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Abstract: Application of pulsed optical sources on the base of stable mode-locked lasers, which are 1
known for their very low time jitter, provides the opportunity for creation a high precision photonic =
analogue to digital converters of signals in the microwave range. However, the repetition rate of 3
modern commercially available mode-locked lasers is limited to a few gigahertz. The increase of 4
repetition rate is possible using the schemes that implement a passive chirp of ultra-short pulses prior s
to electro-optic amplitude modulator, which is driven by the signal under test, and demultiplexing of
modulated signal after a modulator. In the given article we analyzed a continuous time-stretch chirp 7
using single mode fiber as dispersive element. The limitations of input signal bandwidth and source s
pulses energy are considered. °

Keywords: analog-to-digital converter; ENOB; photonic time-stretch; optical sampling; photonic 10
sampling; photonic ADC 1

1. Introduction 12

High-precision analogue to digital conversion of microwave signals is a topical prob- s
lem in the field of radar vision and communication technologies. Photonic analogue to 1
digital converters (PhADC) are perspective when frequency and bandwidth of microwave  1s
signals to be measured exceeds from several to tens or even thousands of gigahertz [1-6]. 16
Most of the promising PhADC architectures is optically sampled and electronically quan- 17
tized PhADC schematically illustrated on Fig.1. The main component of this architecture is  1s
a stable pulsed light source, which is used as oscillator for generating a sampling signal. s
The characteristics of light source, such as repetition rate, pulses temporal width, amplitude 20
noise, phase noise or jitter determine the performance capability of PhnADC. Pulsed light =
sources such as femtosecond mode-locked lasers (MLL) can be used for generation of 22
highly stable microwave signals with jitter value at the attosecond region [7-9]. Electro- s
optic modulator (EOM) being driven by signal to be digitized modulates the amplitude 24
of a pulses train. Photodetector (PD) transforms optically sampled signal into electronic  2s
domain where electronic quantizer (EQ) performs processing of each pulse and assigna 26
digital values to measured signal points. The main problem of the scheme from Fig.1is =7
the limited repetition pulse rate fy.;, of commercially available off-the-shelve MLL models, s
which typically 1.25-2.5 GHz [10], this limits the Nyquist bandwidth of input signal to 2
frep/2. 30

Using the methods of femtosecond light pulses chirp together with DWDM technology s
it is possible to increase the sampling rate of PhADC. Fig.2 represents the principal scheme 2
of multichannel optically sampling electronically quantizing PAADC based on passive chirp a3
of femtosecond pulses train. Mode-locked laser emits light pulses with the repetition rate s
of frep = 1/ Trep where Ty is the period between pulses. Spectral width of subpicosecond s
gigahertz pulsed laser sources in telecommunication C or L regions is typically above 10 36
nm that covers up to 12 ITU (100 GHz) channels of a standard telecommunication DWDM s
module. Module PC performs the passive chirp of light pulses such that selected DWDM s
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MLL

Figure 1. Single channel PhADC scheme: MLL — mode-locked laser; EOM — electrooptic modulator;
PD — photo-diode; EQ — electronic quantizer.
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Figure 2. Multichannel PhADC scheme

spectral components are being delayed and placed equidistantly within the repetition o
period in the output signal. EOM modulates amplitude of chirped pulses train. The 4o
combination of PC and EOM performs the time-to-wavelength mapping procedure [3]. «
Then modulated chirped signal is demultiplexed by (DM), which has PD and EQ on each 42
of the selected channels. The number of the selected DWDM channels N determines the 43

sampling rate of a system, which is fs = N fr,). 44
The basic advantage of this approach is the possibility to use “slow” high resolution s
electronic ADCs in each of the output DWDM channels. 46

There are numerous methods were proposed to perform the passive chirp of ultra o
short laser pulses. One of the early approaches use free space optical schemes based on s
diffraction gratings [11,12] or prisms [13]. These methods were successive for generation of 4o
high energy ultra-short pulses however high sensitivity to vibrations and misalignment so
makes them incompatible for PhADC. Discrete chirp method based on demultiplexer and s
multiplexer with time delay management in corresponding spectral channels is promising s
for application in multichannel PhADC scheme [3,14,15]. However, such an architecture s
is unstable by means of sampling signal phase noise in conditions of high range of outer s
temperature variation that causes the rise of time delay error between channels due to s
thermal stretch of fibers. One of the possible ways of discrete chirp practical implementation  se
in PhADC scheme is photonic integrated circuits technologies however it is still under -
development. 58

One of the simplest methods to perform the passive chirp of ultra-short light pulses  so
is the use of dispersive elements such as optical fibers. High linearity of second order o
dispersion effect provides a high stability of time-to-wavelength mapping [16,17]. o1

Significant limitation of ultra-short light pulses chirp using fiber in multichannel e
PhADC scheme is a fiber length that is required to perform the desired equidistant time s
shift of selected spectral components. Typically it is in the range of 1-10 km for standard s
SME. This problem causes a temporal stretch of spectral components, elongation of sampling s
gate and consequently limitation of PhADC input bandwidth. Also the non-linear effects s
such as self-phase modulation becomes valuable since the energy of femtosecond pulses e
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is being increased above a few picajoules, which deforms the spectrum of a source light s
pulses train. 69

