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Abstract—Based on time-space duality, we deduce a time-do- in time is the analog of a thin lens in space. These elements are
main equivalent to the Fraunhofer (far-field) approximationinthe  known as time lenses. In that sense, T. Jannson [6] theoretically
problem of spatial diffraction. We can use this equivalence to carry proposed the implementation of real-time Fourier transforma-

out a real-time optical spectrum analysis, which is shown to be re- tion based ¢ | ival ith th tial Eouri
alizable by using, as the dispersive media, filtering devices based on lon based on a temporal equivaience wi € Spalial Fourier

chirped distributed resonant coupling. In particular, we presentthe ~ transformation that uses spatial lens. For this purpose, he used
design of linearly chirped fiber gratings (reflection configurations) ~ single-mode optical fibers as the dispersive elements (equiva-

and linearly chirped intermodal couplers (transmission configura-  |ents to free space) and chirping lasers to provide the required
tions) to work as real-time spectrum analyzers. The proposed sys- o adratic phase modulation (time lens). Kolner and Nazarathy

tems are shown to work properly by means of simulation tools. Fur- 7118 dat li . t based fi
thermore, we use joint time—frequency signal representations to [7], [8] proposed a temporal imaging system based on a time

get a better understanding of the physical processes that determine /€ns bounded by dispersive media, which allows for distortion-
the behavior of these systems. In this way, we demonstrate that the less magnification or compression of optical power waveforms.
propagation of a given signal through a chirped fiber grating (ora  Their system uses an electrooptic phase modulator as the time
chirped intermodal coupler), under the temporal Fraunhofer con- ans - Fyrthermore, they derived equivalent expressions for the
ditions, translates into a temporal separation of the spectral com- . L

focal length and th¢-number of a time lens. Practical imple-

ponents of the signal. The results of our study indicate potential A A .
important applications based on this effect. mentations of similar imaging systems have been demonstrated

Index Terms—Fourier transforms, gratings, optical fibers, op- in [9] and [10]. Recently, it has been shown that the time—space

tical fiber devices, time-domain analysis, transient propagation. ~ duality also applies to the reflection of pulses from linearly
chirped fiber gratings (LCFG’s), and several applications have

been proposed based on this idea [12]-[15].
|. INTRODUCTION ) ) )
Here, we present a detailed study of the time-domain formu-

