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Reduction of self-phase-modulation induced phase jitter in
multiplexing repetition rate of actively mode-locked laser for photonic

analog-to-digital converters

Si Chen, Guang Yang, and Weiwen Zou*
State Key Laboratory of Advanced Optical Communication Systems and Networks,
Dept. of Electronic Engineering, Shanghai Jiao Tong University,
800 Dongchuan Rd., Shanghai 200240, CHINA

ABSTRACT
We propose a novel method to multiply the pulse repetition rate of actively mode-locked fiber laser (AMLL) by
spectrum-slicing and time-division-multiplexing for photonic analog-to-digital converters (PADC). Self-phase
modulation (SPM) is employed to broaden the spectrum in order to obtain more parallel channels. The SPM induces
additional phase jitter that degrades PADC’s performance. We theoretically and experimentally show phase jitter can be
effectively reduced by precise control of the tunable true-time delay array. Sampling clock of 40 GHz or higher with low
phase jitter is achieved based on 10-GHz AMLL, which can be used to realize high performance PADC.

Keywords: Photonic analog-to-digital converter, actively mode-locked fiber laser, self-phase modulation, phase jitter,

true-time delays

1. INTRODUCTION

Analog-to-digital converters (ADCs) transform analog signals into digital ones that can be processed easily with digital
signal processor (DSP). Electronic ADC (EADC) suffers difficulty for the increasing requirements of sampling rate and
precision due to electronic bottleneck. Photonic ADC (PADC) employing mode-locked fiber laser (MLL) [1,2] as
sampling clock can provide favorable effective number of bits (ENOB) at ultrahigh sampling rate and is expected to have
important applications in many areas such as communications, radar, medical imaging, etc. Both passively MLL (PMLL)
[3,4] and actively MLL (AMLL) [5,6] have be used as the sampling clock of PADC. In contrast, the repetition rate of
AMLL output pulses is around several GHz and is relatively easy to be multiplied to tens or even hundreds of GHz [5,6].

Its own time jitter has also been improved to the order of femtoseconds (fs) due to progress in microwave generator [7].

In this work, we propose a novel method to multiply the pulse repetition rate of AMLL by spectrum-slicing and

time-division-multiplexing. Apart from AMLL’s distinctive advantages,
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its bandwidth is limited (not broad enough). We employ self-phase modulation (SPM) effect to broaden the spectrum of
AMLL and obtain multiple parallel channels for high speed PADC. Nevertheless, the SPM could induce additional phase
jitter [8] to the broadened optical spectrum, which may degrade PADC’s performance. We accurately characterize the
total phase mismatches among those channels by combination of a physical model and experimental measurement. The
SPM-induced phase jitter is estimated and further reduced after precisely characterizing and detuning the tunable delay
line (TDL) arrays (i.e. the time-division-multiplexing), respectively. Sampling clock of 40 GHz or higher with low phase
jitter is successfully achieved based on 10-GHz AMLL.

2. PRINCIPLE AND PHYSICAL MODEL

Figure 1 (a) shows the experimental configuration of AMLL based high-repetition rate sampling clock generation. The
spectrum of the output waveform of AMLL has a repetition rate at 10 GHz (Calmar PSL-10-TT). It is broadened by a
pulse compressor based on the effect of SPM via a pulse compressor (Calmar PCS-2) and then sliced into M parallel
channels. We applied an optical tunable delay line (TDL) and a variable optical attenuator (VOA) to modify the
time-delay and amplitude of the pulse train in each channel, respectively. Later, these pulse trains are combined together
by a wavelength division multiplexer (WDM) when they are reflected by Faraday rotator mirrors laid after the TDL array.
Time-wavelength mapped pulse trains at higher repetition rate are generated. In Figure 1 (b), the RF spectrum analyzer
and the optical spectrum analyzer (Yokogawa AQ6370C) laid after the circulator are used to characterize the electronic
and optical properties for each parallel channel or the combined pulse trains, respectively. This characterization is used

