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We introduce a new approach to coherent lidar range-Doppler sensing by utilizing random-noise illumi-
nating waveforms and a quantum-optical, parallel sensor based on spatial–spectral holography (SSH) in a
cryogenically cooled inhomogeneously broadened absorber (IBA) crystal. Interference between a reference
signal and the lidar return in the spectrally selective absorption band of the IBA is used to sense the lidar
returns and perform the front-end range-correlation signal processing. Modulating the reference by an array
of Doppler compensating frequency shifts enables multichannel Doppler filtering. This SSH sensor performs
much of the postdetection signal processing, increases the lidar system sensitivity through range-correlation
gain before detection, and is capable of not only Doppler processing but also parallel multibeam reception
using the high-spatial resolution of the IBA crystals. This approach permits the use of ultrawideband,
high-power, random-noise, cw lasers as ranging waveforms in lidar systems instead of highly stabilized,
injection-seeded, and amplified pulsed or modulated laser sources as required by most conventional coher-
ent lidar systems. The capabilities of the IBA media for many tens of gigahertz bandwidth and resolution
in the 30–300 kHz regime, while using either a pseudo-noise-coded waveform or just a high-power, noisy
laser with a broad linewidth (e.g., a truly random noise lidar) may enable a new generation of improved
lidar sensors and processors. Preliminary experimental demonstrations of lidar ranging and simulation
on range-Doppler processing are presented. © 2006 Optical Society of America
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1. Lidar Background

Coherent lidar sensing1–9 offers improved resolution
over radar imaging for a variety of target detection
and imaging applications due to the shorter wave-
length, which gives finer angular resolution beams,
as well as the possibility of higher bandwidth (BW),
which provides finer range resolution. Coherent lidar
also enables straightforward measurement of target

velocity and vibration through interferometrically
measured Doppler shifts.

Conventional long-range coherent lidars operate
by transmitting a high-power injection-locked laser
pulse of a few nanosecond duration or modulated
pulse train with up to about 1 GHz BW toward the
scene of interest and collecting the range-delayed and
Doppler-shifted reflected signals from each illumi-
nated target. The received signals are then optically
interfered with a stable laser local oscillator (LO) on
one (or an array of) high-speed photodetector(s). The
LO provides coherent heterodyne gain to the received
signals, yielding greater sensitivity approaching the
detector’s shot noise limit. The heterodyne beat fre-
quency measures the Doppler shift, and thus the mo-
tion of a target. The outputs of the detector(s) are
amplified and digitized for subsequent digital pro-
cessing of range correlation and Doppler filtering to
form range-Doppler images of the targets.

The Doppler shift is due to the reflection of an optical
beam moving at speed c from a moving object with
velocity v. When the optical beam interacts with the
moving target with radial speed of v� � v cos �, where
� is the angle between the optical beam and the
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target velocity vector, the reflected beam experiences
a temporal scaling of 1 � 2v��c. In the lidar sensing
scenario employing narrow fractional BW modu-
lation (even a 10 GHz BW is narrow compared to
an optical frequency of 200 THz), this can be ap-
proximated as a frequency shift (Doppler shift) of
�2|v�|�� to the lidar illuminating signal, where � is
the optical wavelength.10 When the target is mov-
ing toward the lidar receiver, the frequency of the
returned lidar beam is upshifted ��2�v�����, while a
target moving away yields a downshift ��2�v����� to
the frequency of the lidar returns. The factor of 2 is
due to the monostatic reflection geometry and be-
comes cos �A � cos �B for a bistatic geometry, where
�A is the angle between the transmitted optical beam
and the target velocity vector, and �B is the angle
between the received beam and the target velocity
vector. For most objects of significance to lidar sys-
tems, 2v� is at most one millionth of light speed c so
the Doppler frequency shift is one millionth of the
laser frequency (200 THz for 1500 nm wavelength),
or only up to 200 MHz (or a few gigahertz for
satellites) and is not measurable with conventional
grating spectrometers although a few resolvable
frequency bins can be measured with a high-finesse
Fabry–Perot etalon. Instead by interferometrically
measuring the Doppler shift, one can determine the
target’s motion precisely.

To form a lidar image, the transmitting and re-
ceiving telescope can be raster scanned toward
different angles to sequentially form a range-angle–
angle image.1–4 This sequential scanning approach
can lead to long image formation time, especially for
long ranges when many pulses must be integrated
to achieve sufficient sensitivity. Alternatively, a de-
tector array can be employed to simultaneously de-
tect multiple lidar returns from different angles as
long as atmospheric scintillations are not too
severe.3,5,7 This parallel receiver technique enables
one to increase the angular or spatial coverage of
the lidar sensor and increase the speed with which
images can be acquired.

Conventional coherent lidars are limited by several
factors. First, forming multidimensional lidar range-
Doppler images from the digitized lidar returns is
a computationally demanding task. In addition, the
sensing process is often photon starved since small
diffuse targets at long ranges may return only a few
photons per range bin on each pulse. This can impose
extraordinary requirements, including high BW, high
dynamic range (DR) and high sensitivity simulta-
neously on the detectors. A third limitation of conven-
tional coherent lidar is the limited range resolution
due to the limits in signal BW (analog detection, mod-
ulation, and high-resolution digitization technologies
limit the BW to about 1 GHz). Conventional coherent
lidars also require a highly stable laser locked to a
stable frequency reference (such as an atomic transi-
tion) as a master oscillator, which is used to injection
lock high-power amplifiers and as the receive refer-
ence. Alternatively, a highly linear frequency sweep cw
laser source can be used.9 However, both locking a

laser to a stable frequency reference and linearizing a
frequency-swept laser are very difficult tasks.

