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Three-Dimensional Millimeter-Wave Imaging for
Concealed Weapon Detection

David M. Sheen, Douglas L.

Abstract—Millimeter-wave imaging techniques and systems
have been developed at the Pacific Northwest National Laboratory
(PNNL), Richland, WA, for the detection of concealed weapons
and contraband at airports and other secure locations. These
techniques were derived from microwave holography techniques
that utilize phase and amplitude information recorded over a
two-dimensional aperture to reconstruct a focused image of the
target. Millimeter-wave imaging is well suited for the detection
of concealed weapons or other contraband carried on per-
sonnel since millimeter-waves are nonionizing, readily penetrate
common clothing material, and are reflected from the human
body and any concealed items. In this paper, a wide-bandwidth
three-dimensional holographic microwave imaging technique is
described. Practical weapon detection systems for airport or other
high-throughput applications require high-speed scanning on the
order of 3to 10 s. To achieve this goal, a prototype imaging system
utilizing a 27-33 GHz linear sequentially switched array and a
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can be accomplished using X-ray imaging systems, and by
recently developed millimeter-wave imaging systems [1],
[2]. X-ray systems are potentially effective for this purpose.
However, the perceived adverse health effects of X-ray ex-
posure may hamper the public acceptance of these systems.
Millimeter waves are high-frequency electromagnetic waves
usually defined to be within the 30-300-GHz frequency band.
The techniques and systems discussed here could operate at
lower microwave frequency bands as well. Millimeter-wave
systems are nonionizing and, therefore, pose no known health
hazard at moderate power levels. Millimeter-wave imaging
systems are capable of penetrating common clothing barriers
to form an image of a person as well as any concealed items.
Millimeter-wave systems can be very high resolution due to the

high-speed linear scanner has been developed and tested. Thidelatively short wavelength (1-10 mm).

system is described in detail along with numerous imaging results.

Index Terms—Fourier optics, microwave holography, mil-
limeter-wave imaging, surveillance, three-dimensional imaging,
weapon detection.

|. INTRODUCTION AND BACKGROUND

The current state-of-the-art in millimeter-wave imaging sys-
tems includes two fundamentally different techniques. The first
technigue uses a focal-plane two-dimensional (2-D) array of
millimeter-wave detectors placed behind a large lens [2], [3].
This system can detect either passive energy emitted by the
target or can use active millimeter-wave illuminators. Advan-
tages of this technique include: 1) possible real-time operation;

N RESPONSE to an increasing threat of terrorism, pep) relative compactness; and 3) operation analogous to an op-
sonnel surveillance at security checkpoints, such as airpotisal camera. Disadvantages include: 1) relatively low resolution

