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Abstract

We describe a full-field range imager based on a hetero-
dyning configuration. The scene is illuminated with a mod-
ulated light source. The received reflected light is mixed
in a high-speed shutter with a frequency shifted version of
the light source modulation. This results in a low frequency
signal, with the range encoded as phase, that is easily mea-
sured with standard CCD machine vision camera technol-
0gy. We report tests on repeatability and accuracy of mea-
suring range in a small local region of pixels for an object
placed in a 1-5m range. We achieve 1 to 3 cm (standard-
deviation) accuracy for measuring range when the modula-
tion frequency is at 10 MHz.

1 Introduction

Simultaneous full-field active image ranging has been
described in a number of papers [2, 5, 6, 7], either using
an image-intensifier as a high-speed shuttering element or
by implementation of specialised IC light sensor technol-
ogy that includes a high-speed shutter as part of the IC de-
sign. The use of new IC designs is currently restricted to
low resolution (160 x 124 pixels is the largest we are aware
of [6]). Those that use image intensifier technology typi-
cally use a homodyne configuration (the high speed shutter
is modulated or pulsed with the same signal as the light
source) which then encodes range into the intensity of the
signal received at the CCD camera. This method is severely
limited by the dynamic range of current camera technology
and range accuracies of centimetres is typically reported for
ranging over distances of a few metres.

We describe here a simultaneous full-field active ranger
that is based on the principle of heterodyning [4]. The hard-
ware used is very similar to that described in the homodyne
configurations. The major difference is that the high-speed
shutter is driven with a frequency shifted version of the light
modulation signal so that a low frequency signal, with the
range encoded as phase, is received at the camera.

In this paper we report on the accuracy and repeatabil-
ity with which we can range to an object at a range of 1 m
to 5 m. Our current hardware can only be considered proof-
of-concept as a number of components we use are sub-
optimal. Nevertheless, we report ranging accuracy com-
parable to many other methods despite the fact that they are
using more sophisticated hardware than our current proto-
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type. With a number of easily identifiable hardware up-
grades we predict the Waikato system is capable of an or-
der of magnitude improvement in ranging accuracy than re-
ported here [1].

Also our image intensifier has a burnt in image on the
photocathode from previous studies and this seems to add
extra significant phase offsets with a spatial distribution cor-
responding to the burnt in image. As we have not attempted
to calibrate for this extra problem—a new image intensi-
fier is on order!—we therefore do not present any full-field
range reconstructions in this paper.! Only the reliability and
repeatability with which range can be measured in a small
local patch of pixels in the camera view is reported here.

2 Review of Known Technology

Simultaneous full-field image rangers acquire a full-
field image in one measurement process without mechan-
ical scanning. They normally use pulsing or modulation
methods to encode range into some other signal parameter
that is more straight forward to measure. There are many
possibilities here, each having pros and cons.
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Figure 1. Schematic of a Full-Field Ranger

A generalised hardware for modulated ranging is shown
in figure 1. A light source, illuminating the scene, is contin-
uously modulated at a frequency f. The light arriving back
at the ranger from the scene is delayed by a phase angle ¢
given by
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'We hope to have some full field range reconstructions ready for pre-
sentation at the conference itself.



where 7 = 2d/c is the time-delay of the signal, d is the
range to the point in the scene under consideration and c is
the speed of light. For full-field imaging ¢ should be con-
sidered a function of 2D position. The light impinges on a
high speed shutter that is also modulated, and the two sig-
nals mix to produce a low-frequency signal with the phase
delay ¢ encoded in it. This means that a standard CCD
camera sensor, which typically can only sample light sig-
nals thirty times a second, can be used for the light sensing
element, despite the fact that the light may be modulated at
radio frequencies (typically at 100 MHz).

