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We propose a novel lumped time-delay compensation scheme for all-optical analog-to-digital conversion based on
soliton self-frequency shift and optical interconnection techniques. A linearly chirped fiber Bragg grating is optimally
designed and used to compensate for the entire time-delays of the quantized pulses precisely. Simulation results show that
the compensated coding pulses are well synchronized with a time difference less than 3.3 ps, which can support a maximum
sampling rate of 151.52 GSa/s. The proposed scheme can efficiently reduce the structure complexity and cost of all-optical
analog-to-digital conversion compared to the previous schemes with multiple optical time-delay lines.
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1. Introduction

Analog-to-digital conversion (ADC) has been studied as
an important technology in many electronic or photonic sys-
tems to digitize the analog electric signals. In recent years,
tremendous development of the ultra-wide-bandwidth appli-
cations requires ADC with ultrafast sampling and high reso-
lution performances. Although significant progress of electri-
cal circuit technology has realized the high-resolution ADC
whose resolution is ten or more bits at moderate sampling
rate ranging from megasamples per second (MS/s) to gi-
gasamples per second (GSa/s), there is an unavoidable trade-
off between the sampling rate and the resolution bit due to
the electrical jitter of the sampling aperture and ambiguity
of the comparators.!'=3! All-optical ADC (AOADC) with en-
tire optical approaches to the sampling, quantizing, and cod-
ing block can provide many advantages over the electrical
counterparts.>3) The most significant advantage of AOADC
for sampling is to reduce the jitter of sampling aperture by
using a ultra-stable mode-locked laser source.*l The pre-
vious optical quantization schemes include utilizing cross-

phase modulation (XPM) effect,®! soliton self-frequency shift
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(SSES) effect,[67] higher order soliton fission, 8! slicing the
spectrum of supercontinuum (SC),!*>!%! and self-phase mod-
ulation (SPM) effect of Gaussian pulse in optical fiber.!'!]
Among these shcemes, optical quantization using SSFS ef-
fect is a promising candidate since it has ultrafast response
speed and is transparent for sampling rate. Several outstand-
ing results on SSFS-based ADCs have been obtained.¢1>-10]
However, time-delays between different quantized pulses oc-
cur simultaneously in the SSFS process. The time-delay prob-
lem can directly induce the non-synchronization of the coding
pulse trains and result in the coding error. Time-delay compen-
sation method with multiple optical time-delay lines (TDLs) is

12-16] This method is compli-

proposed in previous schemes.!
cated and costly, especially in the case of high quantization
resolution.

In this paper, we propose a novel lumped time-delay
compensation scheme for the synchronization of coding. By
optimally designing a linearly chirped fiber Bragg grating
(LCFBG) rather than multiple TDLs, the time-delays of quan-
tized pulses can be compensated for precisely. The numerical

analysis is simulated and discussed.
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2. Principles and schematic design

The schematic diagram of an all-optical ADC with 3-bit
quantization resolution is shown in Fig. 1. It consists of two
parts: optical quantization based on SSFS in highly nonlinear
fiber (HNLF) and optical coding based on a topology structure
of the binary coding.

As shown in Fig. 1, the analog-sampled signals propagate
in an HNLF for the generation of SSFS to realize power-to-
wavelength conversion. After the HNLF, the central wave-
length of each analog-sampled signal has a red shift.l!”! The
amount of the central wavelength shift is in direct proportion
to peak power of signal. So we can distinguish different pow-
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ers of analog-sampled signal by referring to the change of cen-
tral wavelength. And different time-delays of quantized pulses
occur simultaneously in time domain. Here we can realize op-
tical quantization by SSFS effect. To separate the signals of
different central wavelengths, we use a dispersion device-like
arrayed waveguide grating (AWG). By setting the parameters
of AWG, signals of different powers occur at specific ports
of AWG and then be sent to coding module. In coding mod-
ule, the optical interconnection is realized by several couplers,
TDLs, and photodiodes by, by, and b3. The interconnection
topology is based on a binary conversion table, which is shown

in the upper left part of Fig. 1.

b1 = a1+ az+ as+ ar,
by = azx+asz+art+ar,

by = as+as+ae+ary,
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Fig. 1. (color online) Schematic diagram of the proposed optical quantization and coding scheme. HNLF: highly nonlinear fiber,
AWG: arrayed waveguide grating, TDL: time delay lines, PD: photodiode.

