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1. INTRODUCTION

Over the past several years, there has been an increased
interest in the potential of terahertz (THz) imaging. This
interest is partially driven by potential applications such
as medical imaging, detection and imaging of concealed
weapons and explosives, and stand-off detection of chemi-
cal and biological agen‘cs.l_3 There are three major factors
contributing to this interest:

(a) Terahertz radiation transmits through most nonme-
tallic and nonpolar media thus enabling THz systems to
“see through” concealing barriers such as packaging, cor-
rugated cardboard, walls, clothing, shoes, book bags, pill
coatings, etc., in order to probe for concealed or falsified
materials.

(b) Many materials of interest for various applications
(e.g., explosives, chemical agents, and biological agents
for security applications, and pharmaceutical chemicals
for online monitoring/control) have characteristic THz
spectra that can be used to fingerprint and thereby iden-
tify these materials.

(c) Terahertz radiation poses minimal or no health risk
either to a person being scanned or the THz system
operator.

THz imaging has been rapidly evolving due to advances
in THz sources, detectors, and device fabrication methods.
The simplest method of THz imaging is the use of a single
transmitter and detector, i.e., line-of-sight detection. A
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reflected* or transmitted® THz image is obtained on a
point-by-point basis by scanning the transmitter/detector
pair over the sample under test and recording the THz
phase and amplitude at each point. Using this method,
THz images of macroscopic objects have been
obtained*®™ and extended to THz tomography.5

An alternative THz imaging method is to upshift the
THz spatial (and spectral) information to visible
frequencies.10 For one such implementation—the electro-
optic THz imaging method™12—THz images are shifted
into visible light, thus allowing conventional CCD cam-
eras to acquire images at a very rapid rate.

A third class of THz imaging has emerged over the past
few years. Called THz synthetic aperture imaging, such
methods utilize the measured THz phase and amplitude
from multiple positions or from multiple beam paths to
reconstruct a THz image. Synthetic aperture imaging
methods are widely used in astronomy and radar
ranging.13 Only recently have the various methods been
applied to the THz range. Examples of synthetic aperture
imaging include synthetic aperture THz impulse
imaging,'* which shares many features with optical ho-
lography. In this technique a target is illuminated with
pulsed THz radiation. A gated THz receiver records the
scattered THz time-domain pulsed waveform from which
a frequency-dependent amplitude and phase can be ex-
tracted. By measuring the phase of the scattered THz ra-
diation as a function of scattering angle/rotation of the

© 2006 Optical Society of America
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target, the geometrical shape of the target can be recon-
structed.

Other methods of solving the inverse problem of image
reconstruction measure scattered THz radiation and use
an appropriate wave propagation equation to backpropa-
gate the scattered radiation to reconstruct the scattering
object.'®'6 While the previous two examples of synthetic
aperture imaging use a finite number of detectors at spe-
cific positions to reconstruct THz images, synthetic
phased array THz imaging, developed by O’Hara and
Grischkowsky, "' utilizes arrayed optical mirrors to re-
construct field-amplitude or energy-density, diffraction-
limited THz images. Many individual images can be re-
corded and superimposed to produce a higher-resolution
image.

Rather than using a single detector and multiple mir-
ror orientations as in the synthetic phased array ap-
proach, another method of image reconstruction—
interferometric imaging—detects the THz electric field at
multiple locations and then uses the correlated phase and
amplitude of the electric field from various pairs of detec-
tors to reconstruct the image. To apply the interferometric
synthetic aperture imaging method to the THz range, the
basic technique of radio interferometry13’20 is employed.
Signals at two or more points in space (the aperture plane
at which the detectors of the array are located) are
brought together with the proper delay and correlated
both in phase and quadrature to produce cosine and sine
components of the brightness distribution. From the
phase delay in wavefront arrival at the sensor positions,
the direction and location of the source can be
determined.?’ The instantaneous response of an interfer-
ometer to point sources can be analyzed by knowing the
signal paths.13

The imaging interferometer consists of an array of in-
dividual detectors or sensors. Each pair of THz detectors
measures the amplitude and phase of incoming THz ra-
diation. As a wavefront of THz radiation encounters the
array, each pair of detectors measures one spatial Fourier
component of the incoming THz radiation as determined
by the separation (baseline) of the detector pair. Each spa-
tial Fourier component is represented as a point in the
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Fourier transform plane (also known as the u—v plane).
In order to image the source, additional measurements
from other baselines must be carried out. For a given
number of detectors N, there are N(IN-1)/2 possible base-
line combinations. An image is generated from the spatial
Fourier components of all the different pair combinations.
The quality of an image depends on the coverage of the
u—v plane, i.e., the number of different points generated
in the u—v plane. This in turn depends on the arrange-
ment of the detecting elements of the imaging interferom-
eter array. The primary concern in designing the configu-
ration of detecting antennas is to obtain an efficient
coverage of the u—v plane over a range determined by the
required angular resolution.