Standard radar/lidar techniques are amenable to im-
age rangers, and phase-shift-keying (PSK) and frequency
stepped continuous wave (FSCW) have been reported in
the literature [5]. Both these methods cope well with differ-
ent received signal intensity due to varying scene conditions
(colour, texture, etc.), and FSCW has the added benefit of
being able to distinguish multipath effects. However, both
require very linear electronics and optics: any harmonics
introduced ruin the range reconstruction. This is a fun-
damental problem and the use of these modulation meth-
ods have only been reported by researchers developing spe-
cialised light sensitive IC arrays that include the high-speed
shutter process in the IC design. As the image-intensifier,
which we use as a high-speed shutter, is non-linear, these
modulation techniques are not suitable with our hardware.

Scott [7] and Christie et al. [2] report a homodyne con-
figuration, in which the high speed shutter is modulated
with exactly the same signal as the light source. In this
case the phase delay is encoded into intensity of light re-
ceived. This is complicated by the differing intensities of
light reflected due to the scene colour and texture, and nor-
mally three or four images are captured with 90° or 180°
phase shifts introduced to cancel out background illumina-
tion and intensity variations inherent in the scene. The ma-
jor problem with this method is one of dynamic range, as
CCD cameras typically have 8—12 bit resolution, and taking
off an estimated 3—4 bits for natural scene intensity varia-
tions, one is left with range encoded with a limited num-
ber of bits of accuracy. Over a measurement range of 10 m
one can really only hope to achieve measurement precision
of the order of centimetres at best. Christie et al. [2] re-
port 2 cm measurement uncertainty when measuring over a
range of 0.8-1.8 m.

What has not been considered before is the possibility
of a heterodyne configuration for a full field ranger. Het-
erodyning is a well known technique in lidar and laser ap-
plications to measure range. However, these applications
have always used light sensors capable of measuring high
frequency modulation (the mixing is done electronically) or
have been restricted to a single beam of light. It is also inter-
esting to note that heterodyning has been used in full-field
imaging to measure fluorescence lifetime decay times (of
the order of nanoseconds) in fluorescence lifetime imaging
microscopy (FLIM) [3, 8]. Indeed, FLIM uses a hardware
configuration similar in many details to that we describe be-
low for our range imager. What has not been realised before
now, is that this technique can be used for high accuracy
ranging in a full-field ranger.

In the heterodyne configuration, the high speed shutter
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is modulated at a frequency f> that has a small offset to
the modulation frequency f) of of the light source, namely
f2 = f1 + 6f. The two signals mix in the high speed shut-
ter to produce a low frequency signal of frequency 6 f in
which the phase of the incoming signal (from the scene) is
preserved in the low frequency signal after mixing. Thus to
range it suffices to recover the phase of the low frequency
signal that is easily sampled by a machine vision camera.
This has the advantages that the phase delay of light prop-
agation is encoded in a continuous variable (phase) that is
not subject to dynamic range limitations by analogue-to-
digital conversions, and unlike the standard radar methods,
is robust against harmonic distortion in the measured signal.

3 The Waikato Ranger

Our hardware implementation follows that described by
Scott [7] and Christie et al. [2]. A bank of LEDs is used to
illuminate the scene. These are easily modulated at radio
frequency. A Photek 25 mm diameter, 1 MCP, image inten-
sifier is used as the high speed shutter as it can be modu-
lated up to 30 MHz. A Nikon (manual focus) 80-200 mm
focal length camera lens forms an image of the scene on the
photo-cathode of the image intensifier. A Pulnix TM9701
CCD camera views the phosphor screen of the image inten-
sifier via a 25 mm fixed focal length lens with a 5 mm spacer
between the camera and lens. This enables a working dis-
tance of 80-90 mm between camera and image intensifier,
with the image of the image intensifier just touching the top
and bottom of the CCD field-of-view. Electronics currently
limit the Waikato ranger to operation at 10 MHz, giving an
unambiguous ranging distance of 15 m.