is becoming increasingly important. Conventional systengitie to the high optical’-number of a practical configuration;
in place at high-security checkpoints include metal detecta@¥ small aperture (lens size is limited by practical constraints);
for personnel and X-ray systems for hand-carried itemg) limited field of view; and 4) high cost for the 2-D array.
These systems have been very effective, but have a numbeTé second technique uses a holographic linear array of se-
shortcomings that will need to be addressed in future systemaentially switched transmitter receivers scanned quickly over
Metal detectors can only detect metal targets, such as ordinafgrge aperture to actively illuminate the target [1]. This system
handguns and knives. The effectiveness of these detectors epérates at a single frequency, and is coherent, which means the
vary depending on the quantity, orientation, and type of metghase of the returned signal is recorded, as well as the ampli-
Furthermore, no discrimination is possible between simplgde. The coherent data can be mathematically reconstructed in
innocuous items, such as glasses, belt buckles, keys, etc., amdmputer to form a focused image of the target without the
actual threats. This leads to a rather high number of nuisantged for a lens. Advantages of this technique include: 1) near
alarms. Modern threats include plastic or ceramic handgumrsl-time operation; 2) high-resolution; 3) computer reconstruc-
and knives, as well as extremely dangerous items sucht@® allows focusing at angingle depth; and 4) large aper-
“plastic” and liquid explosives. These items cannot be detectggte (full-body field of view). The primary disadvantage of this
with metal detectors. system/technique is that the close-range large-aperture opera-
A fundamentally different security measure is required ton causes the depth of focus to be very short. Therefore, the
handle these threats. One type of system that addresses tif@age of a target with significant depth, such as the human body,
concerns is an imaging system, which can penetrate clothig@nnot be reconstructed in complete focus.
barriers to image items concealed by common clothing. ThisThis paper details a significant extension of the holographic-
imaging system from single-frequency operation to wide-band
Manuscript received November 2, 2000; revised January 18, 2001. This w§rkany frequencies) operation. Rather than simply allowing the
was supported by the_: Federal Aviatiqrj Administration '_I'echnical Center. _ formation of 2-D images reconstructed at a variety of frequen_
The authors are with Battelle, Pacific Northwest National Laboratory, Rich-. . . - .
land, WA 99352 USA (e-mail: david.sheen@pnl.gov). cies, wide-band imaging allows the formation of a fully focused
Publisher Item Identifier S 0018-9480(01)07583-4. three-dimensional (3-D) image from data gathered over a 2-D
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aperture. This advancement completely overcomes the focustip aperture. The target is illuminated over a planar aperture
limitation present in the narrow-band system. A novel image-rasing a diverging beam coherent source such as a microwave
construction computer algorithm was developed to allow effér acoustic-wave source. The reflected or echoed signal is then
cient volumetric (i.e., 3-D) image reconstruction. recorded coherently by the receiver, digitized, and stored in the
The imaging techniques developed in this paper were origiemputer. The data can then be mathematically reconstructed to
nally derived from microwave holography techniques [4], [5form a focused image of the target’s reflectivity function.
Microwave holography is very similar to acoustic holography The image-reconstruction algorithm derived in this section
[6], [7] and both techniques are long-wavelength implementeras originally developed for acoustic holography and is de-
tions of the original optical holography techniques developed Isgribed by Boyer [25]. The algorithm is sometimes referred to
Gaboret al.[8], [9]. All three forms of holographic imaging op- as the backward-wave reconstruction algorithm, and is based on
erate by sampling the amplitude and phase of a wavefront sdaburier optics techniques documented by Goodman [26, egs.
tered from a target object. The sampled wavefront is then “ré8—42)]. This image-reconstruction algorithm was a significant
constructed” either optically or by using Fourier-optics-baseativance over the earlier digital reconstruction techniques, which
computer image-reconstruction algorithms. Acoustic and mised the Fresnel approximation. This approximation severely
crowave holography are well suited to digital computer imadinits resolution for near-field imaging systems. The notation
reconstruction since the data are typically sampled by a scaniheg been updated to reflect a more modern use of wavenumber
transceiver, and the relatively long wavelength allows for reand angular frequency variable in place of frequency and spatial
sonable data size. frequency variables. The notation used is consistent with that
Millimeter-wave holographic imaging for concealed weapounsed by Soumekh in [12]-[14]. Slowly varying amplitude func-
detection was originally proposed by Farhat and Guard [1@Qjons are typically ignored in the derivation, as they will not have
Their imaging technique utilized a stationary source and assignificant effect on the reconstructed image. Proper handling
scanned receiver system that employed optical (film-basesf)the phase determines the effectiveness of the image recon-
reconstruction. This technigue was dramatically improved Isgruction.
Collins et al. [1] by utilizing a scanned transmitter receiver This section details an efficient algorithm that may be used
and digital reconstruction. Scanning the source produces perform this image reconstruction. This technique relies
high-quality imagery because the target is illuminated overextensively on the use of Fourier transforms that may be
broad range of angles, both vertically and horizontally, whiatomputed very efficiently using the fast-Fourier-transform
greatly reduces shadowing due to specular reflection. (FFT) algorithm. The reconstruction method allows for wide
The millimeter-wave holographic-imaging technique haseamwidths and targets in the near field of the scanned aper-
been extensively developed over the last several years at tiine. No far-field approximations are made. Therefore, the only
Pacific Northwest National Laboratory (PNNL), Richlandlimitation on the resolution obtained is the diffraction-limited
WA. The original techniques developed by Colliesal. [1] resolution imposed by the wavelength, source and receiver
produced high-quality imagery. However, the depth of fieldeamwidths, size of aperture, and distance to the target. The
was very short due to the large aperture and close-range opeconstructed image will be in focus only over a depth of field
ation. This limitation has been eliminated using the algorithaetermined by the aperture size or antenna beamwidths.
discussed in [11] and in this paper. Data collection is performed by scanning a transmitting
A fully 3-D image-reconstruction algorithm is developedource and receiver over a rectilinear planar aperture that has
in this paper. This algorithm augments the work of Soumeldne or more targets within its field of view. This system is
[12]-[14], who developed algorithms for synthetic aperturguasi-monostatic, which means the transmitting and receiving
radar (SAR) imaging, primarily by extending these techniquesitennas are separate, but in approximately the same location
to 3-D imaging. Relevant 2-D and 3-D image-reconstructicsnd may be assumed to be coincident at the midpoint between
work has been documented by several authors [15]-[24]. Tthe two antennas.
algorithms documented by Soumekh, and in this paper, are disThe measurement configuration is shown in Fig. 1. The
tinguished from this work because they can operate within teeurce is assumed to be at positiarn, 3/, zo), and a general
near field of the imaged object. All of the image-reconstructiopoint on the target is assumed to be at positiony, 0). The
techniques in [15]-[24] are based on the fact that data collectdget is assumed to be characterized by a reflectivity function
at a far-field point represents a sample (or slice) of the 2-P(x, y, 2), which is simply the ratio of reflected field to incident
or 3-D Fourier domain of the object. The imaging techniquigeld.
developed in Section Il does not have the far-field requirement. The response at the transceiver will simply be the superposi-
This is because the curved wavefronts in the near field of ttien of each point on the target multiplied by the roundtrip phase
object are decomposed into plane-wave components usingt@that point or
additional Fourier transform step.

