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Abstract An effective theoretical analysis method is
presented to analyze different linear optical signal proces-
sing functions with optical filters reported in literatures.
For different applications, the optical filters are supposed
to operate on the analog or digital part of the signal
separately, namely analog spectrum conversion and digital
spectrum conversion. For instance, the return-to-zero (RZ)
to non-return-to-zero (NRZ) format conversion for inten-
sity or phase modulated signals are based on the analog
spectrum conversion process, while the (N)RZ to (N)RZ
phase-shift-keying (PSK) format conversion, logic NOT
gate and clock recovery for RZ signals are based on the
digital spectrum conversion process. Theoretical analyses
with the help of numerical simulation are used to verify the
reported experimental results, and all the experimental
results can be effectively analyzed with this analytical
model. The effect of the transmission spectrum of the filter
on the performance of the converted signal is investigated.
The most important factor is that the theoretical analysis
provides an effective way to optimize the optical filter for
different optical signal processing functions.

Keywords linear optical signal processing, format con-
version, optical filter, clock recovery, logic gate

1 Introduction

All-optical signal processing can increase the operation
speed and decrease the power consumption greatly by
processing the signal in optical domain directly and
avoiding optical to electrical and electrical to optical
conversion process. In recent two decades, all-optical
signal processing has been receiving increasingly atten-
tion, and many functions have been demonstrated, such as

wavelength conversion, format conversion, logic opera-
tion, 2R regeneration, clock recovery, and so on. Accord-
ing to operation mechanisms, these optical signal
processing functions can be divided into two different
kinds: nonlinear signal processing and linear signal
processing. For nonlinear kind, optical signal processing
functions should be realized with different nonlinear
effects in some special media, such as chalcogenide
waveguide [1,2], periodically poled lithium niobate
(PPLN) waveguide [3], semiconductor optical amplifier
(SOA) [4–6], high nonlinear fiber (HNLF) [7,8], and other
devices [9,10]. Usually, there exists tradeoff between the
conversion efficiency and the operational speed in these
nonlinear optical signal processing functions. For linear
kind, optical signal processing functions could be easily
realized with filtering effect. Based on different filtering
devices, some signal processing functions, such as format
conversion [11,12], logic gate [13], clock recovery [14],
optical differentiation [15] and integration [16,17], and
Hibert transformer [18,19], were demonstrated. Because of
linear effect, these functions can be demonstrated with
extremely simple configuration, no additional noise, no
pattern effect and no speed limitation.
In our research group [20–36], delay interferometers

(DIs) and microring resonators (MRRs) were mainly
exploited to realize various kinds of format conversion
functions and clock recovery function. Format conversion
functions from return-to-zero (RZ) to non-return-to-zero
(NRZ) for on-off-keying (OOK), differential-phase-shift-
keying (DPSK) and 4 � 50 Gb/s multichannel RZ-to-NRZ
conversion [27], polarization division multiplexed (PDM)
format conversion [34,35] demonstrated its flexibility and
potential for application in high capacity optical networks.
On the other hand, clock recovery function was also
analyzed [28] and experimentally demonstrated [36] with
MRR. Although many experimental results for linear
signal processing have been reported [13,14,20–36], there
is no thorough theoretical model to analyze all the
experimental results. The most important factor is, there
is different requirements of the filtering spectrum for
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different signal processing functions. One completed
theoretical model should be developed to optimize the
transfer spectrum of the filter.
In this paper, we tend to present a completed theoretical

method to analyze these reported experimental results for
linear signal processing. To facilitate the analysis, we
decomposed the optical signal into the analog and digital
parts, which represent the pulse shape of each symbol and
the data information of the symbol sequence, respectively.
Then, the optical filter is supposed to operate on the analog
or digital spectrum independently for different applica-
tions, corresponding to analog spectrum conversion and
digital spectrum conversion process, respectively. Based
on this model, the operational principle of RZ to NRZ
format conversion for intensity and phase modulated
signals, (N)RZ to (N)RZ-PSK format conversion, all-
optical NOT gate, and clock recovery for RZ signals can all
be illustrated. Results show that the RZ-to-NRZ format
conversion is based on the analog spectrum conversion
process. In this case, the pulse shape of each symbol is
changed from RZ to NRZ, while the symbol sequence of
the data information remains unchanged. On the other
hand, the format conversion from (N)RZ to (N)RZ-PSK,
all-optical NOT gate and clock recovery for RZ signals are
based on the digital spectrum conversion process. In this
case, the data information is changed, while the pulse
shape of each symbol remains unchanged.
The rest of this paper is organized as follows. Section 2

describes the principle of spectrum decomposition for the
modulated signal and analyzes the characteristics of the
analog and digital spectra. Section 3 theoretically demon-
strates the operational principle for the signal conversion
process, consisting of analog spectrum conversion and
digital spectrum conversion process. Section 4 discusses
the applicability of the theoretical model and the effect of
defective filter on the converted signal, and Section 5
concludes this paper.