D EVELOPMENT of short-pulse laser technology continUration equivalent to spatial Fraunhofer diffraction and its appli-
ously increases the areas of application of temporal optiggtion to design real-time optical Fourier transformer systems
in signal processing, optical communications, and other scigii2] [13]. The proposed systems do not require quadratic phase
tific areas. One of the main tasks in these applications consig{gqulation. The only requirement is an appropriate filtering
of the ability to control, modify, and analyze the form of optica¢onfiguration working as the dispersive media. To first order,
pulses. For this purpose, it is especially useful to find temporigle temporal Fourier transformation can be carried out by use
analogs of the signal processing tools which have already begrny filtering scheme that closely provides flat amplitude and
used in spatial optics. linear group delay over the bandwidth of the pulses to be pro-
There exists a well-known analogy between the equations teg@ksed. Such a filter can be obtained using single-mode optical
descrlb_e the paraX|aI diffraction of beams_ in space ar_ld the tefaer [4]-[6], and any of the proposed configurations for disper-
poral dispersion of narrow-band pulses in a dielectric [1]-[3§jon compensation in optical fiber links and for pulse compres-
Several authors have used this similarity to propose and cregis [16]-[21]. However, the implementation of the temporal
temporal analogs of spatial systems [4]-{15]. T. Jannson apghunhofer approximation also requires components that pro-
J. Jannson [4] demonstrated that a temporal self-imaging @fge both high dispersion and bandwidth large enough to cover
fect (the Talbot effect) might exist in single-mode fibers anghe pulse bandwidth. The design of an optical fiber which ver-
they proposed using this effect for transference of the informges the required dispersion conditions leads, in general, to too
tion contained in periodic signals. Saleh and Irshid [5] applied@ng a distance for a practical implementation, whereas the re-
time-domain Collett-Wolf equivalence theorem to pulse propguirements of dispersion and bandwidth are usually contradic-
gation in fibers. The time—space duality has led to the conclwry in a resonant system (the higher the dispersion, the nar-
sion that an element that provides quadratic phase modulatigiyer the bandwidth). These drawbacks have been overcome
with filtering configurations that use chirped distributed reso-
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characteristics are specifically designed to verify the tempomﬁvelopesf[(w’) = H(wo + w’), over the pulse’s bandwidth,
Fraunhofer conditions, translates into a temporal separationtaites the form
the spectral components of the signal. This effect is, in fact, re- _ .
sponsible for the real-time power spectrum analysis provided by H (w') = H(wo +w') = Hg exp(—j®o) exp(—jPow’)
these devices. In particular, we carry out a detailed analysis of N RS
the effect by using joint time—frequency signal representations FOxP <_] 5 Pow ) (2)
[22], [23]. The results of our theoretical study indicate a poten- . B
tial of important applications based on the described effect, sushere®, = ®(wg), ®¢ = 9®/0w for w = wy, and®, =
as real-time spectral filtering, temporal pulse shaping, and né#®/dw? for w = wy. Notice that we have used the Taylor
techniques for dispersion measurements. expansion of the phase functi@rw) in the vicinity ofw,. The
The paper is structured as follows. Section Il is devoted telated impulse respons?e(t) can then be obtained by taking
a detailed study of the time—space duality. We use this dualitye inverse Fourier transform of this transfer function
in our deduction of the temporal formulation equivalent to the 1
spatial Fraunhofer diffraction. Section Il analyzes the design ﬁ(tR) = Rtime €XP <j ?t%> (3)
method of real-time Fourier transformers based on the time-do- 2%
main Fraunhofer approximation. We present the design method , -
for LCFG’s (reflection configuration) as well as for LCIC’swheretg =t — ®q andhtime = Ho exp(—j®o)(1/4/j27P0).
(transmission configuration), by using a unified approach. IFhe constan@)o (group delay) denotes the average pulse delay.
Section 1V, we present an example of the design of a real-tifiée constan®, (first-order dispersion coefficient), slope of the
Fourier transformer system. We analyze the performance of thigear group delay characteristic, is responsible for the pulse
system for different input signals, by using well-proved simuhape distortion. The complex envelope(t) of the output
lation tools. We include a joint time—frequency analysis of thgulse may be obtained by convolving the complex envelope
input and output signals to get a better understanding of thg(z) of the input pulse with the impulse response function
physical processes which determine the behavior of the consﬁh)_ The temporal impulse response in (3) has the same math-
ered systems. From the results, we also discuss several potegfightical structure as the spatial impulse response in (1), which
applications of real-time spectrum analysis. Finally, in Sectigfhows that the distortion of a pulse in dispersive media because
V, we point up some conclusions. of first-order chromatic dispersion is mathematically identical
to Fresnel diffraction.
According to our initial considerations, (3) describes pulse
distortion in dispersive media that closely provide constant
In this section, we use the well-known time—space duality amplitude response and quadratic phase response (linear
present a temporal formulation equivalent to Fraunhofer diffragroup delay) over the pulse’s bandwidth. For example, the
tion. This formulation enables us to carry out a real-time powetjuation describes the narrow-band pulse propagation through
spectrum analysis. a single-mode optical fiber. As a result, (3) is also valid for
Firstly, let us review the analogy between the free-spadescribing the pulse distortion in the different filtering con-
Fresnel diffraction and the distortion of a temporal signal in thfggurations that have been proposed for chromatic dispersion
first-order dispersion approximation [1]-[3]. On the one handpompensation in optical fiber. In this context, we work with
the propagation of monochromatic light of wavelengtiover optical filters based on chirped distributed resonant coupling
a distanced, under Fresnel conditions (paraxial diffraction)[18]: the LCFG [19] and the LCIC [20]. An LCFG (or LCIC)
is described by a linear system with an amplitude impulggovides the required optical properties (i.e., flat amplitude and
response(x, y) according to the expression [24] linear group delay) within the grating’s reflected (transmitted,
for the LCIC case) bandwidth. As a result, (3) (the fundamental
T relation of the time—space duality) describes the interaction
ha(r, y) = hspace €xp (—j d (#* + yz)) (1) between the LCFG (LCIC) and an incident pulse when the
pulse’s bandwidth is narrower than that of the grating. Fur-
wherehgpace = (j/Ad) exp(—j(27/A) d), andx andy repre- thermore, these filters (LCFG or LCIC) can be specifically
sent the Cartesian coordinates in planes transverse to the pdgsigned to get exactly the required amount of dispersion over
agation directiore. the desired bandwidth, which makes these devices optimal
On the other hand, dispersive media in the linear regintemponents to use in the design of time-domain analogs of
can be characterized by means of a transfer functispatial systems [12]-[15]. In particular, we study the design
H(w) = |H(w)| exp(—j®(w)). We center our attention of the aforementioned devices to work as power spectrum
on the distortion of a pulsed plane wave centered at the angudaalyzers [12] by using a time formulation equivalent to the
frequencywg. The analytical signal representation of this pulsgpatial Fraunhofer approximation.

