Homodyne laser radar system for surface
displacement monitoring
Abstract. A prototype of a homodyne laser radar system for surface
displacement monitoring using the reference beam technique is presented. The prototype is very simple, is easy to align and focus, and is
able to measure the velocity of the surface displacement at distances up
to 16 m. We present an optical analysis of the prototype, a power budget, a criterion on tolerance in distance and laboratory measurements.
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1 Introduction
Coherent laser radar systems can be used to monitor the
speed of moving surfaces. Although systems based on a
differential
technique
共namely,
laser
Doppler
velocimeters1兲 can measure components of the velocity
vector, they do not provide good performance figures at
distances over a few centimeters.
Some homodyne systems have been proposed in the literature. Rudd2 presented a homodyne prototype that used a
single HeNe laser source as transmitter, a local oscillator
共reference beam兲 and a mixer, but this system 共as shown
formally by Potter3兲 cannot measure Doppler shifts greater
than 1 MHz for targets located at distances farther than
about 1 m. Churnside proposed a similar system 共meticulously studied in his papers4,5兲 based on a CO2 laser.
Some authors 共see, for instance, Refs. 6 and 7兲 have
reported systems based on laser diodes that perform the
mixing on the same source. The results presented are promising, but the short coherence length of the light produced
by actual laser diodes still limits their performance.
In this paper, we present a homodyne coherent laser radar system, based on a HeNe laser, that measures Doppler
shifts up to ⬃93 MHz when a laboratory target is placed at
distances ranging from 1 to 16 m. In this system, the mixing takes place on the active surface of an avalanche photodiode 共APD兲, so it does not have the limitations of the
system proposed by Rudd.2 In Section 2 the prototype built
is described and the theory of operation is explained. Section 3 is devoted to the optical analysis of the prototype.
Section 4 presents a power budget and proposes a criterion
concerning the tolerance in the distance adjustment of such
a system. Section 5 describes some experimental results.
2

Prototype Description and Theory of
Operation

The prototype developed is shown in Fig. 1 共Refs. 8 and 9兲.
A Siemens LGK7627 HeNe laser is employed as the transmitter and local oscillator source and an Analog Modules
713-4 APD/transimpedance amplifier set is used as the pho398
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toreceiver. A homemade beamsplitter and two general purpose lenses 共with focal lengths 1 and 15 cm兲 are used as the
transmitting/receiving/mixing 共Tx/Rx/Mx兲 optics. The
components are fixed on an optical board.
The transmitted beam is expanded and then focused on
the target, using the telescope formed by the two lenses.
The distance d 3 , where the beam waist lays, can be controlled by changing the separation d 1 between the laser and
lens 1, with the overall distance D between the laser and
lens 2 a constant. The target scatters some of the incident
light, which has been frequency-shifted by the Doppler effect. The frequency shift can be written:
⌬ f D ⫽2

vr
,


共1兲

where  is the wavelength of the light produced by the laser
共633 nm兲.
Part of the scattered light is collected by the Tx/Rx/Mx
optics and directed to the laser output mirror, where it is
reflected. Approximately 5% of both the received signal
and transmitted beam 共which plays the role of the local
oscillator, LO兲 powers are reflected by the beamsplitter and
impinge on the APD active area. In this way, the interference between the LO beam and the received light can be
detected and amplified. The resulting voltage v Dopp(t),
called the Doppler signal from here on, has a dc component
due to the average incident light power and an ac component due to the interference between the LO and the received light. It can be written as1
v Dopp共 t 兲 ⫽  v 2 共  hetP LOP Rx兲 1/2 cos共 2  ⌬ f D t⫹  兲 ,

共2兲

where  v is the voltage responsivity 共in volts per watt兲 of
the photoreceiver;  het is the so-called heterodyne
efficiency,10,11 P LO and P Rx are the local-oscillator and
received-signal powers, respectively; and  is an unknown
phase.
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where A, B, C and D are the ABCD parameters of the
Tx/Rx/Mx optics.13,14 These parameters can be calculated
in a matrix notation:
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共4兲

where d 2 is the distance between the two lenses, and

冋

This mixing mechanism is different from the modulation
of the laser proposed by Rudd2 and Churnside,4,5 but was
suggested by the latter in his paper. It overcomes the limitation in bandwidth for a HeNe laser interferometer described by Potter,3 because the mixing takes place outside
the laser, on the active surface of the photodetector.
The prototype also presents a self-aligned configuration
that makes the backpropagated local oscillator12 beam to
coincide with the transmitted beam, for mixing process optimization.
Optical Analysis