2 Spectrum decomposition

2.1 Signal decomposition

Although we could find similar analysis for electrical
signal processing in the textbooks, we would like to
present the analytical process of spectrum decomposition
for the integrity of the theoretical model. Actually, there is
also no similar analysis for optical signal processing.
Considering a modulated signal, the complex envelop of
the electric field is expressed as

EðtÞ ¼
Xþ1

k¼ –1
xkgðt – kTsÞ, (1)

where g(t) is the pulse shape centered at t = 0 which can be
NRZ, or RZ with different duty cycles, Ts is the symbol

period, and xk are information symbols that are indepen-
dent identically distributed (i.i.d.) random variables.
xk2{0, 1}, {1, -1} and {1, j, -1, -j} denote the information
symbols of OOK, PSK, and QPSK signals, respectively.
The expression of the electric field can be modified as

EðtÞ ¼ gðtÞ �
Xþ1

k¼ –1
xkδðt – kTsÞ, (2)

where * denotes convolution operation and d represents the
Dirac function. g(t) is the analog part of the signal, which

represents the pulse shape of each symbol. While
Pþ1

k¼ –1
xk

δðt – kTsÞ is the digital part of the signal, which represents
the data information of the signal.
The spectrum of the modulated signal is the Fourier

transformation of its electric field and expressed as

Fðf Þ ¼ Gðf Þ⋅X ðf Þ, (3)

whereG(f) and X(f) are the analog and digital spectra of the
signal, which are the Fourier transformation of g(t) andPþ1

k¼ –1
xkδðt – kTsÞ, respectively, and are obtained by

Gðf Þ ¼ !
þ1

–1gðtÞexpð – j2πftÞdt, (4)

X ðf Þ ¼ !
þ1

–1

Xþ1

k¼ –1
xkδðt – kTsÞexpð – j2πftÞdt: (5)

In this way, the spectrum of the signal is the combination
of the analog spectrum and digital spectrum. Taking the
33% RZ signal as an example, its spectrum is illustrated in
Fig. 1(a), and the analog and digital spectra are illustrated
in Figs. 1(b) and 1(c), respectively. It is clear that the
envelop of the spectrum is determined by the analog
spectrum, while the line spectral components and ripples of
the spectrum are determined by the digital spectrum.

2.2 Analog spectrum

The analog part of the modulated signal is a pulse centered
at t = 0, it can be either NRZ or RZ shape. The NRZ pulse
is a gate function, which is expressed as

g tð Þ ¼
1, jtj£ Ts

2 ,

0, jtj > Ts
2 ,

8<
: (6)

while the RZ pulse with duty cycle of 33% is described by
[37]

g tð Þ ¼
cos π

2 sin
π
Ts
t

� �h i
, jtj£ Ts

2 ,

0, jtj > Ts
2 :

8<
: (7)
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Figure 2(a) shows the NRZ and 33% RZ pulses with
time duration of Ts. B is defined as the reciprocal of Ts, B =
1/Ts, which denotes the baud rate of the signal. The analog
spectrum of NRZ signal is shown in Fig. 2(b), it is Sinc-
shaped. The bandwidths of the mainlobe and sidelobe are
2B and B, respectively. Whereas, on the other hand, the
analog spectrum of RZ signal has an evidently larger
mainlobe than that of NRZ signal.

2.3 Digital spectrum

The digital spectrum is the Fourier transformation of the

data information
Pþ1

k¼ –1
xkδðt – kTsÞ, which is given by

Fðf Þ ¼ !
þ1

–1

Xþ1

k¼ –1
xkδðt – kTsÞexpð – j2πftÞdt

¼
Xþ1

k¼ –1
xkexpð – j2πf ⋅kTsÞ: (8)

It can be seen that, F(f) is periodic with period of B,
which is exactly the baud rate of the signal. Thus the
information of the symbol sequence is stored within a baud
rate of the spectrum. In other words, the spectral
components within each baud rate are enough to recover
the total data information of the signals.