Il. THEORY

is a1(t) = a1(t) - exp(jwot), whereaq(t) represents the For free-space propagation, it is well known that if the prop-
complex envelope of the signal. Let the transfer funcfibp.) agation distancé is sufficiently long, the field complex ampli-
have constant amplitudg? (w)| = Hy and quadratic phasetude in the plane = d is, within a phase factor, proportional to

response (linear group delay) over the spectral bandwidth of tiwe two-dimensional (2-D) Fourier transform of the field com-
pulseas (t). In this case, the transfer function for the compleplex amplitude in the input plane= 0 [24]. This approxima-
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tion is valid if the input field is confined to a circle of radiusFourier transform) of the input complex envelope(t) evalu-

Az, which satisfies the condition ated atv — 1 /®y. The effect can be explained as follows. The
Ag? reflection of an incident sighal upon the LCFG (LCIC) does not
% <1 (4) essentially affect the power spectrum of this signal; however,

the different spectral components of the signal undergo a
which is known as the Fraunhofer (far-field) approximation. temporal realignment process according to the group delay
Now we turn our attention to the temporal pulse distortion ioharacteristic of the grating (i.e., dispersion causes different
dispersive media (LCFG or LCIC). Let us assume that the inpiiequencies to travel at different velocities). The time-domain
pulse’s bandwidth is narrower than the grating’s bandwidth. Agaunhofer condition ensures that this dispersive effect is strong
we have seen in this case, the complex envelopg) of the enough to temporally separate the spectral components of the
output pulse can be obtained by convolving the complex enveriginal signal. In this way, although the phase of the signal
lopea(t) of the input pulse with the impulse response functiospectrum is not directly obtained from the propagation through
ﬁ(t) in (3). We obtain the dispersive element, the resultant signal contains the total
input spectral information (including magnitude and phase)
Qi(t') exp <j L (th — t/)z) dt’ alqr!g thg time axis. For.instance, a spectral filteripg of the
0 original signal can be carried out, from the resultant signal after
1, too the propagation, by using time-division techniques: by taking
= Ntime €Xp (J ﬁ%) / ay(t') the appropriate time interval and compensating the dispersion
1 0 o introduced by the grating (using the complementary grating),
- exp <j Tt@) exp <_j T@’) dt’. (5) we can filter the original signal through the desired passband.
2% 0 In our numerical investigation (Section IV), we analyze with
more detail the described effect by using a joint time—frequency
representation of the signals involved in the processes.

+oo

Ga(tr) = hiime /

— 00

If @,(t) is confined to a small time widt¢,, and if the dis-
persion coefficientd, is sufficiently large so that
At?

27Td>0

<1 (6) [ll. DESIGN OFPOWER SPECTRUMANALYZERS

5 o g e N o In this section, we analyze the implementation of the Fourier
then the phase factét™/2®,) < (At1/2®,) is negligible and  transformation based on a temporal formulation equivalent to

(5) may be approximated by the spatial Fraunhofer diffraction by using all-fiber filters based
1 +o0 on chirped distributed resonant coupling (LCFG and LCIC)
as(tr) = htime €xp (_] 25 t%) / ay(t) [18]-[20].
0 - The LCFG and the LCIC provide a propagation delay thatis a
- exp <—j L th/) dt' linear function of frequency,_ Whi_ch is achieved by c_o_upli_ng en-
D ergy between two modes with different group velocities in such

a way that the coupling location varies linearly in frequency.
These devices consist of a periodic perturbation of the refrac-
tive index along the fiber length, which is formed by exposure
of the core to an intense optical interference pattern. The re-
El(w) = F(ai(t)) (7b) quired distributed coupling location is achieved if the period of
the perturbation is linearly chirped. The difference between the
whereF' denotes the Fourier transform. Hence, under the cofyo components is that the LCFG is based on counterdirectional
ditions of inequality (6), the output pulse envelope is, within @oupling in single-mode fiber whereas the LCIC uses co-direc-
phase factor, proportional to the Fourier transform of the inptibnal coupling between two modes (4/7and LR),, in practice)
pulse envelope, evaluated at the angular frequency in a few-mode fiber. Therefore, the LCFG works as a reflective
device whereas the LCIC works in transmission. At this point,
(8) it is worth noting that similar filters can be fabricated within a
waveguide.

