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Abstract Can this technical restriction be bypas&edhis limita-
tion can be overcome by borrowing ideas from interferom-
Three dimensional imaging techniques have been widelyetry [1, 23, 21], which provides considerably higher range
used in both industry and academia. Time-of-Bight (ToF) resolution (order of microns) by carefully engineering the
sensors offer a promising method of 3D imaging due to com-spatio-temporal correlation properties of the light source.
pact size and low complexity. However, state-of-the-art ToF The correlation is exploited in identifying the exact distance
sensors only have depth resolutions of centimeters due tdo target by comparing the travel time of the ref3ected light
limitations in the modulation frequencies that can be used. from the object with a reference beam. The difference in
In this paper, we propose a technique to generate modula-travel times manifests as a phase shift in the spatial pattern
tion frequencies as high as 1 THz using optical superhetero-observed at the detector.
dyne interferometry. Our proposed system provides great The notion of comparing the travel time of the return sig-
Rexibility in imaging range and resolution. We experimen- nal to a reference signal is analogous to the concept of oper-
tally demonstrate an increase in depth resolution by an or- ation of ToF cameras. The difference lies in the fact that the
der of magnitude relative to currently available commercial reference signal in ToOF cameras is an electronically gener-
ToF cameras. ated RF signal that is limited to tens or hundreds of MHz.
In contrast, the reference signal used in interferometry is an
electromagnetic beld that oscillates at optical frequencies
1. Introduction in excess of 100 THz. The use of such high frequencies
) ) provides exceptionally high range resolution. However, the
Continuous-wave ToF sensors are fast emerging as low-ynampiguous measurement range is restricted to the optical
cost distance/3D shape measuring devices [26, 18, 28]. Theyavelength (order of microns). This is because the mea-
basic operating principle of these sensors is to illuminate g req phase wraps around af@r, and scene points that
the scene with a light source whose .intensity is modulated 5y exactly half wavelength away have the same measured
over time, for example, as a sinusoid [19]. The detector phase. This problem, called phase wrapping, is more severe
pixels in these devices behave as homodyne receivers [19o, higher modulation frequencies; higher the modulation
8] that accumulates a charge proportional to the phase—shiftfrequency' lower the unambiguous depth range.
between the emitted light, and the radiance received at the A second issue arising from the use of coherent light in

sensor. For each pixel, the scene distancan be estimated interferometry is the mottled/grainy appearance of the im-

from the measured phase-lshiffas: age of the object (called speckle). Speckle arises from the
- 2Lt 1 stochastic character of the roughness of real world object
St (1)
t and surfaces at scales comparable to the wavelength [11].

wheref is the temporal modulation frequency of the light ~ The present work seeks to bridge the divide in the range
source, and is the speed of light. The range resolutién resolution of current ToF cameras and interferometers (see

is inversely proportional to the modulation frequency [19]: Fig. 1(d)). As a Prst step towards achieving this goal, we
1 introduce the design and development of a superhetero-
#z! f. (@) dyne interferometry (SH-ToF) ranging device with sub-
millimeter resolution and an unambiguous measurement
range of centimeters. The imager concept is illustrated in
Figure 1(c).
The competing requirements of increased range reso-

The use of silicon based detectors limits the temporal fre-
guencies to tens or hundreds of MHz. This in turn limits
the achievable range resolution of current ToF cameras to
centimeters [18, 28].
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Figure 1: (a).Imaging model for ToF cameras a RF ) signal modulates the amplitude of the illumination beam from
the laser diode and the detector with an arbitrary phase shiftirftalging model for Michelson Inteferometry: the beam
(Ee'?"t ) from the laser is the illumination in the system, and the modulation frequency is the optical freduefcy
Imaging model for our proposed setup two lasers with frequencies & and$, are used as illumination sources. A OnewO
optical frequency of$, " $,) is generated after the post-processing unit, which enables micro depth resolution with macro
imaging range. (d). Depth resolutions and image ranges for these three different imaging models. BS: beam stitter. R(
beam reRected from the mirror.$§( beam refl3ected from the object.

