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Abstract

A new technique of ultrafast analogue-to-digital (A-D) conversion for an all-optical data processing is proposed.
This technique is based on the Kerr nonlinearity-induced cross-phase modulation in single-mode Mach–Zehnder
interferometer configurations arranged in a specific way. Two schemes, capable of realizing both sequential and
parallel A-D conversions of optical signals are considered. The potential for an extremely high-bit-rate processing, up
to 1THz in each converter, is due to a femtosecond time response of Kerr effect in fused silica glass. Optical schemes of
proposed devices are presented and algorithmically estimated; their functional capabilities are discussed.
r 2009 Elsevier GmbH. All rights reserved.
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1. Introduction

Modern communication systems require high sam-
pling rate analog-to-digital (A-D) converters. The
electronic A-D converters with a speed of a few tens
giga samples per second are reported by Nosaka et al.
[1], but it is difficult to reach higher speed because their
sample rate is limited by a number of mechanisms
including thermal noise, sampling aperture jitter, and
comparator ambiguity [2]. Optical devices have been
implemented in the A-D converters to improve the
performance of the sampling rate and quantization [3,4].
e front matter r 2009 Elsevier GmbH. All rights reserved.
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Ultrafast optical phenomena have been implemented
to realize all-optical A-D conversion because they can
get sampling rates higher than electronic A-D conver-
ters. All-optical devices exploiting nonlinear phase shifts
induced in interferometers seem to be the most
appropriate for optical computing systems due to their
low energy consumption, rather simple schematic
realization, ability to exploit the soliton propagation
regime, high sensitivity to controlling pulses actuation
along with possibility of internal transfer function
realization. Recently, the nonlinear optical phenomena
that have been used to produce A-D converters are: self-
phase modulation (SPM) [5], four-wave mixing [6],
generation of supercontinuum [7], and soliton self-
frequency shifting [8]. Another A-D converter which is
based on Sagnac interferometer has also been used [9].
The comprehensive review of A-D converters can be
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found in extensive review of Valley [10]. Evidently, one
of the fastest nonlinearity in condensed-matter material
is associated with the Kerr effect in fused silica glass, its
response time is about a few femtoseconds.

In this work we propose a new all-optical technique of
A-D conversion based on the Kerr nonlinearity-induced
cross-phase modulation (CPM) in single-mode Mach–-
Zehnder interferometer configurations.
2. Preliminary survey

Let us start from the consideration of a beam splitter
presented by a partially silvered mirror or a single-mode
fiber X-coupler, see Fig. 1. It is well known that a
partially silvered mirror, depicted in Fig. 1a, reflects one
portion of the light incident on it and refracts the other
portion through it. The speed of light in air is almost the
speed of light c in vacuum. In terms of the refractive
index n ¼ c/v, where v is the speed of light in a medium,
the refractive index of air is almost exactly unity. The
speed of light in glass is significantly less than c; for most
glasses, the refractive index is close to 1.5 or so. In
another words, the speed of light in glass is in the order
of two-thirds of the speed of light in vacuum. When a
light ray is incident on a surface and the material on the
other side of the surface has a higher refractive index,
the reflected light ray shifts its phase by exactly one half
a wavelength. If a light ray is incident on a surface and
the material on the other side of this surface has a lower
refractive index, the reflected light ray does not have its
phase changed. When a light ray goes from one medium
into another, its direction changes due to refraction but
no phase change occurs at the surface of these two
media. Similar consideration can be explained relative to
a single-mode fiber X-coupler, see Fig. 1b, if we take
into account the phase shift of exactly half a wavelength
needed to provide the mode coupling of two neighbor-
ing cores in the fiber coupler. Hence the electric fields at
the outputs of beam splitter with the power splitting
ratio a:(1�a) are given by [11]

ðaÞ E3 ¼
ffiffiffi
a
p

E1 þ i
ffiffiffiffiffiffiffiffiffiffiffi
1� a
p

E2; ðbÞ E4 ¼ i
ffiffiffiffiffiffiffiffiffiffiffi
1� a
p

E1 þ
ffiffiffi
a
p

E2,

(1)
Fig. 1. Two possible beam-splitter devices: (a) partially

silvered mirror and (b) single-mode fiber X coupler.
where E1,2 ¼ A1,2 exp(iF1,2); A1,2 and F1,2 are the
amplitudes and phases of the incident light waves.
Eqs. (1) lead to the conservation law jE1j

2+jE2j
2
¼

jE3j
2+jE4j

2
¼ A2

1+A2
2.