Inequality (6) is the time-domain analog of the spatial Fraun- For the design of this type of filter, it is convenient to define
hofer condition (4) and is valid if the first-order dispersiorthe parameter or time delay between the two coupled modes
coefficient of the grating®., is much greater than the squarever a unit length, i.ex = |1/v4 — 1/v,2|, wherev,; and
of the input pulsewidthAt;. It is worth noting that only the v,» are the group velocities of the two modes. For the calcula-
magnitude of the Fourier transform is recovered, since ttkien of the parameter, the waveguide and material dispersions
phase of the output signal is complicated by the additional tewhthe fiber are not usually considered, i.e., the group velocities
exp(j (1/2®0)t%). vy andv,, are assumed to be constant with frequency. Under

In conclusion, if the temporal Fraunhofer condition [inthese conditions, in the LCF&; = —vy2 = ¢/n,, and there-
equality (6)] is verified, we can assert that the average optidate - = 2n,,, /¢, ¢ being the speed of light in vacuum ang,
power of the output puls@,(ir) = |a»(tr)|* is proportional being the effective refractive index of the single mode. In the
to the energy density spectrum (squared magnitude of the sigh@lIC, the parameter depends on the normalized frequency or

1 2 »
= htime exp (] Etfi) [Al(w)]w:t}%/‘i’u (7a)

Dy

oY)
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|€I50| > At? /27 [time-domain Fraunhofer approximation in in-
equality (6)] over a spectral bandwidth broader than the pulse’s

LCFG bandwidth Aw > 2x/At;). At this point, it is important to
Input Signal Output Signal note that, even if the designed grating bandwidth is narrower
a\ than the pulse bandwidth, the Fourier transformation is carried
{( )= out although this analysis only extends over the designed

— Cﬁgglc;gr — bandwidthAw. The grating filters (LCFG or LCIC implemen-

tations) will provide the required dispersion characteristic if its
chirp factorC' and lengthZ satisfy the following conditions:

Input Signal i 2m7?
Output Signal 10 < 71'_7'2 (10)
and
At
o 1> 20 (11)

Fig. 1. Diagram of the proposed configurations for the implementation 33 : : T
real-time optical spectrum analysis. (a) Reflection configuration based rbe reql‘”red device Iength Only depends on the pUIse time

LCFG. (b) Transmission configuration based on LCIC. width: the larger the pulsewidth, the longer the required device.
In practice, the parameterin the LCFG is larger than the pa-

i O ) rameterr in the LCIC, which means that the resultant LCIC
fiber parametet” [20]. Let (=) be the local spatial angmarstructure is longer than the corresponding LCFG. This is the

frequ_ency of th_e grating(being the fiber distance). In the CaSnain disadvantage of the LCIC: the fabrication of sufficiently
of a linearly chirped period)(z) can be expressed as long LCIC structures may constitute a serious problem, since it

is very difficult to maintain the required uniformity of the de-
9) sign parameters over long lengths [18].

In the case of pulse sequences, the magnitude of the grating
dispersion coefficien®, | has to be sufficiently large to ensure
that the temporal Fraunhofer condition is verified for the total
duration of the sequence. Furthermore, the grating bandwidth
Hlist be broader than the largest bandwidth of the individual
pulses that constitute the sequence.

Q(z) = Cz 4+ Qq,

— < <
z
2 - -

o |

whereC' denotes the chirp factor of the grating ands the
length of the coupling regiorQ fixes the center frequency
wq of the grating spectral band, since, according to the Bra
condition, €2y = wo7. The chirp factorC' determines the dis-
persion coefficient of the filted, according to the expression
C = £7?/®,, where the positive sign corresponds to the LCFG
and the negative one corresponds to the LCIC. The critical de-
sign parameter is the device lengdthsince it depends on both In this section, we present an example of implementation
requirements, the magnitude of the dispersion coeffidi®at of time-domain Fraunhofer approximation. In particular,
and grating bandwidti\w, according to the expressioh = we design an LCFG (reflection configuration) to work as
|®o|Aw/7. The reader can find a detailed description of tha Fourier-transformer system for pulses with time widths
stated relations between the dispersion characteristics of theg = 1-10 ps. This design works properly also for pulse
grating and the perturbation parameters in [18]. To obtain susbquences if the total duration of the sequence is not longer
relations, itis assumed that the waves are coupled exactly atthan 10 ps. We have tested this design with different input
point where the phase-matching condition is verified for eadignals by use of simulation tools. Furthermore, we use
frequency. joint time—frequency representations of the signals to get a

Next we present the design of the LCFG and the LCIC foetter understanding of the physical effects that determine
provide a real-time optical spectrum analysis. Fig. 1 shows a thte performance of the proposed system and its potential
agram of the proposed configurations for the implementation applications. Taking into account that the maximum time
the Fourier transformation, using a LCFG [Fig. 1(a)] and LCI@idth of the pulses to be processed is 10 ps, the LCFG must
[Fig. 1(b)]. The main disadvantage of the LCFG is that it is provide a dispersion which, under the Fraunhofer approxi-
reflective device, requiring an optical circulator to retrieve moshation conditions, satisfie{ﬁ)o| > (1/27) x 100 ps'/rad
of the reflected signal. Input Signal in the figure labels the ajinequality (6)]. The minimum time width of the pulses (1
erage optical power of the pulse entering in the correspondipg) determines the grating bandwidth, iAy > 27 x 10*2
device,P1(t) = |a1(t)|*. Output Signal in the figure labels therad/s. In particular, the LCFG is designed to provide a positive
average optical power of the output pulgg(t) = |a-(t)|*. dispersion coefficientb, = (1/27) x 10° ps‘/rad over