Transmitted Beam and Backpropagated Local
Oscillator
As the transmitted beam and the backpropagated local
oscillator12 beam coincide, both can be modeled by the
same equations. The optical analysis presented here is
based on the Gaussian beam formalism.13,14 As shown in
Fig. 2, the laser output beam can be characterized by its
q-parameter q 1 , which depends on distance z 1 . The output
beam of the Tx/Rx/Mx optics is characterized also by its
parameter q 3 (z 3 ). The value of q 3 at the output of the
optics q 3 (0) can be related to the q 1 parameter at the input
of the optics q 1 (d 1 ) by the following expression:
3.1

q 3共 0 兲 ⫽

Aq 1 共 d 1 兲 ⫹B
,
Cq 1 共 d 1 兲 ⫹D

Bi

Ci

Di

册

is the ABCD matrix of lens i.
In order to achieve a good spatial coherence of the light
scattered by the target, the size of the transmitted beam at
its position must be minimum. The condition that the output beam has a waist at the target position d 3 is imposed as
follows:

Fig. 1 Prototype layout.

3

Ai

共3兲

Re兵 q 3 共 0 兲 其 ⫽⫺d 3 .

As the D distance is a constant 共only distance d 1 is
changed兲 we can also add another equation:
d 1 ⫹d 2 ⫽D.

共6兲

The result of combining Eqs. 共5兲 and 共6兲 is a fourth-order
polynomial in d 1 as a function of d 3 . The values of d 1 to
have the waist of the transmitted beam at a distance d 3 of
lens 2 in a range between 0 and 30 m vary from 8 to 24 cm.
In Figs. 3共a兲 and 3共b兲 we present two derived magnitudes
of the Tx/Rx/Mx optics output beam, the spot diameter at
the target surface and the convergence angle, which is used
in the following study.
3.2 Temporal Coherence Considerations:
Transmitted Signal
Two possible causes of temporal coherence loss can be
identified in the laser source: the presence of multiple longitudinal modes and the spectral width of any of these
modes. The presence of multiple longitudinal modes usually limits the temporal coherence in other interference
based techniques 共such as laser Doppler velocimetry1 or
holography15兲 to approximately twice the length of the laser
cavity. Nevertheless, in systems that perform a spectral
analysis of the detected signal this limitation can be overcome. Figure 4 shows the resulting spectrum of the electrical signal obtained. A spectral peak appears at the Doppler
frequency ⌬ f D , but some more peaks can be seen at
n⌬ f M ⫾k⌬ f D , where ⌬ f M is the frequency difference between longitudinal modes, and n and k are positive integers.
Assuming a uniform power distribution among the N M
different longitudinal modes in the laser, and considering
that the different contributions to the peak at ⌬ f D are
uncorrelated,9 a power loss of N M must be considered, so
Eq. 共2兲 changes to:
v Dopp共 t 兲 ⫽

Fig. 2 Prototype layout for optical analysis.

共5兲

v

冑N M

2 共  hetP LOP Rx兲 1/2 cos共 2  ⌬ f D t⫹  兲
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Fig. 3 (a) Diameter 2 w 0 of the transmitted-beam waist as a function
of distance d 3 to target on which it is assumed to lie, and (b) convergence angle of transmitted beam 2 q 0 as a function of distance
d 3 to the target on which the beam waist is assumed to lie.

Fig. 4 Received Doppler signal spectrum.

3.3 Temporal Coherence Considerations: Loss of
Coherence of the Received Signal by Target
Scattering
The light incoherently scattered by the target is collected by
the Tx/Rx/Mx optics. This light has been partially decorrelated by different mechanisms related to the scattering process. These mechanisms introduce a spectral broadening in
the Doppler signal. They are identified in Figs. 5共a兲, 5共b兲
and 5共c兲.
400
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Fig. 5 (a) Spectral broadening due to loss of temporal coherence
(loss due to the spatial decorrelation of the scatterers), (b) spectral
broadening due to loss of temporal coherence (loss due to nonzero
convergence angle), and (c) spectral broadening due to loss of temporal coherence (loss by spread of the scatterer linear velocities).

