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Temporal impulse response of the Talbot interferometer
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a Optische Nachrichtentechnik, FernUniversität Hagen, Universitätsstraße 27, 58084 Hagen, Germany
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Abstract

The Talbot interferometer has been shown earlier to act as an optical tapped delay-line in the time domain. The interferometer is
based on the self-imaging effect. It consists of two gratings separated by a multiple of the self-imaging distance. Here, we determine
its temporal behaviour experimentally. First, the impulse response is measured directly in the time domain by means of femtosecond
pulse technology and second, by spectroscopy we measure its power spectrum. Results confirm earlier theoretical considerations.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Talbot self-imaging phenomenon has been known
since 1836 [1] and investigated by many authors. Talbot
self-imaging occurs, for example, when a grating G1 of per-
iod p is illuminated by a monochromatic plane wave of
wavelength k. Then, at multiples of the ‘‘Talbot distance’’
zT = 2p2/k an interference pattern occurs that is identical
to the one immediately behind the input object (disregard-
ing experimental deficiencies). This effect has been used, for
example, for phase interferometry [2] where a second grat-
ing G2 is used to probe the wavefield generated by G1 as
shown in Fig. 1a.

Most of the earlier work related to Talbot self-imaging
was performed by considering its spatial aspects. Recently,
however, it was suggested to use the Talbot interferometer
as a temporal device [3] for applications such as filtering,
correlation and multiplexing. The basic effect used are dif-
ferent path lengths of diffraction orders in a dispersion-free
medium. The temporal application of the spatial Talbot
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effect must not be confused with the temporal Talbot effect
[4] where the spectral lines of a frequency comb are delayed
in a dispersive medium, usually a fiber. After a certain dis-
tance, the individual delays create a situation where all dis-
crete frequencies of the comb are again in phase. This
situation occurs at multiples of the characteristic distance.
This repetition of equal phases is analog to the spatial Tal-
bot effect. While this temporal Talbot effect uses different
temporal frequencies, the spatial Talbot effect uses different
discrete spatial frequencies.

The spatial Talbot interferometer can be described as
follows. If G1 and G2 are implemented lithographically as
phase gratings and, in particular, for G2 ¼ G�1 the diffrac-
tion orders generated by G1 can be recombined efficiently
by G2 in a single output beam by coherent coupling. Thus,
the zeroth order beam behind G2 is the result of the combi-
nation of the +nth order diffraction at the first grating and
the �nth order at the second grating. The separation of the
gratings by a multiple of the Talbot distance ensures that
the various diffraction orders are again in phase and thus
leads to a high efficiency of the interferometer.

Here, we consider the use of the spatial Talbot interfer-
ometer for the processing of ultrashort optical pulses. The
time delays are caused by the different path lengths that the

mailto:hans.knuppertz@fernuni-hagen.de


TI
s

in
(t) s

out
(t)

z
T

z

p

λ
G

1
G

2

Fig. 1. The Talbot interferometer (a) consists of two gratings separated by
a finite distance, often chosen to be a multiple of the self-imaging distance,
zT. If phase gratings are used, the diffraction orders generated by the first
grating can be recombined by the second (see explanations in the text).
(b) The Talbot interferometer can be used as a temporal device: the input
signal is denoted as sin(t), the output signal as sout(t).
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Fig. 2. The optical path length difference between the nth and the zeroth
diffraction order is DLn. It leads to a temporal delay according to Eq. (2).
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diffraction orders travel between the two gratings. When a
short optical pulse passes through the interferometer, one
can therefore expect to obtain a limited chain of pulses at
the output. In terms of system theory, the Talbot interfer-
ometer then is to classify as finite impulse response (FIR)
filter. Another optical filter of this type is the arrayed wave-
guide grating (AWG). Examples for the class of infinite
impulse response filters are all kinds of resonators, e.g.,
ring resonators or chamber resonators (Fabry–Perot, etc.).

In this article, we demonstrate the operation of the Tal-
bot interferometer in the time domain and discuss the lim-
itations of this device. The experiments in the temporal
domain were performed with fs-pulses to determine the
impulse response. In addition, the spectral behaviour in
the temporal frequency domain was investigated by using
a tunable laser. This measurement yields the power spec-
trum transmission which is Fourier-related to the autocor-
relation of the temporal impulse response. Within the
practical limits of the experiments our results confirm the
theoretical predictions.

