts at different frequencies,
and, therefore, frequency-dependent nonlinear distortion at
the photo-receiver output occurs. A detailed mathemati-
cal derivation of these distortion components is available
in [25]. The major sources of the nonlinear distortion in
TSADC are discussed below.

4.1.1. Dispersion-induced nonlinearity

In the absence of dispersion and for quadrature biasing of a
Mach-Zehnder modulator (MZM) in an analog optical link,

even-order distortion is cancelled; yielding the well-known
sinusoidal transfer function of the MZM that has only the
odd-order distortion components (Fig. 20). In the presence
of dispersion, however, the even-order components appear
and their intensity increases rapidly as the signal frequency
and the amount of dispersion increase. Similar distortion
behavior is observed when the signal is obtained from the
TSADC. For a multi-octave system, this harmonic distor-
tion can severely limit the dynamic range of the link. In
analog links, transmission fiber dispersion can be com-
pensated optically by employing dispersion compensating
fibers (DCFs), chirped fiber Bragg gratings (CFBGs), etc. In
the case of the TSADC, however, the dispersion is actually
used for time stretching, and hence optical compensation
techniques are not viable solutions.

4.1.2. Nonlinearity due to MZM bias offsets

Mach-Zehnder modulators have small bias drifts due to
temperature variations, stress, humidity, etc. [73]. While
bias controllers can be employed to partially control the
drifts, if the optical carrier is chirped or varied over a
wide range of wavelengths, the bias offsets vary with op-
tical wavelength [46] and therefore, they are not easily
controllable. These bias offsets introduce significant 2nd-
order distortion that has a different behavior compared to
the dispersion-induced nonlinearity. A small DC offset in
the sinusoidal transfer function creates an imbalance in the
symmetry of the sinusoidal transfer function of the MZM,
which results in 2nd-order distortion of the signal.

4.1.3. Photo-detector and electronic nonlinearities

All photo-detector and active electronic components such
as amplifiers show a saturation behavior. This behavior can
cause nonlinear (harmonic and intermodulation) distortion.
Typically, the 2nd-order distortion is much stronger com-
pared to other distortion components. For sub-octave band-
width systems, however, this distortion is generated outside

Figure 20 (online color at: www.lpr-
journal.org) Nonlinear distortion in an ana-
log optical link caused by the periodic
transfer function of the Mach-Zehnder mod-
ulator. (a) In the absence of dispersion,
only 3rd-order distortion is present at the
photo-detector (PD) output. (b) When photo-
detection is after dispersive transmission,
dispersion breaks the phase symmetry in
the modulation sidebands and induces 2nd-
order distortion. Mach-Zehnder modulator
(MZM) bias offset, i.e. deviation from the
ideal quadrature bias point, causes 2nd-
order distortion in both cases.
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the signal bandwidth and can be filtered out. Unfortunately,
for multi-octave systems, this distortion can also lead to a
significant degradation in the dynamic range of the system
unless removed.

4.2. Nonlinearity suppression techniques in
TSADC

The following distortion suppression techniques have been
developed for improving the dynamic range of the TSADC,
which can be exploited based on the targeted application.

4.2.1. Differential and arcsine operations

The Mach-Zehnder modulators that use an optical direc-
tional coupler as the output combiner have two complemen-
tary outputs. For an MZM with push-pull operation (dual
electrodes), the modulated output fields have zero chirp –
a well-known property used in long-haul optical communi-
cations [74]. For such modulators biased at quadrature, the
output electric fields of the complementary outputs can be
written as,

E±(t) = 1√
2

Ein(t) cos
(π

4
± m

2
cos ωRFt

)
, (4.1)

where m is the modulation index, Ein(t) is the input electric
field, and cos(ωRFt) is the normalized RF modulation signal.
Using the mathematical framework developed in [25], we
find that the detector currents obtained after propagation of
this field through a dispersive fiber of length L and group-
velocity dispersion parameter β2, can be written as,

I±(t) = IEnv(t) × (1 ∓ m cos φDIP cos ωRFt

+ m2

8
(1 − cos 4φDIP) cos 2ωRFt

± m3

96
(cos 9φDIP + 3 cos 3φDIP)

× cos 3ωRFt + · · ·), (4.2)

where φDIP = β2 .ω2
RF.L / 2 and IEnv(t) is the photo-detector

current in the absence of modulation. Clearly, odd harmon-
ics in the expressions for I+ and I– are 180 degrees out-
of-phase, whereas the even harmonics are in-phase. Thus,
taking the difference of I+ and I– removes all even-order
nonlinear distortion components (also described in [36]).
It should be noted that even though the dispersion-induced
2nd-order distortion is completely removed in theory using
differential operation, the cancellation may not be perfect in
practice because of amplitude and phase errors in the two
complementary signals. For practical applications, these
errors are small and can be reduced further with careful
design, and hence, significant distortion suppression can be
achieved [36]. However, 2nd-order distortion added due to

the MZM bias offsets is not corrected by the differential
operation. If the Mach-Zehnder modulator is biased at the
quadrature point with a small slow time varying bias offset
δ(t), the two outputs I+ and I- after RF modulation by signal
x(t), can be written as,

I±(t) = IEnv(t)

×
[

1 ∓ sin (m.x(t) + δ(t))
+ dispersion induced distortion components

]
.

(4.3)

Typically, the dispersion-induced distortions for RF fre-
quencies that are relatively smaller than the first dispersion-
penalty null are negligible. These signals only have 3rd- and
higher-order distortions due to the Sine function in (4.3) and
a 2nd-order nonlinearity caused by δ(t). Therefore, (4.3) can
be rewritten as,

I±(t) ≈ IEnv(t) [1 ∓ sin(m.x(t) + δ(t))] . (4.4)

Hence, the input RF signal can be recovered from the
detector outputs by performing the following operation
[75]:

Iout(t) = sin−1

(
I+ − I−
I+ + I−

)
≈ m.x(t) + δ(t) (4.5)

The subtraction of the intensities in the argument of the
inverse sine function in (4.5) removes dispersion-induced
2nd-order distortion because 2nd-order distortion in (4.2)
appears as a common mode in the two outputs. For the sum-
mation of intensities in the denominator, (I++I–), we use
the sum over many pulses. Therefore, the division operation
corrects for the optical pulse envelope. It also helps in the
rejection of optical intensity noise or any other multiplica-
tive noise [15, 25]. The arcsine operation plays a crucial
role in removing the 3rd-order harmonic and intermodu-
lation distortions. In Section 6, we describe how the bias
offset error can be eliminated.

There are certain other advantages of using this tech-
nique. Owing to the symmetry in the two signals (i.e., I+ and
I–), the differential operation can be very useful in suppres-
sion of 2nd-order (and other even-order) distortions added
by the photo-detector and subsequent electronics, provided
that there is a good matching between the two differential
channels [36]. Additionally, this operation suppresses un-
correlated noise by 3 dB relative to the signal, as the noise
adds incoherently whereas signal adds coherently. Differ-
ential operation is also able to suppress RIN because it ap-
pears as common mode. Lastly, by using this approach, the
division operation in (4.5) is also able to remove intensity
envelope non-uniformities [25]. Using the differential and
arcsine approach, suppression of nonlinear distortions due
to dispersion, and nonlinear MZM transfer function and its
bias offsets has been demonstrated experimentally [9].

The schematic for this demonstration this technique is
shown in Fig. 21. In the experiment, the optical pulses were
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Figure 21 (online color at: www.lpr-journal.org) TSADC experimental setup employing a push-pull Mach-Zehnder modulator (MZM)
for differential operation. The two outputs of the MZM are time-division multiplexed onto the same fiber to simplify the experimental
demonstration. DSP: Digital signal processing.

Figure 22 (online color at: www.lpr-journal.org) Spectra of RF signal captured by TSADC. (a) A 4.5-GHz RF signal is applied to the
time-stretch analog-to-digital converter (TSADC). The 2nd-order dispersion-induced distortion (at 9-GHz) is completely suppressed
by differential operation. (b) A 2-GHz RF signal is applied to the TSADC. Even with differential operation, Mach-Zehnder modulator
(MZM) induces 2nd- and 3rd- order distortions due to bias offset and MZM transfer function. These distortions are suppressed by
arcsine operation. C© 2007 IEEE. Reprinted, with permission, from [36].

modulated with an RF signal at 4.5 GHz. The amount of
dispersion was chosen to be such that the dispersion effects
were quantitatively similar to an analog optical link with
15.5-km standard single mode fiber (SSMF) and also, the
stretch factor was ∼7.5. The modulation index, m, was set to
a high value of ∼0.85 to obtain prominent harmonic distor-
tion tone. Differential operation suppresses the dispersion-
induced penalty as shown in Fig. 22(a). In the second ex-
periment, a 2-GHz RF tone was used and a strong MZM
bias offset was intentionally added [Fig 22(b)]. The arcsine
operation was shown to suppress the 2nd- and 3rd- order
distortion tones added due to MZM bias offset and MZM
sinusoidal transfer function, respectively.

Even though these results are promising, for a wide-
bandwidth and very-large-dynamic-range TSADC, the
dispersion-induced 3rd-order distortion becomes important
and cannot be ignored. Additionally, in the push-pull MZM
configuration, the signal frequency has to be lower than

the dispersion null frequency. Hence, the back-propagation
algorithm described in the next section becomes important
under these circumstances.

4.2.2. Optical back-propagation algorithm

The optical back-propagation algorithm [44] (also de-
scribed in Section 3) becomes important for wideband op-
eration. This technique uses the two time-stretched output
intensity measurements from the two outputs of a phase-
diverse MZM to reconstruct the transmitted signal. Even
in the presence of bias offsets, the signal can be recovered
using this approach, as the bias offsets can typically be fil-
tered out as the slow-varying components of the recovered
signal. Figure 23 shows the results obtained from these in-
tensity measurements [65]. As evident from the results, the
algorithm is able to recover the signal for the two-tone input
and suppress the nonlinear distortion by up to 26 dB. Use
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Figure 23 (a) Two-tone RF power spectrum (x-axis in both plots shows pre-stretch frequencies with resolution bandwidth of 1 GHz).
(b) Signal and 3rd harmonic distortion for single-tone frequency sweep tests. The optical back-propagation technique is able to recover
the signal and to suppress the nonlinear distortions. C© 2007 IEEE. Reprinted, with permission, from [65].

of maximal ratio combining (MRC) algorithm, which is
meant for obtaining signal from the phase-diverse channels
(without attempting to correct for nonlinear distortion), is
able to suppress the nonlinear distortion by only 3 dB. The
main requirement for this algorithm is the use of a strictly
single-electrode MZM (with chirp factor of ±1). However,
it was found that the chirp factor in the Z-cut LiNbO3 MZM
used in the experiment was about ±0.7. Hence, the results
shown here can be further improved by increasing the chirp
factor.

The two techniques discussed above can be very use-
ful in overcoming nonlinear distortion in the TSADC. The
back-propagation technique is very useful in removing the
nonlinear distortion as well as in overcoming the dispersion
penalty to achieve ultra-wide bandwidth operation. How-
ever, the waveforms from the two phase-diverse outputs
are not symmetric. Therefore, the 2nd-order distortion and
other common mode error components due to the photo-
receivers and other electronic components cannot be can-
celed using this approach. Also, for the same input signal
level, the back-end digitizer full-scale range needs to be 3
dB higher because of possible power imbalance between
the two phase-diverse channels.

The use of differential operation can help. However,
the involved arcsine operation requires capturing both the
input signal and its intermodulation spectrum. The mea-
surement bandwidth will then need to be three times larger
than the input signal’s bandwidth, which is clearly unde-
sirable. To solve this problem, a broadband linearization
technique has been developed. This technique, described
in the next section, is intended for improving the 3rd-order
nonlinear distortion without requiring excess bandwidth.

4.2.3. Broadband linearization technique

The availability of digital signal processors (DSP) and field-
programmable gate arrays (FPGA) enable one to perform
real-time digital processing of captured data in real time. In

Figure 24 (online color at: www.lpr-journal.org) Block diagram
of the broadband linearization technique for distortion suppres-
sion of TSADC. Equalization filters compensate for frequency
dependence caused by dispersion in the dispersive fiber. The
first compensates the frequency dependence of the physical link
(dispersive fiber) and the second that of the virtual (digital) prop-
agation modeled by the transfer function emulator. The emulator
is a numerical model of the optical signal propagation through
the dispersive link. This linearization technique works with time-
domain representation of the RF signal; it is hardware friendly
meaning that its digital implementation is computationally effi-
cient. In principle, this technique can be also used for linearization
of any nonlinear system.

this technique, a post-compensation algorithm, illustrated
in Fig. 24, removes both the dispersion penalty and the 3rd-
order distortion produced by electro-optic modulator, and
the 2nd-order produced by the interplay of the EO modula-
tor’s transfer function and dispersion. The digitized signal
is linearly equalized and scaled using a linear equalization
filter to obtain the original signal and its distortion X(t)′
X′(t). This enters an algorithm which emulates the trans-
fer function of the physical nonlinear system including the
dispersion induced frequency response and the modulator’s
nonlinear transfer function. As a result, under the assump-
tion that the distortion component X ′(t) was small compared
to the original signal X(t) so that the higher order X′′(t) term
is negligible, the obtained signal is approximately equal to
X(t) + 2X′(t) as shown in Fig. 24.
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Another copy of the signal plus its distortion (X(t) +
X’(t)) is doubled in amplitude, and the signal obtained
from previous steps (transfer function emulator followed
by equalizer and scaler) is subtracted from it. The resultant
signal is the estimation of the original signal X(t).

As discussed earlier, in terms of nonlinear distortions,
the TSADC behaves in the same way as an analog optical
link and has a well-defined transfer function [25, 44, 65].
Thus, to digitally generate the nonlinear distortions with
memory effect, an analog optical link model introduced in
[44, 65] has been used. In this model, a continuous-wave
optical signal is modulated with an RF signal through the
electro-optic modulator and then, propagated through the
dispersive fiber, in digital domain. Since all calculations
in this model were performed in the chirp-free equivalent
domain (CW optical analog link), the number of numer-
ical sampling points reduces by several orders of magni-
tude compared to a full optical bandwidth numerical back-
propagation method. In the TSADC, the optical power is
generally low enough that the optical nonlinearity is not
significant.

In order to evaluate the performance of the broadband
linearization technique [45], it has been compared with
the conventional memory-less correction technique, i.e. the
arcsine operation that has previously been discussed in the
previous section (also in [36]). A two-tone signal with fun-
damental frequencies 8.2 GHz and 10.25 GHz was sent to
TSADC. The RF signal power was increased to achieve a
modulation index of ∼0.5, resulting in significant nonlinear
distortions by the MZ modulator. The 3rd-order intermod-
ulation distortions appear at 6.15 GHz and 12.3 GHz as
shown in Fig. 25(a). Prior to performing the corrections
for nonlinear distortions, corrections for 2nd-order distor-
tions due to bias offset of the Mach-Zehnder modulator
and time warps were performed using the techniques in-
troduced in Section 6 (also in [9]). The digitized signal
provided by TSADC undergoes the conventional arcsine
operation [Fig. 25(b)] and the broadband linearization tech-
nique [Fig. 25(c)] for comparison [45]. As can be seen in
Fig. 25(a), nonlinear distortions over 15-GHz bandwidth
could be as high as −30 dB without any correction for
nonlinear distortions, and can be reduced to −35 dB with
arcsine operation. This is a useful but modest improve-
ment. In comparison, as shown in Fig. 25(c), the broadband
linearization technique suppresses nonlinear distortions to
below −50 dB. This represents >15 dB better performance
than the arcsine linearization under the same conditions.
This means an improvement of ∼2.5 bits in terms of the
ADC resolution.