Teich16 presented the first mechanism, loss due to the
spatial decorrelation of the scatterers present on the target
surface, and it is sketched in Fig. 5共a兲. According to Fig.
5共a兲, the maximum coherence time  c of the light scattered
by the target is:

␦
 c⬇ ,
v

共8兲
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where ␦ is the diameter of the laser spot on the target, and
v is the target lineal speed.
Considering that ␦ ⫽2w 0 /cos , the spectral broadening
⌬ f s can be calculated as:
⌬ f s⫽

1 v cos 
⬇
,
c
2w 0

共9兲

where v is the linear speed of the target in the incidence
point,  is the nominal incidence angle, and w 0 is the incident beam waist radius at 1/e 2 of its maximum illumination
value.
A second spectral broadening mechanism is due to the
convergence angle of the transmitted beam, which makes
the value of the incident angle  not unique. This situation
is presented in Fig. 5共b兲. The corresponding spectral broadening ⌬ f  0 , due to the incident angle range, can be written9
as:
4v
4v
4v
cos  sin  0 ⬇
 0 cos  ⬇
cos  ,
⌬ f 0⫽


w0

共10兲

where  is the laser wavelength, and  0 is the beam convergence half angle that must be very small for the paraxial
approximation applied to be valid.13,14
The third mechanism appears only when the illuminated
spot on the target rotates with instantaneous angular speed
W and radius vector r. The nonnegligible size of the transmitted beam waist on the target encompasses a range of
values of the longitudinal component of linear velocity, as
presented in Fig. 5共c兲; which produces a spectral broadening in the Doppler signal. This rotating-target broadening
⌬ f r can be calculated9 as:
⌬ f r⫽

4⍀w 0
.


共11兲

The three effects can be combined in a root mean square
共rms兲 manner to obtain an overall spectral broadening9
⌬ f rot :
⌬ f rot⫽ 共 ⌬ f s2 ⫹⌬ f 2 ⫹⌬ f r2 兲 1/2
⫽
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共12兲

Considerations on the Spatial Coherence of the
Received Signal
To mix efficiently with the local oscillator the received signal must show spatial coherence over a significant part of
the receiving aperture. Due to the roughness of the target
surface 共of the order of the carrier wavelength兲, the scattering must be considered as spatially incoherent.
Nevertheless, the Van Cittert-Zernike theorem17 predicts
a gain in coherence due to propagation. Let us consider the
situation described in Fig. 6, in which the lidar system focuses the transmitted beam on the target surface. The illuminated spot on the target shows an intensity Gaussian distribution of radius w 0 at 1/e 2 from the maximum:
3.4

Fig. 6 Illustration for the computation of the coherence area of the
received signal.

I 共 r 兲 ⫽I 0 exp 关共 2r 2 /w 20 兲兴 ,

共13兲

where I 0 is the maximum intensity and r is the distance to
the center of the spot.
According to the Van Cittert-Zernike theorem, the
modulus of the complex coherence factor at a distance z
from the target can be calculated9 as:

再冋

兩  12共  兲 兩 ⫽exp ⫺

w 20
8(z) 2

2

册冎

.

共14兲

This function falls to 1/e 2 for a value  ⫽  c ⫽4(z)/w 0 .
We call  c the coherence radius of the backscattered light.
It can be compared to the radius of the transmitted beam at
the Tx/Rx/Mx optics output, W 3 (0):

W 3共 0 兲 ⫽

z
.
w0

共15兲

Thus, the coherence radius of the backscattered light at the
optics output is 4 times greater than the transmitted beam
radius. According to Ref. 11, we calculate the average receiving area as:

具 A R 典 ⫽ 共 兵  关 W 3 共 0 兲兴 2 其 ⫺1 ⫹ 共  2c 兲 ⫺1 兲 ⫺1 .