This article is organized in the following way: in Section 2,
we will review the temporal aspects of the Talbot interferom-
eter. Section 3 deals with the modeling of the experiment. In
Section 4, the measurement of the impulse response is
described and results will be discussed. Section 5 features
the measurement in the spectral domain to determine the
power spectrum of the interferometer. In the final Section
6, we discuss the findings and present an outlook.

2. Talbot interferometer as a temporal device

In this section, we briefly review earlier results [3,5]
about the Talbot interferometer as a temporal device. We
consider the Talbot interferometer as shown in Fig. 1 con-
sisting of gratings G1 and G2. We assume a collimated
quasi-monochromatic illumination of wavelength k. (The
case of polychromatic illumination will be discussed later).
Grating G1 and its complementary counterpart G2 ¼ G�1 are
separated by a multiple of the Talbot distance, i.e.,
Dz = MzT (M = 1, 2, 3, . . . ). G2 compensates the wave-
front generated by G1 and ideally, a single collimated beam
will propagate behind G2. This can be detected conve-
niently by a point detector in the rear focal plane of a lens.

To understand the temporal behavior of the Talbot
interferometer we consider Fig. 2. Since the wavefield
between the two gratings consists of the diffraction orders
traveling under different angles, modal dispersion occurs.
The propagation time for each diffraction order can easily
be calculated. For the nth diffraction order with the tilt
angle an we obtain the propagation time [5]

tn ¼
Dz
c

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2ðanÞ

q ¼ Dz
c

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� n2k2

p2

q : ð1Þ

By simple calculus we obtain for the delay sn between the
nth and the zeroth order

sn ¼ tn � t0 � n2 Dz
c

k2

2p2
¼ n2 k �M

c
¼ n2s1; n ¼ 1; 2; 3; . . .

ð2Þ
Here, we assumed the paraxial approximation. Note the
quadratic increase of the time delays. The Talbot interfer-
ometer acts as a discrete linear time-invariant filter and
can be represented by the mathematical structure shown
in Fig. 3. The input signal sin(t) is split up into N branches,
the diffraction orders. The nth branch is delayed by sn and
weighted by a coefficient an. Finally, the different branches
are recombined. This step is accomplished in the setup by
grating G2. The diagram in Fig. 3 is known as a tapped de-
lay-line (also as ‘‘finite impulse response filter’’). However,
whereas, usually a tapped delay-line generates a uniform
sequence of delays, the Talbot interferometer generates
time delays which increase quadratically with the index of
the diffraction order.

For quasi-monochromatic illumination, i.e., pulse dura-
tions longer than typically 100k/c the impulse response of
the Talbot interferometer can be written as:

hðtÞ ¼
XN

n¼0

andðt � snÞ ¼
XN

n¼0

andðt � n2s1Þ: ð3Þ

The action of the Talbot interferometer on an input signal
sin(t) is described mathematically by a convolution:
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Fig. 3. Computational structure of a tapped-delay line, shown here for the specific parameters of the Talbot interferometer, i.e., a quadratic dependency of
the time delays according to Eq. (2).
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Fig. 4. Diffraction of a short pulse in a Talbot interferometer, (a) zeroth
order, (b) first order, (c) pulse interference.
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soutðtÞ ¼ sinðtÞ � hðtÞ: ð4Þ
To investigate the temporal behavior of the Talbot interfer-
ometer measurements can be carried out either in the tem-
poral domain or in the frequency (i.e., spectral) domain.
For describing the performance in the frequency domain,
we use the transfer function which is given as the Fourier
transform of the impulse response. With f the temporal fre-
quency the Fourier transformation of Eq. (3) yields:

Hðf Þ ¼
XN

n¼0

an expð2ipn2s1f Þ: ð5Þ

For the measurement, it is actually the power spectrum
jH(f)j2 that can be recorded by a spectrometer. The coeffi-
cients an of the tapped-delay line are determined by the
amplitudes of the diffraction orders. If bn are the coeffi-
cients generated by the first grating G1 and b�n are the coef-
ficients for the complementary grating G2, then the filter
coefficients are an = jbnj2. If we describe the amplitude
transmission function of G1 by g(x) and assume that it is
a phase-only grating, i.e., g(x) = exp[iu(x)], bn can be cal-
culated using the integral

bn ¼ bnðf Þ ¼
1

p

Z p=2

�p=2

exp 2ip
f0

f
uðxÞ

� �
exp �2ipn

x
p

� �
dx:

ð6Þ
Eq. (6) takes into account the wavelength dependence of
the diffraction coefficients by the term f0/f. This wavelength
dependence occurs for phase gratings since the phase delay
varies with the wavelength. Here, f0 is the center frequency
for which the grating was designed. Using Eq. (3) for the
temporal domain it is sufficient to calculate with an average
value using the approximation f0/f � 1. However, using Eq.
(5) for the calculation of the spectrum (in our case
f0 � 372.5 THz, Df � 37 THz, k � 800 nm, Dk � 79.5 nm,
respectively) we need not to give away the better accuracy
in Eq. (6) and calculate the value of f0/f.

3. Modeling the experimental setup

We model the propagation of a sequence of diffracted
ultrashort pulses in the Talbot interferometer. For a sta-
tionary wave field behind a grating diffraction orders occur
at discrete spatial frequencies, here expressed by the x-com-
ponent of the wave vector as kx = 2pm = n(2p/p) (p: period
of the grating, n: diffraction order). In the nth order a shift
of nk occurs (k: wavelength).

The situation is more complex for ultra short pulses. It
is visualized for the zeroth and first order in Fig. 4. In the
zeroth order the temporal structure of the pulse remains
unchanged behind grating G1 (Fig. 4a). The directions
of pulse front (envelope, D~kÞ and wave front (carrier, ~kÞ
are in this case identical and both in the direction of
the incident beam. For higher orders (Fig. 4b) pulse front
and wave front are different. The pulse front is unchanged
parallel to the grating, but wave fronts are tilted with an
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angle sin(an) = nk/p. The above mentioned shift in the
wave front of nk leads to the situation that a pulse can
interfere with a shifted copy of itself. This is illustrated
in Fig. 4c for the first order. The spatial shift in the nth
order corresponds to a temporal delay of n/f0 (f0 temporal
carrier frequency).

When the shift exceeds the pulse length no interference
can occur any more. We write down the interference equa-
tion for two time pulses denoted by their temporal ampli-
tudes E(t) and shifted by ts:

IðtÞ ¼ jEðtÞ þ Eðt þ tsÞj2
D E

: ð7Þ

We consider a Gaussian pulse at the carrier frequency f0

described as

EðtÞ ¼ E0 exp �p
t

Dt

h i2
� �

cosð2pf0tÞ: ð8Þ

With this Eq. (7) becomes (after normalization):

IðtÞ
2I0

¼
ffiffiffi
2
p

E2
0Dt

Z 1

�1
ðEðtsÞ þ Eðt þ tsÞÞj j2dts

� exp �p
tffiffiffi
2
p

Dt

� �2
" #

cosð2pf0tÞ þ 1: ð9Þ

The first term on the right is the autocorrelation of the
pulse and there occurs a unity offset. One can plot this
function as a function of the time delay ts. However, with
the relations ts = s/c (s: spatial shift of two delayed pulses)
and s = psin(a) = pkm we can also show the intensity as a
function of the spatial frequency m (Fig. 5) since the follow-
ing holds:

m
m1

¼ mp ¼ ts �
c
k
¼ ts � const ð10Þ

In Fig. 5, the integer values along the abscissa denote the
diffraction orders . The local maxima of this curve appear
exactly at integer values and indicate the pulse amplitude
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Fig. 5. Interference curve (abscissa with normalized diffraction orders
m/m1 = mp / t) for the used pulse to indicate orders with sufficient
interference. The used pulse is Gaussian shaped with a duration of 27 fs
and a carrier frequency of 372.5 THz (wavelength 800 nm). Until the order
10 the intensity has a significant ripple.
in the case of constructive interference of the pulse with a
delayed copy of nk, thus it represents the maximum inten-
sity for a certain diffraction order, e.g., the zeroth order has
full intensity with the level 2.0 while the third order has a
significant decrease to the level 1.75. Beyond the 10th order
there is no pronounced local maximum anymore, in the dif-
fraction pattern this region exhibits a constant light inten-
sity along the x-axis.