Then, Eqs. (1) can be exploited to analyze the looped
fiber 3 dB X-coupler (i.e. with a ¼ 1/2) when one of the
output ports is connected with one of the input ports,
see Fig. 2a. Let us assume that the field A2 is applied at
the bottom left hand side port and represents just one
incoming rectangular pulse of unit amplitude, whose
spatial length is much shorter than an upper fiber loop
length. Furthermore, the upper fiber loop length is
shorter than the dispersion and nonlinear length scales
associated with an optical pulse; they are 50 and
333.3m, respectively (for standard telecommunication
fibers at 1550 nm, 1W of power and 1 ps of width). In
this case, one can consider circulating such a pulse
through a loop and shaping a train of the output pulses
with the decreasing intensity, issuing from the bottom
right hand side port. Details of the phase relations are
not significant here due to linear approximation of this
analysis. The first path through the X-coupler is
characterized by the following amplitudes: E1 ¼ 0,
E2 ¼ A2 ¼ 1, E3 ¼ i=

ffiffiffi
2
p

, and E4 ¼ 1=
ffiffiffi
2
p

, so that
jE4j

2
¼ 1/2. The second path gives E1 ¼ i=

ffiffiffi
2
p

, E2 ¼ 0,
E3 ¼ i/2, and E4 ¼ �i/2 with jE4j

2
¼ 1/4. Thus, one can

see that such a dividing device shapes a train of the
output optical pulses whose intensities are decreased by
a factor of two after each next circulation through a
fiber loop. Consequently, this fiber scheme serves as a
sequential intensity divider. Similar consideration can
be carried out for a parallel intensity divider shown in
Fig. 2b.

Now, one can consider the scheme of Mach–Zehnder
configuration shown in Fig. 3. It consists of two arms
providing the phase shifts f1,2 and two beam splitters
(or X-couplers in fiber arrangement) with the power
splitting ratios a:(1�a) and b:(1�b), respectively. In this
case, one can write

ðaÞ E5 ¼ E3 expðif1Þ; ðbÞ E6 ¼ E4 expðif2Þ. (2)

Then, using Eqs. (1), the electric fields at the output of
Mach–Zehnder interferometer can be found:

ðaÞ E7 ¼
ffiffiffi
b

p
E5 þ i

ffiffiffiffiffiffiffiffiffiffiffi
1� b

p
E6; ðbÞ E8 ¼ i

ffiffiffiffiffiffiffiffiffiffiffi
1� b

p
E5 þ

ffiffiffi
b

p
E6.

(3)
Fig. 2. Intensity divider devices: (a) sequential intensity divider

based on fiber and (b) parallel intensity divider based on

partial-silvered mirror.
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Fig. 3. Mach–Zehnder interferometeric configuration.
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The complete expressions for the output light
intensities with A1, A2a0 have the form

E7j j
2 ¼ A2

1 ða� 1Þðb� 1Þ þ ab� 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
a� a2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b� b2
q

cosðf1 � f2Þ

� �

þ A2
2 aþ b� 2abþ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
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b� b2
q
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þ 2A1A2 sinðF1 � F2Þ
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p
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�
, (4)

