Intensity-modulated, stepped frequency cw lidar for
distributed aerosol and hard target measurements
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A compact frequency-modulated, continuous wave (FM-cw) lidar system for measurement of distributed
aerosol plumes and hard targets is presented. The system is based on intensity modulation of a laser diode
and quadrature detection of the return signals. The advantages of using laser diode amplitude modula-
tion and quadrature detection is a large reduction in the hardware required for processing and storing
return signals as well as the availability of off-the-shelf integrated electronic components from the
wireless and telecommunication communities. Equations to invert the quadrature signal components and
determine spatial distributions of multiple targets are derived. Spatial scattering intensities are used to
extract aerosol backscatter coefficients, which can then be directly compared to microphysics aerosol
models for environmental measurements. Finally, results from laboratory measurements with a mono-
static FM-cw lidar system with both hard targets and aerosols are discussed. © 2005 Optical Society of

America
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1. Introduction

The development of a small, compact light detection
and ranging (lidar) system based on intensity modu-
lation is part of an ongoing effort at Oak Ridge Na-
tional Laboratory to develop prototype instruments
to remotely and nonintrusively measure NO, and
particulate matter emissions from heavy trucks in
motion.! Lidar is an instrument that has been used
for decades to determine distance to a target and to
measure aerosol distributions in the earth’s atmo-
sphere. The general approach is simple, but imple-
mentation and interpretation of data in real-world
measurements are often quite complex. In conven-
tional time-of-flight (TOF) lidar, a narrow laser pulse
is transmitted toward a target. The target scatters
the laser pulse, and a portion of the scattered light
returns to the instrument. The timing between de-
parture and arrival of pulses then determines dis-
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tance to the target. A TOF or pulsed lidar is well
suited for the measurement of distance to a specular,
or hard, target. For pulsed lidar, spatial resolution is
given by c¢7/2, where c is the speed of light and 7 is the
pulse width. Pulsed lidar is also frequently used in
conventional distributed atmospheric measurements
(e.g., aerosols in the troposphere) with 100 m spatial
resolution over kilometers of unambiguous range and
results in practical systems with >10 ns pulse width,
low-repetition-rate lasers, and megahertz electronics.
The measurement of localized, rapidly changing dis-
tributed targets, such as anthropogenic aerosols,
however, can require tens of centimeters’ spatial res-
olution for distances of tens of meters. For conven-
tional pulsed lidar, these requirements translate into
exotic (and expensive) high-repetition-rate, subnano-
second pulsed lasers with gigahertz electronics.
Several pulsed lidar systems are now being devel-
oped based on traditional TOF lidar for which the
emphasis is on solid-state near-infrared microlasers
with narrow pulse widths. One example of a solid-
state TOF lidar system uses a 3 md solid-state
(Nd:YAG) laser shifted to 1.5 wm (with an optical
parametric oscillator crystal) that operates over an
unambiguous range of 3 km in clear air.2 The laser
has a 27 ns pulse width (4.1 m spatial resolution) at
a 15 s repetition interval in a 3 mm X 3 mm X 50
mm package. The receiver is an InGaAs pin photo-
diode, and the laser is pumped by a commercial



disposable-camera flash tube. The smallest, fielded,
scanning imaging lidar system that was found in the
literature was based on time-correlated single-
photon counting by use of a @-switched AlGaAs diode
laser with 20 ps pulse widths and providing ~1
measurement/s with submillimeter resolution at
distances of <10 m in a 260 mm X 210 mm X 100
mm package.? In general, the major drawback of
narrow-pulse solid-state TOF systems for character-
ization of anthropogenic aerosols is the necessity for
extended measurement intervals owing to low pulse
repetition rates.

A variation of the TOF systems is random sequence
lidar, for which the laser transmitter beam is inten-
sity modulated with random or pseudorandom codes
and the return signal is autocorrelated with the orig-
inal sequence to determine range or TOF. The advan-
tage of these systems is that they can be implemented
in compact, inexpensive packages based on commer-
cially available rf components%; however, they also
suffer from extended measurement time intervals
and cannot measure distributed targets.