共16兲

Thus, in a focused system, according to the previous results
concluding that  c ⰇW 3 (0), the receiving area is nearly
equal to the transmitted beam section area at the Tx/Rx/Mx
optics output. This means that we can assume very little
loss due to loss of spatial coherence.
Atmospheric turbulence must be considered as an additional mechanism of reducing effective receiving area. According to Hufnagel,18 for propagation through a homogeneously turbulent atmosphere the atmospheric coherence
diameter r 0 can be calculated, for a spherical wave:

r 0 ⫽0.332

冉 冊
2

C 2n R

3/5

,
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where C 2n is the so-called structure constant of the index of
refraction,18 and R is the propagation length. For a standard
turbulence in open space, much stronger than that expected
in a laboratory environment, we can consider C 2n
⬇10⫺15 m⫺2/3. For a propagation length R⬃20 m, r 0 is
greater than 1 m, much greater than any aperture considered on the system, specially the effective receiving aperture 具 A R 典 , whose diameter is around 1 cm. Thus, no reduction due to atmospheric turbulence is considered.
4

Power Budget and Tolerance in the Distance
Adjustment

4.1 Signal and Noise Power Budget
According to Eq. 共7兲, the average power of the Doppler
signal depends on the voltage responsivity of the photoreceiver  v the number of longitudinal modes present in the
laser light N M , the power of the local oscillator beam P LO
and the average received light power 具 P Rx典 . In our experimental setup we used a beamsplitter with two reflecting
sides, characterized by an average reflection coefficient
r BS⫽0.05. So the local oscillator power can be calculated
as:
P LO⫽r BSP T L D ,

共18兲

where P T is the optical power transmitted by the laser, and
L D is the power loss due to spilling of the local oscillator
power over the APD active area when the latter is smaller
than the local oscillator beam cross section. This loss can
be calculated as:
L D⫽

2
d APD
2
d LASER

共19兲

,

where d APD is the APD diameter and d LASER the local oscillator beam diameter, equal to that of the laser output
beam.
The average power 具 P Rx典 of light backscattered by the
target collected by the Tx/Rx/Mx optics and directed onto
the active surface can be calculated through the expression:

具 P Rx典 ⫽ 具 A R 典 L D 共 1⫺2r BS兲 2 r BS

0PT
,
R2

共20兲

where  0 is the backscattering coefficient of the surface of
the target and R is the distance to the target.
Expression 共7兲 also includes a heterodyne efficiency
term  het . According to the earlier considerations, and
based on the definition by Rye and Frehlich,11 this term is
calculated as

 het⫽

2
LD
具 A R 典 L pol

A RL

,

共21兲

where A RL is the geometrical area of the receiving aperture,
and L pol is the loss due to the depolarization of the backscattered light 共not considered in Ref. 11兲; adopting a pessimistic criterion, we will consider L pol⫽0.5. With this
402
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definition  het varies with the distance to the target, with a
typical value of  het⫽0.4% being obtained. The main reason for this low value is the fact that the lens diameter is
much larger than the BPLO diameter at the lens plane,
which was deliberately chosen to avoid the truncation of
the transmitted beam. This low value for  het is compensated in the total power budget by an accordingly increased
value of the received power P Rx , according to Eq. 共7兲.
We can consider that our photoreceiver works in a shotnoise limited regime, due to the high value of light arriving
to the APD active surface. So we can calculate the rms
noise voltage 具 v 2n 典 at the photoreceiver output through the
expression19:

具 v 2n 典 ⫽2eG APDFG Z  v P LOBW,

共22兲

where e is the electron charge, G APD is the avalanche gain
of the APD, F is the excess noise factor of the APD, G Z is
the transimpedance gain of the photoreceiver electronics,
and BW is the electric bandwidth of the photoreceiver.

Criterion on Tolerance in the Distance
Adjustment
The system presented employs a beam focused onto the
target surface, as shown in Fig. 6. If the distance to target is
known within a certain tolerance, the performance of optical mixing can be reduced. In this subsection, we present a
criterion9 that enables us to calculate a maximum tolerance
in distance for every situation.
According to the Van Cittert-Zernike theorem, the coherence area of the light backscattered by an incoherent
surface with Gaussian distributed illumination A coh 共see
Subsection 3.4兲 is given by
4.2

A coh共 w 0 ,d 3 兲 ⫽  2c ⫽16

冉 冊
d 3
w0

2

共23兲

.