Spatial-spectral holography (SSH) offers capabilities
for mitigating these problems faced by the conven-
tional coherent lidar systems and is capable of sig-
nificantly improving the lidar range resolution. SSH
techniques have been extensively investigated as po-
tential solutions for a variety of wideband optical sig-
nal processing applications including data storage,11

rf spectrum analyzers,12,13 radar range processors,14,15

true-time delay,16 and more.17–19 When two temporally
delayed beams interfere in the volume of a cryogeni-
cally cooled IBA crystal, the IBA crystal records a spec-
tral hologram between these two beams with spectral
grating periodicity determined by the inverse of the
time delay �. A third illuminating pulse will be spec-
trally modulated by the spectral grating, which will
produce an emitted pulse (called a photon echo) de-
layed by �.20 When the two beams propagate with
wave-vectors k� r, k�o angled by � and intersect
in the IBA, they also form a spatial hologram
with grating vector, K� � k� r � k�o such that
|K� | � �4���� sin�	�2�. When a Bragg-matched read-
out beam, K� p, illuminates the grating, the diffraction
will occur in a direction k� e � K� p � K� , and the echo will
occur in this direction with a time-delay �. Com-
bination of the spatial and spectral holography al-
lows the holographic storage and processing of vast
amounts of data due to the simultaneously high-
spatial and spectral resolution of these materials.
Potentially this may enable simultaneously high
BW lidar range-Doppler sensing as well as angu-
larly resolved multiple-beam reception capabilities.

Recently, we have reported what we believe is the
first proof-of-concept demonstration of a novel coher-
ent lidar range finder by using SSH.21,22 The proposed
system performs coherent lidar range sensing by re-
cording the spectral interference between the trans-
mitted reference and the lidar return in a cryogenically
cooled, spectrally selective IBA crystal. The spectral
grating is then read out with a slowly chirped laser,
detected, digitized, and fast Fourier transform (FFT)
processed for ranging.14 This approach mitigates the
computational burden encountered in conventional li-
dar sensing by performing range correlation through
the spectral interference of the transmitted and re-
ceived lidar signals. The detection difficulties faced by
conventional coherent lidar systems are alleviated by
the low BW (less than 10 MHz) scanned readout of the
spectral hologram, which may span tens of gigahertz
of BW. This technique can also significantly improve
the lidar range resolution since the IBA crystals have
BW of many tens of gigahertz, allowing the use of
extremely broadband signals or random-noise lasers
as ranging waveforms. This migrates the difficulties
of stabilizing an illuminating laser master oscillator
and reference.

In this paper, we propose a coherent random-noise
lidar range-Doppler sensing and signal processing sys-
tem using SSH. This system utilizes random-noise
waveforms, such as that produced by a broadband
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random-noise laser, as the lidar illuminating source.
Our lidar system, shown in Fig. 1, operates by illumi-
nating a field of interest with a randomly coded laser
pulse, which is also used as a holographic reference
that interferes with the delayed lidar return signals in
the IBA media to encode the time delay to each target
as a periodic spectral grating, allowing the determina-
tion of the range delays.14 The angle to the target is
also recorded as a spatial grating or possibly as a spa-
tial position, which allows the measurement of target
angles. A frequency-scanned laser is used to slowly
read out these spectral gratings,15,23,24 allowing the
recorded spectral modulation to be detected with high
signal-to-noise ratio using low BW, high-DR detectors.
The digitized detector outputs are proportional to the
cross-spectral interference between the lidar reference
and the range-delayed lidar returns, while the spatial
diffraction directions indicate the target angles. The
digitized outputs of the detectors are then temporally
Fourier transformed to reproduce high-resolution
range-angle images.

Multichannel Doppler filtering is performed in
parallel by combining the spectral domain process-
ing with a Doppler compensator afforded by acousto-
optic techniques25 or simply by a piezomirror, which
rotates around an axis with constant angular speed,
which yields different spatial speeds, resulting in
different compensating Doppler frequency at differ-
ent radius.26 When a reference light beam illumi-
nates the rotating mirror, different portions of the
beam will pick up different Doppler shifts with a
linear dependence of velocities on position, result-
ing in an array of Doppler-compensated reference
bins. Since the lidar signal is a random-noise wave-
form, the range-delayed and Doppler-shifted lidar
returns interfere with the array of the compensated
Doppler bins, and build up accumulated SSH grat-
ings at the spatial positions, where the Doppler
shifts are compensated, but wash out at other loca-
tions. A slow chirp reads out the SSH gratings for all
the Doppler channels in parallel, allowing the range

information of the targets to be measured by a digital
temporal Fourier transformation, whereas the Dopp-
ler shifts are determined by the spatial locations cor-
responding to the compensated Doppler bins.