s(x',y') = // f(z,y, Z)e—ﬂk\/(w—w’)z-i—(y—y’)z+z§ d dy
Il. SINGLE-FREQUENCY HOLOGRAPHIC

IMAGE RECONSTRUCTION _ (1)
where the target is assumed to be flat and parallel to the scan

Holographic imaging is a means of forming focused imaggsane, i.e., at constant The wavenumber is denoted By=
of targets from coherent-wave data gathered remotely ovew@c, wherew is the temporal angular frequency aads the
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From the dispersion relation for electromagnetic plane waves

— '

transceiver 24 k2 4 k2 — (2))2 9
L~ position sy R = (20) ©)
A @t b= a2 — k2 12, (10)
L
7 * Thus, the reconstruction algorithm is summarized by
target
T f(.) = FT35 [FTQD[s@s, y)]v"”} SEEY
Ill. WIDE-BAND HOLOGRAPHICIMAGE RECONSTRUCTION
scanned target point Wide-band holographic imaging is a means of forming 3-D
aperture (x,7,2=0) images of targets from wide-band data gathered over a 2-D

aperture. The targetis illuminated over a planar aperture using a
Fig. 1. Holographic imaging system configuration. wide-band diverging beam coherent source such as a microwave
or acoustic-wave source. The reflected or echoed signal is then
. . . . recorded coherently by the receiver, digitized, and stored in the

speed of light. The amplitude decay with range is not consig: ' !
P 9 P Y 9 computer. The data can then be mathematically reconstructed

ered since it will have little impact on focusing the image. The

) . . to form a 3-D image of the target’s reflectivity function. This
exponential term in (1) represents a spherical wave emanatin

. . . .. setction details an efficient algorithm that may be used to perform
from (2, y), which can be decomposed into a superposition ?n . ; : ) : .
is image reconstruction. This technique relies extensively on
plane-wave components X .
the use of Fourier transforms, which may be computed very
=ik G2 P (v )12 efficiently u;ing the _FFT algori_thm. The reconstruction method
o o ' allows for wide relative bandwidths and allows for the targets to
= // ke (@ o) ik, (W —v)Hik2o g L dk, (2)  be nearto the scanned aperture. No far-field approximations are
made. Therefore, the only limitation on the resolution obtained
wherek,, andk,, are the Fourier-transform variables correis the diffraction-limited resolution imposed by the wavelength,
sponding toz’ andy/, respectively. The spatial wavenumbers§ource and receiver beamwidths, size of aperture, and distance to
k. andk,, will range from—2k to 2k for propagating waves. thetarget. Thismethodis similarto single-frequency holography,
Using this relation and the 2-D Fourier transform definition®ith the extension to wide-band illumination, which allows for

described in the Appendix true 3-D high-resolutionimagery froma 2-D planar aperture. The
image-reconstruction technique assumes that the data represents
’oy —j(kprmth, ) a single reflection from the target (no multiple reflections), and
s@y) // U/ f@,y,z0)e de dy that there is no dispersion or polarization changes due to the

-

target.
S , The image-reconstruction algorithm derived in this section is
x el Farmthyytka20) gk, dky, . (3) & combination of the holographic (backward-wave) image re-
construction with a SAR image-reconstruction algorithm de-
The distinction between the primed and unprimed coordina\;g|oped by Soumekh [12]-[14]. SAR imaging systems make
systems is now dropped since the coordinate systems coinciglés of wide-bandwidth data collected over a long linear aper-

2p Fourier Transform of (z,y,20)

The 2-D Fourier-transform pair is defined by ture to form a cross-range by range 2-D image of terrain [27].
Inverse synthetic aperture imaging is similar, but utilizes an-
F(ks,ky) = FLop{f(z,9)} (4)  gular diversity in favor of a linear scan [28]. Soumekh derived a

wide-band SAR imaging algorithm that reconstructs data from
a linear aperture into a 2-D image. The derivation presented in
this section extends Soumekh’s derivation by making the aper-
) ) ture planar instead of linear, which allows for a fully 3-D image
s(x,y) = // F(ky, ky)e?*=20 I e2thov) dl dl, (5)  reconstruction. The notation used is consistent with that used
1 ikl by Soumekh [12]-[14]. Slowly varying amplitude functions are
s(z.y) =FTyp [F(k"” ky)ef ~ 0] ©) typically ignored in the derivation, as they will not have a signif-
F(ky, ky) = FTap[s(z,y)] e F== (7) icant effect on the reconstructed image. Proper handling of the
phase determines the effectiveness of the image reconstruction.
The wide-band reconstruction algorithm can be considered to
, be an extension of the single-frequency “backward-wave” holo-
fle,y) =FT55 |:FT2D [s(z,)] @_]k‘ﬂ . (8)  graphic reconstruction algorithm to 3-D imaging by adding the

whereFTsp indicates 2-D Fourier transformation.
Using the Fourier-transform relations

yields the inversion for the image



1584 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 9, SEPTEMBER 2001

whereFT ) indicates Fourier transformation with respect to

—

time.
transceiver The exponential term in (13) represents a spherical wave,
L position which can be decomposed into an infinite superposition of plane
/ X, ¥,Z) waves

o= 92k (@=3" )2+ (y—y' ) +(:=Z1)2

X
/ . ’ . 7 .
= //e—ﬂw(w—w =ik Y=y ) =ik (2=21) qp. dk, (15)

target
T~ z wherek,, and k,, are the Fourier-transform variables corre-
sponding tor’ andy’, respectively. The spatial wavenumbers
k. andk,, will range from—2k to 2k for propagating waves.