5. Impact of optical nonlinearity on
performance of TSADC

Dispersion compensating fiber (DCF) provides a large
dispersion-to-loss ratio (150–300 ps/nm per dB) with small
phase distortion over a wide optical bandwidth and is ideal

for pre-chirping and time-stretching in the TSADC. Gen-
erally, it is desirable to increase the optical power to im-
prove the performance of TSADC. The signal-to-noise ratio
can be improved by increasing the optical power. In addi-
tion, for continuous-time operation, the TSADC uses mul-
tiple parallel wavelength channels and digitizers to time-
interleave the time-stretched segments of the RF signal
[25,61]. When multiple wavelength channels are employed,
intensity-modulated optical pulses with high peak power
are required. However, when high-power pulses propagate
inside the dispersive fiber, both optical nonlinearity and dis-
persion influence the shape and spectrum of the pulses. This
leads to amplitude distortions and can degrade the signal-
to-noise-and-distortion ratio (SNDR) and the ENOB of the
TSADC. In such cases, optical propagation deviates from
the linear regime, and it becomes imperative to consider
effects of optical nonlinearity on the time stretch process.
In this section, we review the impact of the most important
optical nonlinearity in fiber, namely the Kerr effect, on the
performance of TSADC.

5.1. Optical nonlinearity in TSADC

The basic equation that governs the propagation of opti-
cal pulses in the presence of dispersion and weak optical
nonlinearity is the nonlinear Schrödinger equation (NLSE):

∂ A

∂z
+ iβ2

2

∂2 A

∂t2
= −α

2
A + iγ |A|2 A, (5.1)

where α is the attenuation constant, β2 is the GVD parame-
ter (the second derivative with respect to angular frequency
of the modal wave number), γ is the nonlinear coefficient
related to the nonlinear index n2 by γ=(n2ω0)/(cAeff), and
Aeff is the effective mode area of the fiber [30]. A in (5.1)
is the slowly varying envelope proportional to the optical
field. Equation (5.1) has been successful in explaining a
large number of nonlinear effects, e.g., self-phase modu-
lation and four-wave mixing, which are the main causes
of nonlinear optical distortions in the TSADC. The split-
step Fourier method is commonly employed to solve the
NLSE numerically, obtaining an approximate solution by
assuming that the dispersive and nonlinear effects act inde-
pendently over a very small length of fiber [30]. It has been
also found that the local-error method algorithm [49] re-
duces the computation time for split-step calculations, and
offers a significant improvement in the context of TSADC,
where a broad time window and fine time resolution are
needed.

The impact of optical nonlinearity is particularly impor-
tant in the time stretch (second dispersive) fiber after the
intensity modulator because it is here that the nonlinearity
affects the RF signal. In order to significantly reduce the
number of sample points and simulation run-time, a single
broadband optical pulse propagating through the TSADC
has been evaluated in each simulation [76].
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Figure 25 (online color at: www.lpr-journal.org) Measured spectrum in two-tone test (f1 = 8.2 GHz, f2 = 10.25 GHz), (a) before
linearization, (b) after conventional Arcsine operation, showing incomplete cancellation of intermodulation distortion, (c) after lineariza-
tion with the new broadband linearization algorithm. The data shows the superior performance of the new algorithm compared to the
conventional arcsine linearization. This is because the Arcsine technique is unable to account for the system’s frequency dependencies
(memory effect) whereas our algorithm has this capability. The algorithm shows drastic improvement of intermodulation distortions
(2f1–f2 = 6.15 GHz and 2f2–f1 = 12.3 GHz) over conventional arcsine operation.

In an effort to explain the effect of optical nonlinearity,
an analytical model for the un-modulated chirped pulse en-
velope was developed in [76] and this helps to qualitatively
explain the results shown in the next section. The model
begins with an un-chirped Gaussian pulse (pulse width T0

and power P0) that propagates linearly through the first
dispersive fiber with length L1 and GVD parameter β2. In
the linear propagation regime, the dispersed pulse envelope
is:

Ac(z, t) =
√

P0T0

T (z)
eiϕ(z,t)e−t2/T 2(z), (5.2)

where

T (z) = T0

√
1 + (z/L D)2,

ϕ(z, t) = ϕL (z, t) (z < L1) ,

ϕL (z, t) = −(z/L D)t2

2T 2(z)
+ 1

2
tan−1(z/L D), (5.3)

where LD is the dispersion length and related to GVD pa-
rameter by LD=|T0

2β2
–1|, t is time, and z is propagation

distance [30]. The model then adds a nonlinear phase term
to this solution to include optical nonlinearity. If the non-
linearity is weak enough, the pulse maintains its shape [30]
and its envelope maintains a (dispersed) Gaussian profile
with a phase that starts to accumulate after the first disper-

sive fiber:

ϕ(z, t) = ϕL (z, t) + ϕN L (z, t) (z > L1) ,

ϕN L (z, t) =
∫ z

L1

γ |Ac(z′, t)|2dz′. (5.4)

Note that the model includes the linear phase accumu-
lated over both fibers, while the nonlinear phase is only
added in the second fiber. This model is based on [77],
except that the drop in optical peak power due to disper-
sion was neglected previously. As opposed to the split-step
Fourier method, this analytical model does not take into ac-
count the modified dispersion of the nonlinearly-generated
frequencies.

A subtle issue in calculating ϕNL is that different instants
on the optical pulse travel at different speeds, carrying the
nonlinear phase with them. The nonlinear phase at any in-
stant along the envelope is then the total nonlinear phase
accumulated by that portion of field throughout the fiber.
The split-step Fourier method applies the dispersion to the
field in the frequency domain as the nonlinear phase is ac-
cumulated during propagation, which carries the nonlinear
phase with the frequency components automatically; but
in the analytical model, it must be explicitly ensured that
the nonlinear phase factor is dispersed along with the pulse
envelope. Fortuitously, the dispersion causes each point of
the optical pulse to remain the same number of pulse widths
from the peak of the pulse as illustrated in Fig. 26. Note
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Figure 26 (online color at: www.lpr-journal.org) (a) A section of a typical optical fiber. A(z1, t) and A(z2, t) are the slowly varying
envelopes of the optical field at distances z1 and z2, respectively. (b) Optical field envelope before propagating through a short segment
of dispersive fiber. (c) Dispersed optical field envelope after propagating through a short segment of dispersive fiber. C© 2011 IEEE.
Reprinted, with permission, from [76].

that this simplification occurs because the analytical model
starts the nonlinear phase calculation with a chirped Gaus-
sian pulse; arbitrary pulses do not in general satisfy this
property. Thus, for each point along the optical pulse, the
value in the Gaussian function is constant, and can be taken
out of the integral,

ϕN L (z, t) = γ P0e−t2/T 2(z)
∫ z

L1

dz′√
1 + (z′/L D)2

= ϕ
peak
N L (z)e−t2/T 2(z). (5.5)

Upon taking the limit of no dispersion (LD → ∞; equiv-
alent to ignoring the drop in optical power), (5.5) reproduces
the result found in [30, 77], (cf. (4.1.5) and (3.4), respec-
tively):

ϕN L (z, t) = γ P0(z − L1)e−t2/T 2(z). (5.6)

By substituting the stretch factor S = (L1 + L2)/L1

(the amount by which the electrical pulse is effectively
stretched in time), the nonlinear length LNL = (P0γ )–1, and
the dispersion length LD into (5.5), the peak nonlinear phase
shift (5.5) after L1 and L2 can be obtained,

φ
peak
NL =

(
L D

LNL

)[
sinh−1

(
SL1

LD

)
− sinh−1

(
L1

LD

)]
,

(5.7)

If L1LD
–1 > 2 and S > 1, both of which hold for the

TSADC system, then (5.7) can be very well approximated

with a logarithm. In terms of system variables,

φ
peak
N L ≈

(
L D

LNL

)
ln (S) = γ P1TA


λ |D| ln (S) , (5.8)

where P1 is the optical peak power after L1 and D =
−2πcβ2λ

–2 is the GVD parameter in wavelength units.
Note that this value is not independent of the fiber lengths,
as

L1 = TA/ (
λD) ; L2 = L1 (S − 1) . (5.9)

Numerically, this approximation shows an excellent
agreement with the split-step Fourier simulations in the
absence of RF modulation. The error of the analytical ap-
proximation relative to the split-step solution, given by

error

=
√√√√

∫ +∞
−∞ |ASSFM (L1 + L2, t) − Ac (L1 + L2, t)|2 dt∫ +∞

−∞ |ASSFM (L1 + L2, t)|2 dt
,

(5.10)

was found to be less than 0.01% along the entire length of
propagation for P1 up to 300 mW, where ASSFM is the opti-
cal envelope as calculated by the split-step Fourier method.
If one ignores the nonlinearity in the analytical approx-
imation, the error exceeds 30% even at P1 of 100 mW.
Therefore optical nonlinearity is significant for the con-
ditions considered, and the analytical approximation does
properly account for it. Other analytical approximations,
such as the variational method [78] and moment method
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Figure 27 (online color at: www.lpr-journal.org) (a) Carrier-to-interference ratio (CIR) of the TSADC versus optical bandwidth for
different optical powers. CIR is defined as the ratio of the amplitude of the fundamental tone to that of the 3rd-order harmonic. (b) CIR
of the TSADC versus the frequency of the RF signal for different optical powers with constant optical bandwidth (32 nm). C© 2011 IEEE.
Reprinted, with permission, from [76].

[30], were compared with the split-step Fourier method as
well, but were found to be in worse agreement. This is be-
cause this model finds the time dependence of the nonlinear
phase while other methods include the phase through extra
parameters (e.g., chirp) in a fixed functional form.

Equation (5.8) shows that the effect of nonlinearity in-
creases with optical power and stretch factor. Interestingly,
the logarithmic term indicates that the nonlinearity does not
increase quickly with stretch factor. This can be understood
by considering that when the pulse is stretched further, the
peak power is decreased and nonlinearity is weaker. In other
words, one should safely be able to scale the stretch factor
without any excessive optical nonlinearity.

Note that in each of our simulations the local-error
method chose the step size to maintain a constant change of
ϕNL

peak per step. Intuitively, the error in each step depends
on the amount by which the nonlinear and linear operators
in the NLSE do not commute, which is dependent on the
change in nonlinear phase.

5.2. Impact of optical nonlinearity on the
performance

The TSADC configuration used in [76] to numerically
evaluate the performance exploits a pre-chirped broadband
optical pulse (variable optical bandwidth from 5 nm to
32 nm) and modulates the RF signal onto the pulse using a
dual-output push-pull Mach-Zehnder modulator. Then the
two complementary outputs of the modulator propagate
through the dispersive fibers [lossless with dispersion pa-
rameter (D) of -100 ps.nm–1km–1 and nonlinear coefficient
of 5 W–1km–1]. The first dispersive fiber for pre-chirping
and the second dispersive fiber for time-stretching are set to
provide a stretch factor of 20, while the total time aperture
is kept below 10 ns [see (5.9)].

The sinusoidal transfer function of the Mach-Zehnder
modulator followed by GVD generates the RF signal side-
bands and their harmonics as discussed in Section 4. In
that section, many techniques have been discussed to mit-
igate and/or cancel out these harmonic distortions (also in
[36, 45, 65]). It has been shown that the differential opera-
tion utilizing the complementary Mach-Zehnder outputs is
able to cancel out the even-order (2nd, 4th, etc.) distortions.

Figure 28 (online color at: www.lpr-journal.org) Single-tone dis-
persion penalty of the (a) fundamental tone and the (b) 3rd-order
harmonic distortion for different optical powers with constant op-
tical bandwidth (32 nm). The dispersion penalty was extracted for
a single-tone RF signal sent to the TSADC. The bandwidth limi-
tation imposed by the dispersion penalty becomes more severe
at high optical powers. C© 2011 IEEE. Reprinted, with permission,
from [76].

However, odd-order distortion cannot be fully eliminated
because the frequency-dependent phase shift, caused by
GVD, changes the effective transfer function of the electro-
optic modulation process. The strongest odd order distor-
tion that limits the performance is the 3rd-order term. The
carrier-to-interference ratio in the TSADC is defined as the
ratio of the fundamental tone to the 3rd-order harmonic.
Figure 27(a) shows the carrier-to-interference ratio versus
optical bandwidth of the source for different optical powers
(peak power at the beginning of the second dispersive fiber),
while the frequency of the RF signal is kept constant. At
large optical bandwidths, the nonlinear phase shift is small
[see also (5.8)] because the optical pulse disperses faster in
the second dispersive fiber. This is manifested in Fig. 28(a)
in the convergence of carrier-to-interference ratio for dif-
ferent optical power levels at large optical bandwidths.
However, since the optical peak power drops slowly at lower
optical bandwidth, the nonlinearity can greatly degrade
the carrier-to-interference ratio in the narrowband regime.
Figure 27(b) illustrates the carrier-to-interference ratio
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Figure 29 (online color at: www.lpr-journal.org) Single-tone dispersion null frequency versus (a) optical bandwidth for different optical
powers and (b) optical power for constant optical bandwidth (16 nm). The null frequency moves higher for larger optical bandwidths
and to lower frequencies for higher optical powers. C© 2011 IEEE. Reprinted, with permission, from [76].

versus the frequency of the RF signal for different opti-
cal power levels while the optical bandwidth of the optical
source is constant (32 nm). The carrier-to-interference ra-
tio improves at low modulation frequencies due to the sup-
pression of the 3rd-order harmonic (see also Fig. 28). How-
ever, optical nonlinearity can greatly degrade the carrier-to-
interference ratio at high modulation frequencies, limiting
the effective number of bits at those frequencies.

The dispersion penalty (see Section 3) for the funda-
mental tone and 3rd-order harmonic distortion is illustrated
in Fig. 28(a)–(b), respectively. The dispersion penalty exists
in the linear-optical regime; however, nonlinearity causes a
shift in the dispersion-penalty null frequency. This shift can
be explained by the analytical approximation developed in
the previous section. Since the carrier of the optical pulses
is the strongest component, it has the largest influence on
the nonlinearity. Therefore, (5.2) still holds for the carrier
even in the presence of RF signal sidebands. The nonlinear
phase factor adds with the linear phase in (5.4) and so shifts
the dispersion null in Fig. 28(a). In other words, larger GVD
is required for a given RF bandwidth and stretch factor at
high optical power levels. Interestingly, we found that if the
GVD is anomalous, the dispersion penalty is shifted in the
opposite direction; however, use of anomalous GVD fiber
is not desirable due to lower dispersion-to-loss ratio and
possible occurrence of modulation instability, which would
significantly distort the RF signal. It should be noted that
the shift of the dispersion penalty null at high optical power
has been also experimentally observed and reported in [79].

A set of simulations was performed to understand
the behavior of the dispersion null frequency versus
optical bandwidth and optical power. As illustrated in
Fig. 29(a)–(b), the null frequency goes to higher frequen-
cies for larger optical bandwidths and to lower frequencies
for higher optical powers, which is due to the dependence
of nonlinear phase shift on optical bandwidth and power,
as expected from (5.8).

6. Time warp distortion correction and
calibration

Distortions due to non-uniform intensity envelope in
chirped pulses, nonlinearity due to Mach-Zehnder mod-
ulator’s (MZM’s) transfer function and dispersion effects,

and the laser RIN effects reduce the dynamic range of the
TSADC. These effects are mitigated using differential and
arcsine operations and other post processing techniques
described in section 4. However, the signal still suffers
from another type of distortion that is caused by non-
uniformities of the stretched time scale. These distortions
are caused by non-uniform stretching (in time) across the
optical spectrum and the channel-to-channel timing offsets
in the multi-channel or continuous-mode TSADC. The re-
sulting effect is best described as “time warp” distortion.
In addition, wavelength dependent bias offsets in the MZM
become significant for wider optical bandwidths that are
required for continuous operation, leading to rapidly vary-
ing 2nd-order distortion with wavelength (or time). The
following subsections describe these effects and the tech-
niques developed to remove the distortions, leading to dig-
itization of signals with 10-GHz bandwidth and 7.2-ENOB
resolution.