In the case of single pulses, the devices must be desigrred 200-GHz bandwidth centered at frequency 193.1 THz
to verify the time-domain Fraunhofer approximation for & = 1552.524 nm). Takingn,, = 1.4522 as the effective
given pulse time-width. LeAA¢; be the time-width of the input refractive index of the grating (1.452 being the core refractive
pulses to be processed. We must design a filter that providemdex without perturbation, andx4.0~* being the maximum
linear group delay whose slope (dispersion coefficient) satisfie&lex modulation of the perturbation), we obtain a time

IV. NUMERICAL RESULTS AND DISCUSSIONS

Authorized licensed use limited to: California State University Fresno. Downloaded on May 10,2010 at 05:33:29 UTC from IEEE Xplore. Restrictions apply.



AZANA AND MURIEL: REAL-TIME OPTICAL SPECTRUM ANALYSIS 521

I
0.81 1200 Has |
|
1000
1833
0.6 7 25
> {800 & =
H g
3 600 8 1531 | -
$0.4 o E |
= {400 8 =
(6] e
-
(=]

1200

0.2k
{0

1 1 L _200 | | e
193.1 193.5 193.9 E —
Optical Frequency [THz] | |

Fig. 2. Reflection spectral characteristics of the LCFG designed to proce P I
pulses with time widths from 1 to 10 ps. Left axis: LCFG reflectivity versus o
optical frequency. The grating has a 1.2-THz bandwidth centered at 193.1 THz.

Right Axis: LCFG reflection group delay. The grating provides a linear group @
delay with a slope (dispersion coefficient) of*10s’.

192.3 192.7

oot
delay over a unit length equal to = 2n,,/¢ = 9.69 ns/m.
Therefore, the LCFG with the required characteristics has =
chirp factorC' = 7?/®; ~ 600 x 10° rad/n? and length £
L = ®,Aw/T &~ 12 cm. The grating spatial frequency is §
centered af2y — wor & 11.76 rd/um. As result, the grating E"”" [ rd
period varies from 536.21 nm to 532.89 nm. It is worth notin¢#
that an LCIC (transmission configuration) providing similar&e s
dispersion characteristics requires a length of the order of 6 1
which could be too long for a practical implementation.

We compute the LCFG field reflection coefficieff(w) =

|H(w)| exp(—j®(w)) by use of the model proposed in [25], . ' - 1
which is based on the transfer matrix formalism and thin-film:
filter computational techniques. Fig. 2 shows the LCFG reflec g

E] 200 Fa BiTE 1200

tivity R(w) = |H(w)|* (left axis) and group delay,(w) = Tirm [jua]
0®(w)/0w (right axis). It can be observed that the grating pro- (b)

vides the required features. Notice, however, that the amplitude _ _ , _
&3. Results from the simulation of the real-time spectrum analyzer, taking,

o . . F
gnd group delay re_sponses _eXh'blt undesirable hlgh'_freque% he input signal, an ideal 10-ps-wide squared pulse. (a) Input signal: the plot
ripples around their respective mean value. These ripples eathe bottom shows the signal in the time domain. The plot on the left shows the

be reduced (or even eliminated) by an appropriate apodizatﬁiﬂﬁ‘a' in the frequency domain. The larger plot shows the joint time—frequency
of the grating’s refractive index perturbation [26], although ié?gprzzlsewniﬁt'%ne?;gzZ'gmﬁ%g Sa'ggfotrh (ea;N'gner_w"e distribution. (b) Output
this case the ripples do not affect practically the expected re-

sults. It has been demonstrated that the effect of the ripples

becomes less noticeable for broader grating bandwidths [2Epurier transformer if their maximum amplitude (peak to peak)
which is the case for our application. Thus, in most of the casé@n be neglected as compared with the estimated time delay
the apodization process is not required to avoid the influence®fy. i-€., if this amplitude is less than 10% o, . It is worth
such ripples. Nevertheless, the fabrication process of the gr%@Iing that the experimental demonstration of real-time Fourier
ings introduces stochastic fluctuations on the group delay afi@nsformation using an unapodized LCFG has confirmed the
reflectivity responses, which, in principle, cannot be completeffated criterion [13].