A form of lidar that can measure both distributed
and hard targets with good spatial resolution and
measurement-time intervals over shorter distances is
frequency modulated, continuous wave (FM-cw) li-
dar. FM-cw lidar has been implemented in several
forms that basically use a ramped (or chirped) fre-
quency wave that is transmitted toward the target.
The backreflected wave scattered from a target is
then a delayed version of the transmitted signal.
When the return signal is mixed with the transmitted
wave, the resultant difference frequency is propor-
tional to the target range (or distance).? For lidar
systems that frequency modulate by chirping the
wavelength of the laser, one can accomplish mixing
by heterodyning the return signal with a chirped sig-
nal from a second laser (local oscillator) or with a
portion of the original transmitted signal obtained
from a beam splitter. With both signals incident onto
a square law detector such that the two wavefronts
are aligned,® the output of the detector is the inter-
mediate frequency (i.f.) or difference-frequency sig-
nal. The frequency of the i.f. signal is proportional to
the target range (distance), and the amplitude is pro-
portional to the scattering strength. Normally a
lock-in amplifier (or, alternatively, a spectrum
analyzer—fast Fourier transform) is used to extract
the frequency and amplitude components of the i.f.
signal.

A second category of FM-cw lidar uses intensity
modulation, in which the amplitude (rather than the
wavelength) of the laser is modulated with a ramped
frequency sine wave. Mixing or heterodyning can be
performed in the digital domain with a digitized ver-
sion of the signal that modulates the laser transmit-
ter for the reference or local oscillator signal.
Alternatively, mixing can be accomplished by modu-
lation of the bias of a metal-semiconductor-metal
detector”:8 or an image intensifier® with an electronic
reference signal. The output of the detector is then
the i.f. signal.
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Fig. 1. Schematic of the stepped frequency lidar system. The laser
is intensity modulated with a rf signal in 10 MHz steps from
10 to 200 MHz. The amplitude and the phase of the return lidar
signal are detected at each frequency by use of a lock-in amplifier,
and the resultant vector is then postprocessed to yield range in-
formation.

We describe an alternative FM-cw lidar configura-
tion (Fig. 1) that uses discrete stepped, rather than
continuously ramped frequency, intensity modula-
tion with lock-in amplifier (or quadrature) detection.
As in standard FM-cw lidar, the stepped frequency
approach works for both distributed and hard tar-
gets. To our knowledge, this approach is new. Mea-
surements are made in the frequency domain, with
the analog lock-in amplifier providing phase and am-
plitude measurements of the return signal at each
discrete modulation frequency. Using the lock-in am-
plifier greatly reduces the amount of data that must
be stored and processed compared with that in con-
ventional intensity-modulated schemes. For exam-
ple, in a typical measurement sequence over a 1s
time interval, the instrument steps through modula-
tion frequencies from 10 to 200 MHz in 10 MHz in-
crements. The output of the lock-in amplifier for a
complete measurement cycle is then forty, ~12 bit
numbers that represent the magnitude and phase of
the return signal at each modulation frequency with
a corresponding data rate of ~480 bits/s. In contrast,
conventional FM-cw lidar requires data rates of
2.3 Mbits/s for capturing intermediate frequency sig-
nals.? In addition, the effective bandwidth of the sub-
carrier filter provided by the lock-in amplifier is much
narrower than system bandwidths required for cap-
turing intermediate frequencies in conventional
FM-cw lidar. The narrower bandwidths provide a
large advantage in signal-to-noise ratios (SNRs) for
detecting small return signals such as scattering
from aerosols. Finally, the stepped frequency imple-
mentation takes advantage of current rf commercial
off-the-shelf hardware and conventional shorter-
wavelength laser diode technology with substantial
potential for miniaturization and use in three-
dimensional imaging lidar configurations.