6.1. Time warp distortion and its mitigation

The effect of time warp caused by non-uniformity in the
stretch factor across the optical spectrum is illustrated by
Fig. 30. The time stretch, or equivalently the bandwidth
compression factor is given by S = (D2+D1)/D1, where D1

Figure 30 Solid trace shows an ideal signal without time warp;
dashed trace is a signal with time-warp; trace with squares rep-
resents the error; trace with circles represents amplitude of the
time warp.
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and D2 are the dispersion values of the first (used to cre-
ate the chirped optical carrier) and second (used for time
stretching) dispersion compensating fibers [25]. These dis-
persion values are wavelength dependent but their ratio, and
hence S, are wavelength independent, if the two fibers have
matching dispersion coefficients β2, β3, β4, etc. However,
finite mismatches in dispersion coefficients between the two
fibers cause the stretch factor to be wavelength dependent
(and hence, time dependent by virtue of wavelength-to-
time mapping), which culminates in the time warp. Wave-
length division multiplexing/demultiplexing (WDM) filters
have wavelength dependent group delay variations [80] and
result in additional time warps. Fortuitously, their contri-
bution to the distortion is reduced by the stretch factor if
placed after the MZM, in the same way as time stretching
helps in reducing noise due to electronic clock jitter.

Optical nonlinearity in the fiber can be yet another
source of time-warp distortion. The ultra-fast optical pulses
originating from the mode-locked laser initially have very
high peak power (in the first DCF stage), which can re-
sult in self-phase modulation (SPM) due to optical Kerr
non-linearity [30]. If present, SPM combined with GVD
can distort the desired linear wavelength-time mapping and
result in time warps. Another source of time warp is tim-
ing skew between adjacent WDM channels that are com-
bined to create continuous-time operation. Even though this
can be removed to some extent in hardware by adjusting
electronic clocks and delays using feedback, some residual
skews remain, which effectively appear as sharp time warps
at channel boundaries, as evident from Fig. 31.

The time warp due to all these effects is essentially
static over time and can be corrected by calibration. In or-
der to measure the time warps and obtain the necessary
calibration data, a sinusoidal RF tone is stretched using a
few hundred optical pulses and captured by slow ADCs.
The waveforms from adjacent WDM channels are coarsely
aligned in time and concatenated [9]. A sinusoidal curve
fit is then performed and the difference between the mea-
sured waveforms’ and ideal sine-fit curves’ zero crossings

Figure 31 Time warp magnitudes before and after correction
along the time axis of two combined WDM channels. C© 2008
IEEE. Reprinted, with permission, from [81].

(averaged over these waveforms) is obtained (Fig. 31). The
sharp jump in the center shows timing skew between si-
nusoids from the adjacent WDM channels. These data are
used to correct the time warp in unknown arbitrary signals
by performing 2nd-order polynomial interpolation. Once
the averaged time warp data is obtained, interpolation can
easily be performed in real time using a dedicated digital
signal processor.

6.2. Removal of distortion due to
wavelength-dependent bias offsets

Even after the correction of time warp distortion, the signal
still has a 2nd-order distortion due to the wavelength depen-
dence of the MZM bias offset [46]. In TSADC, because the
optical carrier entering the MZM is chirped, this 2nd-order
distortion is time dependent. This effect becomes signifi-
cant when wide optical bandwidths are employed but can
be reduced, to some extent, with the arcsine operation itself
[36]. The 2nd-order nonlinearity generates a contribution
to the DC term in the photo-current. However, estimating
the bias offset from DC terms is difficult as there are other
unknown DC offsets added by the electronics.

To overcome these problems and correct for nonlinear-
ity due to MZM bias offsets, the same sine-fitting technique
is used as for time warp correction. However, in this case,
the amplitude of the 2nd-order harmonic component (for a
certain wavelength) is proportional to the average quantity
obtained by adding the timing offsets in zero crossings of
positive edges and subtracting that of the negative edges -
when compared to those of an ideal sinusoid. As shown in
Fig. 32 and as expected from the wavelength dependence
of MZM bias offset, it is found that 2nd-order harmonic
amplitude δ(t) varies linearly with the wavelength. Once

Figure 32 (online color at: www.lpr-journal.org) Measured
second harmonic amplitude versus time/wavelength due to
wavelength-dependent bias offsets in the Mach-Zehnder mod-
ulator. After correction in the digital post processing, the distor-
tion is almost entirely suppressed. C© 2008 IEEE. Reprinted, with
permission, from [81].
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Figure 33 (online color at: www.lpr-
journal.org) Experimental setup of the sys-
tem used for demonstration of the 7-ENOB
2-channel time stretch ADC with 10-GHz
bandwidth.

δ(t) is measured, the linearized signal y(t) is obtained from
the uncorrected signal x(t) as,

y(t) = x(t) − δ(t) .
(
2x2(t) − 1

)
(6.1)

For example, an RF signal, cos(ωt), with time-dependent
2nd-order harmonic amplitude given by δ(t), takes the form
x(t) = [cos(ωt) + δ(t).cos(2ωt)]. Equation (6.1) gives y(t)
= [cos(ωt) + 2nd order terms in δ(t)]. Since δ(t) is small,
the δ2(t) terms become negligible and hence, the original
signal y(t) ≈ cos(ωt) is obtained.

6.3. Demonstration of 7-ENOB 2-channel
10-GHz bandwidth and scaling towards
continuous-time operation

The algorithms mentioned in the previous sections are
used to capture wideband signals with high resolution [9].
Figure 33 shows the experimental setup of the TSADC
used for this purpose. Optical pulses from the MLL
are sent through a long highly non-linear fiber (HLNF).
These pulses are stretched in the first dispersive fiber
with a dispersion value of −40 ps/nm to obtain chirped
pulses. Broadband pulses are carved out from them us-
ing standard telecommunication 19-nm bandwidth filters at
1551-nm and 1571-nm wavelengths, and amplified using
C-band and L-band band EDFAs, respectively.

In addition to amplification, the 1551-nm channel
pulses are delayed, so that the trailing edge of the n-th pulse
in the L-band slightly overlaps with the leading edge of the
(n-1)th pulse in the C-band. This ensures continuity of the
RF signal between adjacent WDM channels. The overlap-
ping L-band and C-band pulses are derived from separate
laser pulses to demonstrate seamless combination of the
time-stretched signals from adjacent pulses, as required in
a fully continuous operation. Polarization controllers after
the EDFAs in two WDM channels independently correct for
their polarizations, before combining the optical pulses in

the second CWDM filter, which is followed by the intensity
modulator.

The RF signal differentially modulates the optical
pulses using dual-output push-pull MZM [36]. For ease
of implementation and to minimize the mismatch, the two
MZM outputs are relatively skewed in time and multiplexed
onto the second dispersive fiber with a dispersion value of
−657 ps/nm, achieving a stretch factor of ∼17. The WDM
channels at the dispersive fiber output are demultiplexed
and detected using photo-receivers (with ∼0.5mW average
input optical power). The obtained RF signal is digitized by
a conventional electronic digitizer (Tektronix DPO71604),
and further signal processing is performed on a computer.
Single and two-tone tests were performed with signal fre-
quencies varying from 4 GHz to 16 GHz and modulation
depth of ∼0.7 and ∼0.5, respectively. The time warps were
found to be almost constant, whereas channel-to-channel
timing skews had a slow variation with time.

For any signal, calibration data obtained from first half
of the captured waveforms (365 pulses in 10 μs) were
applied for correcting distortions in the remaining 365
pulses. For these pulses, 10-GHz noise bandwidth gave
7.05–7.25 ENOB on an average (obtained by sine curve
fitting). For two-tone tests, signal power was reduced by
3 dB to avoid clipping, resulting in about 6.5–6.7 ENOBs
(or effectively 7.0–7.2 ENOBs when referred to the
full-scale signal power). High time-bandwidth product
was achieved by concatenating 30 time segments syn-
chronously, giving an SFDR of 52 dB, as evident from
Fig. 34. This experiment demonstrates the ability of the
TSADC to scale to continuous-time operation. The mea-
sured SNR was limited primarily by the back-end digitizer.
In these experiments, the digitizer’s bandwidth was reduced
to 1 GHz to maximize its ENOB, but nevertheless, the max-
imum ENOB it could deliver was 7.2 [9]. Higher resolu-
tion (> 8-ENOB) employing the photonic time-stretch pre-
processor has also been recently demonstrated by Ng et al.
[82]. The SFDR measurement for a high-speed photonic
time-stretch A/D converter has been performed by Gee
et al. in Ref. [83].
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Figure 34 RF signal spectrum for (a) a single-tone test with 4-
GHz RF input; (b) a two-tone test with 8.2-GHz & 10.25-GHz
RF inputs. In both plots, 30 waveforms are stitched coherently
to achieve high-resolution bandwidth and to show scalability to
continuous time operation. The SFDR in both cases is in excess
of 50 dB over a 10-GHz input (pre-stretch) noise bandwidth. C©

2008 IEEE. Reprinted, with permission, from [81].

7. Power scaling in TSADC

While faster analog-to-digital converters are required for
new applications, improving speeds also increases their
power consumption with the effect more pronounced in
high-speed ADCs. It, therefore, becomes important to con-
sider power dissipation in such ADCs, which increases
rapidly with frequency. The power scaling trend in elec-
tronic ADCs is discussed in this section, and it is shown
that time-stretching can offer a significant reduction in the
power consumption by reducing the speed at which the
back-end digitizer must operate at.

Continued scaling of CMOS technology [84] has im-
proved digital circuits tremendously in terms of perfor-
mance, power efficiency, and cost. However, analog circuits
(and ADCs) have not kept pace. Even though the bandwidth
of an analog circuit improves with technology scaling, since
smaller devices run faster thanks to reduced capacitances,
power dissipation for the same functionality does not al-
ways scale because of lower intrinsic gain in shorter chan-
nel CMOS transistors [85]. In fact, most improvements in
the power efficiency of analog circuits can be attributed to
architectural improvements and scaled voltages, rather than
to reduced capacitances in CMOS devices.

In electronic ADCs, analog full-scale voltage cannot be
reduced arbitrarily because of thermal noise limitations. As
a result, while technology scaling has not directly resulted
in decreased analog power dissipation, the power reduc-
tion and increased speed of digital circuits have allowed

Figure 35 (online color at: www.lpr-journal.org) Energy per
conversion step versus performance of state-of-the-art high-
speed electronic analog-to-digital converters (2002 onwards).
Red markers represent ADCs with >5-ENOB resolution and the
dashed line corresponds to the estimated linear increase in FOM
with frequency (the corresponding quadratic increase in power
dissipation is shown in the inset).

extensive use of digital correction and calibration tech-
niques in ADCs, which have led to improvements in
performance. The most commonly used figure of merit
(FOM) for ADC efficiency is the energy required per con-
version step,

FOM = Pdiss

2ENOB × 2 × ERBW
, (7.1)

where Pdiss is the power dissipation of the ADC, ENOB
is the effective number of bits, and ERBW is the effective
resolution bandwidth of the ADC [6]. ERBW is defined as
the frequency at which the SNDR of the ADC degrades
by 3 dB compared to its low-frequency value. For ADCs
in which the ERBW is greater than the Nyquist bandwidth
(i.e. Nyquist rate ADCs), ERBW is replaced by the Nyquist
bandwidth in the above expression.

Figure 35 shows the energy per conversion step as a
function of ERBW for ADCs demonstrated from 2002 to
present. While Fig. 35 lumps together ADCs with differ-
ent electronic technologies, it is evident from the plot that
above 1 GHz, the energy per conversion step for the best
ADCs increases rapidly with bandwidth. A similar trend
is found from the data obtained in [86] for CMOS tech-
nologies for high speed (>1-GHz ERBW) and moderate to
high-resolution (>5 ENOB) ADCs. In ref. [86], Murmann
finds that the power efficiency of the ADCs has improved
by a factor of 2 every two years, thanks to technology and
power supply scaling. However, the data in [86] also con-
firms that this trend is not observed for high-speed ADCs
with such a resolution.

We note that the power dissipation, as quantified by
FOM, in such high-speed ADCs increases super-linearly
with fs for a constant resolution, where fs is the Nyquist
sampling frequency. Alternative technologies are becoming
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important in reducing the power consumption. Photonics-
based analog-to-digital converters have been mostly pur-
sued for high-speed operations [12]. As is shown below, the
photonic time-stretch pre-processor enables linear power
scaling to very large frequencies and also breaks through
the so-called walls in the ENOB-bandwidth tradeoff caused
by comparator ambiguity and timing jitter in the ADCs
[6, 7].

In this section, we first describe the fundamental limi-
tations to noise and power dissipation in electronic ADCs.
Second, we discuss frequency scaling in digital circuits
and show why similar trends are observed in ADCs. Third,
we show how the photonic time-stretch pre-processor can
push the linear scaling of power dissipation versus sam-
pling frequency in the ADCs well into the gigahertz band.
Finally, we compare power dissipation trends in high-speed
ADCs with and without the use of the photonic time-stretch
pre-processor.

7.1. Fundamental limits to power dissipation
in ADCs

As described in section 1, an electronic ADC consists
of sample-and-hold (S&H) stage(s), quantization stage(s),
clock generation circuitry, and reference buffers. Addition-
ally, almost all modern ADCs make extensive use of digital
post-processing circuitry for correction and calibration, in
order to remove distortions caused by non-idealities and
mismatches.

In the sample-and-hold stage, the analog signal and the
thermal noise generated in the switch are sampled onto a
capacitor with capacitance C. The sampled noise voltage
has a mean squared value (variance) of kT/C, where k is
the Boltzmann constant and T is the ambient temperature.
Note that the total magnitude of the thermal noise is inde-
pendent of the sampling frequency. This is because the ther-
mal noise at all frequencies is folded back into the Nyquist
bandwidth in a sampling system. If the thermal noise is
the dominant noise source and VFS is the full scale voltage,
we obtain the signal-to-noise ratio and dissipated power
as:

SNR ∝ V 2
F S

kT/C
, Pdiss ∝ CV 2

F S fs (7.2)

⇒ Pdiss ∝ k T fs SNR (7.3)

Therefore, for a given signal power (VFS), thermal noise
(kT/C) places a lower limit on the capacitance that can be
used in the sample-and-hold stage. On an average, bias
currents required in the buffer amplifiers to charge the sam-
pling capacitors with the signal, or the reference voltage,
are directly proportional to the value of C and the charging
time. This fundamentally limits the power dissipation of
an ADC, a problem that can be quantified in terms of the
ENOB by substituting the standard expression for SNR as

a function of ENOB [6, 87]:

Pdiss ∝ k T fs10(6.02×ENOB+1.76)/10 ∝ k T fs SNR (7.4)

In practical circuits, the power dissipation is at least
3 to 4 orders of magnitudes higher than this value [88],
since the individual components such as voltage buffers,
op-amps, comparators, and clock sources have to satisfy
requirements of low noise and jitter, high linearity, high-
speed and high-precision settling. Currents in all these cir-
cuits scale proportionally with the capacitance for a fixed
sampling frequency.

Equation (7.4) also suggests that ADC power dissipa-
tion should scale linearly with fs. However, from the trend
seen in Fig. 35 and in [89], and from the discussion in
the following sections, it becomes clear that in reality, the
energy per conversion step scales roughly as fs or higher
powers of fs, i.e., power dissipation scales super-linearly
with fs in high-speed ADCs. Observation of a similar trend
has previously been reported for pipelined ADCs in [90].

7.2. Power scaling in digital circuits

Power dissipation in digital circuits, which until recently
has been dominated by the dynamic power required for
switching transistors is equal to C .V2. f / 2, where C is the
average node capacitance, V is the supply voltage and f is
the clock frequency [91]. To run the circuits at fast speeds,
high switching currents are required to rapidly charge or
discharge the node capacitances, which demand a higher
supply voltage. The minimum operating voltage V at which
a digital circuit can operate correctly is roughly proportional
to f 1/2 for a wide range of frequencies or voltages [91]. This
implies that if the frequency of operation is reduced by a
factor α, the required power decreases by factor α2. As a re-
sult, the energy-delay product for performing an operation
is roughly constant over a wide range of operating frequen-
cies in digital circuits [91]. This simple observation implies
that when more delay is allowed for a set of operations,
less energy is required to perform them. This implication is
the reason that the digital world is moving towards archi-
tectures exploiting parallelism [92], and the same trend is
found in high-sample-rate ADCs and real-time digital os-
cilloscopes [89, 93–97]. The time-stretch technique, which
uses the same approach of parallelism to digitize very high
bandwidth signals, can also help in reducing power dissi-
pation in high-speed ADCs.