E8j j
2 ¼ A2

1 aþ b� 2abþ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
a� a2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b� b2
q

cosðf1 � f2Þ

� �

þ A2
2 ða� 1Þðb� 1Þ þ ab� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
a� a2
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b� b2
q

cosðf1 � f2Þ

� �

� 2A1A2 sinðF1 � F2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
a� a2
p

ð2b� 1Þ
n

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b� b2

q
½a sinðf1 � f2 þ F1 � F2Þ

þ ð1� aÞsinðf1 � f2 � F1 þ F2Þ�
�
, (5)

with a ¼ b ¼ 1/2 and F ¼ F1–F2, one can arrive at

jE7j
2 ¼

A2
1

2
½1� cosðf1 � f2Þ� þ

A2
2

2
½1þ cosðf1 � f2Þ�

þ A1A2 sinðf1 � f2Þ cosðFÞ, (6)

jE8j
2 ¼

A2
1

2
½1þ cosðf1 � f2Þ� þ

A2
2

2
½1� cosðf1 � f2Þ�

� A1A2 sinðf1 � f2Þ cosðFÞ. (7)
3. Effects of the self- and cross-phase

modulation in a low-loss medium

The Kerr nonlinearity in silica glass is a third-order
effect, in which the refractive index n depends on the
intensities of the light beams co-propagating along a
medium as

n ¼ n0 þ n2I þ ~n2
~I , (8)

where n0 is the linear refractive index, n2 is the nonlinear
Kerr coefficient responsible for the self-action of the
main light field with the intensity I, ~I is an external light
beam intensity (if it exists), ~n2 is the Kerr coefficient
describing a mutual influence of the light fields I and ~I ;
~n2 ¼ 2n2=3, when the polarization state of the light field
I is orthogonal to the polarization of the field ~I , and
~n2 ¼ 2n2 for the same polarization states of these fields
[12]. To take into account the linear optical losses in a
medium one can introduce the factor G, characterizing
the losses per unit length. Assuming that the pulse width
is short compared with the arm length L, the nonlinear
phase shift j acquired by the propagating light field of
the wavelength l under the influence of the self-phase
modulation in a low-loss medium can be described by

ðaÞ j ¼ 2pl�1n2IL0; ðbÞ L0 ¼ G�1½1� expðGLÞ�,

(9)

where L0 is the effective length of propagation caused by
the linear optical losses.

Providing a mutual influence of the light fields I and ~I ,
the cross-phase modulation takes place. The nonlinear
phase shift c in the field I acquired by the co-
propagating light field ~I of the wavelength ~l due to
the CPM effect can be estimated by

c ¼ 2p~l
�1
~n2
~IL0. (10)

It follows from Eq. (8) that the effects of self- and
cross-phase modulation are additive in behavior. Ad-
ditionally, the influence of linear optical losses should be
included in Eqs. (4)–(7) through multiplying by the term
exp(�GL). In particular, Eqs. (6) and (7) have to be
rewritten for a low-loss medium as

jE7j
2 ¼

A2
1

2
½1� cosðf1 � f2Þ�þ

�
A2

2

2
½1þ cosðf1 � f2Þ�

þ A1A2 sinðf1 � f2Þ cosðFÞ
�
expð�GLÞ, (11)

jE8j
2 ¼

A2
1

2
½1þ cosðf1 � f2Þ�þ

�
A2

2

2
½1� cosðf1 � f2Þ�

� A1A2 sinðf1 � f2ÞcosðFÞ
�
expð�GLÞ. (12)
4. All-optical switching in the nonlinear

Mach–Zehnder configuration

Let us consider exploiting the nonlinear Mach–Zehn-
der interferometer with a ¼ b ¼ 1/2 and choose now a
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Fig. 4. Nonlinear Mach–Zehnder fiber interferometric config-

uration.

Fig. 5. Sequential scheme of an all-fiber A-D converter.
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fiber arrangement of the interferometer. One can
provide such a regime that the field E1 represents a
train of short optical pulses, while the field ~E2 includes
only one relatively long optical pulse with an ideal
rectangular shape of envelope, see Fig. 4. The fields E1

and ~E2 should not interfere with each other due to the
difference, for example, in their wavelengths (l and ~l,
respectively) or in their polarization states. Moreover,
we assume that the interferometer includes the selective
input X-coupler (or beam splitter in the bulk arrange-
ment), which is arranged so that the field E1 of short
pulses is equally divided between two arms using the
input splitter, while the field ~E2 of a long pulse enters
only one of the arms. Similar separation of light fields
can be achieved using either spectral or polarization
selectivity of the input coupler (beam splitter).

