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ABSTRACT

Passive millimeter wave (PMMW) imaging has showastidct advantages for detection of terrestrial étssgunder
optically obscuring conditions such as cloud, har®mw, and light rain. The purpose of this papewigvaluate the
performance of a PMMW imager for terrestrial targetognition with respect to range of detection afichatic

variables such as cloud, light rain, and snow. \W&dua dual polarization MMW radiometer in the fregey range of
70-100 GHz for the evaluation. We present expertaieresults and analyze the effect of weather d@ri on the
image quality and its polarization contrast. Thessults will be useful for quantitative predictioh PMMW system
performance for long-range terrestrial imaging.
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1. INTRODUCTION

Passive millimeter-wave (PMMW) imaging is an actarea of research for applications in terrestéahote sensing,
radioastronomy, and airport security. PMMW imaging has a better temperature contrastidoor environments than
indoors owing to the cold sky background. The grbtiargets appear colder from the sky-reflectedatmh. For
example, the apparent temperature of the sky baokgrat 94 GHz is 70 K in comparison to 220 K dtared
wavelengths in clear weather. In addition, theapmhtion diversity of PMMW radiation may be usemt £nhanced
discrimination of targets.

While optical systems (visible and IR) require claamospheric conditions for reliable operation, MW imaging is
relatively immune to weather conditions such asud)ofog, snow, and light rain. For example, thenapheric
attenuation in the range of millimeter wave (MMWgduencies is 0.07 to 3 dB/km in drizzle and fogditons,
whereas it is one to three orders of magnitude drigit optical frequencies (exceeding 100 dB/km aggl
conditions)>*®

In this paper, we evaluated the imaging performanice dual polarization, 70-100 GHz radiometer aniaus weather
conditions including clear, rainy, and snowy dajxperiments were conducted on different outdoenss including a
car at 10 m and a dome shaped building at 300 m fhe imager. The results were analyzed to deterrfie image
resolution, image quality, and polarization corttrdis paper is organized as follows: The outdexgerimental setup
is presented in Section 2, followed by the expenitakresults and analysis in Section 3, and corhssin Section 4.

2. OUTDOOR PMMW EXPERIMENTAL SETUP

A schematic diagram of PMMW experimental setupdotdoor imaging is shown in Fig. 1. A 2-axis tratisinal stage
is used to raster scan a 6-inch (15.24-cm) imadgémg to focus the scene onto a 70-100 GHz dualrigataon
radiometer (Fig. 2). A wire grid polarizer splitsetincoming signal into vertically and horizontapiplarized signal
paths. The signal in each path is received byrauleir corrugated antenna and undergoes identigahlsprocessing
chains comprised of a 70 — 100 GHz band pass,fiftdow noise amplifier, a Schottky barrier diodetettor, and a
baseband video amplifier. The baseband signalsdiected by a DAQ system using a LabVIEW programmning on a
laptop. The radiometer can operate either in fotaler or Dicke-switched modes; the latter usebapper in front of
the beam splitter.
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2.1 Radiometric M odel

The apparent temperatufgmeasured k the radiometer for a terrestrial scene in FigaB be approximated:

Te = (-6)[(1-e )T, +e Ty |+ T, 1)

whereTyy, Tam, andT; are real temperatures of the sky, atmosphere,aagétt respectivelyt, andt; are the integrated
attenuation of the atmosphere between the sky lamdarget and between the target and the radionpretgyectively
ande¢ is the emissivity of the target. h& image contrast is affected by the atmosphefecisf depending the level
attenuation coefficient,. Because of relatively short distais of the target from the radiometet; may be neglected.
Considering the case, wheg=0 (clear sky) ane=0 (e.g.,metal), the contrast is the highestTg equalsTg,. On the
other hand, the contrast is the lowasient,~ « ande=1 (e.g., asphalt)lr equalsT,. The attenuation coefficien at 94
GHz for drizzle (0.25 mm/h), fog (0.2rg®), and heavy rain (25 mm/h) are on the orded.@fdB/km, 0.5 dB/km, an
10 dB/km?® Assuming Ty, = 70K and T;=290K, he apparent temperatures of a metallic target Hese weathe
conditions are estimated akl5K, 166K, and 290K, respectivelyThus the image contrast is reduced to nearly
during heavy rain, but not severely affected bydod light drizzle

\

Figure 1. PMMWexperimental setufor outdoor imaging (Objects not to scale).
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Figure 2.Architecture of duépolarization 70-100 GHz radiometer.
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Figure 3.Radiometric model of a scene foside-looking radiometer.