In this paper a theory is presented for inverting
quadrature signal components from a lock-in ampli-
fier for stepped frequency lidar and determining spa-
tial distributions of single and distributed targets.
The resultant spatial scattering intensities are then
related to microphysics aerosol models for environ-
mental measurements. Finally, preliminary results
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Fig. 2. Complex representation of the modulated lidar signal.
Scattering is depicted from two regions in space, resulting in a
phase difference in the two return signals. The observer sees a
superposition of the two return signal waveforms.

from laboratory measurements with a monostatic
FM-cw lidar system with both hard targets and aero-
sols are discussed.

2. Theory

A. Derivation of Scattering Amplitude
Spatial Distributions

A harmonic disturbance traveling in the positive x
direction can be modeled by use of wave vector &,
amplitude E,, epoch (or initial) angle &, frequency w,
and time ¢ (Ref. 10):

E(x, t) = E, cos(kx * ot + €). (1)

For this application, E, represents the amplitude of
the intensity modulation of the laser beam and o is
the modulation frequency. This representation of a
traveling wave provides the basis for modeling and
processing the signals in intensity-modulated lidar. A
simplified schematic of an intensity-modulated lidar
system is shown in Fig. 2. In the schematic, scatter-
ing is depicted from two points, which are labeled 1
and 2, respectively. The scattered signal from point 1
with round-trip path length 2x, then has amplitude
E, and phase shift (2kx; = ot + &). Likewise, the
scattered signal from point 2 has round-trip path
length 2x,, amplitude E,, and phase shift (2kx,
+ wt + ¢). The observer sees both scattered signals,
and, from the principle of superposition of waves, the
resultant wave vector at the observer is

Eqps = E s expli(kx + ot + €)]
=E,; exp[i(2kx; = ot + €)]
+ E; exp[i(2kx, * ot + £)]. (2)

One technique for extracting phase and amplitude
information at the position of the observer is with a
lock-in amplifier as shown in Fig. 3. The lock-in am-
plifier uses the reference signal modulating the in-
tensity of the laser to generate reference sine and
cosine waves at the modulation frequency. The sine
and cosine waves are then mixed with the measured
return lidar signal, resulting in the real and imagi-
nary components of the unknown signal. The square
root of the sum of the squares of the real and imag-
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Fig. 3. Schematic of the lock-in amplifier. The signal used to drive
the laser provides a reference signal from which sine and cosine
waveforms are generated. These sine and cosine reference wave-
forms are then mixed with the return lidar signal and filtered. The
outputs of the lock-in amplifier are then the quadrature compo-
nents of the return lidar signal from which amplitude and phase
can be extracted.

inary components is the amplitude of the lidar signal
at the reference frequency. The arc tangent of the
ratio of the imaginary and real components is the
phase of the lidar signal relative to the reference.
Processing the output signal of a detector at the po-
sition of an observer using the laser reference signal
(frequency w,) and a lock-in amplifier yields a mea-
surement vector at the output of the lock-in amplifier
of

Emeas = EmO exp[l(®w0)]
= E, exp[i(2kx,)] + E, exp[i(2kx,)], (3)

where now E is the amplitude of the superposition
of the scattered signals from points 1 and 2 at fre-
quency w, and 0, is the phase difference of the com-
posite waveform with respect to the reference signal.
For intensity-modulated lidar from a distributed tar-
get, the return signal is a superposition of these har-
monic waveforms from scattering centers located at
several distances x;. Equation (3) by itself is under-
determined, and thus one cannot invert it to extract
scattering amplitudes E; and E, at points 1 and 2,
respectively. By modulating the laser at a second
frequency, ®w;, and making measurements of the re-
sultant scattered signals, one can generate a second
equation. In general, then, for M scattering centers
(range bins) and N frequencies and by use of the
definition of wave vector & (¢ = 2/\ = w/c, where \
is the wavelength of the modulation frequency and ¢
is the speed of light) the following set of equations can
be generated:

. (S (29
E,; exp[i(0,)]= 126 E, exp[z(cxl)],
j=0...N-1. 4)

Equation (4) provide the relationship between the
complex amplitudes at the output of the lock-in am-
plifier at each modulation frequency and the scatter-
ing amplitudes at each range bin. To provide range



values in actual distances (e.g., meters) we perform a
calibration step with a hard target at a known dis-
tance x,.r. Subsequent measurement vectors are then
normalized by the results of the calibration. The nor-
malized scattering function then becomes

norm( ) Enorm exp[l(®wj ref )]

. 2('0]
1:20 Enorml exp{l[c(xz - xref):|}a

j=0...N—-1, (5)

where Enorm are normalized scattering amplitudes at
the detector and E, ., are the normalized scattering
amplitudes at each range bin, x;.

