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Demonstration of a radio-frequency spectrum analyzer based
on spectral hole burning
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Spectral hole-burning (SHB) technology is considered for .10-GHz instantaneous bandwidth signal-processing
applications. In this context we report on what is believed to be the first demonstration of a SHB microwave
spectrometer. A set of gratings engraved in a SHB crystal is used to filter one sideband of the optically car-
ried microwave signal. The setup is confined to narrow-bandwidth operation, over a 35-MHz-wide interval.
The first findings confirm the validity of the architecture in terms of spectral resolution, angular channel
separation, and simultaneous detection of multiple spectral lines. © 2001 Optical Society of America
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Much attention has been dedicated to far-infrared
and submillimeter spectroscopy in recent or planned
space observatories.1 In a submillimeter system the
input signal undergoes frequency downshifting before
it reaches the back-end spectral analyzer. The latter
exhibits an instantaneous bandwidth of several tens
of gigahertz. We report what we believe is the f irst
experimental demonstration of a radio-frequency (rf )
spectrum analyzer based on spectral hole burning
(SHB). The ultimate goal of this investigation is to
devise a rf spectrometer with a bandwidth in excess
of 10 GHz and with more than 1000 simultaneous
spectral channels.

Efforts to promote SHB technology have long been
focused on large-capacity data storage applications.
Competition with well-established technology proved
unsuccessful. SHB technology is more likely to
emerge in the field of optical processing because it
offers outstanding performance in terms of bandwidth
and time–bandwidth product. Various optical func-
tions, such as time-domain correlation,2,3 real-time
data routing,4,5 and true-time delay generation for
radar application,6 were demonstrated recently that
illustrate the signal-processing potential of SHB.
However, cryogenic requirements drastically limit the
domains where a SHB solution is practicable. The
cooling capabilities of some recently launched space
observatories meet the needs of the novel application
that we demonstrate.

The SHB spectrometer concept relies on the
engraving of monochromatic gratings in a rare-
earth-ion-doped crystal. This set of gratings is used
to filter (see Fig. 1) one of the sidebands of an optically
carried microwave signal. This microwave signal is
normally transferred onto the optical carrier by an
electro-optic Mach–Zehnder modulator (MZM), and
the modulated beam is directed to the SHB spec-
trometer. By fortunate coincidence, the bandwidth of
the SHB medium matches that of integrated MZMs
developed for high-data-rate telecommunication. In
our present initial demonstration, however, we are
limited to the 35-MHz bandwidth of the acousto-optic
modulators (AOM) we had at our disposition.
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Resonant optical excitation of the atomic ions
embedded in the rare-earth-ion-doped crystal brings
about spectrally selective reduction of absorption.
This is the essence of SHB. As the hole depth is
proportional to the burning intensity, the interfer-
ence pattern of two monochromatic angled beams
inscribes an absorption grating that is able to diffract
an incident probe beam. Such a grating diffracts a
single spectral component with a resolution that is
ultimately determined by the homogeneous linewidth
of the SHB medium, which is usually less than 1 MHz
at a temperature of 5 K. A large number of gratings
can coexist within the inhomogeneous width of the
absorption line, which may reach tens of gigahertz.
By varying the laser frequency in synchrony with the
angle of incidence during the engraving procedure,
one associates a specif ic diffraction angle with each
specific spectral component. Therefore the different
spectral components of an incident polychromatic probe
beam are diffracted and simultaneously retrieved in
different directions. The stack of monochromatic

Fig. 1. Overall beam arrangement, with the spectrometer
principle shown in the inset. The modulator (M) transfers
the rf signal [S(t)] onto the monochromatic carrier delivered
by the laser (DL). Carrier frequency n combines with the
rf components at frequency fi in the two sidebands. Each
component at frequency n 1 fi is diffracted in a specific
direction by the gratings engraved upon the SHB plate.
© 2001 Optical Society of America
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gratings works as a spectrometer that is expected to
exhibit a resolution of less than 1 MHz and a band-
width of several tens of gigahertz. The connection
between the engraving laser’s incidence angle and the
laser frequency is essentially arbitrary. Therefore,
by reducing the engraving laser’s frequency-tuning
range while the angular scanning range is kept f ixed,
one actually zooms in on a specific spectral region that
is analyzed with improved resolution. The spectral
selectivity of hole burning is inherently local and dif-
fers strongly from the conventional Bragg selectivity
of holograms engraved by counterpropagating beams,
which depends on the sample’s thickness.