Using this decomposition into plane waves and rearranging
yields

scanned target point .
aperture (,3.2) SW’y"“’):// W / [y, z)edCermty te) gy gy d

-

-~

Fig. 2. Wide-band holographic-imaging system configuration. F(k,rk,rk:)

. _ . _ x eIt ke @ ik 0 gpe Lk, (16)
range dimension to form 3-D wide-band holography. Equiva-
lently, the algorithm could be referred to as a 3-D extension wfere the triple integral in (16) represents a 3-D Fourier trans-

SAR imaging to form a 3-D SAR. form of the reflectivity function. The one-dimensional (1-D),
_ _ ) 2-D, and 3-D Fourier transforms and their inverses are listed in
A. Wide-Band Image-Reconstruction Algorithm the Appendix. Using this Fourier-transform relation gives

Data collection is performed by scanning a transmitting
source and receiver over a rectilinear planar aperture that hévs’,y’,w)z//F(kmf, keyr, ke Yelk= 2ol o @ ) g ik
one or more targets within its field of view. This system is '
quasi-monostatic, which means the transmitting and receiving = FTEE{F(/%', Ky, /%‘z)ejkzzl} (17)
antennas are separate, but in approximately the same location, Lo . .
and may be assumed to be coincident at the midpoint betw&diere FT indicates the Fourier transformation. ,
the two antennas. Taking the 2-D Fourier transform of both sides and dropping

The measurement configuration is shown in Fig. 2, where tH%e distinction between the primed and unprimed coordinate

primed coordinates represent the position of the transceiver, Sgtems yields
the unprimed coordinates represent a single pointin the target CI"TQD{s(a: y w)} = S(ko, ky,w) = Flk, ky, k. )ei*21
1 — Ty vy - Ty z M

image space. If the target is characterized by a reflectivity func- s (18)

tion, i.e., f(z,y,z), then the response measured by the trangy iilize this relationship in the reconstruction of the target

ceiver will be the superposition of the reflectivity function timesrmage the frequency needs to be expressed as a function of

the roundirip phase to the target. The measurement plane ig atrhjs js accomplished using the dispersion relation for plane

#z = Z,. The roundtrip phase is waves in free-space or a uniform dielectric

2k _ )2 + — /)2 +(z — VARYA 12 2
wherek = w/c is the wavenumbet, is the temporal angular ¢
frequency, and is the speed of light. Using this relation and inverting (18) yields

The response measured at the transceiver is -

P @,y 2) = FIsp{F (ko byo b)) (20)

s(a’y W) = /// f(z,y,2) where
Xe—ij\/(m—m’)z—l—(y—y’)z—|—(Z—Z1)2 d.’L’ dy dZ. F(kwv kyv kz) = S(kwv kyv w)e_jk121 (21)

(13)  and

The ar_nplitl_Jde decay with range is n_ot considered s_ince it will k. = \/4k2 k22— \/4(w/c)2 k2 k2 (22)
have little impact on focusing the image. Alternatively, the v v

data could be collected in the time domain, as is common withCombining the above relations, results in the image recon-
acoustic data. In this case, the data in (13) will be obtained Byyction

Fourier transforming the gathered datd«’, ', ¢), which is

the echoed data in the time domain f(z,y,2) = FTgé{FTQD{s(x, Y, w) ke IV TR SRz }

S(xlv y/7 w) = FT(t) [St(xlv y/7 t):l (14) (23)
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Equation (23) suffices for the reconstruction of the image if ke,k,
the data are defined continuously:ty, andw. However, for
practical imaging configurations, the data will be discretely
sampled at uniform intervals of position and frequency. There-
fore, the datas(z, y, w) are assumed to be uniformly sampled
in each variable. Since the data are uniformly sampled in
andy, the 2-D FFT may be used to obtain a sampled version
of S(k,, ky,w). Since the angular frequenayis a function of

k., k, andk,, these data will contain samplesBtk,, ky, k. ).
However, these samples are nonuniformly spaced.inThe
samples will be uniformly spaced ik, and k,, and will lie

on concentric spheres of radi@&. In order to perform the
inverse 3-D FFT in (20), the data will need to be resampled to
uniformly spaced positions if.. This is easily accomplished
using linear interpolation techniques.

!