For inhomogenously broadened absorber (IBA)
materials cryogenically cooled to 2–4 K and consist-
ing of inorganic crystal doped with rare-earth ions,
such as Tm3�:YAG,27 or Er3�:Y2SiO5,28,29 the ions
have homogeneous linewidths of about 30–300 kHz
and coherence times of about 10–100 
s although
even narrower subkilohertz linewidths are possible.
The disorder of the local crystal environment for the
rare-earth ions shifts the resonance frequency
throughout an inhomogeneously broadened band-
width of 1–20 GHz or even higher.30,31 This allows
the SSH lidar sensor to efficiently sense a range up to
15 Km and process data rates in excess of 20 GHz,
which would provide a fundamental breakthrough on
lidar system BW. At the material limit, ranges ap-
proaching low Earth orbit of several hundred kilome-
ters and bandwidth of over 200 GHz may be possible.
The resultant range resolution can be as fine as
a centimeter (c�2B) or even a millimeter, and with
time-bandwidth (TB) products approaching or exceed-
ing 105 at each of many resolvable angular beams.

2. Spatial-Spectral Holography

When two temporally modulated laser beams,
sr�t�e j�2��t� kr·r� and so�t�e j�2��t� ko·r�, propagate into an
IBA crystal along wave-vectors kr and ko respec-
tively, where � is the optical carrier frequency, they
can create an SSH interference pattern in the volume
of the crystal. This can be represented as a causal
time-domain integral,32 or can be approximated in
the frequency domain as17

G�f, r�� � A0� Sr*�f��So�f��e j �Kg·r� � c.c.
1�T2 � j2��f � f��

df�, (1)

where Si�f � � �si�t�e�j2�ftdt, i � r, o is the temporal

Fig. 1. Schematic of the proposed lidar sensing system using SSH in an IBA crystal. BS, beam splitter; DG, Doppler–array genera-
tor.
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spectrum of the signals, T2 is the coherence time,
K� g � k�o � k� r is the spatial grating wave vector in the
crystal, and A0 is the recording efficiency, which de-
pends on the transition dipole matrix element pab

between the lower level a and upper level b. The
recorded cross-spectral grating is blurred by convolv-
ing with a Lorentzian whose linewidth is inverse of
the coherence time T2.

The recorded SSH gratings can be probed by a laser
readout beam sp�t�e j�2��t��kp·r��, propagating with Bragg-
matched wave-vector k�p. The induced polarization
propagates along the direction of k�d � k�o � k� r � k�p,
which couples to a radiated field with wave-vector
k�d� � k�d � �k� with efficiency sinc ��kL�2�. The read-
out also experiences another T2 coherence decay, re-
sulting in a total spectral blurring of 2�T2 to the
readout signal, yielding an output signal in the kd�
direction,13

sd�t� � Ad�
V

e�j �kd·r�� e j �kp·r�Sp�f �

�� Sr*�f��So�f��e j �Kg·r� � c.c.
2�T2 � j2��f � f��

df��e j2�ftdfd3r�

� Ad sinc��kL�2��Sp�f �

�� Sr*�f��So�f��
2�T2 � j2��f � f��

df��e j2�ftdf, (2)

where L is the crystal thickness, Ad is a complex
constant, �k � |k�o � k� r � k�p � k�d| is the Bragg
mismatch, and Sp�f � is the Fourier spectrum of sp�t�.
When sp�t� is a brief pulse and so�t� � sr�t � ��, a
photon echo will be generated at time tp � �, where tp

is the time when sp�t� is applied, and � is the time
delay between the first two applied pulses, while
causality prevents the complex conjugate term from
producing an echo. Alternatively, when sp�t� is a suf-
ficiently slowly chirped pulse,14,15,23 the output maps
out the spectral grating modulation, and a digital
Fourier transform of this mapping yields an equiva-
lent digital echo at � as described next.

In a lidar sensing scenario, sr�t� is a broadband
signal with a uniform power spectrum and so�t� �
�sr�t � �� is a delayed copy of sr�t�, where � is a loss
factor, if � � T2, the spectral grating created in the
volume of the IBA crystal by the two waveforms is
modulated by the periodic spectral interference (with
periodicity of 1��) blurred by convolving with a
Lorentzian, L��� � 1��1�T2 � j2�f �, with linewidth
1�T2, and with spatial grating vector of Kg deter-
mined by the beam interference angle. After readout
by a chirped waveform sp�t� � e j��t2 with chirp rate of
� and an additional spectral blurring, the output sig-
nal given by Eq. (2) can be rewritten as

s�d�t� � Ad sinc��kL�2�� ej�f 2��

�� ��Sr�f���2e j2�f��

2�T2 � j2��f � f��
df��ej2�ftdf. (3)

Thus for a Bragg-matched chirped readout beam with
a slow enough chirp rate, the output is simply a time-
delayed version of the readout waveform, sp�t�, mod-
ulated by the recorded spectral grating.23