The spectrum analyzer invovles two engraving
beams and a readout beam, which are numbered #1,
#2, #3, respectively. The rf signal to be analyzed
is carried by the readout beam. The counterpropa-
gating noncoplanar arrangement is summarized in
Fig. 1. The frequency-selective def lection of one
engraving beam and the corresponding fanning out
of the diffracted readout beam are also represented
in this figure. The three beams are split from a
single, f ixed-frequency laser source. The required
angular and frequency scans of the engraving beams
are achieved by AOMs in the present demonstration.
Whereas the def lector placed on beam #1 simulta-
neously affects the wave-vector direction and the
optical frequency, the AOM on beam 2 acts mainly as
a frequency shifter, with little effect on the direction
of the wave vector. To keep the beams focused on the
same slab spot while the AOM frequency is varied, one
sets the AOM in imaging position with respect to the
sample with the help of two-lens optical relays.

Let w represent the engraving beam’s diameter
inside the SHB slab. A monochromatic probe beam
is diffracted by the engraved grating in a specific
frequency-dependent direction with the diffraction-
limited angular resolution dw � l�w. Let Dw denote
the angular range of the acousto-optic def lector when
the acoustic frequency is varied over a bandwidth of
Dn. The finite angular width of the diffracted beam
results in a spectral resolution of dn � dw�Dn�Dw�.

We performed the experiment with a 2.5-mm-long
Tm31:YAG crystal (0.5 at. %) maintained at 5 K in a
helium cryostat (see Fig. 2). The three beams are
split from the continuous-wave output of a laser diode
that is resonant with the 793-nm transition of Tm31.
The homogeneous width is �150 kHz, and the inhomo-
geneous width exceeds 20 GHz. The AOM def lector
and shifter chirp the engraving beam’s frequency at
the rate of 4.1 3 1012 Hz s21 over a Dn � 35 MHz
bandwidth, simultaneously scanning the beam angle
over a Dw � 80 mrad range. The 4-mW engraving
beams are focused onto a 200-mm-diameter spot,
which leads to dw � 4 mrad and dn � 1.5 MHz. The
channel width is actually limited by the laser fre-
quency f luctuations that take place during the 10-ms
engraving accumulation time rather than by diffrac-
tion. The SHB gratings are stored in the ions excited
to the transition upper level, 3H4. They are rapidly
erased by spontaneous decay to the ground level, 3H6.
Therefore the inscribed diffraction gratings must be
continually refreshed. Decay to the ground level is
actually slowed down by intermediate shelving level
2F4, whose lifetime is �10 ms. With an engraving
repetition rate of 2 kHz, one expects less than a
10% drop in the diffraction efficiency between re-
freshes. The modulated probe beam is directed to the
Tm31:YAG crystal and is diffracted by the engraved
gratings in a frequency-dependent direction. The
angular separation of the signal from all other beams
is achieved in a phase-matched condition with the
help of a noncoplanar7 beam arrangement (see Fig. 1).
The emerging signal is directed to a 1024-pixel pho-
todiode array (PDA; Fig. 2) located in the focal plane
of a lens. The pixels are 2.5 mm high by 25 mm
wide. The illuminated position coordinate on the
PDA is proportional to the def lection angle and thus
to the rf of the signal. The diode array can be read
out in a little more than 5 ms, which represents the
minimum integration time. The array is integrated
continuously; the pixels are read out sequentially
and collect photons again immediately after readout.
The array readout is not synchronized with the rf
signal sequence. Without further improvement the
detection is not immune to stray light. Specifically,
the PDA collects the light scattered from the cryostat
windows. To f ilter out this unwanted background we
image the active region of the sample onto a pinhole
with the help of an optical relay. In this way the
emitting area is precisely located. This procedure
appears to be highly efficient in rejecting stray light
produced by the engraving beams. However, it is
not sufficient to completely eliminate stray light from
the probe beam. We therefore resort to polarization
selection with cross-polarized engraving beams. The
detection polarizer is then also crossed with respect to
the polarization of the probe beam.