» k, 4k, sin(6,/2)

l

2k,

B. Spatial and Frequency Sampling

Data gathering and image reconstruption W"l require that tlﬁ?g. 3. Spatial frequency coverage in the range and cross-range directions.
data and the subsequent image be discretized. Successful dis-

cretization requires that the Nyquist sampling criterion be satis: Range and Cross-Range Resolution
fied. The i truction technique di d in the ab
The sampling needed along the aperture is determined bg g 1€ Image-reconstruction technique discussed in the above

number of factors including the wavelength, size of the apertu 2?::;?15ﬁfrsezgrftrig]nagg?a?rfézeir:ngfgﬁﬁgtzeczpr)]a;fg;fgrﬁ?&
size of the target, and distance to the target. The Nyquist crife- j 9

rion will be satisfied if the phase shift from one sample point t y examining the extent or width of the coverage in the spatial

the next is less tham rad. The worst case will occur for a targe r;aquee(r:(é)(/: ﬂﬁ?:tli'gh)lr; fovr\]/iij tﬂ??g;?g izr;fsr;i;rle qujlgg\?v)i/ d('ir? V-
very near to the aperture and the sample points near the edg§f ~ 27 /AL For the 3-D imade reconstrﬁctionp the spatial
the aperture. For a spatial sample interval\af, the worst case ~ 2m[Ak. 9 ' P

will have a phase shift of not more th&tAz. Therefore, the g?gtign.cgnqzvzragg '.fngft;geagorlgét;g'Olr;fht?]\g: tIEeFIg" d?h h;]
sampling criterion can be expressed as IS region IS approx gufar, Wi '

thek,-direction is approximatelk. sin(6, /2), wherek, is the
wavenumber at the center frequency @pds the lesser of the
Ar < 1 (24)  full beamwidth of the antenna or the angle subtended by the
aperture. This results in a cross-range resolution of
whereX = 27 /k is the wavelength.

This result is more restrictive than is usually required since A #
the target is often a moderate distance from the aperture and the 4sin(6/2)

practical imaging systems can often employ sampling intervalg apertureD, the cross-range resolution may be approximated
on the order ofA/2.

The required frequency sampling is determined in a similgy
way. The phase shift resulting from a change in wavenumber 8, A EF# (28)
Ak is 2AkR,, ., Where Ry, IS the maximum target range. 2
Requiring that this phase shift be less tharad yieldsAk < whereF# = R/D is the opticall’ number.
7/ 2R max OF Cross-range resolution in thedirection will be the same,
except that thé” number or beamwidth may be different.
(25) The spatial frequency width in the direction is2(ks — k1),
wherek; andk, are the wavenumbers at the low and high fre-
whereAf is the required frequency sampling interval. quencies of the system. This width results in a range resolution
Alternatively, the number of frequency samples for a ban@f approximately
width B must be o c
o %2 k) " 2B )
max (26) 2 1

(¢/2B) whereB is the temporal frequency bandwidth of the system.

(27)

Af <

C
4Rmax

Nf>

This is an interesting result since it indicates that two frequency
samples are needed per range resolution cell, where the range
resolution is defined by:/2B, as discussed in the following A laboratoryz—y scanner coupled with various single fre-
section. quency and wide-band transceivers have been used to gather

IV. L ABORATORY SCANNED IMAGING RESULTS
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Millimeter-wave
oscillator

coupler .
@ P Transmit

Receive

(@) (b)

Fig. 5. (a) 35-GHz hologram and (b) reconstructed image of a mannequin
carrying a concealed handgun.

Fig. 4. Simplified holographic transceiver.

data to test the efficacy of the algorithms described in Sec-
tion 111,

A. Single-Frequency Imaging Results

A simplified schematic for a single-frequency microwave
transceiver is shown in Fig. 4. In this transceiver, the mil-
limeter-wave signal is generated using a millimeter-wave
oscillator, typically a Gunn diode oscillator. The transmitted
signal is launched using a small wide-beamwidth antenna,
often a small pyramidal waveguide horn. The transmitted
signal is reflected from the target, and then received by th®g. 6. 350-GHz reconstructed image of a Glock-17 9-mm handgun.
receive antenna. The receive antenna is usually of the same
size and type as the transmit antenna and is placed immediately 350-GHz transceiver has been used to demonstrate the level
adjacent to the transmit antenna. In this way, the pair ef resolution that is ultimately achievable with millimeter-wave
antennas simulates a single antenna, but with significanfplography. A reconstructed 350-GHz image of a Glock-17 is
higher transmit to receive isolation. The received signal is theRown in Fig. 6. In the image, the aperture is 25 gn25 cm,
mixed with in-phase (Ophase shift) and quadrature {9thase and the depth to the target is 7.4 cm. The hologram consisted
shift) signals coupled from the millimeter-wave oscillator. Thegf 512 x 512 data points, sampled at approximately 0.5-mm
resulting signals are calledand( for in-phase and quadrature intervals. The scan required approximately 10 min to complete.
and contain the complex scattered waves amplitude and phapgis image shows a resolution size of less than 1 mm. Due to

the very large number of samples required at this frequency, a
I+3jQ = Ac—i2+R (30) practical weapon detection system is expected to operate at a
frequency of 100 GHz or lower.