for the frequency domain analysis of the amplitude and phase mismatches among the channels as referred to [6].
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Figure 1. (a) Experimental configuration to multiply the pulse repetition rate of AMLL by spectrum-slicing and
time-division-multiplexing. (b) A frequency domain measurement method. WDM: wavelength division multiplexer, TDL: tunable

delay line, VOA: variable optical attenuator, PD: photon detector

For an ideal time-wavelength interleaved clock, the pulse trains in all channels are the same with no difference. That

ist, =0,a, =q,, and uk(t)z uo(t), where 7,,a,, and uk(t) is the time skew (i.e. clock timing mismatch),
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amplitude, and normalized intensity temporal pulse shape in the k'™ channel, respectively. The ideal RF spectrum of the

combined signal from all the channels is given by [6]

)= S ain(r] Sotr-n) 0

N

m=—x

where R, and ( f ) are the responsivity of the PD and the Fourier transform of u, (t), respectively. However, for

the real case that 7, ,a,,or u, (t) is not equal to zero, the RF spectrum is expressed by

2

So(r-mf M), @

m=—

E(f)=

Ry f aii ( f)e—jzrm e /20111,
MT - kY k

s k=1

where T, =1/ f, is the sampling interval (or repetition rate) of the generated clock.

Comparing Eq. (1) and Eq. (2), noise peaks at f = kf, /M,(k =1,2,3,.... M — 1) arise in the RF spectrum due

to channel mismatch effects. The RF spectrum of the PADC’s optical clock within the region of [O, fv] can be further

describe by

2

M
Ry > ajit,(kf, | M )e 2 MmN 210 ML (3)
=1

E, :E(ka/M):( j

D
MT,
Define the spectrum extinction ratio 77 of the optical clock in the frequency domain as the ratio between the power

at the fundamental harmonic of f = f, and those of the noise peaks:
n=10log,(E, /E,). @
where £, and E, are given by
M-l
E, = ;Ek’Es =E, .

It is worth noting that 77 is an important parameter for estimating and reducing the SPM induced phase jitter (i.e. time

delay) of each channel [6].

3. THEORETICAL ANALYSIS OF SPM-INDUCED PHASE JITTER

The non-linear Schrodinger equation (without dimension) [9] is:
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where , and Lo is the length of optical fiber, 7} is the pulse

duration, and F) is the power of the impulse peak. The dimensionless profile of an initial input Gaussian impulse

without jitter is described as

U(T.,0)=exp(-1.38677) ©

Its optical spectrum can be expressed as
~ _|= i)
u\w)=u\w)e
(0)=li(o)e ! o
Because the widths of channels are relatively small in comparison with the bandwidth of optical spectrum, the

phases in channels can be figured out by linear approximation:

¢(®)=—75,,0+cc.

(8)
Substituting $(@),, Eq. (8) into Eq.(7), we get
i) -Ja(wfe )
After the inverse Fourier Transform of Eq. (9), we get
Fa(@)e ] =u(i-ry) o

Eq. (8) shows that the physical meaning of Espu is the time delay determining the phase jitter induced by SPM

. T . .
effect. The method to estimate ~ P is determined by:

dp(o)

Tepr, =—
SPM
dw

(11)