In this case, the light intensities at the output ports are
caused by an interference between two portions of the
field E1 and governed by Eqs. (11) and (12) with
A1
2
¼ jE1j

2 and A2 ¼ 0. The chosen regime leads to the
nonlinear phase shift f1 ¼ j1 ¼ pl�1n2A1

2L0 because of
the SPM effect in an upper arm of fiber Mach–Zehnder
interferometer and to the nonlinear phase shift f2 ¼

j1 þ c2 ¼ pl�1n2A2
1L0 þ 2p~l

�1
~n2j ~E2j

2L0 due to the
additive contributions of both the SPM and the CPM
effects in the bottom arm. As a result, one can easily
estimate the combined nonlinear phase shift as

f1 � f2 ¼ �2p~l
�1
~n2

~E2

�� ��2L0. (13)

Let us assume now that �2p~l
�1
~n2j ~E2j

2L0 ¼

ð2k þ 1Þp, where k is a whole number, positive or
negative. In the last case, one can obtain from Eqs. (11)
and (12) that

jE7j
2 ¼ 0; jE8j

2 ¼ A2
1 expð�GLÞ; with ~E2 ¼ 0,

(14)

or

E7j j
2 ¼ A2

1 expð�GLÞ; jE8j
2 ¼ 0; with ~E2a0.

(15)

Consequently, the selected regime provides an all-
optical switching for the desirable fraction of a short
optical pulse train from one input port to one of the two
output ports. In so doing, the other rather long optical
pulse, applied to the second input port, plays a role of
the controlling pulse. In fact, by this it means that the
nonlinear Mach–Zehnder interferometer performs de-
multiplexing the input optical pulse train, which could
present a binary-encoded optical data stream.
5. Sequential analogue-to-digital conversion in

the nonlinear Mach–Zehnder fiber

interferometric configuration

Here, we propose a new principle of the analogue-to-
digital conversion based on the CPM effect in the
nonlinear Mach–Zehnder fiber interferometric config-
uration. The sequential scheme of an all-fiber A-D
converter is presented in Fig. 5. It consists of the looped
fiber 3 dB X-coupler (see Section 2), the nonlinear
Mach–Zehnder fiber interferometer (see an analogue in
Section 4) with an additional phase-shifting component,
and the threshold device. The divided parts of an
original analogue signal IS with the intensities In

S (here,
In

S ¼ fIS=2; IS=4; IS=8; . . .g) are applied at one input
port of the interferometer. A selective input X-coupler
directs them into a bottom arm only. The sampling
pulses of the reading beam are applied at the other input
port, divided into a pair of equal portions by that input
X-coupler, and distributed into both the arms. These
two portions of the reading pulses with the same
intensities IR and the signals with the intensities In

S

propagate through the interferometer arms simulta-
neously, so that the signal fields affect only one of the
reading beam portions. Then, two portions of the
reading pulses interfere in the selective output 3 dB X-
coupler, which barred of the signal beam. Finally, one of
the output fractions, being a result of interference,
reaches the threshold device.

Thus, the output intensity is given by Eq. (11) with
A1 ¼ 0 and A2 ¼

ffiffiffiffiffiffiffiffi
2IR

p
, i.e.

jE7j
2 ¼ IR½1þ cosðf1 � f2Þ� expð�GLÞ. (16)

The combined phase shifts can be estimates as

ðaÞ f1 ¼ 2pl�1R n2IRL0 þ y,

ðbÞ f2 ¼ 2pl�1R n2IRL0 þ 2pl�1S ~n2I
n

SL0, (17)

where y is the initial phase shift regulated, for example,
by the piezoceramic cylinder. The second term in
Eq. (17b) describes the nonlinear phase shift acquired
by the reading beam of the wavelength lR due to the
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CPM influence of the signal beam. Consequently,

f1 � f2 ¼ y� 2pl�1S ~n2In

SL0. (18)

One can see from Eqs. (16) and (18) that one can
obtain a periodic dependence for the output light
intensity upon analogue values of In

S at the sample
times of the reading pulses. Therefore, one can use the
fundamental principle of A-D conversion, which pro-
claims the homomorphism between periodic change of
the binary representation of analogue quantity and
periodic output–input characteristic of the employed
device [9]. Usually, a set of periodic characteristics with
the periods being multiple of two has to be produced
with a threshold at their outputs.