As a consequence, the pulse shearing admits significant
diffraction orders only in a range with numbers smaller
than Dtf0 with Dt the temporal pulse width and f0 the tem-
poral frequency of the carrying light. With the conditions
of the experiment this means N < 27 fs Æ 372.5 THz � 10.
To ensure a good contrast we shall even not exceed the
third order.

By this consideration, we have determined the lower
limit for the pulse duration. On the other hand, the pulse
must not be too long in order to obtain temporal separa-
tion. The pulse duration Dt has to be shorter than the
shortest time delay which is given as s1 = Mk/c. For this
restriction, there is a little margin available because in
our experimental setup, we can adjust the separation of
the two gratings to several self-imaging distances M. This
margin is limited somewhat by walk-off effects, an obvious
limitation is given by the temporal measurement range of
the used autocorrelator. For our measurements we found
and thus s1 � 12 fs to supply workable results.

Summarizing the temporal restrictions of the experiment
can be given by

M
f0

> Dt >
N
f0

: ð11Þ

The higher limit is determined by the multiples M of the
adjusted self-imaging distance and the lower limit is deter-
mined by the highest order that is yet capable to interfere.

Other considerations must deal with the design of the
gratings. We use a phase grating pair that realizes even
and odd orders with a period of p = 6.21 lm and 1 mm
thin substrates to avoid additional dispersion. The pulse
broadening due to the dispersion of the glass substrate
(HPFS-glass) was simulated to be 2 fs for pulses of 27 fs
duration.

The essential device for the measurements is the auto-
correlator (Fig. 6). A pulsed laser beam propagates
through the Talbot interferometer, then enters the autocor-
relator. Therein the beam is split up into two branches. One
branch is variably delayed. Reunited the output beam
passes a crystal with a quadratic transfer characteristic.
At last, the modulated beam is directed to a photomulti-
plier. The generated electrical signal can be represented
with the integral

IðtdÞ ¼
1

T

Z T=2

�T=2

ðEðtÞ þ Eðt þ tdÞÞ2
��� ���2dt: ð12Þ

If a single Gaussian pulse is supplied to the autocorrelator
the normalized solution of the integral is shown to be
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Fig. 6. Measurement of the temporal impulse response with an autocorrelator.
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Fig. 7. Calculated output of the autocorrelator processing a single
Gaussian pulse.
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Fig. 8. Calculated output of the autocorrelator processing the output of
the Talbot interferometer, horizontal axis in femtoseconds, vertical axis
normalized units corresponding to Fig. 6.
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IðtdÞ
Iðtd !1Þ

¼

8<
:1þ 2 exp �p

td

Dt

� 	2
� �

1þ 1

2
cosðx02tdÞ

� �

þ 4 exp �p
td

2ffiffi
3
p Dt

 !2
2
4

3
5 cosðx0tdÞ

9=
; ð13Þ

by neglecting smaller terms. In Fig. 7 the curve and its
envelope for this integral is illustrated. The typical shape
of this curve can be characterized with the mean value
unity, the bottom touching the temporal axis and a peak
value of eight arbitrary units (a.u.).

If we transmit a Gaussian pulse through a Talbot inter-
ferometer, we expect a different pulse shape at the output.
We use a discrete convolution to calculate the pulse shape
according to Eq. (4) and obtain the result shown in Fig. 8.
Obviously, the curve is symmetrical due to the operation
implemented by the autocorrelator. It is thus sufficient to
analyze one half of the curve. At the delays for second
and third order a local maximum can be noticed. The pulse
corresponding to the first order is hidden in the dominant
central pulse for the zeroth order.

4. Experimental measurement of the impulse response

The measurements of the impulse response are performed
with a pulsed laser source supplying pulses with a carrier
wavelength of 800 nm. This corresponds to a temporal car-
rier frequency of 372.5 THz. The pulse duration is approxi-
mately 27 fs, the pulses have an almost Gaussian envelope.
The pulse repetition rate is about 87 MHz. The Talbot inter-
ferometer consist of two phase gratings as described in Sec-
tion 2. The period of each grating is 6.31 lm. To have not
only odd diffraction orders the duty cycle was designed such
that a significant second order occurs. The gratings were
separated by a distance Dz = 4 zT = 24.7 mm.