We simulate the optical properties of AMLL before and after pulse compression and spectral splicing. The
parameters are as follow: 7,=1.5ps , LO/LDz =-2.22x107, LO/LDx =1.48x107, and LO/LNL =4.885. The

initial optical spectrum of the output of AMLL with relatively narrow bandwidth is illustrated in Figure 2(a). Figure 2 (b)
shows the optical spectrum broadened by the SPM effect, providing a broadened bandwidth than Figure 2 (a). After
spectral splicing, pulse trains in parallel are formed and combination in optical domain by the WDM generates the
PADC'’s optical clock with multiplied repetition rate. Figure 2 (c¢) shows the optical spectrums of four channels (denoted

by black lines) and their corresponding phases (denoted by dotted blue curves).
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According to Eq. (11), the time delay in each channel is numerically deduced, which is summarized in Table 1.
Without loss of generality, the channel 1 is always used as a reference and thus the SPM-induced time delay of other
channels can be normalized with respect to the channel 1. For instance, the absolute SPM-induced time delay of the
channel 1 and channel 2 are 30.55 ps and 51.36 ps while their normalized ones are 0 and 28.81 ps, respectively. It is clear
that the order of the SPM induced time delays for all channels are comparable to the pulse period of AMLL (around a
hundred of ps) at 10 GHz repetition rate, which theoretically indicates that SPM does affect the performance of PADC’s

optical clock.
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Figure 2. Simulated optical spectra of (a) AMLL, (b) pulse-compressed AMLL by SPM, and (c) the sliced output of (b). The dotted

curve denotes the SPM-induced phase distribution.

Table 1. Simulated SPM-induced time delays for four channels

Channel 1 2 3 4
Normalized time delay (ps) 0 28.81 32.32 18.97

4. EXPERIMENTAL MEASUREMENT

The measured spectra of the AMLL (Calmar PSL-10-TT) with a repetition rate of 10 GHz and the compressed pulse are
depicted in Figure 3 (a) and Figure 3(b), respectively. Figure 3 (c) shows the measured optical spectrum of four sliced
channels after combination by a WDM. The experimental measurement matches well the simulation results (see Figure
2). In order to study the SPM-induced time delay, we first combine two channels of the channel 1 and the channel 2, 3, or
4, respectively, to produce a 20-GHz optical clock. When each combination of two channels is matched in phase and
magnitude (see Eq. (3)), the inter-channel time delay should always equal to At = 50 ps. In consequence, the RF
spectrum of the combined pulses appears at the frequency of f; = 20 GHz and the tone at the frequency of /2 = 10 GHz
(the original repetition rate of the AMLL) disappears [6]. In experiment, the time delay of the TDL array in the channel
of 2, 3 or 4 is precisely adjusted while that of the channel 1 doesn’t change so as to maximize the extinction ratio
between the two tones at f; = 20 GHz and f/2 = 10 GHz. Figure 4 (a) shows the RF spectrum of the combined of the
channel 2 and channel 1 when they are matched. There is no other than 20-GHz tone. The similar RF spectrum of the

channel 3 or 4 when combined and matched with the channel 1 is depicted in Figure 4 (b) or Figure 4(c), respectively.
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Figure 3. The measured optical spectra of (a) the AMLL at 10 GHz, (b) the SPM-compressed output, and (c) the sliced output of (b).
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Figure 4. The RF spectrum when the channel 1 is combined with the channel 2 (a), the channel 3 (b), or the channel 4 (c). They are all

matched in magnitude and phase.

In order to measure the true-time delay in each channel of the WDM-based TDL array and thus estimate the
SPM-induced phase jitter (i.e. time delay), we configure the experimental setup as shown in Figure 5. First, each channel
of the WDM-based TDL array depicted in Figure 5(b) is matched in phase and magnitude with the channel 1 as
explained above. Second, the measurement unit (see Figure 5(a)) is used to measure the TDL array. It comprises of a
tunable laser, an electro-optic intensity modulator (EOM), an optical circulator, a photo-detector (PD), and a vector
network analyzer (Agilent PNAX Network analyzer N5247A). By simply detuning the wavelength of the tunable, the
corresponding channel is selected. The PNA-X detects the absolute phase of each channel of the WDM-based TDL array
and thus the absolute true-time delay is evaluated by the derivative of the phase on the angular frequency (see Eq. (11)).

In consequence, the normalized time delay between the channel 1 and the other channel is characterized.