For astronomical applications, the interferometric im-
aging array is typically operated in the far field. In this
limit, any curvature of the incoming wavefronts is negli-
gible. However, for stand-off detection applications, the
object to be imaged is typically in the near-field region of
the imaging array. Consequently, the far-field image
reconstruction?! must be modified®* to account for the cur-
vature of the wavefronts in the near field.

To date, THz interferometric imaging and its applica-
tion to detection of concealed explosives and weapons has
been limited to simulations and calculated per-
formance.®>?1?? In this paper, a continuous wave (cw) THz
generation and detection method is used to demonstrate
the reconstruction of a THz image using the interferomet-
ric technique, and to verify theoretical predictions.

2. THEORY

A. Near-Field versus Far-Field Limits

In order to understand the need for imaging in the near
field, consider incoming plane waves (i.e., a point source
at infinity) for which the wavefronts are parallel to a
plane containing the detector elements of the array [see
Fig. 1(a)]. For this configuration, an individual wavefront
arrives at all the detectors of a planar array at the same
time. For the imaging of a far-field point object (e.g., in-
coming plane waves), standard Fourier transforms of de-
tector pair correlation produce the reconstructed real im-
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Fig. 1. (a) Parallel wavefronts incident on a planar arrangement of detectors. The wavefront is detected simultaneously at all detectors

indicating the presence of a point source at infinite distance from the detection array. (b) For a THz source at finite distance D from the
detector array, the wave fronts are curved. There is a phase delay between the different detectors as they sample the wavefront. Since the
standard Fourier inversion procedure of interferometric imaging assumes planar wavefronts, the reconstructed image is distorted. (c¢) By
adjusting the placement of the detectors to match the circular wavefronts, the detectors detect the same wavefronts simultaneously. This
configuration (a point source at finite distance D) is analogous to a planar arrangement of detectors with the source at infinity [Fig. 1(a)].
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age of the object. However, if the point source is located at
a finite distance (or is from an extended object), then
wavefronts are not planar but curved [see Fig. 1(b)]. If a
Fourier transform analysis were performed, the recon-
structed image would be distorted because of near-field
aberrations.

For a near-field interferometric imaging array, one pos-
sible solution to the problem is to match the curvature of
the detector array with the curvature of the wavefront. As
shown in Fig. 1(c), by placing the detectors on a curved
surface, the curvature of the wavefronts and detector ar-
ray spacing are matched. In this case, an individual wave-
front is detected simultaneously by all detectors. This is
equivalent to Fig. 1(a) for a point source at infinity. An al-
ternative design, as discussed below, is to minimize the
near-field aberrations by arranging the detectors in a
circle.

In order to generate images in the near field of the im-
aging array, in principle the distance to the object must be
known so that the curvature of the imaging array can be
matched to the curvature of the incoming wavefronts. In
essence this corresponds to “focusing” the imaging array
on the object. However, this is not a limitation since ex-
isting methods (e.g., laser range finders) can be used to
determine the distance to the potential target.

B. Synthetic Aperture Imaging Using an Interferometric
Array

We introduce the interferometric imaging approach and
discuss the required corrections in the near field*” with a
simplified discussion of the Van Cittert—Zernike theorem
that relates the interferometric correlation of detector
pairs in the imaging array plane to the amplitude of the
radiation at the surface of the object.l‘o”23 A source of ra-
diation localized over an area dS’ on the z=z' plane is
shown in Fig. 2. ¢ is the amplitude of the radiation at
source dS'. The source area can be self-illuminating or ir-
radiated from another source of radiation in back or in
front of the x’ -y’ plane. The planar sensor array is en-
tirely in the x—y plane at z=Z,. The contribution to the
total electric field from the infinitesimal surface dS’ at
two detector elements in the sensor array located at
(x1,y1) and (x4,y9) can be expressed as

dE; = (yo/r1)exp(iot - ikry)dS’, 1)

dE, = (y/ro)exp(iwt — ikrg)dS’, (2)
where r; and ry are given by
rj=[(x,_xj)2+(y/ _yj)2+Z02]1/2- 3)

In Egs. (1) and (2), the electric field is described as a
spherical wave whose amplitude is decreasing with
propagation distance. In addition, it is assumed that the
electric fields are all polarized in the same direction so
that the electric fields may be treated as scalar quantities.