One method of inverting Eq. (5) and extracting the
spatial dependence of the scattering amplitudes from
measurements in the frequency domain is the inverse
Fourier transform. The general form of the inverse
Fourier transform is

flx) = j F(B)exp[i2mRx]dB. (6)

—o0

Substituting frequency for variable B, letting F(B)
equal the normalized measurement vectors obtained
from the lock-in amplifier, and using the kernel
expli(2w/c)(x — x.)] yield the normalized scattering
function:

) 2w
Enorm(x) = Enorm((’-)) eXp[lc(x - xref):|d"~)- (7

As lock-in amplifier measurements with stepped
frequency lidar are discrete and finite, the integral in
Eq. (7) can be conveniently expressed in a form much
like that of the discrete Fourier transform.!! For N
frequencies and M range bins, the discrete, real-
valued representation of Eq. (7) can be written as

1 N-1
Enorm(xl) = N j;] Re{EnormmjeXp[i(®mj ref )]

20
X eXp|:Lc(xl - xref):|}’
l=0..M-1. (8)

Equation (8) is thus a general equation for a stepped
frequency, intensity-modulated lidar system that
uses quadrature detection and provides normalized
scattering amplitudes as a function of distance. The
equation is applicable for either single targets or dis-
tributed targets (e.g., aerosols). The inputs for Eq. (8)
are x,.¢ (the distance to the reference target) and the
N measurement vectors (i.e., N complex samples)
from the lock-in amplifier. Thus, by solving Eq. (8) for
a set of M discrete bins over the measurement range,

one can determine both the amplitude and the loca-
tion of scattering centers. Note that, with appropriate
selections (e.g., power-of-2) for N and M, Eq. (8) could
be computed with a fast-Fourier-transform algorithm
if computational efficiency were a concern. Recall,
however, that total scan time increases with the
number of frequencies, V.

The expected shape of the scattering function
waveform from Eq. (8) for a single target measured
with stepped frequency lidar can be derived by use of
a model of the return signal amplitudes in the fre-
quency domain. As described above, the lock-in
amplifier produces complex amplitude vectors (am-
plitude and phase) at each modulation frequency.
The amplitude signals determine the scattering
strength(s) of the target(s), and the phase signals
determine location by means of the scattering func-
tion in Eq. (8). The normalized amplitudes of the
return signal at different frequencies for a fixed-
location, single target are constant (modulating the
laser at different frequencies does not change the
intensity of the return signal). In frequency space the
return signal amplitudes can thus be modeled as a
rectangle function with width proportional to the
modulation bandwidth. We define a one-dimensional
rectangle function!? as

f_fo 1
EO b |2
—Jo A —Jo 1
G(f)=A rect(fbf) =k ! bf =5,
O, 15— 1
[ |<2

where f is the independent variable along the fre-
quency axis, f;, determines the position of the rectan-
gle function on the axis, b is a scaling function that is
proportional to width, and A is the height. For
stepped frequency cw lidar, f, represents the center
frequency of modulation, b is a constant that is pro-
portional to the modulation bandwidth or range of
frequencies used in the measurement, and A repre-
sents the scattering amplitude.