The a;—ay are quantized pulses and the outputs b;—b3 are
binary signals in Table 1 which is shown in the upper right part
of Fig. 1, where we can see the outputs b;—b3 are formed by
aj—az. In the outputs of photodiodes, analog-sampled signals
are converted into 3-bit binary code.

The scheme utilizing SSFS effect has a problem that sam-
pled pulses with different peak powers have different time-
delays in the HNLF. The dynamic behavior of optical pulse
through an optical fiber can be described by generalized non-
linear Schrédinger equation (GNLSE). Using the method of
moment (MOM)!"® to solve the GNLSE semi-analytically, the

variation of time-delay can be obtained as follows:
At o< By-Q-zo< Dz Anitt = D -2+ (A — Ao), (1

where Ar is the time-delay of optical pulse in SSFS, z the
transmission distance in fiber, B, the second-order disper-
sion coefficient, 2 the frequency shift of optical pulse, D =
—2mcPy/A? the dispersion parameter of fiber, A. the cen-
tral wavelength of optical pulse after HNLF, and Aq the in-
put wavelength. Equation (1) shows that the time-delay Az in
SSFS is in direct proportion to A, when the dispersion parame-
ter and the length of optical fiber are constant. The mechanism
of the proposed lumped time-delay compensation is shown in
Fig. 2.
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Fig. 2. (color online) Mechanism of the proposed lumped time-delay
compensation.

Since the time-delay line is a straight line with the slope
K1, we can use a straight line with the slope of K; = —K] to
compensate for the time-delay. The time-delay can be com-
pensated for in different ways as long as the dashes line can
be realized. The LCFBG has the characteristics to realize the

time-delay compensation. When a wide bandwidth pulse is
launched into an LCFBG, different wavelength components
reflect at different positions. A simple variable method is uti-
lized to study the influences of the several parameters on the
bandwidth and time-delay.!'?2%) The results show that the lin-
ear scope of time-delay line can be broadened and the ripple
of the line can be reduced by increasing the total chirp coeffi-
cient and the length of LCFBG. Increasing the average vari-

ation of refractive index Oneg is not useful to improve the
linearity of time-delay line, but it is useful to broaden the
reflection bandwidth. Apodization function f(z) can reduce
the side-lobe of reflectivity line and improve the linearity of

21221 Based on the study results, we design

time-delay line.!
the LCFBG and propose a lumped time-delay compensation
scheme, as shown in Fig. 3. To obtain the output reflectiv-
ity R and time-delay At of LCFBG, the transmission matrix

method?3! is used for simulation.
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Fig. 3. (color online) Schematic diagram of the lumped time-delay compensation scheme with LCFBG. MLLD: Mode-locked laser

diode, VOA: variable optical attenuator.

Comparing Fig. 3 with Fig. 1, the time-delay compensa-
tion is brought forward from coding module to quantization
module. An LCFBG is inserted between the HNLF and AWG
to compensate for the time-delay rather than several TDLs.
The improvements are definitely useful for the integration and
miniaturization of all-optical ADC.

3. Simulation and discussion

The dynamic behavior of the pulses in time and frequency
domain during the quantization process is numerically ana-
lyzed by solving the GNLSE with split-step Fourier method,
which gives more precise analytical solution than the MOM.
In Fig. 3, the central wavelength of optical pulses generated
by the mode-locked laser diode (MLLD) is 1558 nm. To sim-
ulate the sampled pulses with different peak powers, a vari-
able optical attenuation (VOA) is used in Fig. 3 to generate the
sampled pulses with different powers. For example, the peak
powers Q1, O2, 03, Q4, Os, O, and Q7 of sampled pulses are
50 W, 7.0 W, 85 W, 100 W, 11.5 W, 13.0 W, and 15.0 W

respectively. Qg with the peak power of 0 is of no use in
the coding module, so it is neglected in our simulation. After
transmitting in 1-km HNLF (y =16 W~ /km, o = 0.9 dB/km,
D = 43 ps/(nm/km)) for quantization, the central wavelengths
of sampled pulses are shifted to specific positions. The spec-
tral profiles of the optical pulses Q| ~ Q7 after the HNLF are
shown in Fig. 4.
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Fig. 4. (color online) Spectral profiles of the optical pulses Q1 ~ Q7
after the HNLFE.
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As shown in Fig. 4, the amount of central wavelength shift
is in direct proportion to peak power of sampled signal. After
passing through the HNLF, optical signals have been quan-
tized. The signal whose peak power lies between the quan-
tization levels will be quantified to the nearest quantization
level.

