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We theoretically propose a multifunctional photonic differentiation (DIFF) scheme based on phase demodulation
using two cascaded linear filters. The photonic DIFF has a diversity of output forms, such as the 1st order intensity DIFF,
the 1st order field DIFF and its inversion, and the 2nd-order field DIFF, depending on the relative shift between the optical
carrier and the filter’s resonant notches. As a proof, we also experimentally demonstrate the DIFF diversity using a phase
modulator and two delay interferometers (DIs). The calculated average deviation is less than 7% for all DIFF waveforms.
Our schemes show the advantages of flexible DIFF functions and forms, which may have different optical applications. For
example, high order field differentiators can be used to generate complex temporal waveforms, and intensity differentiators

are useful for the ultra-wideband pulse generation.
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1. Introduction

Photonic differentiation (DIFF) can offer a huge band-
width of signal processing and immunity to electromagnetic
interference compared to the traditional electronic DIFF. Thus
photonic DIFF has been attracting lots of interest due to its
potential wide applications in the ultrafast optical digital and
analog processes.!!>! The design and implementation of pho-
tonic DIFF is a primary step toward the practical optical com-
puting circuits.

To date, photonic DIFF can mainly be divided into two
categories, the optical field DIFF and the optical intensity
DIFE.[® In the intensity DIFF, the output optical intensity
signal is the mathematical DIFF of the input optical inten-
sity, which could be used in ultra-wideband (UWB) mi-
crowave communications!’! and signal encoding.['”) The
intensity DIFF could be implemented by incoherent pho-
tonic processors,!'! highly nonlinear fibers,!”) and semi-
conductor optical amplifiers (SOAs).[%!%131 On the other
hand, in the field DIFF, the output optical field (com-
plex signal, including both amplitude and phase) is the
DIFF of the input field signals, which has potential ap-
plications in ultrashort pulse generation,!*'*! a family of
high order DIFF waveform generation,!'>-!"1 and pulse edge
recognition.!'¥! To date, the field DIFFs have been im-
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plemented by fiber Bragg gratings,!
gratings,[2J interferometers, 1211 SOAs,'* and silicon inte-

grated waveguides.[!>16-2223] 1t is noticed that most of the
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aforementioned schemes are not versatile and show a sole
function. Flexible and versatile DIFF functions are desir-
able to meet multi-requirements in photonic signal processing.
Previously, we demonstrated the field DIFF and the intensity
DIFF simultaneously based on phase modulation and optical

(241 However a high order field DIFF is impossible in

filtering.
that scheme.

In this paper, to include more DIFF functions, we theo-
retically deduce and experimentally prove the diversity of the
photonic DIFF based on phase demodulation assisted by two
delay interferometers (DIs). The photonic differentiator can
output a diversity of DIFF waveforms, such as the 1st order
intensity DIFF, the 1st order field DIFF and its inversion, the
2nd order field DIFF, depending on the relative shift between
the optical carrier and the filter resonant notches. The out-
put waveforms have more formations compared to those in
Ref. [24]. Our scheme shows the advantages of the flexible
DIFF functions. For example, the high order field differen-
tiators can be used to generate complex temporal waveforms,
and the intensity differentiators are useful for the UWB pulse
generation.

2. Operation principle

A tun-
able laser source (TLS) emits a continuous wave (CW) with

The operation principle is shown in Fig. 1.

a central wavelength of Ag. A phase modulator (PM) is
driven by an electrical temporal signal s(f) to modulate the
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CW. Two cascaded DIs with their notch wavelengths of A,
and Ay, follow the PM. The frequency response of the DI
can be approximately regarded as a linear response near the
notch frequency.!'®! According to the theoretical analysis in
Refs. [24] and [25], the output optical power of the first DI
(DI;) can be expressed as

(0

Poutt = (00— @p1)” +2 (0p— wpl)

+ (ﬁagi)) : M

where @y and @, are the optical carrier frequency and the

notch angular frequency of DIy, respectively, satisfying @; =

2xc/A;, i=0, pl, and B is the phase-modulated index.
Assume that the notch of the DI is aligned exactly to the

optical carrier. Then Eq. (1) can be simplified approximately

Pout ~ (ﬁ os (I)>2. )

as

ot

Output waveforms of this form can be defined as the 1st order
field DIFF of the input signals, since the power of the outputs
is proportional to the square of the differentiation of the input
signals. >
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Fig. 1. (color online) Experimental setup for the proposed multifunctional differentiators (TLS: tunable laser source; ATT: attenuator; EDFA: erbium doped

fiber amplifier; PM: phase modulator; DI: delay interferometer; DCA: digital communication analyzer; PC: polarization controller).