In the present article we analyzed a time-to wavelength mapping method using ultra
short light pulses chirp in long optical fiber line. The main goal of the research is estimation 7
of input signal bandwidth and maximum source pulses energy limitations. 72

2. Bandwidth limitation of dispersive chirp PhADC 73

For ideal ADC the instantaneous values of input Nyquist limited signal are required 7
for lossless reconstruction of a signal from an acquired samples. In the real cases finite 7
aperture of sampling signal limits the bandwidth of input signal. 76
Consider the sampling process of input microwave signal x(t) by mixing it with -
sampling signal p;(t), which mathematically can be described via a pulse envelop function  7s

(P (i’) as 79
=Y ¢(t—nTy), (1)
n
where T is sampling period. Periodicity of sampling signal allows to represent if as Fourier  so
series expansion: 81
27Tkt
Z prexp . = )
S
where 82
]27Tkt 1 k
po= g [oee L — oL )
are Fourier coefficients and e
o(f) = [ g(e 2t @
is sampling pulse envelop function Fourier transformation. se
According to Egs.2—4 spectrum of sampled signal at the output of mixer can be s
expressed using Fourier transformation as s
1
Flx(O)ps(](f) = Tqu’(kfs)X(f—kfs)/ ®)
where f — are Fourier frequencies, f; = 1 is sampling frequency and o7
X(f) = / x(H)e P dt (©)
is Fourier spectrum of input signal. 88
The presence of ®(kf;) in Eq.5 is similar to low-pass filter performance, which 3dB s
transmission bandwidth can be described as %0
K
BWs3as ~ — 7
3aB ~ @)

S

where 7; aperture time defined on full width on half maximum (FWHM), x is time- o
bandwidth product, that is ~0.315 for sech? pulses and ~0.44 for Gaussian pulses. 02

Typical pulse width of commercially available gigahertz rate MLLs is in the range of o
250-1000 fs, so the input bandwidth of one channel PhADC (Fig.1), can be as highas 1-4 e
THz, that is higher than that for off-the-shelve EOMs and PDs, which typical bandwidth s
does not exceed 100 GHz. So, this scheme is limited by the parameters of electrooptic and s
optoelectronic components, not by the optical paths. For the pulsed light sources with 10 o7
fs jitter it is possible to downconvert an digitize signals from 100 GHz band withup to 8 s
ENOB precision using the scheme from Fig.1 built on available components. %
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In the case of multichannel PhADC with PC-module based on optical fiber group oo
velocity dispersion (GVD) effect causes elongation of aperture time. For N channel PhAADC 101
based on MLL with pulse repetition period Ty, the required fiber length can be estimated 102
as 103

TTE 14

Lpc=—1F
PC ™ N27|B, ICBW’ @®

where f3; is a second order GVD coefficient of optical fiber, ICBW is inter-channel band- 104
width. According to this an aperture time can be estimated as 105

Trep CBW 9
N ICBW’ ©)
where CBW is DWDM module channel bandwidth, which is 100 GHz for standard ITU- 106
DWDM module. Assuming Eq.7, it can be seen that input signal bandwidth of N-channel 1o
dispersive chirp PhADC is determined by laser parameters, number of channels and the 108
ratio of DWDM channel bandwidth to inter-channel bandwidth. 109

Ty = 27| B2|CBWLpc =

3. Methods 110

The numeric modeling of ultra-short laser pulses propagation through optical fiber is 111
typically performed using the decision of nonlinear Schrodinger equation in the form [18]: 112

on  « i 9%a
g‘*‘ia‘f‘%ﬁzﬁ = jylal®a (10)

where T = t —z/vy = t — zP; (vg — group velocity) is time variable within temporal 15
window that shifts with pulse along fiber; a(z, T) is a pulse amplitude envelop complex 114
function; « is attenuation coefficient; B is 2-nd order GVD coefficient; v = nowp/cAefris s
nonlinear parameter, where A,¢ effective mode cross-section. 116

Equation 10 can be solved using the algorithmic implementation of fourth-order 117
Runge-Kutta method in the interaction picture method (RK4IP) [19-21]. Figure 3 demon- 11
strates the results of numeric and experimental investigation of 250 fs pulses propagation e
through single-mode fiber with 1 km length. We used the next parameters of fiber in the 120
model taken from handbook data: 8, = -25.37 ps?/km, ¢ = 1.19 rad/W-km. In the case 121
of experimental modeling pulsed train from MLL was sent to fiber patch cord, detected 122
using 40 GHz bandwidth photo-detector and analyzed using oscilloscope with 33 GHz 12
input bandwidth. It can be seen that the numeric result correspond to the result obtained 124
in experiment. 125
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Figure 3. The results of numeric (top) and experimental (bottom) investigations of 250 fs ultra-short
laser pulses train propagation through optical fiber line with the length of 1 km.