There are four possible versions of such a set with
various initial phase shifts y ¼ f0;p=2;p; 3p=2g. Each set
forms a binary code definitely related to the original
output. The set for conversion into the direct binary
code is shown in Fig. 6, where figures from (a)–(c) refer
to more significant bits. Thresholding at a level of 1/2 is
depicted as the solid line characteristics along with ideal
sinusoidal characteristics. One can see that each value of
the input signal corresponds to the digital binary code.
Note that increase and decrease of the curves at the 1/2
level should refer to the 1 and 0 output levels,
respectively. Otherwise, the input value can be estab-
lished as 1+D with DoN�1, where N is the number of
bits inherent in the A-D converter.
Fig. 6. Transfer functions and corresponding quantization

rule (a), (b), and (c).

Fig. 7. Conversion of analog input into binary code.
For our purposes, the input signal can be prelimina-
rily divided by a factor of two and a single nonlinear
element having periodic output–input characteristics
can be exploited. With the proper initial phase shift y
and a 1/2 level of thresholding, the curve in Fig. 7 makes
available conversion into the direct binary code as in the
case of a set of the curves in Fig. 6. The period of this
characteristic is one half of the least significant bit (LSB)
characteristic period, see Fig. 6a. It is seen from Fig. 7
that the set of 1/2, 1/4, 1/8, etc. fractions of an original
input signal, being applied as the input signals, produce
the same output bits as the set of characteristics with
different periods in Fig. 6, i.e. A-D conversion of the
input signal takes place.

The transfer function of the nonlinear interferometer
described by Eqs. (16) and (18) is evidently similar to the
curve in Fig. 7 with y ¼ p/2, a threshold level of
IR exp(�GL), and an intensity increment in the input
signal beam, which causes one period variation at the
output, being taken as the unit intensity. In our scheme,
see Fig. 5, the dividing device with the intensity
decreasing ratio of two is formed by the looped fiber
3 dB X-coupler, while the needed initial phase shift is
produced by the piezoelectric cylinder. Therefore, the
configuration in Fig. 5 represents an all-optical fiber
A-D converter. The first pulse referring to the intensity
IS/2 generates the least significant bit, and the last pulse
matching the intensity of 2�NIS, which is greater than a
half of the unit intensity, lets out the most significant bit
(MSB).
6. Parallel analogue-to-digital conversion in the

bulk interferometric configuration

Fig. 8 shows the parallel version of the A-D converter.
An original analogue signal with the intensity IS is now
divided into a space beamlet set with the intensities In

S

(where again In
S ¼ IS=2; IS=4; IS=8; . . .) due to multiple

reflections in the dividing plate (see Section 2) having
one half-transparent and one completely reflecting
surfaces. The dividing plate forms a set of signal beams.
An analog signal and a set of ultrashort sampling optical
pulses of the reading beams coincide on the left hand
Fig. 8. Parallel version of the A-D converter based on partially

silvered mirrors and beam splitters.
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Fig. 9. Parallel all-optical A-D converter based on nonlinear

Mach–Zehnder fiber interferometric configuration.
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side beam splitter, which is a 3 dB optical splitter for the
reading beams and completely transparent for the signal
beams. The right hand side beam splitter has the same
properties and functional capabilities as the left one.
These components can be fabricated using a half-
transparent mirror and polarizer or on the base of the
polarizing prisms. The phase plate produces a linear
phase shift allowing the conversion into the standard
binary presentation, see Figs. 6 and 7. An intensity
increment in the input signal beam, which causes a one
period variation at the output port, is taken as the unit
intensity. With proper threshold, the output signal is the
binary digits representing the intensity of the input
signal. The first beamlet generates the most significant
bit. The final beamlet, whose intensity is greater than a
half of the unit intensity, gives the least significant bit.
As the threshold, a bistable device, which operates by
controlling light with light, may be exploited [13].

