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Spectral Ghost Imaging for Ultrafast Spectroscopy
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Abstract—We experimentally demonstrate ghost imaging in the
frequency domain based on frequency speckle patterns as refer-
ences. Our method is suitable for measuring the spectrum of ultra-
fast signals with high repetition rates. We study the reconstruction
resolution as a function of the signal periodicity and found the
maximal signal periodicity which can be reconstructed. We also
study the reconstruction resolution as a function of the speckle size
and show that the speckle size determines the quality of the ghost
image. Finally, we perform numerical and analytical calculations
which agree with our experimental measured results. Our method
is simple, broadband, and utilizes a low cost bucket detector for
ultrafast spectral measurements.

Index Terms—Ghost imaging, spectroscopy, ultrafast
spectroscopy.

I. INTRODUCTION

U LTRAFAST spectrometers provide the ability to observe
the spectral components of physical, biological and chemi-

cal phenomena in high temporal resolution. Some known meth-
ods are frequency resolved optical gating (FROG) [1], spec-
tral phase interferometry for direct electric field reconstruction
(SPIDER) [2] and pump probe spectroscopy [3], [4]. All of
these methods require complex non-linear scheme and have a
limited spectral bandwidth. A simpler and broader technique
is time stretch, also known as dispersive Fourier transform [5],
[6], which is based on dispersive broadening of pulses in optical
fibers. However, this method is not suitable for signals with high
repetition rates, due to overlapping between adjacent signals.
In order to overcome this limitation, we developed an ultrafast
spectrometer based on spectral ghost imaging which can obtain
high resolution spectrum with about 150 measurements.

In ghost imaging, we illuminate an object with a reference
beam, and then detect it by a single pixel bucket detector [7].
By correlating the detection with the known reference beam,
we reconstruct a high resolution image of the object. Ghost
imaging was demonstrated originally in the spatial domain, in
both quantum [8], [9] and classical [10] approaches. With the ad-
vancement of research on space-time duality [11], an extension
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to the time domain was suggested [12]. Recently, ghost imaging
in the spectral domain was also studied, both in quantum [13]
and classical [14], [15] approaches. We implement spectral
ghost imaging in time stretch systems to improve the spectral
resolution for signals with high repetition rates. Our method is
simple, broadband, independent of the time stretch fiber length,
and utilizes a low cost bucket detector. It can be implemented
for investigating the spectrum in ultrafast processes [16], [17],
or for researching light-matter interactions [18], [19]. It can also
be implemented for mapping the spectrum of non-linear fiber
processes with a high repetition rate pump [20]–[23].

In order to generate the speckle field, we take advantages of
a recently-explored kind of fiber grating, called pseudo-random
long-period fiber grating [24], [25]. This fiber grating can gener-
ate different types of spectral speckle fields and the speckle field
is shifted by inducing stresses on the grating via piezo actuators.
However, in order to analyze our method with a flexible system,
with different speckle fields and with different shifts, we resort
to a slower pulse-shaper scheme.

II. ANALYTICAL DERIVATION

We start with analytically deriving the ghost imaging pro-
cedure in the frequency domain. Let our signal be G(ω) and
our speckle pattern be S(ω). In each measurement, we shift the
speckle pattern by ν. Imposing the shifted speckle on the signal
leads to: G(ω)S(ω − ν), and integrating it over the spectrum
due to the low resolution of our detector gives:

B(ν) =

∫
G(ω)S(ω − ν) dω. (1)

This measurement is identical to a bucket detector, in which we
are summing over all the wavelengths. To get the ghost image,
we multiplyB(ν) by the speckle patternS(ω′ − ν) and integrate
over all the possible ν leading to:

GI(ω′) =
∫

B(ν)S(ω′ − ν) dν. (2)

We place (1) into (2), and rearrange the integration order:

GI(ω′) =
∫

G(ω)S(ω − ν) dωS(ω′ − ν) dν

=

∫
G(ω)

∫
S(ω − ν)S(ω′ − ν) dν dω, (3)

and by placing ξ = ω − ν we get:∫
S(ω − ν)S(ω′ − ν)dν =

∫
S(ξ)S(ξ + (ω′ − ω))dξ. (4)
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Fig. 1. Experimental setup for ghost imaging. We generate a double pulse
signal by splitting a laser pulse into two. Next, we send the signal through a
2f system to a spatial light modulator, thus imposing frequency speckles on it.
Finally, we detect the signal with a low resolution time stretch system. BS: beam
splitter. SLM: spatial light modulator. DCF: dispersion compensating fiber.

The auto-correlation of a speckle is proportional to [26], [27]
sinc2((ω − ω′)/Δω), where Δω is the size of each speckle.
When the speckle size is small, this can be approximated to
δ(ω − ω′) [27], [28], hence:

GI(ω′) =
∫

G(ω)δ(ω − ω′) dω = G(ω′) (5)

Thus, we reconstruct the original signal. When the speckle size
is larger, we cannot approximate to a delta function, so, the
resolution of the ghost image is determined by the speckle size,
Δω.