The inversion algorithm, Eq. (8), is an inverse Fou-
rier transform of the lock-in amplifier measurements
in frequency space. Taking the finite inverse Fourier
transform of Eq. (13) yields

g(x) = G(f)exp(i2mxf)df

= Ab sinc(bx)exp(i2mxf;). (10)

The amplitude of Eq. (10) is plotted in Fig. 4. The
resultant sinc function has a width that is inversely
proportional to the modulation bandwidth and an am-
plitude that is proportional to the scattering strength.
The FWHM of the curve occurs at 1/2b and corre-
sponds to the expected range resolution in traditional
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Fig. 4. Expected return signal waveform (postprocessing) for a
single target from a stepped frequency lidar is a sinc function with
amplitude proportional to the backscatter signal amplitude and
width inversely proportional to twice the modulation bandwidth.
The FWHM of the sinc function determines the range resolution of
the lidar system.

FM-cw lidar, which is ¢/2Af, where c is the speed of
light (3 X 10®m/s) and Af is the modulation band-
width.

B. Relationship of System’s Signal-to-Noise Ratio and
Aerosol Backscatter Coefficient

Here, the equations for the system’s SNR are derived
and related to aerosol backscatter coefficients. Aerosol
emissions from heavy-duty vehicles can be character-
ized by a well-defined range of reflectivities and sizes.
The size distribution after emission changes with time,
but the time scale (of the order of seconds) is long
enough to allow for measurements. With lidar, one can
measure aerosol backscatter coefficients by transmit-
ting a laser signal and measuring the amount of signal
returned owing to scattering from the aerosols.

In general, laser light interacts with aerosols by
absorption and scattering. By assuming spherical
aerosol particles and using Mie theory!3 and by know-
ing the wavelength of the laser light, the effective
refractive index of the particles, and the particle sizes
and size distribution, one can derive a theoretical

tics of the processing electronics, one can determine
how much light was returned and therefore the total
backscatter coefficient of an aerosol plume.

An intensity-modulated lidar system is analogous
to a category of optical communication systems that
uses subcarrier direct detection receivers. These com-
munication systems intensity modulate an optical
carrier that has a characteristic optical wavelength,
with a high-frequency radio subcarrier wave. Infor-
mation is transmitted in this type of communication
system by modulation of the rf subcarrier wave. The
equation used for relating the measured lidar signal
to an aerosol backscatter coefficient is therefore
based on the equation for the SNR of a subcarrier
direct detection receiver!4:

SNRreceiver =
[G(nq/hf)]2psig2RL

16G°q{(nq/h)[(Pss/2) + Pug] + Lin} BRy, + 32kTB’
(11)

where G is the photodetector’s current gain, R; is the
optical receiver’s load resistance, Pg, is the return
signal power, P, is the background power, I, is the
photodetector’s dark current, m is the detector effi-
ciency, g is the charge on an electron, % is Boltz-
mann’s constant, 4 is Planck’s constant, f is the
frequency of the laser light (c¢/\), T is temperature in
degrees kelvin, and B is the effective bandwidth of
the subcarrier filter provided by the lock-in amplifier.
The return signal power at the receiver can then be
derived from the transmitted power of the laser P,
the backscatter coefficient of the aerosols, the overall
lidar system efficiency including the detector m, and
the optical receiver parameters (),,:

nPsig = Msys Plaser Bﬂopt' (12)

Now, combining Eqgs. (11) and (12), one can derive
a system’s SNR (which includes detector, optics, at-
mospheric effects, and electronics):

SNRsystem =

|:C;(T|sysq/hf):|2 PlaserZBZQopt 2I{L

16G2Q{(q/hf)[(nsysplaserBQOpt/2) + T]Pbkg] + Idrk} BRL + 32kTB ’

(13)

volume backscatter coefficient (analogous to the re-
flectivity of a hard target surface). The amount of
light scattered backward from an aerosol plume can
then be theoretically calculated from this coefficient.