For interferometric detection, the correlation of the
electric fields at the various pairs of detectors is calcu-
lated. It can be shown that the mutual coherence function
of the electric fields at points (x;,y;) and (xy,ys) can be
written as'®
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Fig. 2. Source dS’ on surface of z=z' plane irradiating a pair of
detectors on the imaging array plane located at (x;,y1,Z,) and

(x2,51,2Z0)-

f og(x’,y")explik(ry —ry)]
Cl,2 = dS, > (4)
S

rirs

where og(x’,y’) is the time-averaged intensity of the sur-
face at dS’, and the integral is taken over the radiating
surface S’. This simplified expression also assumes that
the electric fields dE from different locations of the sur-
face are uncorrelated (i.e., laser speckle is ignored). This
is a valid assumption for the experiments presented in
this paper since only point sources are imaged.

Using the expressions in Eq. (3) and assuming (x’
-x)/Z¢<1 and (y'-y)/Zy<1, then r;-ry becomes

X2 —x? 4y, 7 —ys” (g —x)x’ + (ya -3y’
+ .
27, Z

ri—rqo=

(5)

By use of the definitions u=~k(x;—x9)/2m, v=k(y,-y9)/2m,
¢=x'1/Zy, and n=y'/Z, the coherence function of Eq. (4)
can be cast in the form!®

C1o(u,v) = eXp(ié)f f og(é nexpl-i2n(wé+vn)ldédy,

(6)

where the denominator of Eq. (4) has been approximated
as riry %Zoz.

The phase shift &=k(x,2—x,2+y,2-y,2)/2Z, results
from an object in the near field of the planar imaging ar-
ray. If the object is in the far field (§<1) such that this
phase shift can be neglected, Eq. (6) will then relate the
coherence function in the antenna plane to the brightness
distribution of the source. By a Fourier transform, the
brightness distribution (image) of the source can be recon-
structed by measuring the coherence function for a given
arrangement of detectors in the sensor array. The condi-
tion that the phase shift § be small can be approximately
expressed as Z,>b2%/N where b is the largest baseline
length of the imaging array and \ is the THz wavelength.
As will be shown below, this condition cannot be satisfied
for imaging of centimeter-size objects that are a few to
hundreds of meters from the imaging array.

C. Far-Field Form of Phase Difference between Two
Sensor Points in a Planar Array

Two geometric limits are imposed to ensure that the
brightness distribution of a source can be imaged through
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the coherence function in the antenna plane: In the far
field Zo>|(x'-x))l, Zo>|(y'-y)), and Zy>b%/\. The last
condition is the most restrictive for stand-off imaging. As
an example, assume that a 2.5 cm object needs to be im-
aged from various distances. The angular resolution of a
planar array can be approximated as 6,,;,,=\/b. At a dis-
tance Z, away, the lateral spatial resolution is AL,
~ OpinZo~NZo/b. In order to maintain a 2.5 cm lateral
spatial resolution at various distances, the maximum
baseline for a planar imaging array can be estimated as
b=M\Zy/AL,,. Using 6~b2/Zy\ as an estimate of the far-
field limit for a planar array, the limit can be estimated as
5~Z0)\/ALW2. Table 1 shows the corresponding maxi-
mum baseline required and corresponding phase error.
Note that for our application, the far-field criteria of &
<1 is never satisfied, indicating that the imaging from
the interferometric array must include the contributions
from the near field.

D. Near-Field Imaging with a Spherical or Circular
Array

In this subsection, we modify the analysis to correct for
the curvature of the wavefronts as present in the near
field. Conceptually, we will follow the analogy of Fig. 1(c)
and match the curvature of the imaging array to that of
the wavefront. Following Fig. 3, we assume that two indi-
vidual detectors of the spherical imaging array measure
an electric field from an element of the surface dS’. For
simplicity, we assume that the detectors lie on a spherical
surface whose radius of curvature R is centered on the
origin. The correlation between the two wavefronts at the
two detectors can be calculated from Eq. (4) with 7; ex-
pressed in spherical coordinates. One can show that the
coherence function becomes?