7.3. Power scaling in electronic ADCs

In deriving (7.3), it was assumed that to increase the sam-
pling frequency, the bias currents need to be increased
linearly to charge up the sample and hold capacitors fast
with no limitation being imposed by the transistor response
time. In reality, the unity gain frequency fT of the transis-
tors will also place a limit because the operational amplifier
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(op-amp) outputs that drive the capacitors must settle in a
shorter time at higher frequencies.

Increasing the bias current in a CMOS transistor can
be done in two ways. In the first method, the device size
is kept constant and the bias current (ID) is increased by
increasing the overdrive voltage (VOD). This increases the
unity gain frequency fT ∝ ID

1/2, as for a device with a fixed
size, transconductance gm ∝ ID

1/2 and fT ∝ gm. However,
it also results in a lower output resistance ro, which is
proportional to 1/ID, and hence, a lower intrinsic gain of
gmro ∝ (1/ID)1/2. Lower gain results in higher gain errors in
the op-amps, reducing the linearity and hence the dynamic
range of the ADC.

In the second approach, overdrive voltages are kept con-
stant and only the transistor widths are increased linearly
for a proportional increase in current. In this case, the in-
trinsic gain is maintained, but fT does not increase, resulting
in an incomplete settling of the Op-Amp outputs for higher
sampling frequencies. In both cases, we note that just by
scaling currents proportionally, one cannot fulfill the re-
quirements of faster response time while maintaining the
same linearity (and resolution).

For the quantization process, the voltage comparators
also need to switch faster to avoid the so-called comparator
ambiguity [6]. The same arguments discussed above indi-
cate that currents must increase with frequency and doing
so linearly is not sufficient. These facts suggest that power
dissipation in ADCs will increase rapidly with frequency,
following similar trend as in digital circuits. This frequency
scaling trend, as shown in Fig. 35, is found not only in
CMOS technologies, but is also central to compound semi-
conductor technologies, such as SiGe, GaAs, and InP, that
are traditionally used for very high-speed ADCs.

To overcome these issues in frequency scaling, new
ADC architectures employing parallelism are used as in the
case of digital circuits [91]. In the time-interleaved architec-
ture (i.e., a parallel ADC architecture) such as the one shown
in Fig. 36, multiple sub-sampling ADCs are used in paral-
lel to sample the RF signal at different time instants within
a full sampling clock cycle [89, 93, 94]. The outputs of
these “sub-ADCs” are combined in the digital domain and
post-processing is performed to suppress distortions caused

Figure 36 (online color at: www.lpr-journal.org) Schematic of
a time interleaved ADC. The DSP reconstructs the input signal
from individual samples and also performs calibration and error
correction.

by timing errors, gain mismatches, and DC offsets between
channels. The front-end of the time-interleaved architecture
can have a single S&H stage [93], feeding all sub-ADCs,
or a separate S&H block corresponding to each sub-ADC
[89], or a combination of the these two approaches [94]. In
the first and the third case, scalability to high sampling fre-
quencies and to large sub-ADC numbers is still a challenge,
and the same power considerations as discussed above for
the ADCs apply to the front-end circuitry. The second archi-
tecture (discussed in [89]) can potentially be scaled to have
higher sampling rates, but noise contributions due to tim-
ing jitter and residual timing offsets, which are discussed
in the following paragraphs, reduce the ADC resolution.
Also, this architecture requires a buffer to drive a large
capacitive load of S&H blocks, which can limit the band-
width and add significant power dissipation. As described
in section 2, the noise added due to jitter in the sampling
clock (aperture jitter noise) becomes significant at high
frequencies. This noise increases quadratically with signal
frequency and can severely degrade the SNR in high-speed
ADCs.

For high speed and resolution in electronic ADCs,
time-interleaving is required. In these ADCs, the clock
jitter becomes much larger as the extensive clock gener-
ation circuitry, required to generate multiple clocks with
precise phase delays, itself adds additional phase noise
(or jitter). In addition, even after adaptive alignment and
calibration, there is a residual timing misalignment be-
tween clocks going to different channels (for example,
see the discussion regarding jitter in ref. [89]). Stringent
requirements on clock accuracy thus become extremely
challenging and ∼100-fs jitter levels demand very large
clock amplitudes to avoid conversion of amplitude noise to
phase noise in the electronic circuitry. Therefore, power
dissipation in the clock generation and distribution cir-
cuitry in such ADCs becomes significant. In addition to
all these contributors, the digital circuitry used for calibra-
tion and corrections in post processing steps can also add
to the power consumption in all modern high-speed ADCs,
in particular for high resolution and high sampling rate
converters.

7.4. Power scaling in TSADC: A case study

Time-stretching provides several advantages that can lead
to reduced power consumption in high-speed ADCs. As
described in section 2, stretching the signal in time by fac-
tor S reduces the noise power due to clock jitter by S2.
This makes the time-stretch architecture very favorable for
high-frequency applications, in which aperture jitter is the
dominant source of noise.

Another key advantage of time-stretching is that none
of the electronic digitizers see the original high frequency
signal, since the signal frequency scales down upon stretch-
ing. In a TSADC operating in continuous time, the number
of back-end digitizers is equal to the stretch factor. As a
result, power consumption scales linearly with sampling
frequency for the ADC. Of course the optical losses must
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also be taken into account. In this section, we consider an
example to show how time-stretching can be very effective
in reducing power dissipation in high-speed ADCs.

The block diagram of a TSADC system for con-
tinuous operation is shown in Fig. 37. As an example,
we consider the case of an 8-ENOB 10-GHz bandwidth
TSADC. For this system, we consider an MLL source with
100-MHz pulse repetition rate. Therefore, the time seg-
ments that need to be captured by electronic digitizers are
10-ns long. A usable optical bandwidth of 40-nm (i.e. 5-
THz optical bandwidth at 1550-nm center wavelength) can
easily be obtained from a femtosecond fiber MLL, followed
by a highly non-linear fiber [9]. For continuous modu-
lation of the RF signal, these 40-nm pulses have to be
stretched to 10-ns time width prior to electro-optic mod-
ulation, which requires –250 ps/nm dispersion in the first
dispersive fiber, corresponding to dispersion of about 15-
km standard single-mode fiber (SSMF). For the TSADC,
dispersion compensating fibers (DCFs) are used because
of their high dispersion-to-loss ratio compared to SSMF.
Also, the normal dispersion prevents modulation instability
that would occur and distort the signal if dispersion was
anomalous such as in SSMF at similar wavelengths. Using
a DCF, a dispersion value of -250 ps/nm is achieved with a
distributed loss of about 0.65 dB (as found in [97] and from
measurements in our lab), to which connector losses are
added separately. If the stretch factor is S, the dispersion re-
quired in the second dispersive fiber becomes (S-1)×(-250
ps/nm). Considering typical values, we estimate the losses
in the Mach-Zehnder modulator to be 4 dB and losses in
WDM filter, polarization controller, and connectors to be
an additional 3 dB. Therefore, total loss in the optical link
is about S × 0.65 + 4 + 3 = (S × 0.65 + 7) dB. Also,
we estimate the power at the input of each photo-detector
to be ∼1 mW, which gives 58-dB shot noise limited SNR
for 500-MHz RF bandwidth, ∼0.5 modulation depth, and
∼0.8 A/W photo-detector responsivity. Similar or better
thermal noise can easily be achieved from electronics and

photo-detector, resulting in better than 58-dB SNR with
differential operation [36]. Back-end ADCs with 8-ENOB
(i.e. 50-dB SNDR) can now be used to obtain 8-bit resolu-
tion, as the additional noise is compensated by differential
operation. The noise contribution due to laser relative in-
tensity noise (RIN) will not be significant, as even a readily
available laser with a RIN of –150 dB yields an SNR of 63
dB under such conditions.

Power calculations for back-end digitizers and compar-
isons with electronic ADCs are based on the best available
FOM giga-samples-per-second digitizer (with >8 ENOB
resolution) published as of the date of this writing [94].
This digitizer captures waveforms at 1-GS/s (with 500-MHz
Nyquist bandwidth) and has 0.5-pJ/step FOM. For these
specifications and 8-ENOB resolution, power consumption
is calculated to be 125 mW per back-end digitizer. For each
optical WDM channel, differential and arcsine operations
are performed, which not only improve the SNR by 3 dB but
also suppress nonlinear distortion due to electro-optic mod-
ulation and chromatic dispersion. However, this requires
that the number of back-end digitizers and photo-detectors
be twice the stretch factor (or the number of optical chan-
nels). The electrical-to-optical power conversion efficiency
of the laser is assumed to be 20%, since such efficiency is
easily possible in fiber lasers [98] due to tight optical mode
confinement in the fibers. For the photo-receivers, 50 mW
of power is sufficient to bias each photo-detector and the
subsequent amplifying stage to bring the signal to the full-
scale voltage of the electronic digitizer, hence, this value is
used in the calculations.

Finally, the combination of channel outputs in the digi-
tal domain requires signal processing and memory. Even
though CMOS scaling has made digital circuits highly
power efficient, a large amount of digital data is generated
by ADC channels, resulting in significant power consump-
tion in digital post-processing. Digital power is estimated to
be the same as the total power consumed in the ADCs (as a
similar trend is observed in [89]). Using these numbers with

Figure 37 (online color at: www.lpr-journal.org) Schematic diagram of the time-stretch ADC for continuous operation (MLL: Mode
locked laser; SC: Super-continuum; PC: Polarization controller; DCF: Dispersion compensating fiber; MZM: Mach-Zehnder modulator;
PD: Photo-detector).
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Figure 38 (online color at: www.lpr-journal.org) Projected figure
of merit (FOM) for an 8-ENOB TSADC (red and green traces) and
a conventional electronic ADC (dashed line - if the FOM were to
scale linearly with bandwidth) as a function of ADC bandwidth.
Constant FOM scaling can be continued to higher bandwidths
if low-loss dispersive devices such as CFBGs and/or mid-stage
optical amplification are used. Red markers represent electronic
ADCs with >8 ENOB resolution. C© 2009 IEEE. Reprinted, with
permission, from [99].

1-mW input optical power at each photo-detector, the total
optical and electrical powers can be calculated. The result-
ing power scaling for TSADC is plotted as the red curve in
Fig. 38. It is observed that the FOM roughly stays constant
up to 5 GHz as the power consumption of the electronics
dominates at lower frequencies.

For higher RF signals, longer dispersive fibers are re-
quired to have larger stretch ratios, which add higher power
penalty due to optical losses. Optical amplification using
Erbium-doped fiber amplifiers, or distributed Raman ampli-
fication can be used to overcome these losses and improve
the overall power efficiency significantly, while maintaining
high SNR. Furthermore, with lower loss dispersive media,
such as chirped fiber Bragg gratings (CFBGs), the linear
power scaling trend can continue to larger bandwidths, as
shown by the green curve in Fig. 38. In these calculations,
the loss in CFBGs is assumed to be half that of the DCFs,
though in reality, the loss in CFBGs is even lower [100].
However, the CFBGs can have a significant group delay
ripple, which must be reduced or corrected using digital
signal processing [101, 102].

Table 2 summarizes the power consumption budget in
a 10-GS/s TSADC using DCFs and 20-GS/s TSADCs us-
ing DCFs and CFBGs as the dispersive media. All these
power calculations are for 8-effective bits of resolution
and Nyquist rate sampling. The 10-GS/s TSADC is pro-
jected to consume power of about 8.3 W and the 20-GS/s
TSADC using DCFs is expected to consume about 32
W of power. In the 20-GS/s ADC, the optical power re-
quirement increases because of longer DCFs that add more
losses. However, if optical amplification or CFBGs are used,
the power consumption can be reduced to about 16.5 W.

Compared with this, the projected power consumption of
purely electronic 10-GS/s and 20-GS/s ADCs is 12.5 W and
50 W respectively. These projected values are based
on linear FOM variation with frequency. However, from
empirical data, it appears that this variation is super-linear,
which increases the power consumption of high-speed elec-
tronic ADCs even faster, and hence, makes the use of pho-
tonics even more attractive. At present, however, there are
no electronic ADCs available with 8 or higher ENOB reso-
lution and 10 or 20-GS/s Nyquist sampling rates – a direct
consequence of the aperture jitter limitation.

If a back-end electronic digitizer with higher bandwidth
is available, the laser pulse repetition rate in the TSADC
can be increased, resulting in a reduced time aperture (or
inter-pulse period). Reducing the time aperture reduces the
dispersion values required in the system, which helps in
reducing optical losses and scaling TSADC power linearly
to even higher frequency ranges. Use of wider optical band-
widths also reduces the demand on dispersion and curtails
optical losses. Although Mach-Zehnder modulators gen-
erally add significant wavelength-dependent bias offsets
for wide optical bandwidths, digital processing can eas-
ily suppress the distortions added by these bias offsets in
the TSADC [36, 44].

As a preliminary experimental proof-of-concept, we
consider a Tektronix DPO71604 digitizer which is the
highest ENOB electronic digitizer capable of 10-GHz
bandwidth available today. This digitizer has 5.9-ENOB
resolution over 10-GHz bandwidth, and consumes about
1000-Watt electrical power for 4 channels. Assuming the
power scales linearly with the number of channels, this dig-
itizer will consume 250 W for a single 10 GHz unit. As an
example of a comparable TSADC, we present results for a
recent demonstration [9]. The digitizer attained 7.2-ENOB
resolution over 10-GHz instantaneous bandwidth, which to
the best of our knowledge, is the highest resolution achieved
to date for an analog-to-digital conversion over 10-GHz in-
stantaneous bandwidth (not to be confused with reports of
conversion at high carrier frequencies but over a very nar-
row instantaneous bandwidth). As outlined below, such a
TSADC consumes only 85W.

In this demonstration, a duty cycle of 4% was set and
the power consumption of the optical front-end (including
photo-receivers) was 3 W. For continuous operation (100%
duty cycle) the power dissipation in the optical front-end
will be 75 W. In that experiment, the Tektronix DPO71604
was used as the back-end digitizer for ease of implemen-
tation. The RF bandwidth was digitally filtered to 1 GHz
to increase the resolution to 7.2 ENOB. Hence, the optical
front-end was not the resolution bottleneck. Since only 1
GHz of bandwidth is required in the subject TSADC, the
Tektronix DPO71604 is obviously not the ideal back-end
for this demonstration. If monolithic 1-GHz electronic dig-
itizers, such as those considered in Table 2, were used, the
power dissipation for the entire back-end of the TSADC
would be 10 W, resulting in a total dissipation of 85
W for the 10-GHz TSADC with 7.2 ENOB resolution.
This is to be compared with 250 W for the best 10-GHz
all-electronic digitizer (DPO71604), which only provides
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Table 2 Power dissipation budget in the TSADC with 8-ENOB Resolution [Watts]. (DCF: Dispersion compensating fiber; CFBG:
Chirped fiber Bragg grating.)

10-GS/s TSADC 20-GS/s TSADC 20-GS/s TSADC

using DCFs (S=10) using DCFs (S=20) using CFBGs (S=20)

Laser 2.3 20 4.5

Photo-detectors 1 2 2

Back-end Electronic ADCs 2.5 5 5

Digital Electronics & Memory 2.5 5 5

Total TSADC Power 8.3 32 16.5

Electronic ADC Power for same Performance 12.5 50 50

5.9-ENOB resolution. In fact, the duty cycle of the
DPO71604 is a fraction of one percent (due to memory
size limitation and data processing overhead); therefore,
the comparison favors the TSADC much more decisively
than the power numbers above suggest.