For the information symbol sequence with finite length
of N, when transformed by the discrete Fourier transfor-
mation (DFT), there are N spectral components within a
bandwidth of its baud rate, namely, B. It is noted that, the
discrete spectral components within B tend to be
continuous with increasing the symbol sequence length
[38]. The information symbols of the signal are {x0, x1,…,
xN – 1}, and the complex amplitudes of the discrete spectral
components within a baud rate are set as {X1, X2,…,
XN – 1}. The relationship between the information symbol
sequence and the complex amplitude of the discrete
spectral components are presented as

Xm ¼ 1

N

XN – 1

k¼0

xkexp – j2π
mk

N

� �
, (9)

or

xk ¼
XN – 1

m¼0

Xmexp j2π
mk

N

� �
: (10)

It can also be demonstrated via the matrix relationship.

X0

X1

M

XN – 1

2
66664

3
77775 ¼ 1

N

1 1 ⋯ 1

1 e
– j2π 1N ⋯ e

– j2πN – 1
N

M M ⋱ M

1 e
– j2πN – 1

N ⋯ e
– j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775

⋅

x0
x1

M
xN – 1

2
6664

3
7775, (11)

or

x0
x1

M
xN – 1

2
6664

3
7775 ¼

1 1 ⋯ 1

1 e
j2π 1N ⋯ e

j2πN – 1
N

M M ⋱ M

1 e
j2πN – 1

N ⋯ e
j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775
⋅

X0

X1

M

XN – 1

2
66664

3
77775:

(12)

Fig. 2 (a) Analog part and (b) analog spectra of the NRZ and RZ
signal

Fig. 1 (a) Spectrum, (b) analog spectrum and (c) digital spectrum of the 33% RZ signal
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Taking OOK signal as an example, the information
symbol sequence is Pseudo Random Binary Sequence
(PRBS) with length of N. The digital spectrum is illustrated
in Fig. 3. The spectral components are periodic. The
discrete spectral components within B are {X0, X1, X2,…,
XN – 1}, which are repeated by themselves. X0 is the
complex amplitude of zero frequency, it is also the line
spectral component of the digital spectrum, that is

X0 ¼
1

N

XN – 1

k¼0

xk : (13)

For the phase modulated signal, the xk in the integration
are cancelled by each other. Thus, there are no line spectral
components in the spectra of phase modulated signal.

3 Operational principle for linear signal
processing

3.1 Analog spectrum processing

In this section, the reported RZ-to-NRZ format conversion
functions for intensity and phase modulated signals using
DI [20–22,27,29,31–35] and MRRs [23–26,30] are
theoretically analyzed and numerically simulated. Because
the transmission spectrum of the through port of the MRR
[39] is similar with the transmission spectrum of the DI, we
take the DI as the filter to be analyzed. These format
conversions could be illustrated with the analog spectrum
conversion process. The pulse shape of each symbol is
changed from RZ to NRZ, while the symbol sequence of
the data information remains unchanged.
First, the RZ-pulse to NRZ-pulse conversion process is

analyzed. Figure 4(a) shows a 33% RZ-pulse with duration
time of Ts. Figure 4(b) shows the spectra of the RZ-pulse
together with the transmission spectrum of the DI, which
acts as a comb notch filter. The relative delay time of DI is
Ts/2, so the free spectral range (FSR) is 2B. The
transmission peak of the DI is aligned to the carrier
frequency of the RZ-pulse. Figure 4(d) shows the spectrum
of the converted NRZ-pulse in solid line. The mainlobe
bandwidth of the converted NRZ pulse is 2B, which is

exactly the mainlobe bandwidth of an ideal NRZ pulse
with duration time of Ts (shown in Fig. 4(b)).
It should be mentioned that the sidelobe of the converted

signal is not completely the same as that of an ideal NRZ
pulse, which would induce intensity ripple at the top of the
converted NRZ-pulse. Nevertheless, the intensity ripple of
the top can be eliminated by a following band pass filter
(BPF) (a Gaussian filter with 3 dB bandwidth of 2B). The
waveforms and spectra of the converted NRZ-pulse
processed before and after the BPF are illustrated in solid
and dot line, as shown in Figs. 4(c) and 4(d), respectively.
As a result, the conversion from 33% RZ-pulse to NRZ-
pulse is realized by the DI.
The RZ signal is considered as an intermittent RZ pulse

sequence. When transmitting through the DI, the spectrum
of the converted signal is expressed as

Foutðf Þ ¼ ½Gðf Þ⋅HDIðf Þ�⋅X ðf Þ, (14)

where HDIðf Þ is the transmission spectrum DI. HDIðf Þ can
be expressed as

HDI fð Þ ¼ 1

2
1þ cos f ΔT þ Δfð Þ½ �,

where ΔT is the time delay and Δf is the phase difference
between two arms of the DI. The electric field of the
converted signal is expressed as