Assume that the notch of the DI is not aligned to the opti-
cal carrier, then the third term of Eq. (1) is far smaller than the
other two terms. Then Eq. (1) can be simplified as

P = (00— )28 (a0~ ) 2200 3)

Output waveforms of this form can be defined as the 1st or-
der intensity DIFF of the input signals, since the power of
the outputs is proportional to the differentiation of the input
signals.[>]

With a simple mathematical derivation, the output optical
power of the second DI (DI,) can be expressed as

o () )

25 (t)\*
4
+(8%552) @
where @y is the central frequency of DI, satisfying @y, =
27'L'C/)1,p2.
If we define @; = @y — @p1 and @ = @y — 2, then Eq.
(4) can be simplified as
ds(1)\? ds(t
Pouz = [(ﬁ 8(t )> +[3(Aw1+Aw2)#+Aw1Aw2
2s(t)\’
. 5
+ (ﬁ o2 ) )

Equation (5) suggests that the output power contains lots of
DIFF forms, such as the 1st order DIFF, the square of the 1st

order DIFF and the 2nd order DIFF, and their product terms.
Since Eq. (5) is a very complex equation, one may simplify it
under certain specific conditions.

2.1. Case 1: the first-order intensity DIFF

Equation (5) can be simplified into four cases, which rep-
resent four different DIFF forms, respectively. In the first case,
assume that the wavelength notches of both DIs are located at
the same side of the wavelength of the optical carrier and mis-
aligned to the notches. To simplify Eq. (5), there are several
approximations used, 1) the phase modulation index f is very
small, 2) the misalignment of @; and @, is very small so that
the DI response meets the linear response, and 3) the output
power of the high order DIFF term is much lower than that of
the 1st order DIFF term. These approximations are easily sat-
isfied in practical experiments. Then Eq. (5) can be simplified
approximately as

ds (1)
ot
Equation (6) has the same form as Eq. (3), which suggests the

Pourz = 2BAw A, (Aw; + Aw,) + (A(J)]A(!)z)z . (6)

1st order intensity DIFF of the input signals. Figure 2 shows
the output temporal waveforms of DI and DI, when the input
signal is a super-Gaussian pulse according to Eq. (5). The in-
put super-Gaussian pulse is shown as S1 in Fig. 2, and the cal-
culated output temporal waveforms of DI; and DI, are shown
as S2 and S3 in Fig. 2. In the following, S1-S3 represent the
same meanings as those in Fig. 2 without specific statements.
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The pulse width of the input signal is set at 200 ps. In the
simulation, we set Ap; — A9 = A2 — Ag = 0.1 nm in Fig. 2(a),
and set A1 — Ao = Ao — Ao = —0.1 nm in Fig. 2(b). One can
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Fig. 2. (color online) Simulated waveforms for the 1st order intensity
DIFF: (2) Ap1 — Ao = Apy — A = 0.1 nm; (b) Apt — Ao = App — Ao =

0.1 nm.
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see that the output waveform of DI, is exactly the 1st order
intensity DIFF result. At the same time, the DIFF waveforms
of Figs. 2(a) and 2(b) are polarity reversed, which can be ex-
plained by Eq. (6). The polarity-reversed DIFF waveforms can
be used in the pulse polarity modulation of UWB signals.

2.2. Case 2: the first-order field DIFF

In the second case, assume that the notch of one DI is ex-
actly aligned to the optical carrier, whereas the notch of the
other DI is misaligned. Under the same approximations as

those in case 1, Eq. (5) can be simplified as

2
Puoa B (d0r + ) (250

(N

Equations (2) and (7) have the same form, indicating that
the output power is the 1st order field DIFF. Figure 3 shows
the output temporal waveforms of DI; and DI, when the input
signal is a super-Gaussian pulse based on Eq. (5). In the simu-
lation, the pulse width of the input signal is still set at 200 ps,
the wavelength misalignment of one DI is set at 0.1 nm, and
the other is set at zero, as shown in Figs. 3(a)-3(d), respec-
tively. It is proved that all the output waveforms of DI, are the
same, with the square of the first-order DIFF waveform. This
field DIFF can be used to extract the pulse edges and suppress
the signal noise with a direct current (DC) in optical signal
processing systems.
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Fig. 3. (color online) Simulated waveforms for the Ist order field DIFF: (a) A,; —Ap = 0.1 nm, Ap — A9 = 0 nm, (b) 4,1 — g =
—0.1nm, Ay — A9 = 0 nm, (¢) Ap; — A9 =0nm, Ay — A9 = 0.1 nm, (d) Ay} — Ao =0nm, Ay» — A9 = —0.1 nm.
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2.3. Case 3: the first-order field DIFF in inversion