3. Random Noise Coherent Spatial-Spectral
Holography Lidar Range-Doppler Sensing

The proposed coherent lidar system based on SSH
sensing of the lidar returns is schematically shown
in Fig. 1. A random-noise modulated high-power
laser beam (or a broadband noisy cw laser) is split into
two arms. One arm propagates through a Doppler-
array generator (DG) consisting of a pair of acousto-
optic devices (AODs) for generating a spatially
multiplexed array of Doppler-shifted signals.25 The ar-
ray of Doppler-shifted signals are imaged into the cryo-
genically cooled IBA crystal as the reference pulses,
while the other is transmitted to illuminate the tar-
gets. As usual in lidar systems, the telescope diameter
should be large enough to stay in the near field at the
maximum target range33 to avoid an additional 1�R2

loss. The range-delayed and Doppler-shifted lidar
returns scattered back by the illuminated targets
are collected by the receiver aperture (either the
same transmit aperture or a separate possibly larger
receiving aperture for multibeam operation), and
focused into the IBA crystal. The IBA crystal re-
cords the cross-spectral interference of the Doppler-
compensated references and the lidar returns with
each resolvable return angle recorded on a distinct
spatial carrier (angle multiplexed) or at distinct loca-
tions (position multiplexed). These spatial-spectral
gratings are read out at a later time using an ap-
propriately angled spectrally scanned laser source,
which is also utilized as the heterodyne reference for
detection. The heterodyne detected signal is digitized
and Fourier transformed to yield the range delays of
the lidar targets. The Doppler shifts are determined
by the spatial locations of the spectral gratings. The
slow spectrally scanned readout technique allows
high-BW processing (many gigahertz) and low-BW
detection (a few megahertz), enabling the use of
low bandwidth, high-DR detectors, high-resolution
digitizers, and readily implementable digital signal
processing (DSP) for postprocessing of the readout.15

A. Lidar Returns

Consider a scene consisting of M-independent scat-
terers with reflective cross-section �m, at ranges Rm,
and corresponding directions of r�t � r�m, where r�t is
the illuminating light propagation vector and r�m is
the mth target direction vector, and radial velocities
of vm � Vm cos �m, where �m is the angle between the
light propagation vector and mth target’s velocity
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vector, and m � 1, 2, . . . , M. The SSH lidar system
transmits a noise waveform, sT�t� � ��t�e j2��0t, where
�0 is the optical carrier frequency or center frequency
of a wideband random noisy laser, ��t� is a random-
noise waveform, which has Gaussian amplitude dis-
tribution across the transmit aperture. A portion of
the scattered light propagates back toward the re-
ceive aperture, where it produces a plane wave that is
collected by the lidar receiver. The received wave is
demagnified into the SSH crystal as a plane wave
with wave-vector km. The resultant received field is
thus a superposition across the M targets,6,8

sR�t, r� � 	
m�1

M �mAm�r��m
2

Rm
�
t �

2Rm

c �
 e j2��0te j2��2vm���te�jk�m·r�, (4)

where Am�r� is a space-dependent factor including
target speckle, aperture diffraction, atmospheric ex-
tinction and turbulence, and �m � �0

Rm e���z�zdz is the
one way transmittance of the light, in which ��z� is
the atmospheric absorption coefficient. The 1�Rm

2

power loss of the scattered return is evident for the
lidar operating within the Rayleigh length of the
transmitting aperture. For a conventional hetero-
dyne receiver, such as used in conventional coherent
lidar systems, the spatial field collected at the receive
aperture is summed across [in the sense of the in-
ner product with the backpropagated local oscillator
(BPLO)] to contribute to the amplitude of the final
heterodyne result.33 In our SSH lidar system, this
spatial field is propagated into the IBA crystal by
a z-dependent Fresnel diffraction operator and re-
corded as a spatial hologram.17 After integrating the
lidar returns in the SSH hologram, it is read out by
the Bragg-matched probe beam, and then is summed
up during the followed coherent detection. For an
unaberrated atmosphere, Am�r� is phase flat, so using
plane-wave reference and readout beams yields an

optically detected lidar return. This enables us to
focus on the temporal field of the lidar returns, which
bear the targets’ range-Doppler information. So for
simplicity, we ignore this space-dependent factor in
the following analysis.

B. Doppler-Array Generation

The array of Doppler-compensated reference sig-
nals can be generated in several ways as mentioned
in the Introduction. In the paper, we will analyze one
potential scheme for the spatial multiplexing control
by using acousto-optic techniques as shown in Fig. 2.
However, other schemes may work as well, such as
a tilting mirror26 or a resonant peizoelectroacoustic
modulator array.35

In this configuration, the two AODs, driven by the
same rf chirp, with one device reverse imaged onto
the other, and operated in conjugated orders, can
produce a modulation of a transmitted beam by an
array of Doppler shifts.25 Assume the two AODs with
acoustic velocity of v0 are driven by an identical
low-BW rf-chirped signal, x�t� � e j2��f0��b�2�tt, where b
is the chirp rate and f0 is the carrier frequency, and
illuminated by a plane wave, Bragg angle incident
lidar reference signal s1�t� � ��t�e j2��0te�jKB,xx, where
KB,x � 2�f0�v0. Thus the optically modulated lidar
reference will produce the Doppler-compensated ar-
ray of reference signals multiplexed in space;

sc�t, x� � ��t�e j2��0te�jKB,xxe j2�f0�t�x�v0�e j�b�t�x�v0�2

 e�j2�f0�t�x�v0�e�j�b�t�x�v0�2

� ��t�e j2��0te j4�btx�v0e jKB,xx. (5)

This is recognized as the lidar reference waveform mul-
tiplexed by a Doppler-compensating local oscillator that
linearly varies from negative frequencies for x � 0 to
positive frequencies for x � 0.