EoutðtÞ ¼ ½gðtÞ � hDIðtÞ� �
Xþ1

k¼ –1
xkδðt – kTsÞ, (15)

Fig. 3 Digital spectrum of the RZ signal

Fig. 4 (a) Waveform of the RZ pulse; (b) spectrum of the RZ
pulse and the transmission spectrum of DI; (c) waveform and
(d) spectrum of the converted NRZ pulse
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where hDI(t) is the impulse response of the DI. Equation
(15) indicated that the DI is supposed to solely operate on
the analog part of the signal. As a result, the pulse shape of
each symbol is changed from RZ to NRZ, while the
information symbol sequence is unchanged. Figure 5
shows the operational principle for 33% RZ-OOK to NRZ-
OOK format conversion using DI. The waveform of RZ
signal is illustrated in Fig. 5(a). The symbol period of the
RZ signal is Ts, and the baud rate is B. The spectra of the
input RZ signal together with the transmission spectrum of
the DI are illustrated in Fig. 5(b). The transmission peak of
the DI is aligned to the carrier frequency of the RZ signal.
The spectrum of the RZ signal is decomposed into the
analog and digital spectra, as shown in Figs. 5(c) and 5(d),
respectively. The DI solely operates on the analog
spectrum of the RZ signal, which is converted to the
analog spectrum of NRZ signal. The analog spectrum of
the converted NRZ signal is illustrated in Fig. 5(g), whose
mainlobe bandwidth is 2B. The spectrum of the converted
NRZ signal, which consists of the converted NRZ analog
spectrum (Fig. 5(g)) and the unchanged digital spectrum
(Fig. 5(h)), is illustrated in Fig. 5(f). The waveform of the
converted signal is illustrated in Fig. 5(e). It can be seen
that the pulse shape of each symbol is changed from RZ to
NRZ, while the information symbol sequence is
unchanged.
Based on this operational principle, we have experi-

mentally demonstrated format conversion functions from
RZ to NRZ at 20 Gb/s [20], RZ with different duty cycles
to NRZ at 20 Gb/s [21], CS-RZ to NRZ at 40 Gb/s [22] and
RZ to NRZ at 40 Gb/s [23] with fiber-based DIs, RZ to
NRZ at 640 Gb/s with SOI based MRR [26]. At the same
time, thanks to the periodic nature of the DIs and MRRs,

multichannel parallel format conversion have been demon-
strated, such as 4 � 50 Gb/s RZ to NRZ conversion with
MRR [24].
In addition to RZ-OOK signal, the RZ-DPSK and RZ-

QPSK signal can also be converted to NRZ-DPSK and
NRZ-QPSK signal using a DI. The numerical simulations
are carried out under the same condition with RZ signal.
The waveform of the converted NRZ-DPSK and NRZ-
QPSK are illustrated in Figs. 6(a) and 6(b), respectively.
The intensity ripple in the converted signal can be
eliminated by a following BPF, which is similar to the
case of RZ-OOK signal.
Similar with the NRZ-DPSK signal generated by a

Mach-Zehnder modulator (MZM), the converted NRZ-
DPSK signal has the intensity dips located at phase
transitional points, due to the destructive interference
between the adjacent converted NRZ pulses with phase
difference of “π”, as shown in Fig. 7. In this case, the
intensity at the junction reduces to zero. Similarly, the
converted QPSK has the same characteristic with the NRZ-
QPSK signal generated by the nested MZMs, it has the
intensity dips with different depths located at the phase
transmission points, due to the destructive and incomplete
interferences between the adjacent NRZ pulses with phase
difference of “π” and “π/2” , respectively. The intensity at
the junction with phase transition of “π” and “π/2” reduces
to zero or to a certain degree, respectively.
The format conversion for RZ-DPSK to NRZ-DPSK

and RZ-QPSK to NRZ-QPSK have been demonstrated
experimentally [25,27,30,32,33]. Thanks to the polariza-
tion insensitivity and periodic nature of DI, the scheme is
suitable for simultaneous PDM and WDM systems
[31,34,35].