where A is the amplitude of the scattered sign&ljs the dis- _ )
tance to the target, aridis the wavenumber. This signal is samB: Wide-Band Imaging Results
pled over anc—y aperture using a 2-b—y scanner to obtain the  More complex targets, such as a person carrying concealed
input to the image-reconstruction algorithsti, y,w) (Note: weapons, will have a significant depth of field. A high-reso-
k = w/c, wherec is the speed of light). lution (low £ number) imaging system will have a very sharp
A single-frequency 35-GHz transceiver was used to generalepth of focus, and will be unable to focus all areas in the image
an image of a clothed mannequin with a large concealed metahultaneously. For this reason, the 3-D wide-band imaging
pellet gun. The results are shown in Fig. 5. The hologram imatgehnique was developed.
shows the raw data, which are input to the image-reconstructiorA wide-band holographic transceiver operates in the same
algorithm. Only the real-paft’) is shown, the quadrature signalmanner as the single-frequency transceiver shown in Fig. 4, ex-
(@) is phase shifted by 9@&nd is qualitatively similar. The re- cept that the frequency is repeatedly swept over the frequency
constructed image shows resolution on the order of 5 mm, arahge of interest. A voltage-controlled oscillator (VCO) is typi-
the handgun is easily recognized in the image. The image of taly used as the millimeter-wave oscillator to allow frequency
body of the mannequin shows the effects of speckle. Specklseeping. Thd and@ signals will be waveforms, which must
is due to complex interference from varying reflection pointse sampled according to the criteria established in Section 11I-C.
on the body at different ranges. This effect is largely eliminated In Fig. 7, a 100-112-GHz wide-band holographic image of a
using the wide-band 3-D imaging technique discussed in Sé&glock-17 is shown. This image has a resolution of better than
tion IIl. 3 mm. The trigger guard and parts of the handle of the Glock are
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(@) (b)

Fig. 7. (a) Opticalimage and (b) 100-112-GHz wide-band holographic image
of a Glock-17 handgun.

(@) (b)

Fig. 9. (@) Optical image and (b) 100-112 GHz wide-band holographic image
of a clothed mannequin with a concealed Glock-17 handgun.

@ (b)

Fig. 8. (@) Opticalimage and (b) 100-112-GHz wide-band holographic imagt
of an Olin plastic flare gun.

made from plastic. These components show up in the image, b
as expected, are at somewhat lower intensity. A plastic Olin flar
gun was imaged, with the results shown in Fig. 8. This gun it
entirely plastic, except for a small piece of metal near the sta
of the barrel. This metal component is clearly brighter in the
image. The scans in Figs. 7 and 8 used an aperture of apprex-10. current wide-band holographic millimeter-wave imaging system.
mately 30 cmx 30 cm with a discretization of 256:) x 256(y)

x 128(f), and required approximately 20 min to scan. Fig.
shows optical and millimeter-wave (100-112 GHz) images o
mannequin with a concealed weapon. This image demonstr
the resolution that is achievable with millimeter-wave imaging.
Fine details are apparent in the millimeter-wave image includin
the embroidery (Massachusetts Institute of Technology (MITE
logo) and the duct tape used to hold the weapon on the m

nequin. The scan in Fig. 9 used an aperture of approximat Y, : . -
. ! . ck diagram of the system is shown in Fig. 11. The system
80 cm x 140 cm with a discretization of 51Z) x 1024(y) x consists of a sequentially switched linear array of antennas

128(f), and required approximately 3 h to scan. The scan time. - by a wide-band millimeter-wave transceiver. The array

is limited by the relatively slow sweeping YIG-based oscillators . .
. . and transceiver are mounted on a large fast mechanical scanner,
in the laboratory transceiver that was used.

which allows a full image data set to be gathered in less than
1 s. During a scan, the array is sequenced electronically at very
high speed to gather each line of data as the scanner is moving
A practical implementation of wide-band holographicown, thereby gathering a full 2-D aperture of data.

imaging requires a full-body scan in about 1-2 s (or less). AThis system operates in theKa-frequency band
full-body scan requires sampling at less than one-wavelend#6.5-40 GHz) with the current system configured to op-
spacing over an aperture of at least 0.7r2.0 m. Scanning erate from 27 to 33 GHz. There are 128 antenna elements
a single transmitter receiver (transceiver) over this apertureganized as an upper row of 64 transmit antennas, and a lower
requires at least several minutes. Therefore, to scan the targebin of 64 receive antennas. Logic circuitry sequences the
a reasonable time requires an electronically switched arraytansmit and receive antennas to transmit from one antenna and
antennas. A 2-D array of antennas would be ideal since it wouleceive the wide-band signal from each of the two neighboring
not require any moving parts and could, therefore, operateaatennas in the receive row. This places a virtual sampling
video frame rates (10-30 frames/s). The cost and complexitypfint halfway in between each transmit and receive antenna.
a large 2-D high-resolution array renders it impractical at thighe transmit row and receive row are offset by half the antenna

rRme. A linear array can, however, be fabricated for reasonable

a ; i

ost, and can be scanned quickly to gather full-aperture image
The wide-band imaging system has been developed that

ilizes a scanned linear array of antennas to quickly gather

e image data for subsequent reconstruction and display [11],
]-[31]. A photograph of this system is shown in Fig. 10. A