Fig. 2. Schematic of the proposed Doppler array generator using a pair of AODs operating at conjugate orders and driving by the same slowly
chirped signal.
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C. Coherent Range-Doppler Signal Processing by Use of
Spatial-Spectral Holography
This array of Doppler-compensated reference sig-
nals can be interfered with the range-delayed and
Doppler-shifted lidar returns given by Eq. (4) in the
volume of the IBA crystal, engraving spatial-spectral
gratings whose expectation is given as

where Sc*� f, x� and SR� f � are the Fourier spectra of
the Doppler-compensated reference signals and the
lidar returns, having frequency shifts of 2bx�v0 and
2vm��, respectively, Km � km � KB, and E(f) is the
Fourier transform of ��t�.

Since ��t� is a random-noise waveform, its Fourier
transform is also random (both amplitude and phase)
and for a waveform duration T, a spectral shift by 1�T
results in an independent Fourier sample. When
multiplying the two spectra, only when both wave-
forms are identical is a flat phase obtained, yield-
ing a periodic spectrical grating that when read out
and Fourier transformed produces a correlation peak,
whereas multiplying two shifted spectra produces a
random-noise spectral cross product, which yields a
random-noise correlation. That is, only when 2vm�� �
2bx�v0, i.e., the two interfered signals are identically
Doppler shifted, can a strong periodic spatial-spectral
grating be engraved by these two signals. Thus over
the full bandwidth of each lidar pulse, a spectral
grating is recorded with a spectral linear phase factor
determined by the range of each target and a spatial
linear phase factor determined by the angle of arrival
of each target, at a transverse location x, determined
by the Doppler frequency 2vm��, but washes out at
other locations.

GL�f, x, r� � A0T
2 	

m�1

M �m�m
2

Rm
sinc2�T
2bx

v0
�

2vm

� ��
� �E�f���2 cos�2�f��m � Km · r�

1�T2 � j2��f � f��
df�.

(7)

D. Spatial-Spectral Holography Read-Out and Lidar
Image Formation

Once the lidar returns are recorded as spectral grat-
ings in the volume of the IBA crystal, the next step is
to read the gratings out and form the lidar image.

There are several schemes to read out the SSH spec-
tral gratings and retrieve the desired time delays.
The photon echo approach20 uses a strong short pulse
for readout, which requires an impractically large
laser and produces a photon echo correlation with the
same form and bandwidth as if the pulsed laser had
illuminated the lidar target directly, requiring a wide

bandwidth detector, so with this approach there is no
system advantage over a conventional pulsed lidar.
Alternatively, we can use a long, slowly chirped
waveform to read out the spectral gratings, interfero-
metrically detect the result on a low-BW detector,
digitize with high DR, and digitally Fourier trans-
form the spectral interference to yield the temporally
delayed lidar return as digital photon echoes, which
corresponds to the range information of the lidar
targets.14,15,23 The slow chirp readout scheme allows
using low-speed, high-DR detectors while still achiev-
ing the fine range resolution normally associated
with high-BW detectors. This is the primary advan-
tage of the proposed lidar system. Therefore we now
analyze how to read out the SSH contents using a
slowly chirped waveform.

Assume a Bragg-matched chirped laser readout
waveform that has chirp rate �c, chirp center fre-
quency fc, is temporally Gaussian apodized with du-
ration �c, and propagates with a wave-vector kp, so it
is given by

sp�t� � �ce
�t2��c

2
e j2��fct���c�2�t2e�j �kp·r� � �ce

j��t2e j2�fcte�j �kp·r�,
(8)

where �c is the peak amplitude, � � �c � j���c, and
the time bandwidth is �c�c

2. The Fourier transform of
this chirped waveform is

Sp�f � � �c

j

����
e�j���f � fc�2

��e�j
�kp·r�. (9)

When this chirped waveform probes the SSH crystal,
which produces a diffraction propagating along the
direction of k�D,m � k�m � K� B � k�p, the gratings en-
graved by the reference beam and the lidar returns
are thus read out as

�GL�f, x, r�� � A0� �Sc*�f�, x�SR�f���e jkg·r � c.c.
1�T2 � j2��f � f��

df�

� A0 	
m�1

M �m�m
2

Rm
� �E*
f� �

2bx
v0

�E
f� �
2vm

� ��e j2��f ��2vm���me jKm·r � c.c.

1�T2 � j2��f � f��
df�, (6)
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sD�x, t� � AdT
2�c

j

����
e j2��fct����2�t2

 	
m�1

M �m�m
2

Rm
sinc��kmL�2�

 sinc2�T
2bx
v0

�
2vm

� ��� �E�f���2e j2�f��m

� e�j������f�fc��t�2

2�T2 � j2��f � f��
dfdf�, (10)

where Bragg mismatch �km � |k�m � K� B � k�p �

k�D,m|.
Applying the method of stationary phase35 to the

inner integral of Eq. (10) yields

sD�x, t� � ADej2��fct��t2�2�

 	
m�1

M �m�m
2

Rm
sinc��kmL�2�

 sinc2�T
2bx
v0

�
2vm

� ��
 �E��t��2e j2��t�m �

1
2�T2 � j2��fc � �t�

,

(11)

where � indicates convolution and AD � AdT
2�c j3�2.

We see that the readout is a time-domain map of the
superposition of complex spectral gratings due to the
lidar returns and the references blurred by the com-
plex Loreutzian, whose frequency domain coordinate
is simply the temporal coordinates multiplied by the
chirp rate.