Fig. 5 (a) Waveform of the RZ signal; (b) spectrum of the RZ signal and the transmission spectrum of DI; (c) analog spectrum of the RZ
signal and the transmission spectrum of DI; (d) digital spectrum of the RZ signal; (e) waveform, (f) spectrum, (g) analog spectrum, and
(h) digital spectrum of the converted NRZ signal
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3.2 Digital spectrum processing

In this section, those reported linear signal processing
functions such as all-optical logic NOT gate [13], clock
recovery for RZ-OOK signal [14,36] and format conver-
sions from (N)RZ-OOK to (N)RZ-PSK [40], and are
theoretically analyzed and numerically simulated. These
functions could be illustrated with digital spectrum
conversion process. When transmitting through the filter,
the spectrum of the converted signal is expressed as

Foutðf Þ ¼ Gðf Þ⋅½X ðf Þ⋅Hðf Þ�, (16)

whereH(f) is the transmission spectrum of the optical filter.
The electric field of the converted signal is presented as

EoutðtÞ ¼ gðtÞ �
Xþ1

k¼ –1
xkδðt – kTkÞ � hðtÞ

" #
, (17)

where h(t) is the impulse response of the filter, which is
supposed to solely operates on the digital part of the signal.
As a result, the information symbol sequence is converted
from OOK to PSK, its logic NOT gate or clock,
respectively, while the pulse shape of each symbol is
remained.
For the RZ-OOK to RZ-PSK format conversion, the

information symbol sequence {0, 1} are converted to
{ – 1/2, 1/2}. Figure 8(a) shows the digital spectra of the
OOK signal together with the transmission spectrum at

through port of the MRR, which acts as a comb notch filter
[39]. The FSR of the MRR is equal to the period of the
digital spectrum, and the resonance notches of the
transmission spectrum of MRR aim at the line spectral
components of the digital spectrum.
It should be mentioned that the requirement of the MRR

for digital signal processing is totally different from that for
analog signal processing. In this situation, one MRR with
flat passband and sharp and deep notch should be exploited
to realize the RZ-OOK to RZ-PSK format conversion. As a
result, the zero-frequency X0 of the digital spectrum is
suppressed, while other frequency components remain
unchanged. The information symbol “0” turns into
“ – 1/2,” while “1” turns into “1/2,” which is deduced
from the matrix expression below.

x0 –
1
2

x1 –
1
2

M

xN – 1 –
1
2

2
666664

3
777775

¼

1 1 ⋯ 1

1 e
j2π 1N ⋯ e

j2πN – 1
N

M M ⋱ M

1 e
j2πN – 1

N ⋯ e
j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775
⋅

0

X1

M

XN – 1

2
66664

3
77775:

(18)

The operational principle for RZ-OOK to RZ-PSK
format conversion is illustrated in Fig. 9. The waveform of
RZ signal is illustrated in Fig. 9(a). The symbol period of
the RZ signal is Ts, and the baud rate is B. The spectra of
RZ signal together with the transmission spectrum of the
through port of MRR are illustrated in Fig. 9(b). The FSR
of the MRR is B, and the resonance notches of the MRR
aim at the line spectral components of the RZ signal. The
spectrum of the RZ signal is decomposed into the analog
and digital spectra, as shown in Figs. 9(c) and 9(d),
respectively. The MRR solely operates on the digital

Fig. 6 Waveform of the converted (a) DPSK and (b) QPSK
signals

Fig. 7 Two adjacent converted NRZ pulses with different phase
transitions

Fig. 8 Digital spectrum conversion for OOK to (a) PSK and
(b) clock recovery
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spectrum of the RZ signal. The information symbol
sequence of the RZ signal turns into the information
symbol sequence of RZ-PSK signal. The spectrum of the
converted RZ-PSK signal is illustrated in Fig. 9(f), which
consists of the unchanged analog spectrum (Fig. 9(g)) and
the converted RZ-PSK digital spectrum (Fig. 9(h)). The
waveform of the converted RZ-PSK signal is illustrated in
Fig. 9(e). The pulse shape of each symbol is unchanged.
The scheme is also suitable for the NRZ-OOK to NRZ-

PSK format conversion, since the MRR only operates on
the digital spectrum of the signal. The numerical simula-
tions are carried out under the same condition with RZ
signal, as illustrated in Fig. 10. The waveform and
spectrum of the NRZ signal and the converted NRZ-PSK
signal are illustrated in Figs. 10(a), (b), (c) and (d),
respectively.
Considering the characteristic of the NRZ signal

spectrum, the NRZ-OOK to NRZ-PSK format conversion
can be actually realized by using a single band notch filter,
since there is no line spectral components in the spectrum
except for the carrier component, as can be seen from the
spectrum of NRZ signal (illustrated in Fig. 10(b)). Thus, it
is only necessary to suppress the carrier frequency
component of the NRZ signal to achieve NRZ-OOK to
NRZ-PSK format conversion. Similar with the MZM
generated NRZ-PSK signal, the converted NRZ-PSK
signal has the intensity dips located at phase transition
points, due to the destructive interference between the
adjacent converted NRZ pulses with phase difference of
“π” .