eliminated [27]. Particularly important are the time delay fluctu- We now test the design by simulating the system response
ations (roughly 15-20 ps). However, when the gratings are udeddifferent input signals. In the simulations, we assume that
as real-time Fourier transformers, these fluctuations could be i§e signals are centered at the central frequency of the grating
nored under the conditions described below. The time dalgy bandwidth, 193.1 THz. We first obtain the output (reflected)
between the faster frequency of the incident pulse and the slowignal spectrum by multiplying the grating frequency response
one can be estimated &/, ~ |®o|Awpuise, Where Awpise H (w) with the input signal spectrum. The corresponding time
represents the bandwidth of the pulse. Obviously, for the egaveforms can then be recovered by taking the inverse Fourier
timation of the time delayAt,, we have to use the grating'stransforms.

bandwidthAw instead of the pulse’s bandwidtkw,,1,. when The first example deals with the LCFG response to a
Awpuse > Aw. The ripples around the mean group delay chat0-ps-wide ideal squared pulse. Fig. 3(a) shows the input signal
acteristic do not affect essentially the operation of the grating msboth time and frequency representations as well as in the two
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g PR T PE—

domains simultaneously (joint time—frequency representatior
The plot at the bottom of the figure represents the average c
tical power,P; (t) = |@+(¢)|?, of the input signal in normalized
units. The plot at the left of the figure shows the normalize g3
energy density spectrumd; (w)|?, of this signal. To obtain a %
deep insight into the signal structure, this is also represented% . < -
both time and frequency domains simultaneously. The larg }

plot in the upper right of the same figure shows the joinZ
time—frequency energy distribution of the signal. The 2-[&"*™ |
distribution intensity is represented by the relative brightnes

levels of the plot. Such a representation provides tempor im |
location information of the signal’s spectral components. Fc I| | |

this first case, we have used the Wigner—Ville distribution [22] |
[23]. Fig. 3(b) shows the signal at the system’s output using ;__.—JI/J\/\/\__
similar representation. The plot at the bottom of the figure rey

. . " L] am "-:':‘|m|||n|":'" TAG 80
resents the normalized average optical poRgt) = |a ()|
of the output signal. As expected, the time waveform of thﬁg. 4. Output signal from the real-time spectrum analyzer when the input
signal is proportional to the spectrum (sinc function) of theignal is an ideal 100-ps-wide squared pulse (out of temporal Fraunhofer
input signal. The resultant output powgs(¢) coincides with conditions), with the same definitions as for Fig. 3(a).
the input energy density spectruh?ﬁl(wﬂ2 [by using the
scale change defined in (8)]. The plot at the left of the figure
represents the normalized energy density spectﬁj;r(wﬂ2 of -
the signal. Notice that the spectrum amplitude only undergoe.2
a weak distortion compared to the input signal, which is dueg %8}
to the ripple of the grating reflectivity characteristic. Again,
the larger plot shows the Wigner—Ville distribution of the con-
sidered signal. It is observed that the output (reflected) signa
retains spectral components identical to those of the incideng
signal (except for the mentioned distortion); these components §
however, undergo a temporal realignment process accordin® %[ 3
to the group delay characteristic of the dispersive elemen . e
(LCFG). The temporal Fraunhofer condition ensures that this "o 500 1000 1500
temporal realignment is sufficiently strong so that only a single Time [ps]
dominant frequency term exists at a given instant of time. The _ . .

. . . . . L Eig. 5. Results from simulation of the real-time spectrum analyzer when
effect is observed in the TF diagram: each signal distributes ﬂﬁg input signal is an ideal squared pulse 3 ps wide (out of bandwidth design
energy along a straight line (following the group-delay curvegonditions). Solid curve: normalized average power at the system’s output.
This effect explains the resultant real-time power spectru‘PﬁShEd curve: energy density spectrum of thg input_ signal envelope with

. . . L 1r(pS = f(THz) x 10°. [n.u.] stands for normalized units.
analysis and provides additional abilities to control and modlfy
the form of temporal optical pulses. For instance, as described
above, the observed effect can be applied to carry out a speapraiting (depicted by the dashed line over the time—frequency
filtering of the original signal by using time-division techniqueglot). However, in this case, the temporal realignment is not
on the resultant signal after the propagation. sufficiently strong to get an effective temporal separation of the

In order to provide a complete analysis of the described praignal spectral components. It can be observed that the output
cesses, we study the case of an input pulse with a time-widfignal energy is distributed in a wider frequency band at each
broader than that required for Fourier transformation (i.emoment of time. As a consequence, the time waveform of the
broader than 10 ps). In this case, the Fraunhofer approximatiefiected signal does not correspond to the spectrum of the
is not satisfied. In particular, we simulate the LCFG responggput signal. In fact, this time waveform is easily identifiable
to an ideal squared pulse with duration of 100 ps. The incidenith a Fresnel diffraction pattern for a square aperture [24].
signal is identical to the one analyzed in Fig. 3(a), except for To analyze the opposite case, we now consider an input pulse
the obvious scale changes in the time and frequency axtt verifies the requirements for Fourier transformation (Fraun-
Fig. 4 shows the time representation (bottom plot), frequenbypfer approximation) but whose bandwidth is broader than the
representation (left plot), and joint time—frequency represegrating’s bandwidth. This case includes pulses narrower than
tation (Wigner-Ville distribution) of the resultant signal at thehose fixed for the design and also several broad-band pulses
system’s output. As in the last case, the output signal retaimaving time widths within the design interval. In these cases, the
an energy density spectrum identical to that of the input sign&burier transformation is carried out but only over the grating
Again, the spectral components undergo a temporal realignmbandwidth, which is a fraction of the input pulse’s bandwidth.
process following the linear dispersion characteristic of th&s an example, Fig. 5 shows the simulation results for an ideal
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. quency representations of this signal are shown in Fig. 6(a).