8. Spectral efficiency improvement in
TSADC via polarization multiplexing

As described in this manuscript (section 2), the time aper-
ture [25] of the PTS system is equal to the width of the
optical pulse after the first dispersive fiber. When double
side-band modulation (DSB) is employed to modulate the
RF signal onto the pre-chirped pulse, the dispersion penalty
limits the effective 3-dB RF bandwidth of the PTS to an ex-
pression proportional to the inverse square root of the initial
dispersion. Hence, for a certain desired RF bandwidth, a
limit is placed on the maximum pre-dispersion that can be
tolerated. Hence, in order to increase the time aperture, one
must use time-stretching pulses with larger optical band-
width. Alternatively stated, a figure of merit termed the
time-bandwidth product (TBP), which is the product of the
time aperture and the RF bandwidth, depends linearly on
optical bandwidth. In order to meet the increasing RF band-
width demands of modern applications, the PTS system
must therefore employ broadband optical pulses with larger
optical bandwidth, straining the capabilities of the super-
continuum (SC) source, and eventually leading to undesired
distortions, such as wavelength-dependent loss and optical
nonlinearity. Improving the spectral efficiency of the PTS
system equates to increasing the TBP independent of optical
bandwidth. In this section, we describe a dual-polarization
photonic time-stretch (DP-PTS) technique [50], which ex-
ploits polarization multiplexing to improve the spectral ef-
ficiency of the PTS technique.

8.1. Dual-polarization time-stretch
pre-processor

The DP-PTS presented in [50] maps two consecutive seg-
ments of the RF signal onto two orthogonal polarization

states and multiplexes them onto a single-wavelength chan-
nel, thereby doubling the effective time aperture while keep-
ing the optical bandwidth constant. To demonstrate this ap-
proach, a broadband pulse laser followed by a dispersive
fiber (total dispersion of –41 ps/nm) is used to generate
pre-chirped pulses as illustrated in Fig. 39. The pre-chirped
optical pulses are polarized and split into two orthogonally
polarized pulse trains via a polarization beam splitter. A
polarization controller before the polarization beam splitter
is adjusted to ensure equal amplitudes in the two chan-
nels upon detection. The two orthogonally polarized pulse
trains are skewed relative to each other in time, leaving
a small region of overlap. They are then modulated by the
same RF signal in two dual-output push-pull Mach-Zehnder
modulators. Due to the time skew, the two corresponding
pulses capture two consecutive segments of an RF sig-
nal, doubling the time aperture. The two complementary
outputs of the modulators are used to perform differential
operation for 2nd order distortion cancellation. To avoid
mismatch between the signal paths of the complementary
outputs, the complementary pulse trains are multiplexed
in time onto the same polarization state. Polarization con-
trollers at each output are used to align the polarizations.
The pulses from the complementary outputs are delayed rel-
ative to each other by approximately half the pulse period
to avoid overlap after stretching. The orthogonally polar-
ized pulse trains from the two modulators are overlapped
in time by a second delay line in one of the arms and then
separately amplified using two C-band erbium doped fiber
amplifiers (EDFA). The two signals are then polarization-
multiplexed using a polarization beam combiner. The polar-
ization multiplexed optical pulse trains are stretched using
total dispersion of -606 ps/nm to achieve a stretch factor
of ∼16.

In order to mitigate the crosstalk between the polariza-
tion channels due to polarization mode dispersion (PMD),
a double-pass configuration consisting of a spool of dis-
persive fiber with total dispersion value of –303 ps/nm,
a circulator, and a Faraday mirror was used. After dis-
persion, the polarization multiplexed signals are demulti-
plexed via a polarization beam splitter. The useful portion
of the optical bandwidth (∼20 nm) around 1551 nm is fil-
tered, and the stretched optical pulses are detected using
two photo-detectors. The obtained RF signals are digitized
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Figure 39 (online color at: www.lpr-journal.org) Schematic of dual-polarization photonic time-stretch (DP-PTS) preprocessor. HNLF:
Highly nonlinear fiber, DCF: Dispersion compensating fiber, PBS: Polarization beam splitter, DL: Delay line, EDFA: Er-doped fiber
amplifier, PC: Power combiner, PBC: Polarization beam combiner, OC: Optical circulator, PD: Photo-detector, ADC: Analog-to-digital
converter. In order to mitigate the crosstalk between the polarization channels in the DP-PTS, a double-pass configuration consisting
of a spool of DCF and a Faraday mirror was used to stretch the RF signal. For simplicity, the polarization controllers before the
polarization beam splitters/combiners and Mach-Zehnder modulators are not shown. C© 2012 IEEE. Reprinted, with permission, from
[50].

by a 16-GHz real-time oscilloscope with 50-GS/s sampling
rate (Tektronix-DPO71604).

Since the bandwidth of the time-stretched RF signal is
lower than 1.1 GHz, a digital low-pass filter was applied in
the digital signal processing stage to reduce the bandwidth
from 16 GHz to 1.1 GHz, thereby emulating a monolithic
commercial off-the-shelf ADC. Digital signal processing
is performed offline for correcting nonlinear distortions
(described in section 4) such as 2nd-order distortion due
to dispersion, time-warps, and 3rd-order distortion due to
the Mach-Zehnder modulator. The DP-PTS preprocessor
demonstrated in [50] achieves an effective time aperture of
2 * 41ps/nm * 20 nm = 1.64 nsec. In the current configura-
tion, the 3-dB RF bandwidth due to the dispersion penalty
is 28 GHz, whereas a single channel PTS, requiring double
the dispersion, would have a reduced 3-dB RF bandwidth
of 20 GHz.

8.2. Experimental results

To demonstrate the functionality of the DP-PTS prepro-
cessor, a single-tone test at 6 GHz and a two-tone test
at 8.2 GHz and 10.25 GHz were performed as shown in
Fig. 40(a) and 40(b). After distortion corrections, the cap-
tured segments of each polarization channel are stitched in
the digital domain to verify the increase in the effective time
aperture. The power spectrum of the RF signal is calculated
after stitching more than 300 consecutive segments. For a
10-GHz instantaneous bandwidth, the single-tone [Fig.
40(a)] and two-tone [Figure 40(b)] tests show 6.1–6.3 (ob-
tained by the sine-curve fitting method) and 5-5.1 (ob-
tained by spectral domain method) effective number of bits
(ENOBs) respectively. These results showcase the record-
ing of high-bandwidth RF signals using this system.

Polarization mode dispersion (PMD), caused by the
birefringence of the optical fiber and the random varia-
tion of its orientation along the fiber length [103] is the

major source of noise in the DP-PTS system. The PMD
results in crosstalk between the two polarization channels
while propagating through the second spool of DCF. The
double-pass configuration for time-stretching in the sec-
ond spool of DCF reduces the channel crosstalk to a great
extent. However, this configuration may not be useful for
applications in which the RF signal is to be detected at the
remote site. An additional source of noise is the Rayleigh
back scattering of the signal in forward propagation that is
directed to the photo-detector.

9. TSADC simulator and roadmap to
10-ENOB 10-GHz TSADC

The time-stretch ADC is a complex system that requires a
non-trivial theoretical framework to understand the under-
lying principles in detail. Additionally, numerous electrical,
optical, and electro-optic components are needed for prac-
tical realization of the system, which add their own noise
and distortion effects to the system, influencing the over-
all system performance. Therefore, to quickly verify the
theoretical prediction and to determine the influence of dif-
ferent component parameters on the time-stretch system
performance, a TSADC computer simulator has been de-
veloped and described in [104]. This simulator can also aid
a person who is not well-familiar with the TSADC in learn-
ing more about this system or in designing a TSADC for a
particular application.

9.1. Simulator description

To simulate the TSADC functionality and evaluate its per-
formance, the TSADC Simulator program has been devel-
oped using Simulink [105]. Simulink is a commercial soft-
ware tool developed and distributed by The Mathworks Inc.,
and it is part of the MATLAB software suite. It provides
the capability of performing signal flow based simulations,
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Figure 40 (online color at: www.lpr-journal.org) (a) Single-tone test with 6-GHz RF signals; (b) two-tone test with 8.2-GHz and
10.25-GHz RF signals. More than 600 segments (300 segments per polarization channel) are stitched coherently to generate these
plots. C© 2012 IEEE. Reprinted, with permission, from [50].

as well as performing large-scale vectorial operations. A
library of hierarchical models for different components in
the system can be developed in Simulink. Each model can
in itself consist of many subsystem models. The models can
also include a large variety of functions, such as IIR/FIR
filters, FFT/IFFT blocks, non-linear components, and math-
ematical functions etc. At any level of the hierarchy, these
models can be dragged and dropped and graphically con-
nected by arrows to achieve signal flow based simulations.

The parameters used in simulation can be set as con-
stants or as variables. These values can also be changed by
the user before running the simulation by clicking on the
“model masks” representing different subsystem blocks.
Figure 41 shows a representation of the top-level schemat-
ics for the baseline architecture of the TSADC system. The
different photonic components shown in the schematics in-
clude the laser pulse generator that provides its output to
the first dispersion component, creating a chirped pulse.
The output of this component goes to a dual-output Mach-
Zehnder modulator (MZM) which modulates the RF signal
over it. Currently, the RF signal is generated internally in
the MZM, but it can be modified to provide an external
RF signal. As illustrated in the block-level schematics, the
blocks with a label “(w)” indicate that the inputs to those
blocks are in frequency domain. Hence, if the time-domain
signal is to be given as an input to these blocks, first it
should be converted to frequency domain using the fast
Fourier transform block available in the Simulink library.

The two outputs of the MZM, which facilitate differ-
ential [36, 63] or phase-diverse operations [63, 65], propa-
gate through the Raman-amplified dispersion compensating
fibers (DCFs) that act as virtually lossless dispersive com-
ponents [26], and stretch the modulated optical pulses in
time. The outputs of these fibers are filtered by the WDM
filters, and are subsequently converted to the electrical do-
main by the photo-receiver. By default, the photo-receiver
block models the commercially available AD-50IR photo-
receiver from Newport Corporation.

The obtained electrical signal is quantized using an
ADC model. Before quantization, the full-scale voltage
range of the ADC is automatically adjusted through the
“ADC Vin Autorange” block, which senses the power level
received from the photo-receivers. The baseline architec-

ture also includes “Variable Time Delay” blocks that em-
ulate timing and gain mismatches between the channels.
The signal vectors coming out of the ADCs are sent to
the MATLAB workspace, where different post-processing
algorithms are applied to the signal to remove envelope
modulation and distortions from the signal. The TSADC
performance can finally be evaluated from these measure-
ments for different configurations and signal processing
algorithms.

Each block, representing a component, has a number of
different parameters that can be modified to change the con-
figuration of the TSADC system. For example, the optical
pulse generator (“Single Pulse Generation”) block includes
the following variable parameters [as shown in Fig. 42(a)]:
number of simulation points, center wavelength, laser pulse
width, average laser power, laser pulse repetition rate, and
relative intensity noise (RIN) in the laser. There is also a
checkbox to enable/disable the relative intensity noise of
the laser. Flexibility of enabling or disabling different noise
contributors gives the capability of evaluating noise contri-
butions from different stages independently. Similarly, for
the Mach-Zehnder modulator block, there are different op-
tions that include type of the modulator, the drive voltages
and frequencies, bias voltages and insertion loss, as illus-
trated in Fig. 42(b). A complete list of different blocks used
in the baseline architecture (Fig. 41) and their details are
shown in Table 3.

The current version of the simulator includes almost
all non-idealities that can affect the TSADC system per-
formance except the optical nonlinearities (described in
section 5). Simulation of optical nonlinearities is a com-
putationally intensive process. It is carried out by solving
the nonlinear Schrödinger equation (NLSE) described in
section 5. Analytical solution to the NLSE does not exist.
Numerically, the NLSE is solved using split-step Fourier
method [30]. This becomes computationally very exhaus-
tive due the large signal vector size, particularly in case of
the TSADC, which has a very large time-bandwidth product
due to large optical bandwidth and simulation time window.
A MATLAB code for simulation of optical nonlinearities
has been developed. However, it has not yet been integrated
with the main TSADC simulator so far because of its heavy
computational requirements.
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Figure 41 (online color at: www.lpr-journal.org) A snapshot of the top-level schematic of the TSADC system as it appears in Simulink.
An extension of this schematic is intended to be used for the demonstration of a continuous-time 10-ENOB resolution TSADC with
10-GHz bandwidth.

9.2. A roadmap for 10-ENOB resolution over
10-GHz bandwidth

With this TSADC simulator, a baseline architectural model
of the TSADC has been created (shown in Fig. 41), for
achieving 10-GHz bandwidth analog-to-digital conversion
with 10 bits of resolution. The parameter values used in the
architecture are listed in Table 4. For different simulations,
all but one of the parameters were held constant. Values
of the variable parameters were swept across a practical
range to obtain the ENOB resolution results versus these
parameters.

Figures 43(a)-(e) show the results obtained from these
simulations (reproduced from [104]). The obtained ENOB
values do not perfectly lie on the fitting curves because of
randomness of the noise added by different stages in the
simulator. However, these results are very useful in giving
the trends and the average behavior. For more accuracy,
a large number of Monte Carlo simulations would be re-
quired, which will improve the accuracy, but will become
very time consuming.

These trends indicate that the shot noise and the ampli-
fied spontaneous emission (ASE) noise are the dominant
sources of noise for this system, as the ENOB continues
to improve with improving Raman amplification noise fig-
ure or increasing input power at the photo-detector. The
simulations also give the optimum value of the modulation
depth to be ∼0.35. Figure 43(b) predicts an optimum value
of the modulation depth to be ∼0.4. However, as discussed
earlier, the ENOB results obtained from each simulation
run are not perfect because of variances in random noise.
From a large number of simulations, a modulation depth
of 0.35 was found to be optimum value giving >10-ENOB
resolution.

Larger modulation depth results in stronger nonlinear
distortion, while smaller modulation depth decreases the

signal power, and hence, the SNR. Without the arcsine
operation, it can be observed that the effect of increasing
modulation depth is severe, as the 3rd-order distortion in-
creases monotonically with the modulation depth. Hence,
even though the memory-less arcsine operation cannot per-
fectly suppress the 3rd-order distortion, which shows a
frequency-dependent behavior, it is still useful for suppress-
ing the distortion to a great extent. The TSADC simulator
can be very useful in designing the TSADC system and
characterizing its performance for different system param-
eters. Using this simulator, a time-stretch analog-to-digital
conversion with 10-GHz bandwidth and 10-ENOB resolu-
tion has been shown to be viable.

10. Real-time burst sampling technique

With faster electronics, increasing bandwidths in commu-
nication systems (such as 100Gbps+ optical links), and
newer applications, the demand for larger bandwidth os-
cilloscopes continues to grow. Availability of high-speed
digitizers (or ADCs) for fault diagnostic techniques, such
as time-domain reflectometry (TDR) [106], can obviate the
necessity of costly and difficult-to-use instruments such as
network analyzers, which require slow frequency domain
sweeps and a number of time-consuming calibration steps.
Time-domain oscilloscopes are also replacing the spectrum
analyzers as the speed of ADCs improves. Eventually, with
faster ADCs, these oscilloscopes are expected to become
universal equipment for measuring and analyzing all types
of electrical signals.

Purely electronic ADCs cannot meet the demand for
these applications in the near future because of their band-
width limitations, as discussed in section 1. Here, we begin
with the classification of different oscilloscopes (i.e., digi-
tizers) and show how a simplified (single channel) version
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Figure 42 (online color at: www.lpr-journal.org) Snapshots of menu windows that open up on double-clicking different blocks. Menu
window for specifying: (a) different laser pulse parameters; (b) the Mach-Zehnder modulator (MZM) parameters.

of the TSADC, which performs real-time burst sampling,
can achieve this goal. Since oscilloscopes primarily rely on
digitizers (or ADCs), these words have been interchange-
ably used in the discussion.