While, for the clock recovery for RZ signal, the
information symbol sequence {0, 1} turns into {1/2}.
Figure 10(b) shows the digital spectra of the OOK signal
together with the drop transmission spectrum of the MRR.
The FSR of the MRR is equal to the baud rate of the RZ
signal. Ideally, the resonance peaks of the drop transmis-
sion spectrum of MRR should be sharp and narrow enough
to extract out only the line spectral components of the RZ-
OOK signal. As a result, the zero-frequency X0 of the
digital spectrum is maintained while other spectral
components are suppressed. The information symbols in
the sequence all turn into “1/2”, which is deduced from the
matrix expression below.

1=2

1=2

M

1=2

2
66664

3
77775 ¼

1 1 ⋯ 1

1 e
j2π 1N ⋯ e

j2πN – 1
N

M M ⋱ M

1 e
j2πN – 1

N ⋯ e
j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775
⋅

X0

0

M

0

2
66664

3
77775:

(19)

The operational principle of the clock recovery for RZ-
OOK signal is illustrated in Fig. 11. The waveform of the
RZ signal is illustrated in Fig. 11(a). The symbol period of
the RZ signal is Ts, and baud rate is B. The spectra of RZ
signal together with the transmission spectrum of the drop
port of MRR are illustrated in Fig. 11(b). The FSR of the
MRR is B, and the resonance peaks of MRR are aligned to
the line spectral components of the RZ signal. The

Fig. 9 (a) Waveform of the RZ signal; (b) spectrum of the RZ signal and the transmission spectrum of the through port of MRR;
(c) analog spectrum of RZ signal; (d) digital spectrum of RZ signal and the transmission spectrum of MRR; (e) waveform, (f) spectrum,
(g) analog spectrum, and (h) digital spectrum of the converted RZ-PSK signal
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spectrum of the RZ signal is decomposed into the analog
and digital spectra, as shown in Figs. 11(c) and 11(d),
respectively. The MRR solely operates on the digital

spectrum of the RZ signal. The information symbol
sequence of the RZ signal turns into the information
symbol sequence of clock. The spectrum of the converted
clock is illustrated in Fig. 11(f), which consists of the
unchanged analog spectrum (Fig. 11(g)) and the converted
clock digital spectrum (Fig. 11(h)). The waveform of the
converted clock is illustrated in Fig. 11(e). The pulse shape
of each symbol is unchanged.
For further investigation, Eqs. (18) and (19) can be

combined together to realize other signal processing
functions such as Eq. (19) –Eq. (18) denotes logic NOT
gate [13], while Eq. (19) + jEq. (18) denotes clock
recovery with phase-only filter [14], which are presented as
below

1 – x0

1 – x1

M

1 – xN – 1

2
66664

3
77775

¼

1 1 ⋯ 1

1 e
j2π 1N ⋯ e

j2πN – 1
N

M M ⋱ M

1 e
j2πN – 1

N ⋯ e
j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775
⋅

X0

–X1

M

–XN – 1

2
66664

3
77775,

(20)

Fig. 11 (a) Waveform of the RZ signal; (b) spectrum of the RZ signal and the transmission spectrum of the drop port of MRR; (c) analog
spectrum of the RZ signal; (d) digital spectrum of the RZ signal and the transmission spectrum of MRR; (e) waveform, (f) spectrum, (g)
analog spectrum, and (h) digital spectrum of the recovered clock

Fig. 10 (a) Waveform of the NRZ signal; (b) spectrum of the
NRZ signal and the transmission spectrum of the through port of
MRR; (c) waveform and (d) spectrum of the converted NRZ-PSK
signal
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1
2 þ j x0 –

1
2

� �
1
2 þ j x1 –

1
2

� �
M

1
2 þ j xN – 1 –

1
2

� �

2
66666664

3
77777775

¼

1 1 ⋯ 1

1 e
j2π 1N ⋯ e

j2πN – 1
N

M M ⋱ M

1 e
j2πN – 1

N ⋯ e
j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775
⋅

X0

jX1

M

jXN – 1

2
66664

3
77775:

(21)

For the logic NOT gate, the information symbol “0”
turns into “1,” while “1” turns into “0.” In this case, the
zero-frequency X0 remains unchanged while other fre-
quency components experience a phase shift of “π”. On the
other hand, for the clock recovery using phase-only filter,
the information symbol “0” turns into “1/2 – 1/2j”, while
“1” turns into “1/2+ 1/2j”. In this case, the zero-frequency
X0 remains unchanged while other frequency components
experience a phase shift of “π/2”.