In a first demonstration, a single-frequency rf signal
was superimposed onto probe beam #3. The rf signal
was composed of short pulses, a few microseconds long,
that were fed to the AOM in synchrony with the en-
graving pulses. In a realistic application this AOM
would be replaced with a fast MZM. The PDA sig-
nal is displayed in Fig. 3. Vertical lines delimit the

Fig. 2. Experiment setup. A diode laser (DL) delivers
the beams #1, #2, and #3. An acousto-optic def lector (D)
and shifter (S) control the engraving beams. The rf sig-
nal is transferred onto the optical carrier with the help of a
modulator (M). In a realistic application M is a MZM. In
the experiment, M is an AOM. The def lected beam is de-
tected on a photodiode array (PDA).
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Fig. 3. Spectral analysis of a single-frequency rf signal
as detected on the PDA. The profile does not broaden
when the probe beam power is varied from 25 mW in (a) to
770 mW in (c). The duration of the signal pulse is 10 ms.
The detected intensity saturation as a function of the probe
beam power is shown in (b).

Fig. 4. (b) Spectral analysis of (a) an eight-component rf
signal. The def lection angle of the detected beam is pro-
portional to the rf shift.

detection window. As expected, the observed spectral
width slightly exceeds the 1.5-MHz diffraction limit.
An important feature of the setup is the absence of
line broadening when the signal intensity is varied.
Excessive signal intensity results only in the satura-
tion of the response amplitude but does not affect the
linewidth, as illustrated in Fig. 3, where Figs. 3(a) and
3(c), respectively, correspond to probe beam powers of
25 and 770 mW. One spectral channel was spread
over 50 pixels. Focusing each channel onto a single
pixel would result in better sensitivity and dynamic
range. In a second experiment we simulated a comb
spectrum by making the probe field undergo a 4-MHz
shift every 2 ms during a 16-ms interval. Thus eight
evenly spaced lines occupied a 33-MHz interval [see
Fig. 4(a)]. The corresponding PDA signal is displayed
in Fig. 4(b). The linewidth was not affected by the
presence of several components.

The present duty cycle of the engraving step is only
1.7%. A 100% duty cycle device should span 2 GHz,
with the same diffraction eff iciency, under identical
conditions of laser intensity, active area size, refresh
rate, and chirp rate. Indeed, the different monochro-
matic gratings are built from different independent
active atoms. For such large-bandwidth operation we
should scan the engraving laser frequency over several
gigahertz, in synchrony with the acousto-optic def lec-
tor, with the high degree of repeatability required for
accumulated storage.

In summary, the operating principle of a spectral
hole-burning microwave spectrometer that uses opti-
cally carried microwave signals has been described.
A preliminary experimental demonstration was pre-
sented that yielded a resolution of 2.5 MHz, in good
agreement with theory. The use of AOMs for optical
frequency scan and microwave signal modulation of the
carrier has resulted in the present 35-MHz bandwidth
limitation, but the bandwidth of the available active
material exceeds 20 GHz. A broadband demonstra-
tion and large channel number operation are antici-
pated. A wider bandwidth should be feasible through
direct tuning of the laser cavity length and fast MZM
signal transfer onto the carrier. An appropriate laser
cavity has been developed.8 To increase the channel
number, one can resort to a bidirectional def lection
pattern.
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