4. Modeling results 126

Table 1 and Fig.4 demonstrate the parameters and modeling results for different 127
DWDM channels configurations of 4-channel dispersive time stretch module and for sech®- 125
formed initial pulses. 120

Table 1. Parameters of simulated models

Parameter Units Value
ICBW GHz 100 200 300 400
L, km 12.68 6.34 4.23 3.1
Tg, ps 200 100 75 50
BWasgz, Ghz 1.88 3.75 5.63 7.25

The modeling results demonstrate, that the less bandwidth between DWDM channels 130
used in the scheme the longer fiber length is required to perform the desired chirp of initial ~1s:
light pulses in order to obtain equidistant distribution of spectral components within the = 1s:
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Figure 4. Numeric simulation of 4-channel continuous chirp system output signal for different cases
of DWDM channels selection mean power frep = 1.25 GHz, P, = 100 mW, Eg = 80 pJ: (a) fiber length
L=6.34 km, numbers of channels 25,27,29,31 ; (b) fiber length L=3.17.34 km, numbers of channels
22,26,30,34.

repetition period. In the case of adjacent channels more than 12 km of optical fiber is 1ss
required to maintain the desired chirp. Dispersion of the fiber causes temporal broadening 134
of the spectral components up to 200 ps that limits input signal frequency range to only 135
15.8 GHz for sech? pulses. Selection of non adjacent channels allows to shorten the length 136
of fiber proportionally to inter channel bandwidth increase and obtain up to about 70 GHz 137
in the case of 400 GHz difference between channels. However, it must be noted that strong  13s
diversity of mean power within the spectral channels is obtained in the last case. Also the 130
mean power of outer channels is less than 1 mW that is not enough for detection with high 140
dynamic range. 141

A straightforward decision of low power outer channels problem is the use of optical s
amplifiers in these channels. Undesired consequence in this case is added noise and 1
complication of overall scheme. The use of light source with higher output power can 14
increase the power of outer channels. However the effect of self-phase modulation (SPM) 14
must be considered during the development of dispersive time-stretch PhADC on the 14
base of long fiber line. Propagation of high energy pulses through optical fiber results in 14
deformation of pulses envelop and redistribution of energy within its optical spectrum  1ss
amplifying the components close to central wavelength. Also, combination of anomalous 14
dispersion of optical fiber in 1.5 mkm spectral region with SPM results in satisfaction of s
soliton formation conditions that cause a drastic distortion of sampling sequence. Figure 5 1s1
demonstrates the modeling results of 4-channel sampling sequence for different values of s
pulse energy. It can be seen that increase of pulse energy Py above 87 p]J results in formation 1ss
of soliton at the center of time window. 154

5. Discussion 155

Modeling results demonstrate the main limitations of optical sampling multichannel 1se
PhADC on the base of ultra-short laser pulses dispersive chirp using optical fiber. Model- 157
ing algorithms, which are based on nonlinear Schrédinger equation decision using well  1ss
confirmed methods, showed that intrinsic fiber effects such as dispersion and self phase 1se
modulation cause limitations of input signal bandwidth and sampling source power corre- 1e0
spondingly. For pulsed light source based on mode-locked laser with central wavelength e
of 1555 nm, pulse width of 250 fs and pulse repetition rate of 1.25 GHz up to 12 channels 1e2
of standard telecommunication 100 GHz ITU DWDM module can be used in the scheme 163
providing the possibility to increase the sampling rate up to 12 times. Depending on the 1es
source pulse repetition rate, multiplication rate and selected DWDM channels input signal  1es
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Figure 5. The dependence of normalized power distribution within repetition period of MLL pulses
train for 4-channel continuous chirp PhADC from source pulse energy: L = 3.17 km, frp = 1.25 GHz,
N =4, Ay = 1555 nm, B, = -25.37 ps? /km, 7 = 1.19 rad /W -km.

bandwidth is limited due to strong dispersion effect of optical fiber that causes elongation  1es
of sampling pulses and increase of aperture time. For 1.25 GHz of MLL repetition rate the ez
maximum of input bandwidth of 7.25 GHz can be obtained in the scheme using standard  1es
telecommunication equipment. According to Eq.9 the use of 2.5 GHz MLL source and 50 160
GHz DWDM technology allows to obtain 4x increase of input signal bandwidth and reach 17
up to 29 GHz. The maximum of input bandwidth can be reached when outermost DWDM 17
channels within laser spectrum together with channels close to central wavelength are used 172
in the scheme. It leads to strong power difference between channels and very low power in 17
outer channels. We obtained that for typical MLL with 1.25 GHz of pulse repetition rate 17s
and 50 mW of mean power (40 p]J of source pulse energy) the output mean power in outer s
channels is less than 1 mW that is not enough for high linear detection. Increase of MLL 176
output power can be possible decision of this problem, however rise of pulses energy above 177
87 p]J threshold causes formation of soliton due to combined effect of self phase modulation 17s
and anomalous dispersion. 179
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PhADC Photonic analogue to digital converter
EOM Electro-optical modulator
PD Photodetector 187
EQ Electronic quantizer
DM Denultiplexer
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