4 Discussion

As discussed in Section 3, the presented method can be
easily used to illustrate the operational principle of linear
signal processing functions with filtering effect. Actually,
the most important function of this method is providing the
guidance of designing the optical filter. Usually, we cannot
identify whether the optical filters operate on the analog
spectrum or the digital spectrum, but we can optimize the
optical filter according to the requirement of analog
spectrum conversion or digital spectrum conversion. For
analog spectrum conversion, we will alleviate its effect on
the digital spectrum by optimizing the optical filter.
Correspondingly, we should alleviate its effect on the
analog spectrum for digital spectrum conversion. In this
section, we will discuss the influence due to imperfectness
of the optical filter and how to design the optical filter.

4.1 Designing method of the optical filter

For analog spectrum conversion, it is very easy to get the
transmission spectrum of the optical filter according to the
equation

Hðf Þ ¼ Goutðf Þ=Ginðf Þ, (22)

where Goutðf Þ is the analog spectrum of the converted
signal and Ginðf Þ is the analog spectrum of the original
input signal. It is very common in the textbook of signal
and systems and there is nothing new for the optical signal.

For digital spectrum conversion, the situation is a little
complicated. For an information symbols sequence of x ¼
fx0, x1,:::, xN – 1g and its digital spectrum is X ¼
fX0, X1,:::, XN – 1g. According to Eqs. (11) and (12),
with the Fourier transform matrix F and the inverse Fourier
transform matrix F–1, we can get relations X ¼ Fx and
x ¼ F – 1X , respectively.
If we want to transform the digital sequence x ¼

fx0, x1,:::, xN – 1g to a new digital sequence y ¼
fy0, y1,:::, yN – 1g via the optical filter, the transforming
operation can be expressed by a matrix M,

y ¼ Mx: (23)

Then, we can get the transmission spectrum of the
optical filter through the following expression,

H ¼ FMF – 1, (24)

and

M ¼ F – 1HF: (25)

Theoretically, for arbitrary matrix M, we can get a
corresponding optical filter to realize this transforming
process. However, some filters are very difficult to be
realized physically. When the transmission matrix is a
diagonal matrix, the situation is the simplest, and it is the
easiest to fabricate this kind of optical filter. In some case,
even the matrix is not a diagonal matrix, but when the
diagonal components are dominant comparing with other
components, we can use the diagonal matrix only with
those diagonal components to represent the transforming
matrix. For this situation, the transforming matrix is

H ¼ diagfFMF – 1g, (26)

where

H k ¼ ½FMF – 1�ðk,kÞ, k ¼ 0,1,:::,N – 1: (27)

For the above discussed digital signal processing
functions, NRZ-OOK to NRZ-PSK conversion, all-optical
clock recovery and all-optical logic NOT gate could be
realized with the following three ideal transforming
matrixes:

HOOK-PSK ¼

0 0 ⋯ 0

0 1 ⋯ 0

M M ⋰ M

0 0 ⋯ 1

2
66664

3
77775, (28)

H clock recovery

¼

1 0 ⋯ 0

0 0 ⋯ 0

M M ⋰ M

0 0 ⋯ 0

2
66664

3
77775   or  

1 0 ⋯ 0

0 j ⋯ 0

M M ⋰ M

0 0 ⋯ j

2
66664

3
77775, (29)
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HNOT�gate ¼

1 0 ⋯ 0

0 – 1 ⋯ 0

M M ⋰ M

0 0 ⋯ – 1

2
66664

3
77775: (30)

In these cases of digital signal processing, the transmis-
sion spectrum of the filter is periodic with period equal to
the baud rate of the signal. Whereas, if the period of the
spectrum is the integer times of the baud rate [39], this
signal conversion can also be analyzed by the digital signal
processing. In Ref. [39], the information symbols sequence
x ¼ fx0, x1,:::, xN – 1g is regarded as fx0,0,x1,0,:::,xN – 1,0g
and its digital spectrum is fX0, X1,:::, XN – 1,X0, X1,:::,
XN – 1g, since the period of the filter’s transmission
spectrum is two times of the signal’s baud rate. After the
filter, the digital spectrum is converted to fX0, X1,:::,
XN – 1, –X0, X1,:::, XN – 1g, and the information symbol is
converted to x0 –

1
2 ,

1
2 , x1 –

1
2 ,

1
2 ,:::,xN – 1 –

1
2 ,

1
2

� �
. As a

result, the waveform of the RZ signal is converted to the
NRZ waveform.