Table 1. Estimated Phase Error é in Imaging a
2.5 cm Object at Various Distances Using 1 THz

Radiation
Zy (m) 5 10 50 100 500 1000
b (m) 0.06 0.12 0.6 1.2 6 12
S 2.4 4.8 24 48 240 480

N
I’1/ I /]Z\&V (Ros¢1:e1)
— ]
i F e
l’;\ T Zj
A - (Rovd’z:ez)
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Fig. 3. Element of surface dS’ producing wavefronts at two
points on the surface of a spherical array. The detectors are lo-
cated at spherical coordinates (R, ¢q,6;) and (Rg, s, 0).
(Ry, ¢1,6;) denote the distance from the point to the origin, the
angle relative to the x axis in the x—y plane, and the angle rela-
tive to the z axis, respectively.
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Ciz=expid J f og(é nexp(=i2m(ué +v7) dédn, (7)

where &é=x'/Ry, n=y'/Ry, v=k(y1-y9)/27 and u=*~k(x;
—X9)/2m. In these expressions, Xo—X;=R(sin 6y cos ¢q
—sin 6; cos ¢1) and yo—y;=Ry(sin O, sin ¢py—sin 6; sin ¢;)
are the spherical coordinates of the detectors and the
phase error is 5=kz'(cos 65— cos 6;).

If the near-field phase error 6 can be neglected, Eq. (7)
would then relate the coherence function to the bright-
ness distribution of the source. Assuming that the azi-
muthal angles of the detectors are not equal, the magni-
tude of the phase error can be calculated assuming that
the largest azimuthal angle is determined by the distance
to the object and the largest baseline distance. For the
baseline and distances listed in Table 1, the largest value
of cos #y—cos 6; ~7.2x 107° independent of the distance to

the object. If 5=1, the approximate depth of focus (range
of z’) can be estimated as that for which the phase errors
are small and the object is in focus in the near field. For a
frequency of 1 THz, the depth of focus would be +0.7 m.
An alternative configuration that eliminates the phase
error is to arrange the detectors in a circle. In this con-
figuration, all detectors have the same azimuthal angle

thereby enforcing =%z’ (cos 65— cos 6;)=0. For this circu-
lar arrangement, the first-order phase error vanishes, im-
plying a much larger depth of focus.

The form of the coherence function of a near-field imag-
ing array approaches the far-field planar array limit
when Ry— o, since at very large radii of curvature, the
surface of the spherical array now becomes flat. When
Ry—, expid=expikz'(cos ¢g—cos ¢1)— 1 since the azi-
muthal angles are virtually zero. As Zy—x, expid
=expikb?/Zy—1.

3. EXPERIMENTAL CONFIGURATION

A. Terahertz Photo-Mixing System

To demonstrate THz image reconstruction using inter-
ferometric imaging, a cw THz generation and detection
method is employed. Continuous wave (cw) generation of
THz radiation by photo-mixing has a long history.
Generation of cw THz radiation by photo-mixing (beating)
of two infrared laser sources commenced in the 1990s
with the seminal work of MecIntosh et al.?* and Duffy
et al.?® The technology for growth, design, and character-
ization of low-temperature (LT)-grown GaAs photo-
mixers has improved drama1:ically,24’25 thus enabling the
use of cw THz systems for sensing, spectroscopy,’>?’ and
imaging applications.zsf?’z The key materials component
of LT GaAs and higher power ErAs:GaAs photo-mixers is
the presence of nanoparticulates that reduce the charge
carrier lifetime in the material to the subpicosecond level,
thereby enabling optical mixing to the THz range. While
there have been improvements in photo-mixer perfor-
mance with ErAs:GaAs materials,33 the photo-mixer ap-
proach has been limited by the achievable output power
and device reliability.34 To circumvent the carrier lifetime
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Fig. 4. Schematic representation of interferometric imaging array receiver. Two infrared lasers power the THz photo-mixer receivers
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Fig. 5. Schematic diagram of cw photo-mixing apparatus.
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Fig. 6. Geometry and location of detector array positions (solid
squares) and source location (point O at an angle of ) for near-
field correction. For the near-field correction, the appropriate
phase is added to the measured THz phase such that the position
of the detectors is moved from the line of solid squares to posi-
tions (open squares) along the curved path. The radius of curva-
ture of the curved path is R,. The distance from the source to
each detector position (x,) is given by R,. The value of x, repre-
sents distance from the x,=0 detector to the origin.