The volume backscatter coefficient, B, is thus the
parameter that is measured with the lidar system
and related to the aerosol microphysics models. By
deriving the lidar transfer function, which includes
the amount of power transmitted from the laser, the
solid angle subtended by the receiving optics, the
efficiency of the detector, and the noise characteris-
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Therefore, given a set of optical system parameters,
Eq. (13) provides the theoretical lidar system re-
sponse linking the SNR and volume backscatter co-
efficient, B. For shot-noise-limited operation, Eq. (13)
reduces to

Tlsys PlaserBQOpt

SNRsystem = Sth

(14)

In a typical lidar system, one obtains measure-



ments of the SNR by dividing the measured signal
power of a return lidar pulse by a background mea-
surement (no signal).’> For stepped frequency lidar,
the inversion process in Eq. (8) provides signal am-
plitude as a function of distance, which must then be
squared to equate to signal power. In addition, for the
smaller signals obtained from aerosol scattering, sub-
tracting a background measurement from the sig-
nal’s amplitude before squaring is necessary. Thus
the equation used to convert normalized scattering
amplitudes for M range bins into measured SNR val-
ues is

Enormfmeas Xr) — Enorm, x,) 2
SNy = 7 ) ]
M Ek [Enorm—bkg2(xk) - Enorm—bkgl(xk)]z

(15)

Where Enormfmeas(xk)a Enormfbkgl(xk)a and Enormfbng(xk)
are the scattering functions calculated from Eq. (8)
for the aerosol measurement and two background
measurements, respectively. Note that the back-
ground measurements depend on x;,.

3. Laboratory Measurements

A. Single- and Multiple-Target Scattering with
Translucent Targets

To demonstrate the ability of intensity-modulated
stepped frequency cw lidar to perform distributed
measurements, we performed a series of experiments
using a monostatic lidar system with translucent tar-
gets. In the tests, measurements were made with
single and multiple clear plastic targets at known
locations. The target ranges measured by the lidar
system were then compared to the known locations.

A monostatic lidar unit was designed and built to
test the intensity-modulated, stepped frequency lidar
concept in the lab. The lidar system uses a Hitachi
Model HL6501MG 660 nm laser diode, which is mod-
ulated from 10 to 200 MHz in 10 MHz steps. The
lower modulation frequency (10 MHz) was chosen to
provide an unambiguous system measurement range
of 30 m. The photodetector is a Hamamatsu Model
H5783-01 photomultiplier tube, and the rf lock-in
amplifier is a Stanford Research Systems Model
SR844 (with an internal, user-programmable refer-
ence waveform generator).

Initial measurements with the system were made
with single and multiple targets that could be posi-
tioned relative to the primary lens by means of an
optical rail. The targets are 5ecm X 5c¢cm X 1 mm
transparent plastic sheets that are aligned in parallel
along the length of an optical rail. Figure 5 shows a
typical waveform obtained from a single clear plastic
target by use of the stepped frequency lidar system.
As expected from the analysis, the general shape of
the processed return signal is a sinc function with its
peak at the target location. For the waveform in Fig.
5, the plastic target was located 2.5 m from the pri-
mary lens. In addition, tests were performed with
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Fig. 5. Processed scattering waveform from a single translucent
target located 2.5 m from the stepped frequency lidar system. The
return signal is a sinc function as expected and has a spatial
resolution of 0.75 m (FWHM), corresponding to a modulation
bandwidth of 190 MHz.

multiple plastic targets along the length of the optical
rail. Figure 6 shows a typical waveform obtained with
four clear plastic targets at locations given in the
figure. The resultant waveform is the superposition
of four sinc functions. Tests were also performed in
which the distance between two targets was varied to
quantify range resolution. It was found that if the
distance between two targets was less than ~0.75 m,
the two waveforms merged and were not distinguish-
able. This value corresponds to the ¢/2Af theoretical
range resolution of 0.789 m, given a modulation
bandwidth of 190 MHz.