lution and large unambiguous range are simultaneously ¥ Insensitivity to environmental Buctuations. While
accommodated by using two coherent light sources with interferometers are typically sensitive to small Buctua-

closely spaced optical frequencies ($aynd$, THz). The
notion is borrowed from the concept of operation of a su-
perheterodyne interferometer [5]. The redundancy in the

tions caused by air currents, the proposed superhetero-
dyne interferometer is only sensitive to Ructuations
exceeding in the order of the synthetic wavelengths,

interference patterns associated with the two wavelengths  which is of the order of millimeters.

may be exploited to electronically (or computationally) gen- The use of superheterodyne interferometry principles for

erate an interference pattern at the synthetic wavelengthhigh resolution ranging in a reduced form factor has re-

(!= cl|$:" $| = %%/|%" %l), whichis considerably  cently been demonstrated by Li [22]. The proposed work

larger than the individual wavelengths. expands the scope of previous work [22], by making the
A number of superheterodyne systems have been pro<ollowing contributions:

posed and implemented using two separate lasers with bxed - ]

optical frequencies. Ranging has been demonstrated with ¥ Tunability of depth resolution and depth range. We

unambiguous depth ranges of tens of mm and sub-mm depth ~ €xperimentally demonstrate the Bexibility in the selec-

resolution [5, 25, 7]. In this paper, we propose a new super-  tion of depth resolution (from tens of microns to mil-

heterodyne system implemented using tunable lasers, pro-  limeters) and unambiguous range (from millimeters to

viding the following advantages in 3D imaging: meters) by tuning the difference in the optical frequen-

cies of the two laser sources.

Full peld 3D scanning of optically rough surfaces

To the best of our knowledge, the experiments dis-

closed in this contribution represent the brst docu-

mented demonstration of full-Peld 3D scanning using

superheterodyne interferometry.

Error analysis. We analyze factors affecting system

Flexible tradeoff between range and resolution. performance, including laser frequency drift, speckle

The Rexibility in the selection of the depth resolution noise and photon noise.

(from 100s of mic_r(_)ns to millimeters) and unambigu- 2. Related Work

ous range (from millimeters to meters) afforded by tun-

ing the difference in the optical frequencies of the two

sources over the GHz to THz interval.

¥ Synthetic wavelength phase measurement. The ¥
phase measured by the device is determined by the
synthetic wavelength and not the optical wavelengths

of the two sources. However, the lateral resolution

of the proposed imager is still limited by the optical

wavelengths (much smaller).

Most work in ToF imaging deals with overcoming the
limited spatial resolution of ToF sensors [16, 29, 20, 30],



face of the object.

We have experimentally validated the micro-resolution
in the range measurements provided by our prototype im-
ager, and additionally demonstrated the RBexibility in the se-
lection of depth resolution and unambiguous range by tun-
ing the synthetic frequency.

Table 3: Precision of the line-scanning measurements
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Figure 7: Line-scanning measurements with different
optical beat-note frequencies: Original depth estimated
(left column) and depth with phase unwrapping (right col-
umn) are shown for different optical beat-note frequen-
cies. A ground truth (red lines) is estimated with described
method.Note: Image ranges are half of the corresponding
synthetic wavelengths due to the round trip in sample arm.

4.3. Full Field 3D Scanning

The experiments discussed thus far have focused on
guantifying the precision of our depth measurements. We
now proceed to demonstrate 3D scanning of complex ob-
jects such as the bust of David. For reference, we compare
the performance of our prototype SH-ToF imager with that
of a commercially available ToF camera (Texas Instrument
OPT8241, 248 320 pixels).