limits of the GaAs system, several groups have utilized
p-i-n photodiode structures.®* Terahertz photo-mixing by-
resonant excitation of plasma oscillations in quantum
well structures has also been considered.>>3® While the
GaAs system uses infrared lasers at ~800 nm wave-
lengths, the InAlAs/InGaAs system can utilize inexpen-
sive telecommunications lasers operating near 1.5 ,u,m.37
In addition to semiconductor based systems, cw THz gen-
eration and detection has been demonstrated using non-
linear optical crystals.38

A conceptual diagram of the receiving array is shown in
Fig. 4. Two infrared lasers are tuned to have a difference
frequency of ~1 THz to power the fiber-optically coupled
THz photo-mixer receivers. Because of the relatively low
power requirements of the receiver, the optical power
from a single set of lasers can be distributed using a fiber-
optic splitter to power each element of the imaging array.
The receiving array is tunable by simply adjusting the dif-
ference frequency of the infrared lasers.

The experimental system that is used to demonstrate
the concept of interferometric imaging in the THz range is
shown in Fig. 5. In advance of the availability of multiple
THz detectors for a complete N-element detector array
(Fig. 4), we use a single homodyne detector at multiple po-
sitions to sample the phase and amplitude of the wave-
front from a pointlike THz source. The electric field corre-
lation can then be calculated for each “pair” of detector
positions, thereby mimicking the performance of an
N-element detector array. That information is used to test
the near-field imaging performance and techniques ex-
pected for an interferometric array. The relative reference
phase for each “detector” remains fixed since the infrared
signals are delivered to the receiver (Rx) via a fixed-
length fiber pigtail.

Two external cavity diode lasers (ECDL) in the Littrow
configuration are used as the infrared laser sources. The
ECDL lasers can be electronically tuned from
778 to 782 nm. The linewidth of each laser is ~2 MHz
with an output power of ~100 mW. The lasers are very
sensitive to feedback. Consequently, an optical isolator is
utilized to prevent backreflections into the laser cavity. In
addition, the fiber launch assembly is designed such that
the backreflection from the fiber front surface does not
come back into the laser cavity. Since the photo-mixing
process requires that the electric fields of the optical
sources be collinear, polarization-maintaining fiber is
used to deliver the optical power to the fiber-pigtailed
THz transmitter (Tx) and Rx.% A 2 x 2 fiber coupler is used
to combine the infrared laser beams into fibers for deliv-
ery to the THz Tx and Rx modules. The Tx and Rx mod-
ules are LT-grown, GaAs bowtie-type photo-mixers. The
Tx emits radiation when a voltage bias is applied to the
LT-GaAs in the presence of the two infrared beams. The
Rx generates a voltage in the presence of the infrared
beams that is proportional to the THz electric field. The
THz radiation is emitted within a 30° alngle39 using a hy-
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Fig. 7. (a) Homodyne waveform as acquired by changing the separation between the Tx and Rx in Fig. 5. The solid curve shows a
numerical fit to the data. The fundamental extracted frequency, 0.535 THz, compares well with the expected frequency based on the
frequency difference of the two ECDL lasers. The extracted E field amplitudes and phases are 3.37 X 10~* and 2.17 radians for 0.535 THz
and 5.61X 1075 and 3.94 radians for the 1.605 THz third harmonic, respectively. (b) A similar waveform is obtained with an ECDL dif-

ference frequency of 0.354 THz.

perhemispheric lens that is attached to the THz module.
Based on previous measurements,>® one would expect the
THz radiation at ~0.5 THz to be emitted as a spherical
wavefront corresponding to a pointlike THz source.

The cw THz radiation is generated by tuning the differ-
ence frequency of the ECDL lasers to approximately
0.5 THz. The amplitude of the THz radiation is chopped
at 100 kHz by modulating the electronic bias to the THz
Tx. The modulated THz electric field is detected by using
a lock-in amplifier. The location of the THz Rx is posi-
tioned by two translation stages. One stage, which trans-
lates the Rx toward the receiver, is used to measure the
phase and amplitude of the THz electric field. The second
stage, which translates the Rx laterally, is used to posi-
tion the Rx at different locations corresponding to differ-
ent “detectors” in the interferometric imaging array. The
initial spacing between the Rx and Tx is approximately
14 cm.