The pulse sequence detected by the autocorrelator is
illustrated and compared with the calculated envelope in
Fig. 9. The red curve1 with carrier shows the measured
1 For interpretation of color in Fig. 9, the reader is referred to the web
version of this article
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Fig. 9. Measured autocorrelation (with carrier) and modelled autocorre-
lation (envelope only). Horizontal axis in femtoseconds, vertical axis in
normalized units.
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autocorrelation as it is recorded by the measurement
device. The blue curve is the calculated envelope according
to the explanations in the previous section. The linear mea-
surement range was exceeded by both wingtips of the auto-
correlator’s pulse pattern. To have at least one wing
undistorted the linear range was shifted completely to
one wing, the left wing thus exhibits strong temporal non-
linearities. However, in the right half of this curve we can
exactly recognize the temporal position of the output
pulses.

For the grating separation given above, we expect the
first output pulse from the Talbot interferometer after a
delay of approximately 12 fs. Since the width of the central
peak is larger than this value, the first pulse disappears in
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Fig. 10. Modeled response of the Talbot interferometer (Dirac pulses) and
its convolution with the input Gaussian pulse. Horizontal axis in
femtoseconds, vertical axis in normalized units.
the central peak. However, separated peaks for the second
and third pulse occur at 48 and 108 fs, respectively, and can
be identified well. The measured values for the time delays
and the amplitudes of the peaks match almost perfectly the
calculated curve. As a result the measurement fits nearly
perfectly the calculated curve represented in Fig. 9 by its
envelope. By deconvolution, we can derive the blue peaks
shown in Fig. 10 which mark the delays of the different out-
put pulses from the Talbot interferometer.

5. Measurement of the power spectrum transmission

After measuring the impulse response in the time
domain, we now measure the corresponding power spec-
trum characteristics in the spectral domain. As pointed
out earlier, we cannot measure the transfer function of
the Talbot interferometer directly, but only the optical
power spectrum. The temporal frequency response was
already given with Eq. (5), the following extended version
shows the frequency dependencies in detail:

Hðf Þ ¼
XN

n¼0

anðf Þ exp 2ip
f
f0

MzT pf 2
0

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2f 2

0 � n2c2
p

 !
: ð14Þ

The coefficients an(f) have a frequency dependency as spec-
ified in Eq. (6) for bn(f) and are calculated as their squared
absolute value. In the exponent MzT (=multiple of the Tal-
bot distance) occurs as well as the grating period p. For the
used wavelength, k0 = 800 nm, the carrier frequency equals
f0 = c/k0 ffi 372.5 THz. The output power spectrum can be
expressed as

jSoutðf Þj2 ¼ jSinðf Þj2jHðf Þj2: ð15Þ
The calculated curve for jH(f)j2 is presented in Fig. 11
(small red line).
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Fig. 11. Power spectrum of the investigated Talbot interferometer. The
red (small) continuous curve is calculated, the cyan (bold) curve is
measured. (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
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For the measurements, an adjustable laser source with a
tuning range from 750 to 850 nm and a high resolution
spectrometer were used. The output amplitudes are
referred to the input amplitudes, thus the input signal can
be regarded being constant over the frequency range. The
resolution was approximately 0.1 nm. For each measure-
ment step the wavelength was increased and remained in
force. The plot of the referenced intensities over the tempo-
ral frequency then directly results in the power spectrum.
The measured curve (bold cyan) for the power spectrum
of the Talbot interferometer is compared to the calculated
curve (small red line) in Fig. 11. The measured curve pro-
gresses more smoothly. The cause for this observation is
a low pass characteristic of the measurement equipment.
However, given the difficulties of the measurement, one
can conclude that calculated and measured curve are in
good agreement.

6. Conclusions

We demonstrated in good agreement with preceding
explanations the temporal impulse response of a Talbot
interferometer. The expected response was verified by
experiments using ultra short pulses in the femtosecond
range. Even though the presented formulas utilize some
approximations, their accuracy is quite good. Further,
the presented time delays are appropriable for calculations
of the power spectrum. The measurement of the power
spectrum for the Talbot interferometer and the relevant
calculations confirm good consistency of the results.

With this confirmation of preceding theoretical work [3],
other types of interferometers can be investigated now, e.g.,
the Montgomery interferometer with linearly increasing
time delays [6] as the more general extension of the Talbot
interferometer. The good results obtained here to lead to
applications in the context of short pulses and code divi-
sion multiplex techniques in which the interferometers
can serve as decoder and encoder for pulse sequences.
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