A full bPeld 3D scan is performed by raster scanning the
laser spot in the horizontal (x) and vertical (y) directions,
using the 2-axis galvo (see Fig. 8). For each y-position, a
line-scan in the x-direction is used to obtain 2500 measure-
ments over a 50ms interval. The process is repeated for
100 distinct y-positions, producing a point-cloud with 0.25
million independently measured points. The scan area is
approximately'’X # "Y = 80mm # 40mm at the pre-
scribed stand-off (300 mm). In the interest of brevity, we
only report the measurements at a synthetic wavelength of
I =48mm (Setb5).

It is evident from the line-scan depth proPles of Fig. 7
that the depth values reported by our ToF imager for a
strictly planar surface, exhibit geometric distortion. The be-
havior is reminiscent of radial distortion in scanning sys-
tems. The distortion can be compensated by learning the
2D mapping between the measured and expected depth val-
ues of a planar surface, which is used to compensate for the
depth distortion encountered when scanning arbitrary 3D
objects. More details are in Supplementary Materials.

4.3.1 Folded Cardboard

(a) Experimental Setup (b) Photo of the object

Object

(c) Top view of the object
170mm

(d) Front view of the object

Scan Area

Figure 8: SH-ToF for scanning a folded cardboard: (a).
Experimental setup. 3D scanning procedure: the beam is
scanning along one red dash line in x axis, and then move
in y axis to another red dash line and scan. (b). Photo of a
folded cardboard. (c). The schematic of the object from top
view. (d). The schematic of the object from the front view.

SH-ToF

The Pbrst 3D scanning experiment described herein



demonstrates the ability to recover the geometry of a planarResults: The raw point cloud acquired with our prototype

object with multiple folds, such as the one shown in Fig. 8. as well as the reference ToF camera are shown in Fig. 9 (a)
and (b). A slice through each point-cloud (Fig. 9 (c) and
(d)) demonstrates the measurement bdelity of the proposed
ToF imager. It is evident the proposed ToF imager is a sig-
nibpcant improvement over the state of the art, in that it can
recover high quality range maps while resolving slope dis-
continuities. The acquired point clouds are rendered with a
free softwar@dCloudCompar@€). Identical parameters are
used for the rendering of each pointcloud. Rendering of the

(c) result from a novel viewpoint is shown in Fig. 10.

4.3.2 Plaster Bust

SH-ToF

(d)

Reference boarg

Figure 11:Scanning setup for the plaster bust:A plaster

bust of David is used as the target, and a planar board under
Figure 9: (a). Point cloud results with the proposed SH-ToF the bust serves as the reference board. The beam scgns in
(roughly top view). (b). Point cloud results with a state- axis, and moves alongaxis for repeating. Each scan starts
of-the-art ToF sensor (roughly top view). (c). A cross-line from the planar board.
proble of the point cloud in (a). (d). A cross-line proble

along the point cloud in (b). The Pnal experiment described in this contribution is a

3D scan of a plaster bust of David. A schematic of the ex-
perimental setup is shown in Fig. 11. The estimated phases

(a) Render with SHTOF scan between two line scans may shift due to the laser frequency
drift (see more detials in Supplementary). In order to align
different line scans, a planar surface positioned below the
bust of David serves as a reference surface for registration
of each line scan. Alignment algorithms such as the intera-
tive closest points (ICP) algorithm [12] can potentially pro-
vide superior registration and relax the requirement for a
reference surface.

Results: Figure 12 includes illustrations of the bust of

(b) Render with regular ToF camera scan David, and rendered views of the 3D scan acquired with
our prototype and the reference ToF camera. It is evident
that the proposed SH-ToF imager (Fig. 12(b1,2)) provides
3D depths maps with Pne spatial detail. Closer inspection
of the face of David (the eye area, Fig. 12 close-up images)
reveals the vast difference in the resolution of the proposed
imager and a state-of-the-art ToF camera.

5. Discussion

The discussion thus far has demonstrated the feasibility
Figure 10:Rendering results: (a). Rendering result with  of using tunable sources and the principle of Superhetero-
SH-ToF point clouds (Front view). (b). Rendering result dyne Interferometry to realize a ToF imager with unprece-
with ToF camera point clouds (Front view).