B. Aerosol Particle Measurements

For the aerosol experiments, size distribution(s) of
the aerosol stream(s) are measured as follows, before
the lidar measurements: A TSI scanning mobility

1.0 | T
2.54m
0.8 - —
3 | i
2 06 4.52m
=
E o4l 3.6m /\ —
- 574 m
N o2} \ -
| [\
§ 0 'l\w" \/\]
02 - —
04 | | | | |
0 3 5 6

|

4
Distance (m)

Fig. 6. Normalized scattering waveform (postprocessing) from

multiple translucent targets, demonstrating the capability of

stepped frequency lidar to measure distributed targets. The actual
target locations are provided above the peaks.
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Fig. 7. Results from a laboratory diesel engine test, demonstrat-
ing the correlation between calculated beta values from sampled
SMPS data and lidar SNR measurements, shown on a dual-axis
plot. The lidar results are from measurements made on two sepa-
rate days. The larger value of SNR at 0 km/h on day 2 is due to a
cold engine start.

particle spectrometer (SMPS) equipped with a differ-
ential mobility analyzer (TSI long direct memory ac-
cess A model) was used to classify the size of the
particles, while a TSI ultrafine condensation particle
counter was used to count the number of particles
classified by direct memory access. Each measure-
ment of a particle size distribution from 10 to 400 nm
took 4 min. The SMPS sheath to aerosol flow rate was
operated at a 10:1 ratio. The sample for the SMPS is
obtained with a probe placed into the aerosol stream
before and after light-scattering data are taken.

To calculate the volume backscatter coefficient for
the aerosol as a whole, we first calculated the coeffi-
cient for the individual particle sizes from SMPS
data. This single-particle scattering efficiency or
cross section is derived from Mie theory for a spher-
ical particle of known particle size (diameter) and
complex refractive index. The refractive index for an
ammonium sulfate aerosol, for instance, has a real
number 1.521 and an imaginary part of 0 measured
at a wavelength of 589 nm.1¢ For carbon particles in
diesel exhaust we used a refractive-index value of
1.96 + 0.66i. We used 32 size bins of the SMPS data
for the Mie calculation. The midpoint of each bin was
then used as the diameter for the entire bin. Then the
single-particle scattering cross section was multi-
plied by the number concentration of particles for a
given bin size measured by SMPS (there were N;
particles in the ith bin) and the product was inte-
grated over the whole SMPS size distribution to yield
the volume backscatter coefficient.1?

We performed an initial laboratory test with the
stepped frequency lidar system to measure a plume of
exhaust from a light-duty diesel vehicle driving on a
chassis dynamometer. Measurements were made on
two separate days, and SNR values calculated from
Eq. (15) were recorded for engine speeds from
0 to 140 km/h. The lidar instrument was located ap-
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proximately 1.75 m from the exhaust plume. In ad-
dition, we took one set of SMPS data at each engine
speed by sampling the exhaust, and the resultant
data were correlated to beta values by use of micro-
physics models as described above. In Fig. 7 the re-
sults of the diesel engine tests are shown in a dual-
axis plot. In the figure, peak values of SNR obtained
from lidar measurements are compared with the beta
values obtained from SMPS data. There is good cor-
relation in the general trends of the SNR and SMPS
data. The initial high value of the SNR data point at
0 km/h on day 2 of the test was the result of a cold
engine start. The reason for the lower value of SMPS
data at 140 km/h is not known. In contrast, both
lidar measurements showed an increase in scattering
intensity at 140 km/h, as expected. To quantitatively
compare the lidar and SMPS data, further study to
characterize the optical system parameters by use of
standardized aerosols and aerosol distributions is
needed.

4. Conclusions

In this paper an alternative intensity-modulated FM
cw lidar system for making distributed measurements
of aerosols and multiple hard targets was described.
The system is based on stepped frequency modulation
with quadrature detection and has the advantages of
using commercially available rf components, enhanc-
ing the measurement SNR, and greatly reducing the
amount of data that must be stored and processed
compared with conventional intensity and phase mod-
ulation schemes. The equations for processing stepped
frequency lidar signals were derived, and laboratory
measurements and initial results from both hard tar-
gets and aerosols were presented. The potential for
both miniaturizing the existing platform and develop-
ing imaging array sensors for plume characterization
was described. Future efforts at the Oak Ridge Na-
tional Laboratory will concentrate on a rigorous char-
acterization of the stepped frequency lidar system by
using standard aerosols with known size distributions
as well as measurements of exhaust products and
emissions from diesel and jet engines in laboratory and
in field settings.
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