For our system, the value of w 0 is related to the characteristics of the transmitted Gaussian beam, and is given by:

再 冋

W 3 共 d 3 ,⌬z 兲 ⫽w 03共 d 3 兲 1⫹

⌬z
z 03共 d 3 兲

册冎

2 1/2

,

共24兲

where ⌬z is the distance from the beam waist, W 3 (d 3 ,⌬z)
is the radius of the transmitted beam at 1/e 2 of the maximum intensity, w 03(d 3 ) is the transmitted beam waist radius for a beam focused at a distance d 3 , and z 03(d 3 ) is the
Rayleigh distance of the transmitted beam, which is the
imaginary part of the q 3 parameter. The parameters z 03 and
w 03 are related by the expression:
z 03共 d 3 兲 ⫽

2
 w 03
共d3兲
.


共25兲

According to the Van Cittert-Zernike17 theorem, as the distance ⌬z grows, the target gets out of focus and the size of
the light spot increases, which makes the coherence area
smaller at a given distance of the scattering spot. A loss of
detected signal can be associated to this loss in spatial coherence by means of the reduction of effective receiving
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area. To assess a maximum tolerance in the distance adjustment a loss in the detected Doppler signal equal to the loss
in coherence area is assumed. The criterion of maximum
tolerance in distance considers that the system must work
with a minimum signal to noise ratio SNR⫽10 dB, and can
be written in the following way:
A coh共 ⌬z⫽0,d 3 兲 SNR共 d 3 兲
,
⭐
A coh共 ⌬z,d 3 兲
10

共26兲

where SNR(d 3 ) is the SNR for a target that is situated at a
known distance d 3 when the transmitted beam is perfectly
focused on its surface.
According to this criterion, the maximum tolerance in
distance 兩 ⌬z tol兩 for such a system can be calculated with the
following expression9
兩 ⌬z tol兩 ⭐z 03共 d 3 兲

冋

SNR共 d 3 兲
⫺1
10

册

1/2

,

共27兲

which will be valid only for those values of d 3 that allow a
SNR(d 3 ) equal to or greater than 10 dB.
Of course, this is a pessimistic criterion because it considers that a reduction of the coherence area of the backscattered light results in a proportional reduction of Doppler signal. Nevertheless, it has proven to be very simple
and describes quite reasonably the actual behavior of our
experimental prototype.
5 Experimental Results
To test the homodyne coherent laser radar system, a prototype has been built and tested. The following elements were
used:
1. a Siemens model LGK 7627 laser transmitter with a
wavelength of 632.8 nm, a typical output power of 10
mW, a spatial mode of TEM00, a beam size at 1/e 2
intensity of 0.8 mm, and a longitudinal beam spacing
of 438 MHz. 共Number of longitudinal modes was
estimated to be 4.兲
2. an Analog Modules model 713-4 photoreceiver with
a EG&G C30902E photodiode, a nominal responsivity at 632.8 nm of 60 A/W, a responsivity at 632.8
nm and 125 V of 7 A/W, and active area diameter of
0.5 mm, an electrical bandwidth of 200 to 250 MHz,
and a transimpedance gain of 20 k⍀.
The APD included in the photoreceiver has been biased at
⬃125 V, thus reducing the avalanche gain, instead of its
nominal value 230 V due to the high local oscillator power
level. In fact, at its nominal bias, the high avalanche gain
made that the C30902E could not dissipate the heat produced by the dc current induced by the local oscillator.
The value of the rest of the parameters are as follows:
Distance D⫽40 cm,
Lens 1: focal length⫽1 cm, diameter⫽0.9 cm,
Lens 2: focal length⫽15 cm, diameter⫽5 cm.
The laboratory target was a 25-cm-radius rotating disk
made of PVC. Its cylindrical surface was enhanced using
an aluminum plate covered in paper. We performed some
measurements on the backscattering characteristics of the