V. REAL-TIME WIDE-BAND HOLOGRAPHICIMAGING SYSTEM
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64 element
transmit array
\

Transceiver /
Logic Circuitry

A/D ——__ 64 element
Converter receive array
Computer

I 2 meter linear
mage

i n
Reconstruction scanner

Display

Fig. 11. Block diagram of imaging system.

spacing, thus, the effective sample spacing is one-half of the
single-row antenna spacing. This sequencing scheme cannot b
used on the last antenna element, thus, the effective number of
sample points is 127. The horizontal aperture width is 72.6 cm,

which yields an effective sample spacing of 5.7 mm.

The wide-band data are sampled horizontally across the array
and vertically over the aperture, and are digitized by an A/D CORg 12,
verter for subsequent storage in the computer. After digitizing,
the reconstruction algorithm discussed in Section Ill is applieigoscmamr
to reconstruct the 3-D image of the target. The 3-D image is th coupler
collapsed using a maximum value projection into a fuIIy-fo@ Transmit
cused 2-D image of the target for display on the computer. @ j

A photograph of the wide-band array is shown in Fig. 1Z .
The transmit row switched antenna array is composed -© ot
eight single-pole eight-throw (SP8T) p-i-n-diode waveguid . R
switches, interconnected with a waveguide manifold fee IF Receive signal
and fed by a ninth SP8T waveguide switch. Each of the ¢
outputs has a small dielectric polyrod antenna inserted into t IF Reference signal
waveguide. The polyrods can be of any length, however, tl
ones used here are four wavelengths long (at 35 GHz). T
receive-row switched antenna array is identical and is plac |
back to back with the transmit array. Integrated switch drive _ 7 g
are contained within each SP8T switch module, allowing a

X . g Fig. 13.
simple connector with power and coded logic inputs to each of
the 18 SP8T switch modules.

A simplified schematic diagram of the transceiver is showf27—33 GHz) and sampled over any aperture using the se-
in Fig. 13. The RF VCO is swept from 27 to 33 GHz. Thigjuentially switched linear array and vertical scanner to obtain
transceiver is a heterodyne design with the heterodyne offfle® input to the image-reconstruction algorith(w, v, w).
frequency obtained by offsetting the local oscillator (LO) by an The data are discretely sampled with typical dimensions of
IF (in this case, 600 MHz). An IF reference signal (at 600 MHZ)27 « samples, 51% samples, and 64 frequency samples with
is obtained by mixing coupled signals from the RF and LO ospatial and frequency steps sizes of 5.7 ifarjy 3.9 mm(y),
cillators. The phase and amplitude of the scattered signal ared 94 MHz(f), respectively. The frequency sweep time is
contained within the IF receive signal, which is the receive2D ;;s and the integration time per frequency is 03 The IF
signal down converted using the LO oscillator. The in-phid$e bandwidth is approximately 2.5 MHz. The image-reconstruc-
and quadraturé?) signals are obtained by mixing the two sigtion time is very dependent on the type of computer system
nals with and without a 90phase shift, as shown in the figureused to perform the image reconstruction. The Unix-based
The I and@ signals contain the complex scattered wave's anSUN computers (approximately 1995) require several minutes
plitude and phasé + jQ = Aec—92*% where A is the am- to perform the reconstruction. A dedicated multiprocessor
plitude of the scattered wave attlis the range to the target. digital signal processor (DSP) (Analog Devices SHARC-based,
This signal is sampled over the frequency range of the systd®08) requires less than 10 s to perform the reconstruction.

Photograph of the linear array.

coupler

Receive

Simplified schematic of a millimeter-wave transceiver.
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Fig. 15. Wide-band images of a man carrying concealed handguns along with
innocuous items.

improvement in image quality that has been obtained by con-
verting the single-frequency millimeter-wave imaging system
to wide-band operation. The single-frequency images show sig-

(c) (d) nificant degradation due to lack of focus over many parts of the
Fig. 14. (), (b) Singlefrequency (35 GHz) images of a madMage. In addition, some degradation is apparent due to poor
(c), (d) Wide-band (27-33 GHz) images of the same man. sensitivity in the single-frequency transceiver. By contrast, the

wide-band images are fully focused due to the 3-D image recon-
struction. Significantly higher dynamic range is also apparentin
After the sampled data have been recorded by the A/D Cotﬂe wide-band images. This is due to better focus, as well as the

verter, a Unix-based SUN computer workstation then perforrns h . . .
the image reconstruction. ig _ sensitivity, of _the _transcelver design. _