In the third case, assume that the notches of the two DIs
are both misaligned to the optical carrier, but symmetrically
distributed on the opposite sides of the optical carrier. For ex-
ample, we set A1 —Ap = 0.1 nm and Ay — A9 = —0.1 nm.
Then 3 () + @) ds (r)/dt = 0. With the approximation of a

small phase modulation index, Eq. (5) can be simplified as

Pouy ~ 237 A0 A, (8;(;)) 2 + (Ao Am,) . (®)

Since Aw;Aw, < 0, the first term of the right hand side
(RHS) of Eq. (8) is opposite to the square of the optical field
DIFF, and the second term is a positive constant. Therefore,
the output waveform is a field DIFF with an inversion. Fig-
ure 4 shows the simulated output waveforms of DI; and DI,
where 4,1 —Ap = 0.1 nm and Ay — A9 = —0.1 nm in Fig. 4(a),
and an opposite wavelength setting is used in Fig. 4(b). For
injecting a super-Gaussian pulse, the output DIFF forms show
two notches in the pulse edges of the input signals. This case
demonstrates the totally inverted waveforms compared to case

2. So this type of DIFF may have similar applications to those

of case 2.
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Fig. 4. (color online) Simulated waveforms for the 1st order field DIFF
with an inversion: (a) Ay; — A9 = 0.1 nm, A — A9 = —0.1 nm, (b)
Apt —Ag = —0.1nm, Ay — A9 = 0.1 nm.

2.4. Case 4: the second-order field DIFF

In the fourth case, assume that the notches of the two
DIs are both aligned exactly to the optical carrier. That is
to say, we set A,; — A9 = 0 nm and Ay — Ap = 0 nm. Thus
Aw; =A@, = 0. Then Eq. (5) can be expressed as

Pour = (ﬁ a‘;(;)y + <B ‘922’))2. )

With the approximation of a small phase modulation index,

the first term of the RHS of Eq. (9) can be ignored. Hence Eq.
(9) can be further simplified as

2% (1)\°
Pou ~ (ﬁ ;é”) . (10)

From Eq. (10), one can see that the output power is the square
of the 2nd order field DIFF. Similar to the analysis of Eq. (2),

the output power of this form can be defined as a second-order

field DIFF. Figure 5 shows the simulated output waveforms of
DI; and DI,, where Aw; = Aw, = 0. The output waveform
of DI, accords well with the formation of the 2nd order field
DIFF, although there is a little distortion. This distortion is
caused by the term of the biquadrate of the 1st order DIFF,
as indicated in Eq. (9). This kind of DIFF is a higher order
DIFF, which may be useful to construct more complex tempo-

ral waveforms.
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Fig. 5. (color online) Simulated waveforms for the 2nd order field DIFF,

At —A=2Ap -2 =0.

From the aforementioned analysis and mathematical in-
ference, we have demonstrated four kinds of DIFF formations,
including the 1st order intensity DIFF, the 1st order field DIFF
and its inversion, and the 2nd order field DIFF. These DIFF
formations are dependent on the relative shift between the op-
tical carrier and the DI resonant notches, which are summa-
rized in Fig. 6. Therefore it is very easy to alter the DIFF for-
mation by changing the laser wavelength or the DI resonant
notches.
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Fig. 6. (color online) Summary of all possible DIFF forms.

3. Experimental demonstration and discussion

In order to verify the feasibility of our scheme, a proof-
of-concept experiment is carried out, as shown in Fig. 1. A
CW beam is emitted from the TLS with a precisely tuning
resolution of 1 pm. Then the CW beam is modulated by the
PM. A polarization controller (PC) is placed before the PM
to optimize the incident polarization state since the PM is po-
larization dependent. The PM (bandwidth: 40 GHz) is driven
by an electrical super-Gaussian signal s (¢), which is generated
by the bit pattern generator (BPG, SHF BPG 44E). The first
erbium doped fiber amplifier (EDFA) is used to boost the in-
put optical power. Two cascaded DIs have free spectral ranges
(FSR) of 40 GHz and 100 GHz, respectively. The resonant
frequencies of the DIs can be adjusted by the driving voltage.
The output power is then optimized by the second EDFA and
an attenuator (ATT), and measured by a digital communication
analyzer (Agilent DCA86100C). The operation bandwidth of
our scheme depends on the bandwidth of the PM, which is
40 GHz.