paper employed, which showed that it can be considered as
a Lambertian scatterer, with a backscattering coefficient
 0 ⫽0.775.
The Doppler signal was observed in a general-purpose
spectrum analyzer with a resolution bandwidth RBW
⫽100 kHz. This adjustment proved to be the most adequate
for the obtained electrical signal. Nevertheless, due to the
spectrum broadening effects presented in Subsection 3.4,
the spectral width of the observed signal is larger than the
indicated RBW, and so the height of the spectral peak observed in the spectrum analyzer is slightly diminished. This
reduction was considered in the calculations presented in
Figs. 7共a兲 and 8共a兲.
Two series of measurements were performed, the first
one with the disk rotating at approximately 400 rpm and the
second one with an angular velocity of approximately 1300
rpm. In both series, we measured the Doppler signal power,
its spectral width, and the noise level at the photoreceiver
output. In the low-speed series, we also measured the tolerance in the distance adjustment of the system.
When the target rotates at 400 rpm, the detected Doppler
shift is 16 MHz for  ⫽30 deg, 23 MHz for  ⫽45 deg and
29 MHz for  ⫽60 deg, which coincide with the expected
values. Figure 7共a兲 shows the Doppler signal power and
noise versus distance for the three different values of the
incidence angle ; the Doppler signal power measurements
show power values slightly lower than the calculations. The
maximum working distance, defined with a criterion of a
minimum SNR⫽10 dB, when the spectrum analyser resolution bandwidth is RBW⫽100 kHz, is 16 m for  ⫽30 and
45 deg and 12 m for  ⫽60 deg.
Figure 7共b兲 shows the Doppler signal spectral width at
⫺10 dB. The election of this definition of spectral width
was made for practical measurement reasons 共specifically,
good signal shape visibility兲 and because the theoretical
calculations were made on a 1/e 2 basis, which is approximately ⫺8.7 dB. Good agreement can be found between
practice and theory at distances greater than 2 m.
Figure 7共c兲 shows the measurements of tolerance in distance. Most of the measurements are better than theory,
probably because of the pessimistic criterion used, and a
general tendency of an initial growing, followed by a quick
fall, predicted by the theory 共continuous curves兲, can be
observed for the three series of measurements (  ⫽30, 45
and 60 deg兲. Some points, however, especially at the incidence angle of 30 deg, depart from the general trend likely
due to problems in the target positioning. According to a
criterion of nonzero tolerance in distance, the maximum
working distance can be considered as ⬃16 m for  ⫽30
and 45 deg and 14 m for  ⫽60 deg.
Figures 8共a兲 and 8共b兲 show, respectively, the Doppler
signal power and spectral width for the target rotating at an
angular speed of approximately 1300 rpm. The corresponding Doppler shifts measured are 54 MHz for  ⫽30 deg, 76
MHz for  ⫽45 deg and 93 MHz for  ⫽60 deg, corresponding with the theoretical values. Note that the signal
power peak 关see Fig. 8共a兲兴 observed in the spectrum analyzer experiments experienced a slight fall due to the extra
spectral widening, predicted by Eq. 共12兲. Due to this visibility reduction, the maximum working range falls to approximately 12 m.
Optical Engineering, Vol. 40 No. 3, March 2001
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Fig. 8 Calculated (continuous lines) and measured (symbols) (a)
Doppler signal power and (b) Doppler signal bandwidth as a function
of distance and for three different incidence angles  for the target
rotating at 1300 rpm.

The measured spectral widths 关see Fig. 8共b兲兴 correlate
acceptably to the calculated values.

Fig. 7 (a) Calculated (continuous lines) and measured (symbols)
(a) Doppler signal power, (b) Doppler signal bandwidth, and (c) tolerance in the distance adjustment of the lidar as a function of distance and for three different incidence angles  for the target rotating at 400 rpm.

404
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6 Conclusions
A very simple system that enables us to perform Doppler
measurements of the velocity of hard targets was presented.
Few optical elements, common nonexpensive electro-optic
components and auto aligning are its main advantages. An
optical analysis that includes computations regarding the
characteristics of the different beams and the coherence between the different signals was performed. Also a power
budget was calculated. A criterion for calculating the tolerance in the distance adjustment of the system was pro-
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posed. Finally, experimental results obtained with a laboratory rotating target were presented. The experimental results show the capability of the system to perform Dopplershift measurements at distances up to 16 m.
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