In our method, we aim to generate the speckle field via
pseudo-random long-period fiber grating and to shift the output
by inducing stresses with piezo actuators. Therefore, we are
shifting the speckle field between each measurement instead
of choosing a new random speckle field. This may lead to
introducing artifacts to the image or smearing some details of the
signal. However, as long as the auto-correlation of the speckle
field has a sharp peak around zero without significant side-lobs,
and as long as the features of the signal are larger than the peak of
the auto-correlation, our method will result in a high resolution
spectral image of the input signal spectrum.

III. EXPERIMENTAL SETUP AND RESULTS

We experimentally demonstrate spectral ghost imaging with
our system, which is schematically shown in Fig. 1. We start
with a laser pulse with a central wavelength of 1531± 5 nm
and a repetition rate of 100 MHz. We split it into two pulses
separated by 6 ps and increase the separation up to 39 ps. Thus,
we obtain fringes in the frequency domain with a periodicity
between 0.2 nm and 1.3 nm.

Next, we impose the frequency speckles on our signal. To
generate the frequency speckles, we diffract the beam by a
600lines/mm grating, sending it through a 2f system of 1 m
focal length, towards a spatial light modulator (Jenoptik, SLM-
S640). Each 0.16 nm spectral bandwidth encounters a different
pixel on the SLM. By controlling the voltage of each pixel
individually, we tailor a random amplitude pattern on our signal,
according to the spectral response of our pseudo-random long-
period fiber grating. This random pattern serves as the frequency
speckle pattern. We measured a representative speckle pattern
with an optical spectrum analyzer (OSA) and show it in Fig. 2(a).

Fig. 2. Speckle reference for our spectral ghost imaging. The frequency
speckle pattern is shifted by 0.16 nm between measurements. (a) A single
measurement of a frequency speckle pattern. (b) One hundred and fifty shifted
frequency speckles.

We reflect the output from the SLM with a high-reflection mirror
through the 2f system again. Next, we pass it through a 400 m
dispersion compensating fiber (DCF-38, Thorlabs) to impose
dispersion for the time to frequency mapping. Note that 400 m
leads to a spectral resolution which is not enough for measuring
the spectral fringes of the input signal. Thus, our low resolution
measurement serves as a temporal bucket detector.

In order to obtain the ghost image and reconstruct our signal,
we take 150 measurements and in each one, we shift the phase
mask by 0.16 nm. We measure all the 150 shifted speckle
patterns with the OSA, shown in Fig. 2(b). In addition, we mea-
sure the output spectrum of the signal including the frequency
speckle with the low spectral resolution time-stretch system.
Each measurement has a Gaussian shape with a different height.
We record the maximum of each Gaussian and multiply it by
its frequency speckle pattern. Finally, we sum over all these
measurements to reconstruct the input signal spectrum with a
high resolution. Therefore, we obtain a high resolution spectral
measurement every 1.5 μs.

Representative input signals with spectral periodicity of
0.2 nm and 0.7 nm (orange dashed curves) and their recon-
structed ghost images (blue solid curves) are shown in Fig. 3(a)
and (b), respectively. The reconstructed ghost image of a sig-
nal with 0.7 nm spectral periodicity has high visibility with a
signal-to-noise ratio of 5, while the signal with 0.2 nm spectral
periodicity leads to lower visibility with a signal-to-noise ratio
of less than 2. This is due to the 0.5 nm size of our frequency
speckle, which determines the resolution of the reconstruction.
We repeated these measurements for other random speckle
patterns and all of them retrieved the correct spectral oscillations
of the input signal. The retrieved spectral oscillations have
some deviations which lead to the out-of-phase oscillations at
wavelengths above 1534 nm.

Time-stretch systems can measure the spectrum of each pulse
separately and identify fast spectral dynamics by comparing the
spectrum of adjacent pulses. However, time-stretch system does
not have the accuracy or the dynamic range of slow spectrome-
ters which average over large number of pulses. Therefore, the
measured spectrum, shown in Fig. 3(b), has lower oscillations
amplitude of about half than the oscillations measured by the
slow optical spectrum analyzer. Nevertheless, the measured
oscillations frequency is accurate and the relative intensities of
the different peaks are also accurate. We note that our system
cannot measure the spectrum of each pulse, since it still uses
about 150 measurements, but this is still much shorter time
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Fig. 3. Comparison between signals and their ghost images. Subplots (a) and
(b) are the experimental results for signals with spectral periodicity of 0.2 nm
and 0.7 nm, respectively. The orange dashed curve denotes the signal, and the
blue curves denote their ghost images. The measured ghost image of the signal
with a spectral periodicity of 0.2 nm has a lower visibility than the measured
ghost image of 0.7 nm. Subplots (c) and (d) are representative calculated results
for signals with spectral periodicities of 0.2 nm and 0.7 nm, respectively. The
calculated ghost images of the signal with a spectral periodicity of 0.2 nm has
lower visibility than the calculated ghost image of 0.7 nm, in agreement with
the measured results.

Fig. 4. Analysis of the spectral speckle field. (a) Fourier transform of the
spectral speckle field. (b) Full-width half maximum of the auto-correlation peak
of speckle patterns as a function of the speckle sizes in the pattern.

scales compared to the long averaging time of optical spectrum
analyzers.