3.1 Signal Processing

There are a large number of algorithms to detect the
phase of a sinusoidal signal [9]. Many, such as the
phase-stepping algorithms used in profile measurement
with fringe patterns, are only suitable for pure uncontam-
inated signals. As components in the Waikato Ranger, most
notably the image intensifier, are both noisy and non-linear,
we require an algorithm that can detect the phase of a single
frequency in the presence of harmonics and noise. Fourier
based methods are commonly used in such situations and
high accuracy phase measurements have been reported in
the literature [9].

A straight-forward discrete Fourier transform (DFT) of
the received heterodyne beat signal is used to isolate the
fundamental frequency of the beat. The angle of the com-
plex quantity of the bin corresponding to the fundamental
frequency gives the phase shift of the signal, and hence, via
eqn. 1, the range to the point of the object that reflected
the illumination. The Waikato ranger produces a video se-
quence sampled at 29.97 frames per second (fps) with a res-
olution of 768 x 484 pixels. The image intensifier phosphor
screen fills an approximately 512 pixel diameter circular re-
gion of the camera view. The DFT is performed down the
time axis of the video sequence for each pixel in the camera
view. A range value is thereby obtained independently for
each pixel.



4 Testing Methodology

Currently the camera start of acquisition cycle cannot be
synchronised to the start of the heterodyne beat frequency,
thus any captured sequence has an arbitrary constant phase
added across the whole camera view. We therefore always
put a reference object (a small flat surface) in the field-of-
view at a fixed known distance. This is used to determine
the unknown constant phase and subtract it off the whole
reconstructed view.

The characteristics of the ranger have been measured
over arange of 1 m to 5 m in three staged experiments as the
complete range could not be measured in one experiment
due to the limited depth-of-field of the camera lens. Range
was measured in one experiment over 1-1.75 m, in another
over 1.55-2.75m, and in the third over 2.55-5 m. For each
of these experiments the camera focus was set to the middle
of the range under study. All experiments were performed
with a modulation frequency of 10 MHz and with hetero-
dyning beat frequencies of 1 Hz, 2Hz and 5 Hz.

In the 1-1.75m study a reference block was placed at
0.800 m range adjacent to the optic axis of the camera view,
and a moveable block was placed at distances between
1.000m and 1.750m in 0.250 m increments. The move-
able block was placed as close as possible to the camera
optical axis. Three separate video sequence of 300 samples
(i.e. 10s long) were taken for the moveable block at each
of its distances.

The same procedure was repeated for the other two stud-
ies, except with the reference block at 1.500 m for the 1.55—
2.75m study, and with the reference block at 2.500 m for
the 2.55-5m study. The moveable block was moved for-
ward from the furtherest position in 0.250 m increments ex-
cept for the last step in which it was moved by 0.200 m,
hence giving the nearest 1.550 m and 2.550 m ranges.

Straightforward Fourier analysis of the signal in each
pixel was used to reconstruct range images. A region of
interest (ROI) of between 1600 and 2500 pixels was used
for the reference block for each of the three studies. This
ROI was kept the same within a study as the reference
block always appears in the same place in each image.
The mean and standard deviation of range was calculated
over this ROI, and a constant range offset was subtracted
off the range image to shift the mean range of the ROI of
the reference block to the correct range (0.800m, 1.500 m
or 2.500m). Another ROI of 100 pixels was assigned to
the moveable block. This ROI was kept the same for each
video sequence of the moveable block over a study. The
mean and standard deviation of measured range over the
ROI is calculated for the moveable block for each range re-
construction. We then add an extra constant offset to all
the results of a single study to exactly align the common
measured range between two studies. That is, for example,
for the first (1.00-1.75m) study, we add a constant offset
to all distances measured so that the range measured for the
1.75 m point is identical to the 1.75 m measurement of the
second (1.55-2.75 m) study.
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Figure 2. Measured range to a moveable target versus
actual range