This array of signals is detected by heterodyning
with the readout chirp beam sp�t� on an array of
low-BW detectors, so the output of the array of de-
tectors is

sout�x, t� � �sD�t� � sp�t��2

� AD 	
m�1

M �m�m
2

Rm
sinc��kmL�2�

 sinc2�T
2bx
v0

�
2vm

� ���E��t��2

 e j2��t�m �
1

2�T2 � j2��fc � �t�
� c.c.

� bias. (12)

These detected signals are digitized and then tempo-
rally Fourier transformed to yield the desired time-
delay �m. The first term of Eq. (12) bears the desired
information, Fourier transforming it yields

Sout
�3��x, fD� � Aout 	

m�1

M �m�m
2

Rm
sinc��kmL�2�

 sinc2�T
2bx
v0

�
2vm

� ���
fD

�
� �m�,

(13)

where Aout is a complex constant, and ��t� �
��t� � ��t� is the autocorrelation of the transmitted
waveform, so the output is proportional to the lidar
impulse response convolved with the target reflec-
tivity profile. The target range is given as
Rm � c�m�2, and the Doppler information is given by
the spatial location of the SSH gratings
fm � 2bx�v0.

4. Experimental Results

The experimental setup for our proof-of-concept dem-
onstration of range correlation using random-noise
waveforms is shown in Fig. 3. The IBA crystal used
in the current experimental demonstrations is a
5 mm  10 mm  10 mm 0.1% Tm3�-doped YAG
crystal supplied by Scientific Materials, which has a
transition wavelength of 793.38 nm and is cooled in
an Oxford He bath cryostat to 4.8 K. The laser source

Fig. 3. Experimental setup; see text for description. The inset shows the box beam geometry for recording and reading out the
spatial-spectral holograms used in our experiments. The two sequential writing beams with directional vectors of k�1 and k�2 illuminate the
SSH crystal writing a hologram with grating vector of K� g. When the hologram is read out with a third beam from k�3, an echo is produced
in the direction of k�4 in accordance with the Bragg-matching condition.
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is a New Focus Velocity external cavity tunable diode
laser (Model 6317) stabilized by locking to a spectral
hole in the cryogenically cooled Tm3�:YAG crystal,
which results in a narrow linewidth of approximately
10 kHz when averaged over 10 ms.37 The 7 mW
laser output was then injected into a polarization-
maintaining (PM) fiber-coupled-tapered amplifier with
an approximate fiber-to-fiber gain of 13 dB giving
120 mW of optical power at 793.38 nm. The amplified
linearly polarized light is collimated and focused to
illuminate the lidar reference acousto-optic modula-
tor (AOM) to achieve a BW of 75 MHz, yielding the-
oretical range resolution of about 2 m. This AOM is
driven by a Tektronix 521 arbitrary waveform gen-
erator (AWG) and a 1 W rf amplifier to achieve a
diffraction efficiency of 35%. A half-wave plate is in-
serted into the diffracted beam to rotate the linear
polarization to allow arbitrary distribution of power
to the two arms of the polarized beam splitter (PBS).
The reflected vertically polarized light is focused
into the IBA crystal as the holographic reference, while
the transmitted horizontally polarized light is used for
lidar transmission. The transmitted light is coupled
into a single-mode fiber, whose long length is used to
simulate the lidar range delay, then collimated and
passed through a Faraday rotator to illuminate the
target reflector. The light retroreflected by the target
mirror passes back through the Faraday rotator and is
coupled back into the fiber in the orthogonal polariza-
tion state from the emerging polarization, resulting in
a polarization switch from horizontal polarization to
vertical polarization at the input end of the fiber delay
line. This is because when the linearly polarized light
passes through a single-mode fiber, emerges as an
unknown elliptical state, then is reinjected in the or-
thogonal elliptical state to double pass the fiber, the
polarization evolution of the forward propagation in
the fiber will be exactly undone during the back-
ward propagation. Thus the inclusion of the mirror
and double-pass 45° nonreciprocal Faraday rotator
at the far end of the fiber results in orthogonal lin-
early polarized light at the input fiber end. The use of
the Faraday rotator allows us to use single-mode fiber
as a delay line rather than being limited to much
more expensive pieces of PM fiber that could easily be
polarization switched with only a simple double-pass

quarter-wave plate. The delayed return signal, now
vertically polarized, is reflected by the PBS and im-
aged into the IBA crystal to overlap with the refer-
ence beam spot at a small angle in x to the reference
beam, where the front-end sensing and range-
correlation signal processing is performed by record-
ing the spectral-interference grating with the
reference waveform. After the spectral-interference

Fig. 4. Timing diagram for the recording and readout process. �0 is the interval between the writing and the readout process. �m denotes
the target range delay. T is the duration of the lidar waveforms and Tc is the chirped readout duration.

Fig. 5. Magnified part of a typical spectral grating read out with
the present AOM-based SSH lidar sensor system. (a) Portion of the
digitized postprocessed output of the detector. (b) FFT of the time
history to extract time delay. Corresponding to 248 m fiber delay
with double pass.