The most important disadvantage inherent in the
parallel A-D converter from Fig. 8 caused by the
necessity of creating (exploiting, producing) a rather
large volume of optically nonlinear material. Such a
difficulty suggests that the schemes from Figs. 5 and 8
can be combined, as it is shown in Fig. 9, to design
another version of the parallel all-optical A-D converter.
7. Numerical estimations

The necessary splitting ratios for signal and reading
beams (see Sections 5 and 6) can be realized using
spectral or/and polarization selectivity of beam splitters.
In both the cases, the difference Dn of refractive indices
causes complete time mismatch between the signal and
the reading optical pulses with the duration t along the
propagation length

Lmax ¼ ðDnÞ�1ct. (19)

Since one needs a value of 2pl�1S ~n2In
SL0 ¼ 2p in Eq. (18)

for unit level if the signal intensity, minimal energy
density of the optical signal can be estimated by

Emin

S
¼

lSDn

c ~n2
, (20)
where S an effective cross-section of the beam or the
fiber core; ~n2 ¼ 2n2=3 for orthogonal states of polariza-
tion and n2E3.2� 10�16 cm2/W for fused silica glass.
Let us assume that Dn ¼ 10�4, which is typical, for
example, for polarization preserving fibers [14],
lS ¼ 1550 nm, and t ¼ 1 ps, so that one can obtain
Lmax ¼ 3m and Emin=S ¼ 24 pJ=mm2.

For weak signals, the value of Lmax should be
increased. It can be realized using different wavelengths
of the orthogonally polarized light fields to compensate
Dn. For instance, the difference Dn ¼ 10�4 at a
wavelength of 1550 nm can be compensated by the
wavelength shift of about 10 nm. In that case, the main
restricting factor is conditioned by the linear optical
losses in a medium, which reduce the effective length L0

of pulse propagation. For example, when losses are
equal to 0.4 dB/km, i.e. G ¼ 0.092 km�1, one can
estimate that L0p11 km. Thus, the minimal energy
density, which we indicated by suffix ‘‘1’’, is given by

E1

S
¼

lSt
~n2L0

, (21)

which leads for t ¼ 1 ps and L0 ¼ 10 km to
Emin=S ¼ 7� 10�3 pJ=mm2. The energy density range
of N-bit converter can be estimated as

E1

S
o

E

S
oð2N � 1Þ

E1

S
. (22)

With N ¼ 10, one can obtain
ð2N � 1ÞðE1=SÞ � 7 pJ=mm2.
8. Conclusion

We have presented the general consideration of
applying the nonlinear Mach–Zehnder interferometric
configurations for an all-optical A-D conversion. The
concept, taking into account influence of the CPM effect
on high-bit-rate data flows, has been developed. The
schemes of new all-optical A-D converters, sequential
and parallel, have been presented. The effects of self-
and cross-phase modulation effects due to the Kerr
nonlinearity are fundamental for providing time perfor-
mances of schemes under analysis and make it possible
to design ultrafast converters for high-bit-rate optical
processing. Principles of operation and functional
capabilities of novel A-D converters are described and
discussed.

For practical realization of the A-D converter under
proposal, one can meet several difficulties such thresh-
olding with proper speed of operation, the problem of
instability in the Mach–Zehnder interferometer, and
fabrication of X-coupler with required splitting proper-
ties. We suppose that electro-optical A-D converters are
preferably suitable for the sampling frequencies less
than 10GHz. However, only all-optical schemes using
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extremely fast responsive phenomena, for instance Kerr
nonlinearity in silica glass, can provide the sampling
frequencies up to 1THz.
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