Fig. 15 shows six wide-band (27-33 GHz) images of a man

carrying two concealed handguns, as well as several innocuous

VI. REAL-TIME IMAGING RESULTS items. The first image shows a Glock-17 handgun tucked at

the beltline under the man’s shirt. The second image shows a

The wide-band millimeter-wave imaging system described émall handgun in the man’s left-hand-side pants pocket. The
the previous section has been tested extensively on persorthietl image shows a vinyl/paper checkbook in the left-hand-side
carrying concealed weapons. In all cases, the data were gathdrack pocket. The fifth image shows a leather wallet in the man’s

in near real-time (approximately 1 s). Fig. 14 shows the dramatight-hand-side back pocket.
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@) (b)

Fig. 17. (a) Optical image showing the location and orientation of a concealed
RDX plastic explosive. 27-33-GHz millimeter-wave images of a man:
(b) without and (c) with the concealed explosive.

VIl. CONCLUSION

This paper has demonstrated the techniques developed for
PNNL's wide-band millimeter-wave holographic surveillance
system. This system uses coherent wide-band millimeter-wave
illumination to form 3-D fully focused images for personnel
surveillance applications. The 3-D image-reconstruction algo-
rithm developed for this system uses no far-field assumptions,
and has near theoretically optimal resolution performance in
all three dimensions. The wide-band imaging technique largely
eliminates the effects of speckle, which are prevalent in single-
frequency coherent imaging techniques. In addition, the near-
field wide-angle scanned-source configuration produces excel-
lent illumination properties. The surface of the target is illumi-
nated over a wide angular extent, both horizontally and verti-
cally. This reduces the effects of shadowing due to specular re-
Fig. 16. Wide-band images of a man carrying two handguns along wiftection.
innocuous items. Numerous laboratory-imaging results have been shown to

demonstrate the high-resolution and image fidelity that are

Fig. 16 shows a similar set of images of a different maachievable using this millimeter-wave imaging technique. A
carrying two concealed weapons, as well as several innocudiigh-speed imaging system prototype has been developed to
items. The first image shows a typical front view. The secorithplement this imaging technique in near real time. Imaging
image shows a concealed pack of cigarettes in the marésults obtained using actual personnel have been shown to
left-hand-side shirt pocket and keys in the left-hand-side frodémonstrate the effectiveness of this system for the detection
pants pocket. The fourth image shows a small handgun cemd identification of concealed objects, including innocuous
cealed in the left-hand-side back pants pocket. The fifth imagems, plastic and metal weapons, and plastic explosives. Other
shows a *“walkie-talkie™-style radio in the right-hand-sideontraband items such as drugs, large amounts of money, etc.
back pocket. Comparison of the third and sixth images allowsuld also be detected with this type of system.
discernment of a concealed object on the lower right leg (in
the sixth image). This item is an Olin plastic flare gun, which
is used to demonstrate the plastic detection capability of the
wide-band millimeter-wave imaging system.

Fig. 17 shows an optical image of a man with a block Fourier transforms are useful for converting a function be-
of plastic explosive royal demolition explosive (RDX) contween time and frequency domains, but also for converting be-
cealed on his back. Also shown are millimeter-wave imagéseen space- and spatial-frequency domains. Both spatial and
(27-33 GHz) of the man with and without the conceale@mporal Fouriertransforms are common in wide-band imaging.
explosive. The explosive is subtly, but clearly, visible along thEypically, the time or space function will be denoted with a
man’s spine. lower case letter, whereas the frequency-domain function will

APPENDIX
FOURIER-TRANSFORM DEFINITIONS
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use a capital letter. All versions of the Fourier-transform oper{11]
ator will often be denoted by FT. The inverse Fourier transform

operator will often be denoted HyT . A function f and its [12]
Fourier transform#' are considered to be a Fourier-transform
pair denoted by 3]

fer (A1) a4

The temporal Fourier transform and its inverse are defined by [15]

Flw) = / ft)e <t dt = FT{f(¥)} (A2) 18]
f(t):% /F(w)ej‘“'tdw:FT_l{F(w)}. (A3)  [17]

The 1-D spatial Fourier transform and its inverse are defined bjt8]

F(ky) = /
1

/(@)

f(@)e ¥ dz = FT1p{f(x)} (Ad) 119

o / Fky)e’*=* dky = FIT5{F(ka)}. (A5 [20)
Us
The 2-D spatial Fourier transform and its inverse are defined by

(22]

Pl k) = [ [ e 90wt dody
=FTop{f(=,9)} (AB)
flz,y) = # / / F(ky, ky)ed Fe=thow) gr dk,
= FT5p{F (ks k) }- (A7)

(23]
[24]
(25]

[26]
The 3-D spatial Fourier transform and its inverse are defined b%/ |
27

Pl o) = [[ [ £ 210t didy

(28]

=FTsp{f(z,y,2)} (A8) [29]
1
f(z,y,2) = W///F(km,ky,kz)
% ej(kn,m—l—kyy-l-kzz) dk.,, dky dk., [30]
= FI A {Fky, by, ko) ) (A9)

(31]
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