10.1. Classification of digitizers

Digitizers are broadly categorized into two classes.
Equivalent-time digitizers (or sampling oscilloscopes) rely
on repetitive or clock synchronous nature of the signals
to reconstruct them in time. In a sampling oscilloscope,
the signal is sampled at mega-hertz frequencies (typically
100-kHz to 10-MHz) and then, reconstructed digitally.
Hence, it requires a long time to obtain the original sig-
nal with high fidelity [as shown in Fig. 44(a)]. While they
can reach equivalent-time bandwidths of up to 100-GHz,
they are not capable of capturing non-repetitive waveforms.
Even for repetitive signals, they cannot provide real-time
information about the dynamics that occur at rates faster
than a few MHz. Equivalent-time sampling is similar to the
strobe light technique used for measuring cyclical events,
which are much faster than the speed of the detector. For
example, periodically flashing strobe light on a vibrating
tuning fork can make it appear stationary or very slowly vi-
brating and can be used for studying its vibrational motion.

The second type of digitizers, called real-time oscilloscopes
[Figure 44(b)], continuously sample the signals, but have
input bandwidths limited to only a few GHz. The fastest
practical real-time oscilloscope available today has a band-
width of about 60 GHz.

Recently, real-time burst sampling (RBS), a new tech-
nique that uses equivalent time operation of the TSADC,
was introduced. The instrument performing this operation
is called the time stretch enhanced recording (TiSER) oscil-
loscope [107]. In contrast to a sampling oscilloscope, which
captures only a single sample in one shot, this instrument
asynchronously records real-time snapshots of the signal
segments, each spanning several samples [Figure 44(c)]. It
then displays them on equivalent time scale, after proper
synchronization and timing in software. Since the captured
segments are in real-time (not just single sample point),
the TiSER oscilloscope can record ultrafast non-repetitive
dynamics that occur within the segment period. Such fast
events cannot be observed by a sampling oscilloscope be-
cause it lacks real-time capability, or by a real time digitizer
because of its limited front-end bandwidth. Therefore, the
TiSER oscilloscope fills the performance and functional gap
between sampling oscilloscopes and real-time digitizers.

As illustrated in Fig. 45, a commercially available 1.5-
GHz real-time ADC can be used to achieve real-time burst
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Table 3 Different TSADC simulator blocks used in the baseline architecture.

Component Description

Single Pulse Laser Optical Pulse Source. Variable parameters: number of simulation points, center wavelength,
laser pulse width (FWHM), average laser power, repetition rate, and relative intensity noise
(RIN). Also, there is an option to enable/disable RIN.

Dispersion Dispersive component. Variable parameters: propagation parameters β0, β1, β2, β3, fiber
length, fixed and distributed loss

Mach-Zehnder Modulator (MZM) Variable parameters: Type of modulator, insertion loss, Vπ , modulation frequencies and
amplitudes, DC bias voltage

Raman Amplified DCF Dispersive fiber with Raman amplification. Variable parameters: propagation parameters,
fiber length, net distributed loss (or gain), connector loss, Raman amplification noise figure

WDM2 Wavelength division multiplexing filter with multiple output channels. Different filter types
include Super-Gaussian, Equiripple, Brick-wall or a custom shape, Other parameters are
based on the filter type selection.

AD-15IR Photo-detector Uses an empirical model of Newport AD-15IR photo-detector. Variable parameters include:
responsivity, detection bandwidth and 3-dB saturation power. There is an option of
including thermal noise and/or shot noise, etc.

Variable Time Delay Applies variable delay and gain for each channel (to emulate gain and delay mismatches
between different channels).

ADC Vin Autorange Obtains input signal and feeds back to range and adjusts voltage range of the ADC to
maximize dynamic range.

ADC Analog-to-Digital Converter. Variable parameters include: number of quantization bits, input
ADC bandwidth, sampling rate, and specification of ENOB, SNR, or noise figure, option
to include or not include thermal noise bandwidth, voltage range (if auto-setting of voltage
is disabled).

Table 4 Parameters used for simulations of the TSADC with the
baseline architecture shown in Fig. 41.

Simulation Parameters Value

Laser optical bandwidth 70 nm

Laser repetition rate 100 MHz

Laser RIN –165 dB/Hz

Stretch factor 20

Total dispersion value 3 ns/nm

Raman amplification noise figure 3 dB

MZM modulation depth 0.35

Two-tone input frequencies 6.5 GHz and 8 GHz

WDM bandwidth 30 nm

Photo-detector responsivity 0.8 A/W

Photo-detector saturation power 120 mW

Photo-detector input power (average) 13 mW

Back-end ADC bandwidth 50 MHz

Back-end ADC resolution 11 ENOB

sampling with up to 50-GHz bandwidth when the stretch
factor is 34. The spectral capture shows a gap in the middle
of real-time bandwidth coverage of TiSER, which is due
to the non-continuous nature of the RBS technique. This
gap is bounded on the lower end by the pulse repetition
frequency of the laser 1/Tlaser and on the upper end by the

inverse of the segment length of the unstretched signals
(1/Tsegment).

10.2. Operation of time-stretch enhanced
recording oscilloscope

In a time-stretch system, the effective bandwidth of the RF
signal is compressed prior to digitization by stretching the
waveform in time. The resultant signal can be recorded by
a slow real-time electronic ADC. As in a conventional sam-
pling oscilloscope, time-stretching also distorts the signal,
but these distortions can be removed digitally, as discussed
in Sections 3, 4, and 6. Thanks to digital post processing
algorithms, the bandwidth of the TiSER at present is lim-
ited only by the bandwidth of the electro-optic modulator,
which is currently over 100-GHz [27, 56, 68].

In the TiSER oscilloscope, each segment of the input
waveform is captured by a chirped optical pulse. For the n-
th laser pulse, the signal recorded at absolute time instant,
t, by a real-time digitizer is displayed on the time axis of
the oscilloscope window at the time point,

tout =
(

nTlaser + t − nTlaser

S

)
moduloTtrigger (10.1)

Here, Tlaser is the pulse repetition period of the laser,
Ttrigger is the period of the trigger signal (eye diagram time
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Figure 43 (online color at: www.lpr-journal.org) Effective number of bits (ENOB) of resolution obtained from the TSADC simulator
versus different variable parameters.

window) that is synchronous with the signal to be captured,
and S is the stretch factor. The expression in the braces
converts the time scale of the captured (stretched) signal
segments to original signal time scale (division by S is
for unstretching the segments). The modulo operation gen-
erates the eye diagram by chopping and overlaying these
time segments. The trigger signal is provided externally as
in case of most sampling oscilloscopes. The trigger and
laser periods can be obtained in software from the captured
pulses and the trigger clock using digital phase locking.
Hence, the TiSER does not need to satisfy any additional
condition to capture the signal when compared to a sam-
pling oscilloscope.

10.2.1. Capture of 45-Gbps data eye using TiSER
oscilloscope

Capture of a 45-Gbps pseudo-random bit sequence (PRBS)
data eye was demonstrated using TiSER [107]. This data
was generated by an Anritsu MU181020A pattern gener-
ator and the obtained eye diagram is shown in Fig. 46.
The system consists of a time-stretch pre-processor with a
stretch factor of 34, and a back-end electronic digitizer with
1.5-GHz analog bandwidth (i.e. 3-GS/s Nyquist sampling
rate). Therefore, time-stretching increases the effective ana-
log bandwidth to 50 GHz and Nyquist sampling rate to
100 GS/s, respectively. The segment length, given by the
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Figure 44 Different sampling techniques are shown. (a) An
equivalent-time oscilloscope samples signals at very slow rates
and reproduces their repetitive or average behavior. (b) A real-
time digitizer samples signals continuously but has limited band-
width, hence can only record slow signals accurately. (c) The
TiSER scope can perform real-time burst sampling (RBS), captur-
ing ultra-wide bandwidth signal segments in real-time and repro-
ducing them on equivalent time scales. Therefore, it can capture
both fast signals and their transient behavior. Reprinted with per-
mission from [107]. Copyright 2009, American Institute of Physics.

Figure 45 The TiSER oscilloscope can extend the real-time and
equivalent-time bandwidths of electronic ADCs by the stretch fac-
tor. The gap in the middle of the real-time bandwidth coverage is
due to the non-continuous nature of the real-time burst sampling
(RBS) technique.

length of the chirped optical pulse that captures the analog
signal is 0.6 ns. As a result, every captured segment con-
sists of 60 independent samples, which repeats every 37
MHz (pulse repetition period of the laser). Hence, the sys-
tem provides a sample collection rate of 60 × 37 MHz =
2.2 GHz. Compared with this, the sampling rate achieved
by the fastest commercially available equivalent-time oscil-
loscope is only 10 MS/s, which results in about 220 times
faster sampling rate using TiSER.

Figure 46 (online color at: www.lpr-journal.org) Eye diagram
of 45-Gbps PRBS data captured in 10 μs using TiSER scope
with a stretch factor of 34. The experiment used a 50-GS/s real-
time oscilloscope with 16-GHz analog bandwidth. A 1.5-GHz low
pass filter was applied in software to emulate the digitizer as a
monolithic commercial off-the-shelf ADC.

Eye diagrams provide vital information about signal in-
tegrity in a serial data communication link. Jitter measured
as fluctuations in zero-crossing points in the eye diagram,
indicates channel response and transmitter characteristics.
Measurement of jitter for long PRBS is required to ensure
better than 10–12 bit error rate (BER). Eye diagram measure-
ments performed using BER test oscilloscopes may require
more than a day to scan the data eye completely [108]. Even
when the jitter is analyzed statistically, the observation time
can be long (since all captured points do not lie close to
the zero crossings). On the other hand, each segment from
the TiSER has a continuous run of samples. As a result, time
points for all zero crossings occurring within one segment
can be obtained using interpolation between segments, im-
proving jitter histogram acquisition speeds by 3 to 4 orders
of magnitude. Additionally, with RBS, fluctuations occur-
ring over very short time intervals, such as short time jitters,
can be analyzed easily.

10.2.2. Digital equalization of high-speed data

High-speed communications systems can achieve >100-
Gbps data rates using advanced modulation formats and
will require high-resolution ADCs with 20-GHz or more
bandwidth. While there is an effort on developing the de-
sired ADCs operating in continuous mode, the TiSER os-
cilloscope can act as a dummy receiver for such high-speed
applications. Since the TiSER oscilloscope can capture real-
time segments of wideband signals with high-resolution,
demodulation and post processing steps such as equaliza-
tion, clock recovery, carrier phase recovery etc. can be per-
formed on these segments to evaluate the transmission sys-
tem performance.

www.lpr-journal.org C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



LASER & PHOTONICS
REVIEWS

44 A. Fard, S. Gupta, and B. Jalali: Photonic time-stretch analog-to-digital converter

Figure 47 (online color at: www.lpr-journal.org) (a) Eye diagram of 40-Gbps pseudo-random serial data captured using TiSER before
equalization; (b) Applying a linear 4-tap feed forward equalizer in digital domain improves the data eye significantly.

As a proof of concept, real-time burst sampling was used
to capture 40-Gbps PRBS data signal. This signal was cor-
rupted by inter-symbol interference due to poor frequency
response of the coaxial cable used to transmit it. As a result,
the data eye captured by the TiSER oscilloscope had poor
opening, as seen in Fig. 47(a). Fortuitously, since the real-
time segments of the signal were available, post processing
could be applied to the data. When a linear 4-tap feed for-
ward equalizer was applied, the data eye opening could be
significantly improved [109], as illustrated in Fig. 47(b).

10.2.3. Capture of rare events

Ultrafast transient signals appear in numerous contexts in
optics and electronics. A particularly interesting variety of
ultrafast waveforms are those that represent extreme out-
liers. These waveforms consist of extreme, rare events that
have unusual statistics known as extreme value or heavy-tail
distributions. These distributions are outside the realm of
the normal distribution (Gaussian statistics) that is followed
by most random signals as it is a result of large number of
random processes adding together independently.

As an example, recent experiments using the photonic
time-stretch technique to study evolution of single shot
spectra during supercontinuum generation led to the dis-
covery of optical rogue waves (ORW) - rare and random
flashes of highly-coherent white light [110]. This previously
unseen phenomenon emerges from the complex interplay
of noise with nonlinearities such as self-phase modulation,
modulation instability and Raman scattering. Its discovery
was made possible by transforming the time scale of the
ultra-short laser pulses to match those of the real-time elec-
tronic digitizer. By capturing a large data set of millions of
single shot events, it became possible to identify very rare
but dramatic rogue events with high statistical accuracy.

The TiSER oscilloscope can be useful in capturing rare
electronic signal transients in high data rate communica-
tions. For example, Fig. 48 shows a hypothetical data stream
with rare spikes. Because the data is captured in real time
within a segment by TiSER, there is a substantial proba-
bility of capturing such rare events, which is not possible
with sampling oscilloscopes because of their limited sam-

ple rates. Also, the fast dynamics of such events may not
be captured by real-time digitizers because of their limited
front-end bandwidths.

The use of a TiSER oscilloscope in capturing rogue
waves created through stochastic nonlinear phenomena was
demonstrated in [111]. As shown in the experimental setup
[Fig. 49(a)], optical rogue waves [110] were generated and
added to PRBS electronic data at 12 Gb/s, and the combina-
tion modulated onto chirped optical carrier pulses, which
are then time-stretched in the dispersive fiber. At the re-
ceiver, these stretched waveforms are captured by a 5-GS/s,
4-GHz bandwidth ADC. Without time-stretch, this band-
width would not have been sufficient to capture the 12 Gbps
data. As shown in Fig. 49(b), the TiSER produces a clear
eye diagram and also captures the rare transients. One such
transient is connected by the bright colored line to high-
light it. For comparison, Fig. 49(c) shows the waveform
that would be collected by a conventional sampling oscillo-
scope. Not benefiting from the time-stretch pre-processor,
the sampling oscilloscope has an insufficient number of
samples to capture the rare event and display the eye dia-
gram properly. The recording time was the same for both
measurements (400 μs).

10.2.4. TiSER oscilloscope prototype

The first prototype of TiSER oscilloscope was released in
2009 to demonstrate its mobility and ease of use for scien-
tists in industry and academia. The TiSER prototype pro-
vides a stretch factor of 33 and employs a back-end off-the-
shelf digitizer with analog bandwidth of 1.5 GHz, resulting
in >40 GHz effective input bandwidth. It is also packaged
in the form of a 19-inch rackmount chassis as shown in
Fig. 50. The input and output of the TiSER prototype are a
high-speed RF signal and a digitized time-stretched signal,
respectively.

10.2.5. Other advantages of TiSER oscilloscope

In addition to real-time capability, there are several other
advantages of using the TiSER oscilloscope. It is able to
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Figure 48 (online color at: www.lpr-
journal.org) Comparison between different
digitizing mechanisms: (a) Serial digital data
waveform (in blue) can be captured by real-
time digitizers only if data rates are low. (b)
Eye diagram captured by a sampling oscil-
loscope (c) Eye diagram captured by TiSER
oscilloscope, which can potentially capture
the rare spikes as well.

Figure 49 (online color at: www.lpr-
journal.org) (a) Experimental setup. (b)
PRBS data corrupted by a rogue event as
captured by TiSER. The solid line highlights
samples of the rogue event that are cap-
tured by the TiSER oscilloscope in 400 μs.
(c) Same waveform as captured by a sam-
pling oscilloscope over the 400-μs interval.
C© 2009 IEEE. Reprinted, with permission,
from [111].

Figure 50 (online color at: www.lpr-journal.org) A prototype of
the time-stretch enhanced recording oscilloscope. It is configured
to achieve a stretch factor of 33 and an effective input bandwidth
of >40 GHz.

achieve very high sensitivity for purely repetitive wave-
forms by averaging. For example, in automatic test equip-
ment employing TDR, waveform averaging over multiple
scans can improve sensitivity significantly, or effectively
reduce the test time drastically for a given sensitivity value.
When the required sensitivity is not high and reflected
pulses have short time apertures, even single-shot TDR
measurements can be performed (with proper synchroniza-
tion), making these measurements extremely fast. From a

device reliability perspective, high voltage spikes can dam-
age the front-ends of conventional sampling oscilloscopes.
On the other hand, since the front-end is a Lithium-Niobate
modulator in the TiSER oscilloscope, high incident RF
power can be tolerated without damaging the front-end.