6416 APPLIED OPTICS � Vol. 45, No. 25 � 1 September 2006



grating has been formed, the undiffracted light from
the programming AOM is focused to illuminate the
readout AOM, which also has 75 MHz BW where it is
modulated by the readout chirp. Once the recording is
completed, the cross-spectral grating is read out by a
slowly chirped waveform generated by an AWG-
generated chirp driving the readout AOM and inci-
dent tilted in y from the reference beam to form a box
geometry. The diffracted readout by the chirped read-
out waveform propagates toward the corner of the
box and is interfered with the chirped readout wave-
form on a Hamamatsu C5331-01 APD module, pro-
ducing a heterodyne beat term. In this case, the
reference beam was an opportunistic multiple reflec-
tion artifact of the readout chirp that was in the
corner of the box due to the many cryowindows or
crystal faces. Normally, an additional reference beam
would be combined using a beam splitter, but this
opportunistic multiple reflection artifact was too con-
venient, and so was used instead. The detector output
is the temporal mapping of the gratings, which is
digitized and stored by a Tektronix TDS 784C digi-
tizing oscilloscope and Fourier transformed in a com-
puter to yield the range delays. Figure 4 illustrates
the timing of the recording and reading out process.

The lidar waveform used in our experiment con-
sists of a 750 
s long random-noise waveform band
limited to 75 MHz with 180 MHz center frequency.
The random-noise waveform and the delayed version
are applied to the IBA crystal at two slightly tilted
angles, engraving the cross-spectral gratings be-
tween the reference and the lidar return in the
volume of the IBA crystal. The gratings are then

read out at �0 � 100 
s after the lidar returns are
injected into the crystal (to avoid any T2 coherence
effect since T2 was about 10 
s in these experiments)
with a linearly chirped waveform with chirp rate of
1.875 MHz�
s and a BW of 75 MHz produced by the
readout AOM. Figure 5(a) shows a portion of a typical
digitized output of the detector, which is a mapping of
the cross-spectral interference grating created by the
reference with the lidar return. Fourier transforming
the digitized signal yields the temporally delayed
echo as shown in Fig. 5(b), corresponding to the target
range information with a signal-to-peak side lobe
level of about 25 dB. In this example, the delay is
generated by double passing a 248 m long fiber, re-
sulting in a 2.48 
s time delay (assuming for simplic-
ity, a fiber refractive index nf � 1.50). The measured
delay 2.477 
s agrees well with the expected delay,
especially given some uncertainty of the fiber length.
We repeated the experiment by varying the fiber
length to simulate different target ranges. The re-
trieved range profiles are overlapped as shown in
Fig. 6. The solid curve corresponds to the fiber de-
lay, whereas the dashed curve shows the fiber delay
plus an additional 5.5 m free-space delay. The fiber
lengths used in our experiments are 248, 547, and
789 m, corresponding to time delays of 2.48, 5.47, and
7.89 
s, respectively, since the light double passes
through the fibers. For each fiber length, a 5.5 m
free-space delay could also be added, resulting in a
37 ns additional time delay due to double pass. The
experimentally measured delays without/with the
free-space delay from the FFT of the detected spec-
tral grating are 2.477�2.511 
s, 5.462�5.503 
s, and

Fig. 6. Experimental results for 248, 547, and 789 m fiber delay lines with and without a 5.5 m free-space delay using random-noise
modulated onto a cw laser. The inset shows the retrieved delays for fiber length of 789 m with and without the 5.5 m free-space delay.
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7.885�7.910 
s, respectively, which again agree
well with the theoretical time delays. The 3 dB width
of the range peaks is about 25 ns corresponding to
a range resolution of about 4 m, which is slightly
larger than the theoretical resolution of 2 m for a
75 MHz BW system but is sufficient to allow the re-
solvability of the two mirror positions separated by
5.5 m. More than a 20 dB peak to sidelobe and noise
ratio is achieved at all ranges. The decrease of the
signal strength is due to fiber loss (estimated at
3 dB�km at this 793 nm wavelength) as well as T2
coherence loss which by convolving with a spectral
Lorentzian of width 2�T2 acts as a transfer function
that decreases the modulation depth of the measured
spectral grating by e�2�m�T2.

5. Simulation of Range-Doppler Processing

A simulation has been run to demonstrate the prin-
ciple of the proposed random-noise range-Doppler
processing technique by use of SSH. In this simula-
tion, a 10 
s long random-noise waveform with an
optical center wavelength of 793 nm, as shown in Fig.
7(a), is used as the illuminating source. Two targets
with different ranges and velocities are modeled. The
first target is located at 568.9 m from the lidar, and
moving away from the lidar with a radial speed of
1.2 m�s, yielding a Doppler shift of �3.03 MHz to the

lidar return. A second target is at 862.2 m from the
lidar system and moving toward the lidar with a
radial speed of 1.89 m�s, yielding a Doppler shift of
4.77 MHz. When the transmitted lidar signal inter-
acts with the two targets, a portion of the light is
scattered back from each of the targets and collected
by the lidar receive aperture. All atmospheric effects
and target speckle are ignored in this simulation. The
received lidar signal is thus a superposition of the two
lidar returns, which have different range delays and
Doppler shifts. The received lidar return is depicted
in Fig. 7(b). A copy of the transmitted noise waveform
is used as a holographic reference, which propagates
through the DG consisting of a pair of AODs as shown
in Fig. 2. The AODs have an acoustic velocity of
620 m�s and a width of 5 mm, and are driven by the
same rf chirp with a chirp rate of 1 MHz�
s, yielding
a 5 mm array of 256 resolvable Doppler-compensated
references with a Doppler resolution of 63 kHz in this
simulation. Figures 7(c) and 7(d) plot the two refer-
ences with Doppler shifts of 4.54 and �3.03 MHz, re-
spectively. The whole Doppler-compensated reference
array is shown in Fig. 7(e). When the lidar return
interferes with the Doppler-compensated array of the
256 references in the volume of a spectrally selective
Tm3�:YAG crystal that has center transition line of
793.38 nm and coherence time T2 � 10 
s, spatial-
spectral gratings are built up at spatial locations
where the Doppler shifts of the references match with
those of the lidar returns, but washed out at other
positions. The amplitudes of the recorded spatial-
spectral holograms are shown in Fig. 8. It can be seen
from Fig 8 that a periodic spectral grating is built up
to a strong amplitude at the spatial location where
the Doppler shifts are �3.03 MHz, which exactly
matches with the Doppler shift introduced by the first
target. However, since the Doppler shift induced by
the second target is between the two adjacent Dopp-