First the laser wavelength is set at 1563.9 nm and its out-
put optical power is 13 dBm. The PM is driven by an electrical
super-Gaussian pulse train with a repetition rate of 1.25 GHz,
and the pulse width is about 200 ps, as shown in R1 of
Fig. 7(a). Since the optical field could not be measured practi-

cally, all the DIFF results are analyzed with the optical power.
In order to verify case 1, we set A, —Ag = A2 —Ag = 0.1 nm.
Then the output temporal waveforms of DI; and DI, are mea-
sured and shown as R2 and R3 in Fig. 7(a). The calculated
waveforms are shown as S2 and S3, respectively, for compar-
ison. One should notice that waveform R1 is the input wave-
form of both the measured outputs R2, R3 and the calculated
outputs S2, S3 in Figs. 7 and 8. In the following, R1-R3 rep-
resent the same meanings as those in Fig. 7(a) without spe-
cific statements. One can see that the measured results have
good agreements with the simulated ones. This experimental
result can prove the case of the 1st order intensity DIFF, cor-
responding to the simulations of Fig. 2(a). In the following
experiment, all parameters are maintained except the resonant
notches of the DIs. In order to verify the 1st order field DIFF
of case 2, we readjust the driving voltages of the DIs so that
one DI notch is aligned and the other is misaligned to the laser
wavelength. For this case, the measured output DIFF wave-
forms are shown in Fig. 7(b). One can see that the measured
results have good agreements with the simulated ones. This
experiment shows the 1st order field DIFF, corresponding to

the simulations of Fig. 3(c).

033201-5



Chin. Phys. B Vol. 23, No. 3 (2014) 033201

6 r r
!f—"""' I e f-""‘"\‘ (a)
“r_‘ i .E_ T i i 1 i H
E R P
el A / h
5 A s2 4\
z v .
@ ol A A i
N m N
g v .
=
" sg
= —~ v, i wmr = - - - A
0 ¢ ! ! ~
0 0.5 1.0 1.5
Time/ns
6 -
X 1 (b)
_-.; 1 R1 | i "\
3 & A A =
g /A I3 i1 i
FoAr S nd R e St | S
2 \
i h 'l ’\ "H
> obfe__to__ 82 i __Jo___]
g 2L A A A i |
n 0
. \ N “
LN s
0 0.5 1.0 1.5
Time/ns

Fig. 7. (color online) Experimental results to show (a) case 1 and (b)
case 2.
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Fig. 8. (color online) Experimental results to show (a) case 3 and (b)
case 4.

To verify case 3, the notches of the DIs are readjusted so

that they are symmetrically distributed on the opposite sides
of the laser wavelength, and the output DIFF waveforms are
measured as shown in Fig. 8(a). One can see that the mea-
sured results have good agreements with the simulated ones.
This experiment shows the 1st order field DIFF of inversion,
corresponding to Fig. 4(a). Finally, the resonant notches of the
DIs are adjusted so that they are exactly aligned to the laser
wavelength. Figure 9 shows the transmission spectra of DI,
and DI, the input laser wavelength, and the output spectrum
of DI,. DI; has an FSR of 40 GHz, and DI, has an FSR of
100 GHz. One can see that their resonant notches are aligned
to the laser wavelength, i.e., 1563.9 nm. For this case, the
output temporal waveforms of DI; and DI, are measured, as
shown in Fig. 8(b). One can see that the measured results ac-
cord with the simulated ones except for a distortion. This dis-
tortion can be explained by Eq. (9). The experiment shows
the 2nd order field DIFF, corresponding to the simulations of
Fig. 5.
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Fig. 9. (color online) Input and output spectra of the 2nd order field
DIFF.

To analyze the DIFF accuracy, an average deviation is de-
fined as the mean absolute deviation of the measured DIFF
power from the calculated one on a certain pulse period,1>16]
which is set at 1500 ps in our experiment. Then the calcu-
lated average deviations for the 1st order intensity DIFF, the
1st order field DIFF, the reversed 1st order field DIFF, and the
2nd order field DIFF are 4.27%, 6.28%, 5.76%, and 6.28%, re-
spectively. Table 1 shows all average deviations of the output

waveforms of DI; and DI,.

Table 1. Average deviations of all four DIFF results.

Case 1 Case 2 Case 3 Case 4
DI, output 4.36% 6.78% 5.01% 6.59%
DI, output 4.27% 6.28% 5.76% 6.28%

4. Conclusion

We theoretically prove the diversity of the photonic DIFF
based on phase demodulation using two cascaded linear filters.
From mathematical inference and analysis, the photonic DIFF
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can output four DIFF formations, including the 1st order inten-
sity DIFF, the 1st order field DIFF, the reversed 1st order field
DIFF, and the 2nd order field DIFF, depending on the relative
shift between the optical carrier and the filter resonant notches.

We also experimentally demonstrate the DIFF diversity using

a phase modulator and two DIs. The total average deviations

are less than 7% for all DIFF waveforms. Our schemes show

the advantages of the flexible DIFF functions, which may have

different optical applications.
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