We analyzed the spectral speckle field and verified that its
properties are suitable for ghost imaging. We performed Fourier
transform of the speckle pattern and present it in Fig. 4(a).
Since the speckle pattern is in the frequency-domain, its Fourier
transform is in the time-domain, and the zero order is high
since we do not measure the phase. We observed a relative
smooth curve without significant features up to 50 ps with an
intensity reduction of two orders of magnitudes. These results
indicate that the pattern is indeed random and has no self-similar
spectral features. At longer times, above 50 ps, there are some
features, however, their relative intensities are much lower and
therefore, they have no impact on our system. We also evaluated
the auto-correlation of the speckle field and studied the width
of the main peak. The width of the main peak determines the
spectral resolution of our system. We present the full-width
half maximum (FWHM) of the peak of the auto-correlation
as a function of the speckle sizes in the pattern in Fig. 4(b).
As expected, we obtained an increasing trend. We attribute the

Fig. 5. Correlation between our reconstructed ghost images and the input
signal as a function of the spectral periodicity. The orange curve denotes the
calculated correlation and the blue circles denote the experimental results. As
we increase the spectral periodicity, the resolution of the ghost image improves.

deviations from a linear curve to the finite size of our speckle
pattern.

We performed numerical calculations to verify our results. We
simulated the analytic derivation in (2) with signals composed
of four peaks. We randomized a speckle pattern, and calculated
the ghost image of the signal, for signals with different spectral
periodicities. Representative results for signals with spectral
periodicities of 0.2 nm and 0.7 nm are shown in Fig. 3(c)
and (d), respectively. The calculated reconstruction of a signal
with 0.7 nm spectral periodicity has higher visibility than the
calculated reconstruction of the signal with 0.2 nm spectral pe-
riodicity. These calculated results agree with the measured ones.

In order to investigate the resolution limit of our system,
we conducted twelve experiments, where in each experiment
we changed the spectral periodicity of the signal. We mea-
sured signals with spectral periodicities of: 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, 1, 1.2 and 1.3 nm. To quantify the quality of
the reconstructed ghost images, we evaluated the correlation
between the input signals and the ghost images for each spectral
periodicity. We present the results by the circles in Fig. 5. As
evident, the correlation coefficient grows as we increase the
spectral periodicity, until reaching a correlation coefficient of
0.7 at 0.5 nm. This verifies that our spectral resolution is 0.5 nm
in agreement with the speckle size.

To quantify the quality of the signal reconstruction numer-
ically, we calculated the correlation coefficient between the
ghost image and the signal. We repeated this calculation with
50 different frequency speckle patterns, averaging the results.
As we increase the spectral periodicity, the correlation coeffi-
cient grows. These results are presented by the orange curve in
Fig. 5. We attribute the discrepancy between the experimental
measurements and the calculated results to deviations in the
speckle size. During the experiment, the speckle size is not
0.5 nm along the entire speckle field. Hence, it increases the
correlation for spectral periodicities lower than 0.5 nm. Never-
theless, the calculated correlation increases as we increase the
spectral periodicity, similar to the experimental results but for
larger spectral periodicities.

Next, we investigate the influence of the speckle size on
the reconstruction quality. We examined the resolution of the
reconstruction of two signals with spectral periodicities of
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Fig. 6. Correlation between our ghost image reconstruction and the original
measured spectral signal for spectral periodicities of 0.4 and 1.2 nm as a function
of the speckle size. As we increase the size of the speckle, the quality of the
ghost image decreases.

0.4 nm and 1.2 nm. In each measurement, we increased the
size of our speckles and calculated the correlation coefficient
between the ghost image and the input signal. The results are
shown in Fig. 6. As evident, for both cases the correlation
coefficient decreases as we increase the speckle size. However,
for a spectral periodicity of 0.4 nm (blue circle), the correlation
decreases sharply as we increased the speckle size to 2 nm.
While, for spectral periodicity of 1.2 nm, the correlation de-
creases moderately as we increase the speckle size. These results
confirm that the speckle size Δω determines the ghost image
resolution according to our analytic derivation. Note that as
we changed the size of the speckles, we still shifted them by
0.16 nm between measurements.

IV. CONCLUSION

We demonstrated that our system can measure the spectrum of
high repetition rate pulses, such as short cavities ultrafast lasers.
Our method, transmits the input signal through a pseudo-random
long-period fiber grating and measure the total transmission.
Changing the grating parameters by either short pump pulses or
piezo actuators, shifts the speckle field leading to the reconstruc-
tion of the high resolution spectral measurement with a sampling
rate of 1/100 of that of the input signal. By averaging over larger
number of measurements, we can improve the resolution and
signal-to-noise ratio, on the expanse of the sampling rate.

To conclude, we developed a spectroscopy technique based on
spectral ghost imaging with a reference of a frequency speckle
pattern. We studied the reconstructed ghost image resolution as a
function of the signal periodicity and the speckle resolution. We
demonstrated reconstructions of signals with 0.5 nm spectral
resolution. Our method is simple, low cost, robust, and can be
implemented for high resolution spectroscopy of signals with
high repetition rates.
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