Fig. 7. Noise SSH lidar signals. (a) Transmitted noise lidar sig-
nal. (b) Lidar return, which is a superposition of two differently
range-delayed and Doppler-shifted copies of the transmitted noise
waveform. (c) Doppler-shifted reference of 4.54 MHz. (d) Doppler-
shifted reference of �3.03 MHz. (e) Doppler-compensated array of
256 references multiplexed in space.

Fig. 8. SSH gratings. The range-delayed and Doppler-shifted
lidar returns interfere with the Doppler-compensated reference
array, building up SSH gratings at spatial locations (vertical axis)
where the Doppler shifts are compensated.
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ler channels of 4.54 and 5.17 MHz but within the
resolvable range, two strong spatial-sepctral gratings
are built up, resulting in a broader range correlation
peak. No strong gratings are engraved at all other
locations. The range delays are recorded as periodi-
cities of the recorded spectral gratings. Farther tar-
get range corresponds to higher frequency as shown
in Fig. 8. When the recorded holograms are illumi-
nated by a slowly chirped laser source, the readout
chirp will only be diffracted by the strong spectral
gratings so as to map out the built-up gratings to
corresponding spatial locations, but very little dif-
fraction would take place at other locations, where no
strong spectral grating has been built up because of
Doppler mismatch. The diffracted light interferes with
the readout beam on an array of 256 detectors, whose
positions correspond to the positions of the Doppler-
compensated references. The outputs of the detectors
are then Fourier transformed to yield the range delays.
The Doppler shifts are given by the positions of the

corresponding detectors. Figure 9 shows the range-
Doppler processing results, where the temporal axis
gives the targets’ range delays, the spatial (Doppler
shift) axis shows the Doppler shifts of the targets. Thus
the range is given by the retrieved time delay, whereas
the Doppler shifts are obtained by looking at the
spatial locations of the range correlation peaks in
the range-Doppler image.

6. Conclusions

We have presented and demonstrated a novel ap-
proach for random-noise coherent lidar sensing and
signal processing by use of a quantum-optical, paral-
lel sensor based on SSH in cryogenically cooled rare-
earth-doped inhomogeneously broadened absorber
crystals that can provide high-resolution range pro-
files of hard targets for applications such as imaging,
classification, or tracking. The proof-of-concept exper-
iments demonstrated ranging and correlation pro-
cessing using random-noise waveforms with a range
resolution better than 4 m and free-space ranges up
to more than 1 km. However, it should be noted that
this range resolution is not a fundamental limitation
to our approach, since IBA crystals have many tens
of gigahertz bandwidths, potentially allowing sub-
centimeter range resolution with an appropriate
broadband random-noise laser source. Recently,
multigigahertz BW pseudonoise and random-noise
range-correlation lidar processing with SSH have
been demonstrated with a range resolution of a few
centimeters.22

We also described the principle of range-Doppler
processing using SSH. By incorporating a Doppler-
array generator produced by counterpropagating
AODs driven by rf chirps, this technique allows for
processing multiple Doppler channels in parallel.

The SSH crystal performs the front-end cross-
spectral interference, which allows range correlation
when read out by a swept frequency laser, detected,
and FFT processed. The slow chirp readout scheme
allows high-BW (gigahertz scale) lidar range process-
ing, while requiring only low-BW (megahertz scale)
detection and postprocessing. This significantly in-
creases the achievable lidar signal BW while dramat-
ically lowering the BW requirements on the detectors,
digitizers, and postprocessing techniques faced by
most conventional lidar sensors, which provides a
fundamental breakthrough compared to conventional
coherent lidar techniques. This coherent SSH lidar
sensing approach performs much of the postdetection
signal processing as spectral interference gratings in
the SSH before detection, and uses accumulation to
increase the sensitivity of the lidar sensor. This
approach also enables the use of inexpensive, high-
power, random-noise, broadband cw lasers in lidar
systems, instead of the highly stabilized, injection-
seeded, and amplified pulsed laser sources used in
conventional long-range coherent lidar systems. The
proposed technique may have potential as a new gen-
eration of improved lidar sensors and processors.

Fig. 9. SSH lidar range-Doppler image (RDI) obtained by FFT of
the SSH gratings, yielding the targets’ range delays (horizontal
axis). Doppler information is given by the spatial locations (vertical
axis) of the SSH gratings. Top: two-dimensional view of the RDI.
Bottom: three-dimensional view of the RDI.
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