In conventional digitizers, the noise added due to aper-
ture jitter [6] can become the dominant component of the
measured noise or jitter. This noise increases rapidly with
the signal frequency and the clock jitter. Fortuitously, as de-
scribed in Section 2, slowing down the signals in time can
significantly reduce this effect, making TiSER very useful
for jitter sensitive applications.

10.3. Time-stretch oscilloscope for capturing
DQPSK signals

The TiSER oscilloscope has demonstrated its capability in
the capture of amplitude-modulated signals; however, cap-
ture of phase- and amplitude-modulated signals requires
simultaneous detection and digitization of in-phase (I) and
quadratic-phase (Q) components of the signal in order to
enable reconstruction of the original signal in the digital do-
main. A new architecture with the two-RF-channel and dif-
ferential detection front-end for capturing optical 100-Gb/s
RZ-DQPSK signals was demonstrated in [112]. This sys-
tem holds promising capability of rapid performance eval-
uation in high-capacity optical networks employing phase-
and amplitude- modulation formats.

This system uses an optical differential detection front-
end to demodulate the DQPSK signal into two electrical
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Figure 51 (online color at: www.lpr-journal.org) Detailed
schematic of the two-RF-channel time-stretch enhanced record-
ing (TiSER) oscilloscope with differential detection front-end.
Solid (black) and dashed (red) lines represent optical fibers
and electrical cables, respectively. DLI: Delay line interferometer,
BRx: Balanced receiver, MZM: Mach-Zehnder modulator, EDFA:
Erbium-doped fiber amplifier, MLL: Mode-locked laser, DL: De-
lay line, BPF: Bandpass filter, PD: Photo-detector, ADC: Analog-
to-digital converter, PC: Polarization controller, DCF: Dispersion
compensating fiber.

signals (i.e., denoted by Ch.I and Ch.Q) by means of a
pair of one-bit delay-line interferometers and two balanced
receivers. Consequently, it performs the RBS on two elec-
trical channels simultaneously. The two-RF-channel TiSER
oscilloscope uses only one wavelength-channel to capture
both I- and Q- channels. As illustrated in Fig. 51, a train of
pre-chirped broadband pulses is equally split into two paths
(i.e., two channels) and guided through two high-speed in-
tensity modulators. In order to phase-lock the I- and Q-
channels, the signal paths from delay-line interferometers
to the intensity modulators are tuned so that the correspond-
ing bits of I- and Q- signals are captured at the same time.
The modulated pulse trains are delayed with respect to each
other and sent through the second dispersive medium for
time-stretching. This configuration provides minimal mis-
match between the captured I- and Q- signals [112].

The system used for this demonstration had a time aper-
ture, TA = D1.
λ = 400 ps, where D1 (–20 ps/nm) is
the dispersion value of the first dispersive fiber and 
λ

(20 nm) is optical bandwidth. As a result, all captured
segments consist of 680 sample points that repeat every
∼37 MHz (i.e., repetition rate of the mode-locked laser).

Figure 52 (online color at: www.lpr-journal.org) Eye and con-
stellation diagrams for 100-Gb/s RZ-DQPSK data captured by the
two-RF-channel TiSER oscilloscope.

Using these segments, the eye-diagrams of 100-Gb/s data
are generated in equivalent time as shown in Fig. 52. Also,
since the timings of the pre-chirped pulses and I/Q-data
are aligned, the corresponding bits of I- and Q- signals are
found to generate the constellation diagrams of the original
data (Fig. 52). More importantly, the eye and constellation
diagrams shown here are generated from a 400-μsec time
interval of data, which is three to four orders of magni-
tude shorter than conventional methods for capturing these
diagrams.

10.4. Short-time Fourier transform enabled by
RBS technique

Short-time Fourier transform (STFT) is a well-known
method for time-frequency analysis of non-stationary sig-
nals. In an STFT, the signal is segmented by applying a win-
dow to it. The width of this window must be short enough
such that the signal inside the window is assumed to be
stationary. The window size determines the temporal reso-
lution of the time-frequency analysis and establishes how
well a non-stationary event can be localized in time. Natu-
rally, a very short window is desired when analyzing highly
chirped signals and signals, where a non-stationary event
occurs over a short interval. The real-time burst sampling
performed by the signal-channel version of time-stretch
ADC has enabled a short-time Fourier transform of ultra-
fast non-stationary signals [113]. It, hence, overcomes the
conventional limitations to frequency-time analysis of sig-
nals. As a proof of concept, a time-frequency analysis of
a high-speed RF signal (chirp rate of 350 GHz/ns) was
demonstrated.

The tenet in the time-stretched short-time Fourier trans-
form (TS-STFT) is that the STFT of a highly chirped ultra-
fast signal is performed by reducing its bandwidth to match
the ADC’s input bandwidth and sampling rate. Figure 53
illustrates this concept using the Gabor sampling lattice of
a conventional STFT and TS-STFT analysis. The window
size, which is represented by the width of the cell along the
time axis, is stretched by a factor S. It should be noted that
the area of a single sampling cell is determined by the un-
certainty principle and the detectable frequency bandwidth
in the Gabor sampling lattice by a factor of S.
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Figure 53 Gabor sampling lattice of (a) STFT and (b) time-
stretched short-time Fourier transform (TS-STFT) systems. The
area of a single sampling cell in each picture us the same, but
the time-stretch increases the detectable frequency bandwidth of
the STFT process. S is the stretch factor.

Signal windowing and time-stretching are performed
in the optical domain. Sampling, quantization, and STFT
are executed in the electrical domain as illustrated in
Fig. 54. Sequentially, the non-stationary RF signal is
encoded on linearly chirped short optical pulses. This
step represents the windowing function in a conventional
STFT.

10.5. Amplified Dispersive Fourier Transform for
Obtaining Very Large Stretch Ratios

Due to the simplicity and ease of implementation of the
photonic time-stretch system, it can easily be used for
stretching high-speed electrical signals by large factors
that can then be digitized easily by commercially available
back-end digitizers. Exploiting this advantage, a record 10-
Tera-sample-per-second single-shot real-time digitizer was
demonstrated [26]. This system stretched a 95-GHz RF
signal by an unprecedented stretch factor of 250 in time.

To achieve this feat, a chain of very long disper-
sive fibers, corresponding to a total dispersion value of
10-ns/nm, were used in double pass configuration as shown
in Fig. 55(a). If standard single-mode fibers (SSMFs) are
used to achieve this dispersion value, the amount of loss
can exceed 120 dB. Fortuitously, dispersion compensating
fibers (DCFs) that have much higher dispersion-to-loss ra-
tio are commercially available and can be used to reduce
these losses to > 60 dB. Even with these values, the losses
were too large for the system to work. To compensate for
these losses, one option is to use multiple stages of Erbium

doped fiber amplifiers (EDFAs) to amplify the optical sig-
nal. However, the use of EDFAs causes large variations in
power levels of the signal across the lengths of the disper-
sive fibers, as shown in Fig. 55(b). In the locations where
power levels are high, optical nonlinearity adds distortion
to the signal, and in the regions of low power levels, the
SNR gets degraded. At the end of multiple stages, the cu-
mulative effect of these stages can result in a very poor
dynamic range.

To overcome this problem, a time-stretch system with
distributed Raman amplification [26] is created. This
module is used in place of the second dispersive fiber and
performs a Fourier transform (frequency-to-time conver-
sion), while boasting internal signal amplification. As a
result, the signal power remains relatively stable along the
lengths of the fibers, and above the thermal noise of the de-
tector, ensuring a good signal quality at very high real-time
sampling rates. In addition to low dispersion-to-loss ratio,
the DCF is also favorable because it has a smaller mode area
(compared to SSMF), which implies larger Raman gain for
the same pump power.

The signal used for the demonstration was a 95-GHz
tone generated by a klystron source. The only bandwidth
limitation in the system was the bandwidth of the Mach-
Zehnder modulator. A 40-GHz dual-output MZM was used
which provides the option of phase diversity for overcom-
ing dispersion penalty nulls. Since the MZM frequency
response rolls off slowly, the 40-GHz modulator could be
overdriven to modulate the chirped carrier with the signal
and capture it after stretching. The stretch factor was 250
and the back-end digitizer was a 40-GSa/s oscilloscope,
which gave an effective sample rate of 10-Tera-sample-
per-second or the sampling resolution of 100 fs, as shown
in Fig. 56. The pulse width of the chirped pulses over which
the RF signal was modulated was more than 400 ps, giving
a record-length-to-resolution ratio of >4000, compared to
a value of 450 demonstrated in [59] for an ultrafast optical
“oscilloscope”.

Another demonstration of the front-end bandwidth of
the TSADC system was reported by [27]. In this exper-
iment, a 100-GHz Polymer electro-optic Mach-Zehnder
modulator by GigOptix Inc [68] was used to capture a
108-GHz sinusoidal signal. This demonstration also shows
the use of time-stretch technology as a platform for test and
measurement of ultra-high speed optical components, such
as optical modulators.

Figure 54 (online color at: www.lpr-
journal.org) Block diagram for time-
stretched short-time Fourier transform (TS-
STFT).
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Figure 55 (online color at: www.lpr-
journal.org) (a) The experimental setup
for the 10-Tera-sample-per-second TSADC.
The stretch factor of 250 is achieved using
very long dispersive fibers in double-pass
configuration and distributed Raman ampli-
fication, which turns them into virtually loss-
less dispersive media. (b) Raman amplifica-
tion provides distributed gain to compensate
optical loss in the fibers. If doped fiber am-
plifiers are used instead, optical nonlinearity
and noise can severely degrade the TSADC
dynamic range.

Figure 56 A 95-GHz tone stretched by a factor of 250 using
the photonic time-stretch system and captured by a 40-GSa/s
digitizer, resulting in the real-time single-shot measurement of
the signal at a record 10-Tera-samples-per-second.

11. Continuous-time TSADC demonstration

The TSADC has been shown to be very useful when op-
erating in the real-time burst sampling (RBS) mode (de-
scribed in section 10) for different types of wideband high-
resolution diagnostic applications. However, this mode of
operation cannot be used when the information carried in
the entire signal is required to be captured. For exam-
ple, characterization of a 100-Gbit/s optical link can be
performed using real-time burst sampling, but in order to de-
code the data without loss of any information, a continuous-
time realization of the TSADC is needed. Implementation
of a fully continuous TSADC involves the combination

of multiple segments of the signal from different channels
without incurring any significant noise or distortion penalty.
The following section describes different factors important
for achieving continuous operation, and also discusses the
experimental demonstrations.

11.1. Continuous time operation

To achieve continuous operation, the signal has to be con-
tinuously modulated over the chirped optical carrier before
time-stretching. To ensure this, the ultra-short optical pulses
from the broadband pulsed source must be stretched to a
point that there is no temporal gap between adjacent pulses,
as shown in Fig. 57(a)–(b). Further stretching results in
overlap between signals from adjacent pulses [Fig. 57(c)].
To avoid this problem, in addition to stretching, the opti-
cal signal has to be segmented into multiple channels so
that each stretched segment can be captured by a separate
back-end digitizer, without any crosstalk between adjacent
pulses. The obvious method for accomplishing this involves
use of some form of time gating (see Fig. 58).

Fortuitously, this time gating can easily be accom-
plished in the TSADC without the use of any type of ac-
tive switches. By virtue of wavelength-to-time mapping,
the wavelength bands of the chirped pulses are mapped to
time. As a result, when these pulses are filtered using WDM
filters, they are effectively gated in time, as illustrated in
Fig. 58. This operation is termed as virtual time gating
[114], and was used for demonstrating the first continuous-
time TSADC (albeit with a small stretch factor of 1.5).

In addition to time gating, a number of other considera-
tions become important for achieving continuous-time op-
eration in the TSADC. To ensure that the signal is captured
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Figure 57 (online color at: www.lpr-journal.org) (a) Initial ultra-
short pulses in the TSADC spanning the four wavelength pass-
bands (PB). (b) First dispersion causes wavelength-to-time map-
ping in the pulses, such that adjacent pulses are temporally con-
nected. (c) Further stretching after RF modulation causes them
to overlap in time, unless time gating is applied to separate them.
C© 2005 IEEE. Reprinted, with permission, from [114].

continuously (without any gaps in time), adjacent channels
must have a small overlap in the modulated optical spec-
trum. This can be guaranteed by the non-ideal nature of
the filters, due to which a small portion of the spectrum
in the chirped pulses is shared between adjacent channels,
as shown in Fig. 59 (ref. [61]). Additionally, to ensure that
the signal segments from successive pulses in a passband
channel do not run into each other and cause crosstalk after
stretching (because of slow roll-off and non-ideal nature of
the optical filters), the stretch factor must be slightly smaller
than the number of channels.

Mismatches among different channel segments become
crucial and can drastically reduce the dynamic range in
the continuous-time TSADC (compared to the single chan-
nel case). Different forms of mismatches include gain, DC
offset, stretch factor non-uniformity, and timing mis-

matches (as illustrated in Fig. 60). These mismatches have
similar effects as the mismatches in time-interleaved elec-
tronic ADCs, and lead to addition of spurious tones in the
spectrum of the RF signal.

The effects of these mismatches can be removed using
suitable correction and calibration techniques. DC offset
and gain mismatch effects can be removed easily by adding
different DC and gain components in different channel
segments digitally. Timing offsets and stretch factor non-
uniformities all act as temporal distortions. These temporal
distortions can be removed by the technique described in
Section 6. Furthermore, other effects such as nonlinear dis-
tortion caused by channel (or wavelength) dependent bias
offset in the Mach-Zehnder modulator can also be removed
jointly for all channels using the correction technique de-
scribed in Section 6.

11.2. Continuous-time TSADC demonstrations

Using virtual time gating and applying temporal overlaps,
recently a record 150-GSamples/s TSADC was demon-
strated [61]. It achieved a stretch factor of 3 and used
four 50-GS/s back-end digitizers available in the Tektronix
DSA72004 oscilloscope to achieve this sampling rate.

To improve the resolution in such a system, the small
temporal distortion for combined channel segments that
can add severe spurious distortion tones in the captured
signal, must be corrected. To further improve the resolution
and bandwidth, differential or phase diverse operation will
be required. With the differential operation and time warp
correction, a 10-GHz bandwidth TSADC with 7.2-ENOB
resolution was demonstrated [9]. Even though this demon-
stration did not show fully continuous operation, demon-
stration of channel-to-channel stitching for adjacent chan-
nels and the combination of 30 segments synchronously
with high fidelity shows that this technique can lead to
a continuous-time TSADC with high resolution and high
bandwidth.

Figure 58 (online color at: www.lpr-
journal.org) Virtual time gating principle for
achieving continuous-time TSADC. In a real
implementation, passive optical filtering is
applied after dispersion, so that only one
dispersive device is required for stretching
all the channels.
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Figure 59 (online color at: www.lpr-journal.org) Optical channel
alignment in frequency and time domains. (a) Adjacent channels
slightly overlap in frequency to ensure continuous capture of the
RF signal. (b) By virtue of wavelength-time mapping, the overlap
is also maintained in the time domain [61]. PSD: Power spectral
density; I: Intensity. C© 2008 IEEE. Reprinted, with permission,
from [61].

Figure 60 (online color at: www.lpr-journal.org) Non-idealities
in stretched signal segments obtained from the time-stretch pre-
processor. (a) Ideal waveforms; (b) Middle segment has an ad-
ditional DC offset; (c) Middle segment has gain mismatch with
respect to other segments; (d) Middle segment has a timing off-
set; (e) Middle segment has a stretch factor mismatch and non-
uniformity (time warp distortion).