The geometry and location of the Tx relative to the ar-
ray detector positions is shown in Fig. 6. Point O is the
location of the THz source that makes an angle 6 relative
to the normal to the linear array of detectors. The position
of the N detectors is given by x, while x( represents the
offset of the x,=0 detector position from the origin. For
the values of R investigated, the variation in the mea-
sured THz amplitude in a linear (solid squares) compared
with curved geometry (open squares) is rather small. The
predominant effect on the THz electric field is the addi-
tional change in phase from positioning the detectors on
the linear compared to curved geometry. For small angles
0, the phase change is given by

¢=k(R - \(Rytan 6)* + R}) + b5, (8)

where R= \J/(xo +x,-R,tan 0)2+R02 and ¢, represents a
constant offset phase.

B. Generation of Homodyne Waveform

The configuration of Fig. 5 is commonly referred to as ho-
modyne. The homodyne waveform is determined by re-
cording the THz electric field as a function of separation
between the Tx and Rx. (A negative value for the separa-
tion corresponds to a decreasing distance between the Tx
and Rx.) Displacement of the detector to IV different posi-

tions in the transverse direction will simulate an
N-element detector array. Figure 7 shows a typical mea-
sured homodyne waveform and corresponding numerical
fit. The measured THz waveform exhibits both the funda-
mental ECDL difference frequency as well as higher
harmonics—predominantly the third harmonic. Multiple
harmonic generation in THz photo-mixers has been pre-
viously reported.’’ By fitting Fig. 7(a) to a sum of har-
monic sinusoidal functions, the amplitude and phase of
the THz electric field can be determined separately for the
fundamental and third harmonic. By tuning the differ-
ence frequency of the two ECDL lasers, one can alter the
fundamental frequency of the THz wave [see Fig. 7(b)].

4. RECONSTRUCTION OF THE
TERAHERTZ IMAGE

Unlike focal-plane-array imaging, for which the indi-
vidual detectors are typically spaced at regular intervals,
interferometric imaging is most effective for an aperiodic
detector spacing that is nonredundant. At each detector
position, a homodyne waveform is recorded and the THz
amplitude, phase, and frequency extracted from a nu-
merical fit to the data. Since the homodyne waveform is
periodic over 2, multiples of 27 can be added to the mea-
sured phase to “unwrap” its value. The detector positions
that are used in the experiment are given by the formula
%, =0.0125(1.7"-1.75) where x is in units of centimeters,
and n=0,1,...,7 is the corresponding label for each de-
tector position. The n=6 detector position, which is
roughly in the geometric middle of the array, is chosen to
be at x=0. The effective distance between the Tx and Rx
is Zy~14 cm.

Figure 8 shows the measured THz phase and ampli-
tude compared to theoretical predictions. The left-hand
panel compares the measured THz amplitude to that ex-
pected for a point source at Ry=14.4 cm. The measured
THz amplitudes fall just below this line, as is expected
since the Tx is known to emit a peak THz electric field
along the optical axis.?® The right-hand panel compares
the “unwrapped” measured phase to the expected phase
for a point source emitting spherical wavefronts a dis-
tance R from the Rx. The solid curve is a theoretical fit to
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the measured phase using Eq. (8). Clearly, the incoming
wavefronts, based in particular on the measured phase,
are curved rather than planar (for which the phase would
be constant). Therefore one might expect some near-field
distortions to the reconstructed image, particularly if the
detector positions exceed a ~5 mm baseline.

Ignoring any near-field correction, we reconstruct®?!-?2
the THz line image from Eq. (6) using the following
formulas:

N(N-1)/2

og(®= > {Re[C(u;)]cos(2mu;&)

i=1

- Im[C(u,)]sin(2mu;8)}, )

(xn _xm)
U= ———" (10

where o is the brighness distribution (image), {é=x/Z, x,,
and x,, are the detector positions, and the iteration of n
and m is chosen such that each baseline combination [of
the N(IN-1)/2 possible] is included. C(u;) is the correla-
tion function given by

1.E-03

1E031{ * o
8.E-04 1 B
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C(ul) =AieiAd)i, (11)

where A;=E, E,, and A¢;=¢,— ¢,, represent the product
of the electric field amplitudes and change in phase for
each baseline pair combination, respectively. The summa-
tion over i includes in the reconstructed image the contri-
bution from each spatial Fourier component correspond-
ing to each unique baseline separation. The above
equations represent the simplest reconstruction of the im-
age: The correlation function for each possible unmea-
sured baseline pair combination is assumed to be zero.
The reconstructed 0.535 THz image of the Tx point
source is shown in Fig. 9(a). In essence the THz image is
a measure of the array’s point spread function. Note that
the reconstructed image closely resembles that of a point
source. Since the largest baseline is small compared to
the distance to the source, the phase of the wavefront var-
ies only slightly across the detector array. Consequently,
near-field corrections to the reconstructed image would be
small. From theoretical considerations,??*? the angular
resolution of a planar array can be approximated as 6,,;,
=\/b. At a distance R away, the lateral spatial resolution
is AL~ 6,,inRo~NRo/b. For the maximum baseline
value b=5 mm used in this experiment, the angular reso-
lution is estimated to be 6.4°. Note that the FWHM for