4.2 Error analysis due to imperfectness of the optical filter

Usually, there exist some deviations between actual filter
and ideal filter which will induce additional errors into the
converted output signals. Taking the (N)RZ to (N)RZ-PSK
conversion as example, if the resonance notch of the MRR
is not sharp or deep enough, the zero frequency component
is not suppressed to zero, and other spectral components
fX1, X2,:::, XN – 1g are also changed identically in each
period. In this case, the recovered information symbol
sequence is changed according to the matrix relationship.

y0
y1

M
yN – 1

2
6664

3
7775 ¼

1 1 ⋯ 1

1 e
j2π 1N ⋯ e

j2πN – 1
N

M M ⋱ M

1 e
j2πN – 1

N ⋯ e
j2π

ðN – 1ÞðN – 1Þ
N

2
66666664

3
77777775

$

X0H0

X1H1

M

XN – 1HN – 1

2
66664

3
77775: (31)

Comparing with ideal filtering processing, imperfect
MRR will introduce additional amplitude fluctuations into
the converted output signal. That will induce OSNR
reduction. Results show that there is no additional phase
noise in this OOK to PSK conversion process. The
following analysis can demonstrate this point.
For the OOK signal, the information symbol fx0,

x1,:::, xN – 1g are real numbers. The complex amplitude of

the digital spectrum components in a baud rate are
conjugate-symmetric, as derived below.

XN –m ¼ 1

N

XN – 1

k¼0

xkexp – j2π
ðN –mÞk

N

� 	

¼ 1

N

XN – 1

k¼0

xkexp j2π
mk

N

� �

¼ 1

N

XN – 1

k¼0

xkexp – j2π
mk

N

� �( )�

¼ X �
m: (32)

The transmission spectrum of the MRR is conjugate-
symmetric as well [41].

Hm ¼ H�
N –m: (33)

The converted information symbol is deduced according
to the inverse DFT as below.

yk ¼
XN – 1

m¼0

XmHmexp j2π
mk

N

� �

¼ X0H0 þ
X½N=2�

m¼1

XmHmexp j2π
mk

N

� ��

þXN –mHN –mexp j2π
ðN –mÞk

N

� �	
, (34)

where

XN –mHN –mexp j2π
ðN –mÞk

N

� �

¼ XmHmexp j2π
mk

N

� �� 	�
: (35)

So that

yk ¼
XN – 1

m¼0

XmHmexp j2π
mk

N

� �

¼ X0H0 þ 2
X½N=2�

m¼1

Re XmHmexp j2π
mk

N

� �
 �
, (36)

where Re{$} denotes the real part of $. The information
symbols are real number. That is to say, there is no phase
noise induced by the imperfect MRR.
The simulated result of RZ-OOK to RZ-PSK format

conversion and clock recovery for RZ-OOK using
imperfect MRRs are illustrated in Figs. 12 and 13,
respectively.
The spectra of the RZ signal together with the

transmission spectra at the through port and drop port of
MRR are illustrated in Figs. 12(a) and 13(a), respectively.
The constellations of the converted RZ-PSK signal and the
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recovered clock are illustrated in Figs. 12(b) and 13(b),
respectively. It can be seen that there is only amplitude
noise but no phase noise on the generated signal.

5 Conclusions

In this paper, an effective theoretical analysis method was
presented to illustrate the experimental works of our group
and other groups for all-optical linear signal processing
with optical filters. The optical spectrum of the optical
signal was decomposed into analog spectrum and digital
spectrum, and the filters were supposed to operate
individually on the analog part or the digital part of the
signal for different applications. Those reported RZ to
NRZ format conversions for OOK, DPSK, QPSK, multi-
channel, PDM signals are based on analog spectrum
conversion process, while those reported schemes for
OOK to PSK format conversion, logic NOT gate and clock
recovery for RZ signal are based on digital spectrum
conversion process. The proposed method is very helpful
for optimizing the optical filters for different applications.
The designing method of the optical filter for analog
spectrum conversion and digital spectrum conversion is
discussed, and the transmission matrix can be easily used
to design the optical filter for digital spectrum conversion.

Error analysis due to imperfect filtering process was also
discussed. Results show that the defective MRR for the
digital spectrum conversion introduces only amplitude
noise on the converted signal. The theoretical analysis
proved that the optical filter has the potential to be used to
realize arbitrary linear signal processing functions if only
we could get corresponding optical filters.
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