We now use the Spectrogram distribution [22], [23] for the
‘ time—frequency representation. The representation shows the

i 0, and 250 GHz). The time, frequency, and joint time—fre-

0
ul

&
I

three components of the input signal, which are separated in
frequency but coincide in time. The signal obtained at the
system’s output is shown in Fig. 6(b). Since the input signal
verifies the required conditions for the Fourier transformation,
the time waveform of the output signal (bottom plot) coincides
| with the energy density spectrum of the input signal envelope.
[ In this way, we can generate a train of temporal pulses from
a multifrequency (multiwavelength) source. Furthermore, the
m R | joint time—frequency representation shows that these pulses
rll Il

Cpfical Frasquasnoy [THE]

i
5

A
R R

are separated simultaneously in both time and frequency.
In this particular case, the resultant pulses are separated by
250 ps, which correspond to the spectral separation of 250
@ GHz (with the scale change of(ps) = f(THz) x 10?). Itis

7 worth noting that this type of signal (multiwavelength train of
LS | pulses) has been previously proposed for several applications
':—-__I: v in wavelength-division-multiplexed systems [28].

1 Finally, we study the system behavior with pulse sequences.
Eqgas In particular, we analyze the system response to a sequence of
E C_J two Gaussian pulses. We assume 1-ps rms width pulses, sep-
':‘. [ ] ' arated by 8 ps. The average optical power corresponding to

— .
'.'g 4 | this signal,P, (t), is represented in Fig. 7(a). The optical power

| obtained at the system’s outpu®;(¢)], is shown in Fig. 7(b)
1928 (solid curve). This function practically coincides with the en-
’
|

ergy density spectrurhd; (w)|* of the input signal envelope,
which is represented in the same figure (dashed curve) by using

= the scale change in (8)£(ps = f(THz) x 103). As in the cor-
A ’\\ responding spatial case (far-field diffraction from two slits), we
un/ obtain an interference pattern. The separation between peaks,
Tires [5] as well as the width and intensity of these peaks, in the ob-
) tained pattern can be specifically tailored by varying the sep-
Fio 6. Results from the simulation of th i . | ki aration between pulses and the individual pulse characteristics
1g. ©. esults rrom the simulation o € real-time spectrum analyzer, taking: . . . . . .
as the input signal, a multi-frequency single pulse, which is composed of thrﬁgne width and |nter_15|ty) Of_the_mpUt signal. This fact can be
8-ps-rms-wide Gaussian pulses with identical time averages and modulatetig€d for pulse-shaping applications. Here we center our atten-
different frequencies (detun(_ed from the center frequency of 193.1 TH_QE&),_ tion on the relation between the separation between peaks in
0, and 250 GHz). (a) Input signal. The plot at the bottom shows the signal in tﬂie outbut intensity pattern and the separation between the two
time domain. The plot on the left shows the signal in the frequency domain. Tt p yPp ] ] p -
larger plot shows the joint time—frequency representation of the signal, by usiffput pulses. LetA?; be the time distance between the input
the Spectrogram distribution. (b) Output signal, with the same definitions as fﬁUIses anaf}(w) the spectrum of each individual pulse. The en-
(®. ergy density spectrum of the input signal envelope can then be
expressed agd; (w)]? = 2|G(w)|*[1 + cos(Atyw)]. By using
squared pulse with a duration of 3 ps. The figure shows the n@fe relation (7), the output average optical power can be written
malized optical power at the system’s output (solid curve). Thg
resultis compared with the normalized energy density spectrum

of the input signal envelope, which is represented in the samePs(t) = [a(t)|*

figure (dashed curve), changing the scale according to the (8), HZ - 9
tr(psS) = f(THz) x 10%. The bandwidth of the input pulse is = o] UG@)[L + cos(Aw)]} =((1-d5) /o)
broader than the grating’s bandwidth (1.2 THz) and, therefore, , 9
only the spectrum over this bandwidth is recovered, i.e., the re- _ Hyg lw= t— %
flected signal extends over 1200 ps, which coincides with the 7| ®o| d
grating’s bandwidth of 1.2 THz, using the stated scale change. Aty ,
We now analyze the system response to a multi-frequency : [1 + cos (?0 (t— <I>0)>] : (12)