0.7
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0.4 -
0.3
0.2
0.1 - R *
0.0 ¢
-0.1 T T

-3000 -1000 1000 3000

Detector Position (#m)
(b}

Phase (Radians)

Fig. 8. Symbols represent the data that are extracted from the homodyne waveforms (e.g., Fig. 7). The solid curves are theoretical
values assuming that the source is a point source located at R, (i.e., incoming spherical waves of constant amplitude). (a) The measured
THz amplitude as a function of lateral detector position. (b) The measured phase as a function of lateral detector position. The extracted
parameters from Eq. (8) for Ry, x¢, 6, and ¢,z are 14.4 cm, 0.275 cm, 0.29°, and 3.38 radians, respectively.
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(a) Reconstructed image of 0.535 THz source located directly in front of the detector a distance of 14.4 cm away. The dashed

curve is the expected image reconstruction assuming a point source at infinity (FWHM=4.8°). (b) Similar reconstructed image for
1.602 THz. Note that the resolution of the central peak FWHM=1.6° is improved by a factor of three corresponding to a 1/3 reduction in

the THz wavelength.
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Fig. 10. Measured THz amplitude (a) and phase (b) as a function of lateral detector position in the imaging array. The measured THz
phase (diamonds) can be well fitted (solid curve) assuming a point source. The extracted parameters from Eq. (8) for Ry, x,, 6, and ¢, are
40.9 cm, 0.520 cm, 0.01°, and 1.55 radians, respectively. The curvature of the phase (b) is indicative of spherical THz wavefronts. The
corrected phase (measured minus theoretical fit) is indicated by squares.
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Fig. 11. Similar figure to Fig. 10(b). The diamonds are the un-
wrapped phases extracted from the homodyne waveforms. The
curvature of the data is indicative of a curved wavefront while
the tilted slope is indicative of an inclined wavefront. The tri-
angles represent the near-field correction [from Figure 10(b)].
The squares represent the near-field corrected phase. The curva-
ture of the phase as a function of lateral detector position has
been removed by the near-field correction.

the reconstructed image (4.8°) is close to this value, indi-
cating a good correspondence between the reconstructed
image and theoretical predictions.

A reconstruction of the (third harmonic) 1.6 THz image
[see Fig. 9(b)] shows a narrowing of the central peak to a
FWHM of 1.6° corresponding to a factor of 3 reduction
compared with Fig. 9(a). This is consistent with the ex-
pected 1/3 reduction due to the third harmonic of the THz
wavelength. Previous analyses of THz interferometric im-
ages show that the wavelength-dependent spatial resolu-
tion may lead to spectral misidentification of the object
boundaries.?

While the experimental data match well with what one
would expect for a point THz source, the 4.8° angular
resolution is not adequate for stand-off applications. In
order to improve angular resolution, one must increase
the maximum baseline of the imaging array. However,
one would expect larger near-field distortions in the re-
constructed THz image since (a) wavefront curvature will
be more evident and (b) the value of the THz E field [Fig.
8(a)] is not nearly constant along a spherical wavefront
but rather exhibits the THz transmitter’s 30° divergence
angle with peak intensity along the optical axis.*

To demonstrate improved spatial resolution, the detec-
tor positions in the imaging “array” are scaled by a factor
of ten:

x, =0.125(1.7" - 1.75). (12)
The corresponding minimum and maximum baseline val-
ues are ~875 um and ~5 cm, respectively. The initial dis-
tance to the point source is Ry=40.9 cm. Figure 10 shows
the measured THz amplitude and phase as a function of
detector position. The solid line in the amplitude plot cor-
responds to the expected value for an “ideal” THz point
source at Ry=40.9 cm. The decreasing THz amplitude as
one moves away from the THz beam center is more promi-
nent. Compared with Fig. 8, the measured THz phase and
amplitude show a much more pronounced change in
phase as a function of detector position, indicating a
curved wavefront.