The initial time interval of adjacent pulses is 25 ps since
the sampling rate is 40 GSa/s as shown in Fig. 5(a). After the

SSES process, the pulses with different peak powers have dif-
ferent time-delays. The temporal profiles of the delayed pulses
are shown in Fig. 5(b). The relationships between time-delay
and input peak power with different values of dispersion D and
length L of the HNLF are shown in Figs. 5(c) and 5(d) respec-
tively. It is evident that the time-delay increases linearly as the

input peak power of the pulse augments.
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Fig. 5. (color online) Temporal profiles of the sampled pulses (a) before and (b) after passing through the HNLF, and the time-delays
of quantized pulses as a function of input peak power with (c) different values of D and (d) different values of L.
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Fig. 6. (color online) (a) Plots of characteristics of LCFBG, and (b) illustration of the method for time difference calculation.
curately, length Ly and total chirp C of the LCFBG must be

chosen carefully (when Sneg and f(z) are constant). After ob-

taining the time-delay compensation curves for different cases

A comparison between Figs. 5(a) and 5(b) shows that the
coding error will definitely occur without compensating for
the time-delay in SSFS. Now an LCFBG is utilized to cor-
rect the error. In order to compensate for the time-delay ac-
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we compare them with the ideal time-delay compensation line
to calculate the maximum time difference due to utilizing the
method shown in Fig. 6(b), which is the detailed view of a
small segment in Fig. 6(a). The calculated maximum time dif-
ferences with the different values of Lg and C are shown in
Fig. 7(a). The relationship between the bandwidth and the to-
tal chirp is shown in Fig. 7(b). The bandwidth of the LCFBG
should cover the wavelength shift range of the SSFS effect to
ensure that the time-delay of each quantized pulse can be com-
pensated for. Since the minimum bandwidth in our scheme is

55 nm, the minimum total chirp is —55 nm.
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Fig. 7. (color online) (a) Calculated maximum time difference in the
cases of different total chirps and lengths of the LCFBG, (b) the band-
width as a function of the total chirp, and (c) the performances of the
LCFBG with optimal parameters.
As shown in Fig. 7(a), the maximum time difference of
3.3 ps is obtained for the LCFBG with Ly = 1.5 cm and
C = —55 nm. The corresponding optimal parameters of the
LCFBG are Lg = 1.5 cm, C = —55 nm, 6ne = 1.5 X 1073,

f(z) = tanh(10z/L) tanh[10(1 —z/L)]. The performance of
the optimal LCFBG is shown in Fig. 7(c), where the reflectiv-
ity bandwidth can reach 56 nm and the reflectivity is 0.8. The
reflectivity curve shows very small ripples and the time-delay
curve also has small ripples.

After the lumped time-delay compensation with LCFBG,
the time interval of adjacent optical pulses is shown in Fig. 8.
The maximum time interval is 28.00 ps while the minimum
one is 22.05 ps. The coding results are shown in Fig. 9. The
dashed lines are the judgment windows of the comparator. It
is evident that the time-delays are accurately compensated for
with the proposed scheme and no coding error occurs in the
results.

The relationship between the supportable sampling rate
S and the maximum time difference At is shown in Eq. (2)
and Fig. 10. It is evident that the supportable sampling rate
decreases with the increase of the maximum time difference.
Since the time difference is found to be no more than 3.3 ps,
our proposed scheme can support the maximum sampling rate
of 151.52 GSa/s.
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Fig. 8. (color online) Time intervals of adjacent optical pulses.
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Fig. 9. (color online) Output temporal profiles of the three quantization
channels and corresponding coding results.
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Fig. 10. (color online) Supportable sampling rate as a function of the
maximum time difference.

4. Conclusion

In this paper, we proposed a novel lumped time-delay
compensation scheme by utilizing an LCFBG in optical quan-
tization for all-optical ADC. The linear relationship between
the time-delay and the central wavelength position of the quan-
tized pulse is analyzed. The simulation results show that the
optimized LCFBG can compensate for the time-delay accu-
rately with the time difference less than 3.3 ps. The proposed
scheme can support a maximum sampling rate of 151.52 GSa/s
with no coding error. Since the total wavelength range is
55 nm in this scheme, a potential 5-bit resolution can be real-
ized with an additional spectral compression module.!'%24 In
previous 5-bit schemes, 32 TDLs are required for coding syn-
chronization. The novel scheme utilizing an LCFBG rather
than multiple TDL can efficiently reduce the structure com-
plexity and cost in practical applications, which conforms to

the trend of integration and miniaturization of all-optical ADC.
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