single pulse. In particular, we consider a signal composed of
three Gaussian functions with the same average time (25 p$le oscillatory nature of the output signal is due to the cosine
and rms time width (8 ps), but modulated at different frequeffunction in the last equation. The period of this function is pre-

cies (detuned from the center frequency of 193.1 THzB%0, cisely the time separation between the peaks in the output op-
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Fig. 7. Results from the simulation of the real-time spectrum analyze¥ig. 8. Results from the simulation of the real-time spectrum analyzer out of
(a) Normalized average power of the input signal, which is composed gindwidth design conditions. (a) Normalized average power of the input signal,
two Gaussian pulses of 1 ps-rms-width, separated by 8 ps. (b) Solid curygiich is composed of two Gaussian pulses of 250 fs-rms-width, separated by 8
normalized average power of output signal. Dashed curve: energy dengjty (b) Solid curve: normalized average power of output signal. Dashed curve:
spectrum of the input signal envelope with(ps) = f(THz) x 10°. [n.u.]  energy density spectrum of the input signal envelope wifps) = f(THz) x
stands for normalized units. 103. [n.u.] stands for normalized units.

tical powerAt,. Therefore, this time separation depends on tr?oe

. . . . ut only over a fraction of the input signal’s bandwidth (the
lt;rgsnmstance between the input pulsies; according to the re- grating’s bandwidth). Fig. 8(b) shows the normalized optical

power at the system’s output (solid line) and the normalized
energy density spectrum of the input signal envelope (dashed
line). The output signal has a total duration of 1200 ps, which
corresponds to the grating bandwidth of 1.2 THz. As predicted
by theory, the temporal separation between the intensity peaks
is again fixed to 125 ps.

(13)

For instance, in the considered case, siA¢e = 8 ps and the
grating dispersioz®, = 103 ps?, we obtain a time separation
between peaks in the output intensity pattar = 125 ps (see
Fig. 7). In addition to its utility for tailoring the output signal
characteristics, relation (13) provides a useful and easy means
for measuring the first-order dispersion coefficient in chirped We have used the temporal analog of spatial Fraunhofer
fiber gratings (LCFG or LCIC). By reflecting two pulses sepdiffraction to design real-time optical spectrum analyzers,
arated by a short enough time duratiax() from the grating using as dispersive media filtering devices based on chirped
being characterized, we obtain an interference intensity pattelistributed resonant coupling. We present a unified approach
from which we can measure the temporal separation in the intéor the design of LCFG'’s (reflection configurations) or LCIC’s
sity peaks At»). The grating dispersion coefficiefiy can then (transmission configurations) to carry out the proposed optical
be determined using (13). The stated relations are also valid §pectrum analysis. We have tested our designs by means
pulses with a bandwidth broader than the designed bandwidtifi.simulation tools for the cases of single pulses and pulse
As an example, we consider 250 fs rms-width Gaussian pulsesguences. The results obtained from simulation show a
separated by 8 ps [Fig. 8(a)]. The time duration of the sequenasy good agreement with those predicted by the theory.
is within the design interval (1-10 ps). However, the bandwidtfrurthermore, we have used the joint time—frequency signal
of the individual pulse is broader than the LCFG bandwidtlanalysis to get a deep insight into the physical effects that
As a result, the real-time Fourier transformation is carried odetermine the performance of the proposed systems. In this

V. CONCLUSIONS
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way, we have demonstrated that the propagation of a signaili]
through an LCFG or LCIC, specifically designed to verify
the temporal Fraunhofer conditions, translates into a temporgfz]
separation of the spectral components of this signal. This effe¢t3s]
provides key abilities to modify and control the characteristics
of temporal signals and, in consequence, can find important
applications in the fields of temporal signal processing, opticai14]
communications, and other scientific areas.

Single-mode optical fiber or any of the resonant configura-
tions proposed for dispersion compensation could be used ]
alternatives to the LCFG (LCIC) in order to yield the real-time
spectrum analysis. The design of an optical fiber which veriﬁeéle]
the required dispersion conditions leads, in general, to too long
a distance for practical implementation, whereas the requird’]
ments of dispersion and bandwidth are usually contradictory
in resonant system (the higher the dispersion, the narrower thes]
bandwidth). However, in the LCFG (LCIC) design, these two re-
quirements can be chosen independently. This fact makes th
devices optimal candidates for carrying out the proposed as well
as for implementing other interesting time-domain equivalentfzo]
of well-known spatial systems [14], [15]. In general, the prac-
tical implementation of such systems opens important new pef21]
spectives in the mentioned fields.
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