In order to check that the detected phase is indeed sen-
sitive to the direction of the wavefront, the measurement
was repeated for a point source displaced 6~ -6° from the
center axis of the imaging array. As shown in Fig. 11, the
curvature of the phase that is related to the curvature of
the wavefront remains while the overall phase is inclined,
indicative of the —6° displacement of the source.

The data of Fig. 10 are used to reconstruct a line THz
image. Figure 12(a) is a comparison of the reconstructed
line image using Eq. (9) (no near-field correction) with
theoretical predictions for a point at infinity (i.e., planar
wavefronts). When the image is not corrected for near-
field distortions (i.e., the spherical wavefronts), there is
very poor agreement between the reconstructed image
and the theoretical prediction. However, when the near-
field corrections are included in the image reconstruction
[Fig. 12(b)], the agreement is greatly improved. The
smaller peaks at ~+8° and ~+14° are called sidelobes.
They are an artifact of the image reconstruction process
and the finite number of sampled baselines.

The near-field correction is calculated conceptually by
repositioning the detector positions from a linear arrange-
ment [Fig. 1(b)] to a spherical arrangement that matches
the curvature of the incoming wavefront [Fig. 1(c)]. As
shown in Fig. 10(b) and Fig. 11, the theoretical phase de-
lay from a point source at normal incidence is subtracted
from the measured phase. As shown in those figures, the
curvature of the phase (indicating a curved wavefront) is
removed by the near-field correction yielding a linear de-
pendence of phase on detector position. The slopes of the
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near-field corrected phase versus detector position plots
indicate the direction to the source.

Figure 13 shows the comparison of the reconstructed
image with near-field correction to what one would theo-
retically expect from a point source. For an ideal point
source, both the phase and amplitude of the THz radia-
tion should be constant across the spherical wavefront. A
comparison of the ideal point source image to the experi-
mental data [Fig. 13(a)] shows good, but not exact agree-
ment. If instead, only the phase of the near-field source is
corrected and then used together with the experimental
data for the THz amplitude (i.e., not constant across the
wavefront), the agreement with theory and experimental
data is improved [Fig. 13(b)]. This suggests that while the
near-field correction to the THz phase is effective, we
must also correct for the THz beam intensity profile from
the THz Tx.

B
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Fig. 12.
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The reconstruction of the point source shifted —6° from
normal incidence is shown in Fig. 14. As with Fig. 12(a),
the reconstructed image from uncorrected data [Fig.
14(a)] does not match the theoretical prediction for a
point source at —6°. However, when the same near-field
correction that is applied to the 0° data [Fig. 12(a)] is ap-
plied to the —6° data, the reconstructed image [Fig. 14(b)]
agrees well with the theoretical expectation.

5. CONCLUSIONS

The imaging properties of a THz interferometric imaging
array are examined in the context of stand-off THz imag-
ing. The presented data and the reconstructed images
are, to our knowledge, the first experimental demonstra-
tion of interferometric imaging in the THz range. For
typical target distances and required angular resolutions

10 5 0 5 10 15
Angle (Degrees)
(b)

15

(a) Comparison of a reconstructed line image (solid curve) without near-field correction and theoretical image (dashed curve) for

a point source at infinity. (b) Comparison of reconstructed line image (solid curve) including a near-field correction. The measured FWHM
of 0.6° is about an order of magnitude smaller than in Fig. 9(a) corresponding to a factor of 10 increase in the largest baseline.
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(a) Comparison of the image of an ideal point source with constant amplitude (dashed curve) with the experimental data (solid

curve). (b) Comparison of the experimental image (solid curve) with a theoretical image (dashed curve) where only a near-field correction
to the phase has been applied, while the (nonconstant) amplitudes were used as measured.
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(a) Comparison of a reconstructed line image (solid curve) without near-field correction and theoretical point image (dashed

curve) for the data of Fig. 11. (b) Comparison of reconstructed line image (solid curve) including a near-field correction.
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for stand-off detection, the reconstructed images must be
corrected for near-field aberrations. Near-field corrections
can be introduced either by arranging the detectors of the
array into a circular pattern or by arranging the detectors
such that they match the expected curvature of the in-
coming wavefronts. For the particular THz point source
used, the near-field phase corrections have a stronger im-
pact on the reconstructed image than amplitude correc-
tions. The measured point-spread function corresponds
well to theoretical predictions when near-field corrections
are included. The dependence of the angular resolution on
the THz wavelength and maximum baseline is verified.
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