12. All-optical time-stretch pre-processor for
real-time capture of optical signals

As it is described earlier in this manuscript, similar to con-
ventional analog optical links, single-sideband modulation
[62] or phase diversity technique [63] eliminates any fun-
damental bandwidth limitation in the TSADC. However, in
practice the maximum bandwidth is limited to that of the

Mach-Zehnder modulator. While such a bandwidth is more
than sufficient for digitizing electronic signals and having
an electrical input to the system is ideal, it would be desir-
able to have an all-optical modulator when the input signal
to be digitized is optical.

In this section, we describe an all-optical time-stretch
digitizer [115], which directly captures optical signals elim-
inating the 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)
process in a highly nonlinear fiber. Over the last decades,
the FWM process has formed the basis for a class of versa-
tile parametric devices enabling amplification and regener-
ation [30,116–118], frequency conversion [118,119], phase
conjugation [120–122], and optical sampling [123]. Our all-
optical time-stretch digitizer exploits ultrafast FWM pro-
cess between a pulsed pump and a signal to encode wide-
band optical signals onto the spectrum of a pre-chirped
broadband optical carrier. It then stretches the wideband op-
tical signal in time before detection, so that the signal can be
recorded using a low-bandwidth photo-detector and elec-
tronic analog-to-digital converter. Another technique that
achieves real-time full-field measurement of ultrafast opti-
cal waveforms was demonstrated by Fontaine et al. [124].
This method is able to measure the amplitude and phase of
an optical signal by performing parallel coherent detection
on spectral slices.

12.1. Operation principle and demonstration

To replace the electro-optic modulation with all-optical
modulation in the input stage of the TSADC, a broad-
band optical pulse source is employed as the “pump” for
FWM in an optical fiber. The ultrafast optical data (sig-
nal to be digitized) then represents the “signal” in the
FWM process. The pump is pre-chirped to map wave-
lengths into time (i.e., wavelength-to-time mapping). This
can be realized by using a mode-locked laser followed
by a dispersive medium such as dispersion compensating
fiber. The all-optical time-stretch technique also employs a
medium with a large nonlinear index such as highly non-
linear fiber (HNLF) to perform mixing. The HNLF is a
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 broad-
band chirped idler that contains information of the signal
[Fig. 61(a)].

From the time-domain point-of-view, at each time in-
stant, a wavelength of the pre-chirped broadband pump
mixes with the signal, creating a modulated idler that is
chirped [Fig. 61(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 maxi-
mal phase matching, and nearly no walk-off, while mixing
occurs. In other words, one-to-one mapping of the signal
waveform onto the wavelength of the pre-chirped pump is

C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org



REVIEW
ARTICLE

Laser Photonics Rev. (2013) 51

Figure 61 (online color at: www.lpr-journal.org) (a)
Spectral-domain representation. The ultrafast opti-
cal data signal (fs) mixes with the broadband pulsed
pump (
fp = fp1-fp2) via the four-wave mixing (FWM)
process. (b) Time-domain representation. At each
time instant along the signal, a wavelength of the
pre-chirped broadband pump mixes with the signal at
that time instant; creating a chirped modulated idler.
The idler is then time-stretched to reduce the analog
bandwidth of the optical data signal. Reprinted with
permission from [115]. Copyright 2012, American In-
stitute of Physics.

achieved. The modulated chirped idler is then extracted and
time-stretched using another dispersive medium, e.g., dis-
persion compensating fiber. 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 nor-
mally be too slow can now be used to digitize the electrical
signal.

In case of the degenerate FWM process employed here,
the idler frequency (fi) can be expressed in terms of pump
(fp) and signal (fs) wavelengths, fi = 2fp – fs. Assuming
that the signal’s optical bandwidth is negligible compared
with the pump and idler bandwidths, the idler bandwidth
can be written as, 
fi = 2.
fp, where 
fp is the pump
bandwidth.

As evident from Fig. 61, the idler bandwidth (
fi) is
at least twice as large as the pump bandwidth (
fp). The
effect has been also reported by Inoue and Toba [119] that
a frequency displacement of the mixing signals leads to
twice the frequency shift of the mixing product. In a pho-
tonic time-stretch pre-processor, the time-stretch factor (the
amount by which the signal is stretched) is determined by

S = 1 + D2.
λ2

D1.
λ1
, (12.1)

where D1 and D2 are the dispersion values of the first and
second dispersive medium, while 
λ1 and 
λ2 are the op-
tical bandwidths before and after modulation. In the case
of conventional TSADC, equation (12.1) simplifies to S =
1 + D2/D1, since the optical bandwidths before and after
modulation are constant. However, in the case of an all-
optical time-stretch pre-processor, 
λ1 and 
λ2 are not
the same, and are proportional to 
fp and 
fi, respectively.
This implies that the stretch factor (S) is increased (by a fac-

tor of >2) compared with conventional TSADC. As will be
discussed later in this section, the increase in optical band-
width also appears to be useful in improving the bandwidth
limitation due to the dispersion penalty.

To demonstrate the performance of the all-optical time-
stretch digitizer, capture of 40-Gb/s optical data signal
is performed. An experimental apparatus as described in
Ref. [115] employing a mode-locked laser centered at 1565
nm with ∼7-nm bandwidth was used as the pump. The
first and second dispersive fibers was chosen to be –41
ps/nm and -1105 ps/nm, providing an stretch factor of ∼54.
Real-time segments of the optical data signal spanning 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 Fig. 62(a). Using
these segments, the original signal was reconstructed in
equivalent-time mode [Fig. 62(b)].

12.2. Dispersion penalty and its mitigation via
single-sideband modulation conversion

As described earlier, in the conventional TSADC, when
double-sideband modulation (DSB) is used to modulate RF
signals onto the optical pre-chirped carrier, a frequency-
fading phenomenon due to dispersion occurs. A similar
phenomenon is observed in the all-optical time-stretch pre-
processor as shown in Fig. 63(a). Since the optical data
signal is a double-sideband modulated signal, the resul-
tant idler is also double-sideband modulated. Therefore, the
idler sidebands undergo different linear and nonlinear phase
shifts, resulting in a 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 dispersion (by a factor of >2). Therefore, the
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Figure 62 (online color at: www.lpr-
journal.org) 40-Gb/s non-return-to-zero
(NRZ) on-off-keying (OOK) data. (a) Two
real-time segments of 40-Gb/s data cap-
tured 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. Reprinted with per-
mission from [115]. Copyright 2012, Ameri-
can Institute of Physics.

Figure 63 (online color at: www.lpr-journal.org) (a) If the optical data signal is double-sideband modulated, the sidebands beat
with carrier and result in interference at the photo-detector. (b) Dispersion penalty in an all-optical time-stretch digitizer with an initial
dispersion of -150 ps/nm. Note that the initial dispersion is intentionally increased to shift the bandwidth roll-off into the measurable
range of our equipment. When double-sideband (DSB) modulation is used, the measured penalty (blue curve) is in good agreement
with theoretical prediction (green solid curve). By employing the single-sideband technique, the dispersion penalty is completely
mitigated (red curve). (c) Single-sideband modulation is implemented by suppressing one of the sidebands of the optical data signal.
An optical bandpass filter can be used for this purpose. Reprinted with permission from [115]. Copyright 2012, American Institute of
Physics.

3-dB bandwidth due to dispersion penalty is at least twice
as large as the conventional TSADC.

In order to characterize the dispersion penalty, a modu-
lated CW laser with an RF signal sweeping from 5 GHz to
45 GHz was used. Figure 63(b) shows the measured disper-
sion penalty (blue curve) and theoretical 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 the theoretical calculation shown in
the same plot (green curve). Note that the theoretical calcu-
lation does not consider nonlinear phase shift as explained
in ref. [76]. The slight mismatch between the theoretical
prediction and measurement comes from the fact that non-
linear phase shift in the fibers shifts the null frequency of
the dispersion penalty curve toward lower frequencies as
evident from Fig. 63(b).

In the context of TSADC, single-sideband modulation
[62] has been successful in eliminating the bandwidth limi-
tation due to dispersion penalty. Our all-optical time-stretch
pre-processor behaves in the same way. Hence, this tech-
nique was adapted to the all-optical time-stretch system by
converting the optical data modulation format from double-

sideband modulation (DSB) to single-sideband modulation
(SSB) before the four-wave mixing process. This can be
performed by using an optical bandpass filter to suppress
one of the optical sidebands as illustrated in Fig. 63(c). In
order to demonstrate mitigation of dispersion penalty us-
ing SSB modulation conversion, a programmable optical
processor (Finisar, WaveShaper 1000) was used to imple-
ment a desired filter profile. An optical signal transmitter
with an RF synthesizer sweeping from 5 GHz to 45 GHz
was also used. Figure 63(b) shows the 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 the dispersion penalty null frequency by con-
verting the optical data signal to SSB format.

13. Spin-off applications of photonic
time-stretch

In addition to wideband analog-to-digital conversion, pho-
tonic time-stretch (PTS) is also an enabling technology for
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Figure 64 (online color at: www.lpr-journal.org) Schematic of
serial time-encoded amplified microscopy (STEAM) also known
as time-stretch imager.

high-throughput real-time instrumentation such as imag-
ing and spectroscopy. Serial time-encoded amplified mi-
croscopy, or stretched time-encoded amplified microscopy
(STEAM) [125], makes use of the amplified dispersive
Fourier transform to acquire, simultaneously slow down and
amplify (in the optical domain) images using a single-pixel
photo-detector and a commercial digitizer. It also features
real-time image processing currently operating at 37 mil-
lion line scan frames-per-second [126,127]. STEAM maps
a multi-dimensional image into a 1D serial time-domain op-
tical waveform that is stretched in time, optically amplified,
and converted to an electronic waveform, and then captured
with a real-time digitizer (Fig. 64). This is performed by
first encoding the spatial coordinates of the object onto the
spectrum of a broadband pulse with a 1D (line scan) or
2D rainbow created by a spatial disperser. A key feature
of STEAM is optical image amplification, which allows its
operation at shutter speeds of tens of picoseconds and frame
rates of tens of millions of frames per second and with very
low illumination power (only a few mW).

The time-stretch camera has been used to create a high-
throughput flow-through imaging system for real-time de-
tection of rare cells [126]. The so-called STEAM flow cy-
tometer integrates (i) a high-speed bright-field imager based
on a STEAM camera which features time stretching and im-
age amplification and holds the world record in frame rate,
shutter speed, and sensitivity, (ii) a microfluidic chip that
employs a combination of hydrodynamic and inertial fo-
cusing for precise positioning of cells in high-speed flow,
and (iii) a real-time digital image processor based on a high-
speed field-programmable gate array (FPGA) that performs
real-time screening of a large heterogeneous population of
cells for detection of rare target cells. The system performs
real-time image-based screening of a large volume of blood
with a record high throughput of 100,000 cells/s. It has
shown detection of breast cancer cells in blood with a false
positive rate of 10–6 – 100x better than the state-of-the-art
flow cytometers. This technology can significantly reduce

Figure 65 (online color at: www.lpr-journal.org) A time-varying
stimulated Raman signal from a silicon sample, measured in a
real-time continuous measurement. Every 40 ns, a new spectral
snapshot was acquired (frame rate of 25 MHz) [52].

errors and costs in medical diagnosis. Proof-of-concept ex-
periments were performed using blood spiked with MCF7
breast cancer cells derived from cell lines and involved ac-
quisition and real-time processing of 100 million image
frames at a line scan rate of 37 million frames per second.
The next stage in this research is clinical testing to mea-
sure the efficacy of this new instrument in analyzing patient
blood with unknown composition, and also the addition of
fluorescent capability to the system.

Wavelength-time spectroscopy [52], which also relies
on the photonic time-stretch technique, permits real-time
single-shot measurements of rapidly evolving or fluctuat-
ing spectra. The technique, which is referred to as chirped
wavelength encoding and electronic time-domain sampling
(CWEETS), transforms the temporal envelope of a signal
into its spectrum using group-velocity dispersion (GVD) to
chirp the signal. Once the temporal profile is mapped into
its spectral shape, the spectrum can be acquired directly
in the time domain using a single detector and a real-time
oscilloscope. Using this technique, the temporal evolution
of a dynamic process (i.e., stimulated Raman spectra in
Silicon) has been measured as shown in Fig. 65. In the
demonstration, the dead time between Raman snapshots
is about 40 ns. This capability could be used, for exam-
ple, to monitor a biochemical process with a continuous
single-shot measurement or to conduct high-speed Raman
microscopy.

Spontaneous emergence of complex patterns is a hall-
mark of so-called nonlinear systems and appears in dis-
parate systems from fingerprints to cloud formations and
heart rhythms to optical waves. Randomly-driven com-
plex dynamics underlie the counterintuitive development
of these ordered arrangements. A quintessential form of
such pattern formation is known as modulation instabil-
ity: the spontaneous growth of temporal or spatial oscilla-
tions that are nearly absent initially. The high-throughput
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single-shot time-stretch spectrometer has been used to dis-
cover spontaneously-evolved emergent behavior in mod-
ulation instability, a hallmark of nonlinear systems that
leads to diverse phenomena such as the formation of wave-
like patterns in sand, cloud formation, heart rhythms, and
in optical rogue waves [128]. The real-time spectrometer
captured spontaneous growth of spectral patterns in ultra-
short laser pulses propagating through glass fiber. It was
discovered that, in contrast to the standard notion of a
modulation instability gain spectrum consisting of smooth
“rabbit-ear” lobes extending on both sides of the pump
wavelength, on a single shot time scale the spectrum con-
sists of a random collection of narrow lines that compete
for the pump energy. Millions of single-shot spectra were
captured showing a ‘winner takes all’ behavior [128]. This
phenomenon was unseen in previous studies of modulation
instability because individual patterns cannot readily be dis-
cerned at these high speeds with conventional measurement
techniques.

The applications of the time-stretch Fourier transform
have been generally restricted to the telecommunication
(1550nm wavelength) band due to the lack of low loss
dispersive elements at other wavelengths, in particular the
biologically important wavelength of 800nm (low water
absorption). The chromo modal dispersion device (CMD)
[31] is a dispersive device that exploits wavelength selective
excitation of a multi-mode waveguide to convert the very
large modal dispersion in multimode waveguides into much
more valuable chromatic (group velocity) dispersion. It has
a very flexible operating wavelength spectrum, thus it ex-
tends the application of time-stretch (dispersive) Fourier
transform to wavelength outside the telecommunication
band. Its utility in performing real-time single-shot spec-
troscopy in the 800nm band at the ultra-high frame (refresh)
rate of 90.8 MHz is shown in Fig. 66.

Finally, the photonic time-stretch was used to enable
high-throughput optical coherence tomography (OCT) that
offers 1,000 times higher axial scan rate than conventional
OCT in the 800 nm spectral range. A record axial scan
rate of 90.8 MHz was demonstrated [129]. This is made
possible by employing photonic time-stretch for chirping a
pulse train and transforming it into a passive swept source.

14. Conclusions

The photonic time-stretch technique has been found to be
very useful for overcoming the speed limitation of elec-
tronics and creating high-speed analog-to-digital convert-
ers. This technique uses amplified dispersive Fourier trans-
form to slow down the analog signal in time and hence
to compress its bandwidth. It was also shown that pho-
tonic time-stretch can be useful not only in improving the
bandwidth and resolution of high-speed ADCs, but also in
reducing power consumption in future high-speed ADCs
significantly.

The present article discussed novel techniques and ar-
chitectures employing this photonic-assisted technique that

Figure 66 (online color at: www.lpr-journal.org) A single-shot
atomic absorption spectroscopy of Rubidium vapor enabled by
time-stretch (Dispersive) Fourier transform via chromo modal dis-
persion (CMD). Sequence of four consecutive single-shot time-
domain traces captured by a photodiode and oscilloscope at a
repetition rate of 90.8 MHz [31].

address the demands on resolution, bandwidth, and spec-
tral efficiency. Important results and achievement in A/D
conversion was also highlighted. Moreover, we presented
a summary of time-stretch technology’s extension to high-
throughput single-shot spectroscopy, a technique that led
to the discovery of optical rouge waves. Finally its appli-
cation in high-throughput imaging, which has recently led
to identification of rogue cancer cells in blood with record
sensitivity, was discussed.
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