5 Results

The results of ranging to a small ROI on a flat object
moved between 1 m and 5 m range is plotted against known
range in figure 2. A line, obtained by standard linear re-
gression, is plotted through all data points. This line has
a slope of 0.89, indicating a miscalibration, between mea-
sured range and actual range. We repeated this study three
times, and also have performed similar experiments with a
2 Hz beat frequency and a 5 Hz beat frequency. The same
anomalous slope (varying between 0.89 and 0.93 for the
various studies) is present. We have moved the position of
the ROI in the image for analysis to be 50 pixels off the op-
tical axis and the anomalous 0.9 slope is still present (this
eliminates the possibility of off-axis distortions due to the
increased path length the light must travel). These results
are quite repeatable and ranges are measured to an accu-
racy of 1-3 cm standard deviation error depending on the
intensity of the signal received.

6 Discussion

The results demonstrate good repeatability and reason-
able accuracy of ranging (1-3 cm standard error), but are
marred by an anomalous slope of 0.9 when measured range
is plotted against actual range. In principle this anomaly
could be calibrated for and removed from the results since
the results are quite repeatable under a number of condi-
tions, however a thorough understanding of the anomaly is
a better approach. Thorough checking has confirmed that
the measurement and signal generation equipment used is
well calibrated, that errors due to changing path length of
the light signal as one moves off the optical axis of the
ranger are far too small to be the explanation, and that the
reconstruction algorithm gives a correct slope of 1.0 for
simulated data.

A theoretical analysis of heterodyning shows that the de-
layed phase of the signal is dependent on only two things:
the range to the object and the modulation frequency. We
conclude that contamination of the range signal being re-



ceived at the image intensifier is occurring. Multipath ef-
fects can be excluded (light being reflected off some other
object, such as a wall, onto the scene) as these increase the
measured range. Experiments have been repeated with ex-
tra light blocking material over nearby reflecting objects
and in between the ranger and the LED light source and
the same anomalous 0.9 slope is measured. It is now be-
lieved that the problem is direct electromagnetic inductive
coupling between the LED light source and the image in-
tensifier. Theoretical estimations of how measured range
is affected by a partial direct coupling of the light source
signal to the image intensifier, that we are carrying out at
present, confirms this hypothesis. Better electromagnetic
shielding of signals and equipment should therefore fix the
anomaly.

The Waikato ranger described here can be improved in
a number of ways, some of which will make substantial
improvements to ranging resolution. This is very signifi-
cant, since with off-the-shelf prototype equipment and no
attempt at refinement, we have achieved ranging precision
similar to that reported elsewhere in the literature where
much more sophisticated hardware has been used. Im-
provements include increasing the modulation frequency to
100 MHz which will give an order of magnitude improve-
ment in precision (i.e. into the millimetre range). The cou-
pling between the image intensifier and the camera can be
improved, either by reducing the working distance with a
higher quality lens, or by using direct fibre coupling to the
CCD element of the camera. Currently between 4 to 5 bits
of resolution in the received light signal intensity is being
obtained and it is known that such low bit resolution has an
adverse effect on measuring phase [10]. By using low noise
and more sensitive camera technology with a 12 bit ADC,
better quality signals would be obtained, allowing signif-
icantly better phase estimations. We are currently work-
ing on building a high precision ranger to image in the 1-
10 m range in a lit room, that will achieve 1 mm precision
in range as well as x-y position.

7 Conclusion

All full-field rangers based on image intensifiers have
in the past used homodyne modulation. The range derived
from such an approach is severely limited by the dynamic
range of the digitising camera. We described an image in-
tensified ranger which was run in a heterodyne configura-
tion. Experimentation with modulation at 10 MHz and with
measured signals of 4 to 5 bits in intensity achieved 1 to
3 cm range resolution, depending on the heterodyne beat
frequency, over distances of 1 to 5 m. A systematic anomaly
in the measured range compared to the actual range in the
results is believed to be due to electromagnetic coupling be-
tween the LED light source and the image intensifier. With
a number of relatively easy improvements to the hardware
it is believed that a ranging resolution of 1 mm, with near
real-time acquisition, is achievable.
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