Nam

Tunable Laser —C_> @

Figure 5. Experimental setup (a) to measure the absolute delay of each channel of the WDM-based TDL array (b). EOM: Electro-optic
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intensity modulator, PNAX: Agilent vector network analyzer, PD: photo-detector.

Figure 6(a) illustrates the measured phase of all channels 1, 2, 3, and 4 when they are precisely adjusted for
two-channel combination with the channel 1, respectively. It is clear that the absolute time delay of each channel is far
away from the expected curve with the delay of At = 50 ps, Note that the absolute time delays of all channels are quite
large due to the considerable fiber length in the experimental setup (see Figure 5). They are normalized with respect to
the channel 1. The measured results of the normalized time delay are different from the expected At = 50 ps due to the
existence of the SPM-induced time jitters for all channels as theoretically analyzed in Section 3. Table 2 summarizes the
evaluated SPM-induced time jitters by subtracting the normalized time delay of each channel with At = 50 ps. They are
in reasonable agreements with the theoretical results given in Table 1. The variance is possibly due to the relatively rough

theoretical analysis.
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Figure 6. Measured results of the normalized phase difference between channel 2, 3, 4 and channel 1, respectively. (a) The nominal
inter-channel delay is always At = 50ps for two-channel combination. (b) The nominal inter-channel delay is At = 25ps, 50ps, and

75ps for four-channel combination.

Table 2. Comparison of measured and evaluated time delays when two channels are combined

Channel 1 2 3 4
Nominal inter-channel delay (ps) 0 50.00 50.00 50.00
Measured absolute TDL delay (ns) 270.44661 270.53476 270.47384 270.53804
Normalized TDL delay (ps) 0 88.15 27.23 91.43

Evaluated SPM delay (ps) 0 61.85 22.77 58.57
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Figure 7. Comparison of the RF spectrum of four-channel combination (a) before and (b) after the compensation of SPM-induced time

delay or phase jitter.

Proc. of SPIE Vol. 9344 93442U-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/17/2015 Terms of Use: http://spiedl.or g/terms



When four channels are simultaneously combined with the normalized delays of At = 0, 25ps, 50ps, 75ps for all
channels, it is expectable to achieve a PADC’s optical clock with 4-time multiplexing of the AMLL’s repetition rate.
Figure 6 (b) shows the measured results of the normalized phases of all channels when the nominal delays are At = 25ps,
50ps and 75ps, respectively. It is obvious that we should compensate the SPM-induced time delay so as to optimize the
extinction ration defined in Eq. (4). Figure 7 compares the RF spectra of the combined channels before and after the
compensation, respectively. In Figure 7 (a), the tones at 10 GHz, 20 GHz, 30 GHz and 40 GHz simultaneously exist due
to the phase mismatches among channels. After compensation, only a clear tone at 40 GHz is maintained while the others
disappear due to phase matches as explained in Section 2. All the adjusted and normalized delays of all channels after

compensation are summarized in Table 3, providing a high precision of about 0.03 ps.

Table 3. Compensation of SPM-induced time delay for four-channel optical clock

Channel 1 2 3 4
Expected Delay (ps) 0 25.00 50.00 75.00
Adjusted absolute TDL Delay (ns) 270.44661 270.50976 270.47384 270.46304
Normalized TDL Delay (ps) 0 63.15 27.23 16.43

S. CONCLUSION

We have theoretically and experimentally studied the SPM-induced phase jitter or time delay when it is used to
pulse-compress or spectrally broaden an AMLL for generation of PADC’s optical clock. The experimental measurement
is in a reasonable agreement with the theoretical analysis. After precise compensation of the SPM-induced time delay, a
high-quality optical clock with 4-time multiplexing of the AMLL’s repetition rate is successfully achieved. It is highly
expectable to extend this study towards more-channel PADC’s optical clock so as to achieve higher repetition rate

multiplexing and higher sampling rate.
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