3. EXPERIMENTAL RESULTSAND ANALYSIS

We performed a series of outdoor imawof different scenes at different distanaexder various weather conditiot
including 1) clear day, 2) cloudy day), @&iny dey, and 4) snowy dayThe imaging scenes included a car at 5 m ar
m, and a domshaped building at 300 m from the radioms

3.1 Clear day

During clear days, we acquired imagdsa car at 10 m and a dod building at 300 m to evaate the effect of target
distance on image quality. Figureges passive MMW imagesum of both horizontal and vertical polarizatic of
the car (Fig. 4a) and the dome (Fidp) ¢verlaid on optical images of the scengs.augmented reality technique w
used to match the two disparate imagased o known markers in the scene. The integratiore for the 10-m away
2001 red Nissan Altima car was &isd for the 30-m-away dome was 0.5'sThe sky background temperature (F4b)
is much colder (darker in colothan object at ambient temperature (buildinground, and electrical po). Also,
objects with higher reflectivity such as metallisjects reflect cold sky background well ands appear colder (car
body, dumpster, ventilation fans, addme). For a given antenna, the resolution (antenna foujpvaries with tle
distance and its beam angl€onsequently, small features such as the windomdrand wheels of the car ¢
recogniable at 10 m distance as well as the light poles2&t m in Fig. 3b, but the larg~30 m diameterdome at
300m distance is only tens of pixels acroTable 1 gives the performance comparison of scéarethe three ranges
with our system using 15.24cm diameter | The long imaging time may be effectively reduby a factor 10 or more
without losing informatiorusing compressive sens.?®

Table 1. Performance of PMMW imagei3 ranges with 15.24-cm imaging lens

Object distance 5m 10m 300 m
Object imaged Car Car Dome
Integration time 05s 05s 05s
Noiseequivalent delta temperat 0.17K 0.17K 0.17K
Object resolution 8 cm 16 cm 4.8 m
Field of view 8x8m 16 x 16 m| 480 x 480
Image pixels 100 x 100| 100 x 100; 100 x 10t
ImagingTime (raster sca 3h 3h 3h
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(a) (b)
Figure 4. PMMW image overlaid on optical image:dajar at 10 m; and (b) dome-shaped building ati300

3.2 Cloudy day

Figure 5 compares the images on a clear day atdudycday for the 300-m distant dome scene (thealigmage is
shown in Fig. 4b for reference). The images orearctlay (Figs. 5a and 5b) contain more polarizatmmtrast than that
those on a cloudy day (Figs. 5c and 5d). Notalky,ground temperature for the horizontal image olear day in Fig.
5a is much colder than that for the vertical palation image in Fig. 5b, while the ground tempeamatfor both
polarizations on a cloudy day is not that muchedéht. This is due to the relatively small temp@tontrast between
clouds and the ground on a cloudy day, which resltize contribution to the image contrast due tkec&bn. Note also
that the background sky appears colder at higlesagbn than near horizon because of path lendfbreince.
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Figure 5. Comparison of horizontal and verticalgpialed images of 300-m distant dome scene on adtsa((a) and (b)) and a
cloudy day ((c) and (d)).

3.3 Rainy day

Figure 6 gives dual-polarization images of a carrgulight rain and after the rain stopped, respett (the visual
image is shown in Fig. 4a). During rain, the appatemperature of the scene is higher, as showfigs. 6a and 6b.
This is because the rain droplets emit millimetev@s at outdoor ambient temperature as well asugttes the cold sky
radiation. Also, the reflection of the car by t@und is clearly seen in the horizontal polar@ati(Fig. 6¢), but not so
clear in the vertical polarization (Fig. 6d), whican be explained by the reflection formulas beldW:

/12 COSE, — 17, COSE 2

R =
172 COSG, +17, COSE

(2a)

RV =|772C0s& —/7, cOSG

2
12 cost, +1y COS@i‘ ’ (2b)
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sin(@,); y=jwu.e, (e - j€"); R andR’ are the reflection coefficients for the horizontal

and vertical polarization signals, respectivelyand 77, are wave impedances of air and ground, respectieelg¢ 4. is

the incident angle of the rays at the interfaceoniEq. (2b), Brewster phenomenon exists for varfiolarization. Near
the Brewster angle, the reflection of the vertjgalarization is much lower than that of the horiadmpolarization. For a

dry ground permittivity ofg,oung = 35, the Brewster angle for the vertical polarizatisfly = arctarb,/EGmund I ~62 .

where sin(g, ) = VA'%

Ground
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Figure 6. Dual-polarization PMMW images during lighin ((a) and (b)) and after rain stopped ((a) &t)).
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3.4 Snowy day

Figure 7 shows the visual and PMMW images of a B&egal LS 1999 car 5 m away in front of a metdHicce
during and after the snow stopped but accumulatesliofaces. As can be seen from Fig. 7c, the hotazdIMW

image is blurred due to snowflakes. Also, the skgkground temperature appears hotter during sndvigs 7a and 7b
compared to that after snow stopped in Figs. 7e7éndhich is due to the MMW emission of the snakts. Similarly,
the ground temperature appears hotter due to adatioruof snow on the ground. Finally a thin lagéisnow
accumulation on the car body doesn't affect the Mlifitdige significantly. These results show that PMNidéging
may be effectively used for terrestrial imagingidgror after snow accumulation on surfaces.

4. CONCLUSIONS

We have evaluated the performance of passive netttmwave system for terrestrial imaging of targeith respect
to target distance and under various weather dongitincluding clear, cloudy, rainy and snowy dalBree different
ranges have been tested, 5m, 10m, and 300m. Thgnigneesults for all the cases tested show vargiegrees of image
quality but yet acceptable images for target retagn The cloud, snow, and rain attenuate the iméter waves
increasingly due to droplet scattering and in tecrease the image contrast in both polarizatidiee sky background
reflection is found to be the most important cdnmition to the PMMW image contrast. Solid objectghwhigh
reflectivity appear colder due to the reflectiontloé cold sky background temperature. The grourrditeappears to be
a good reflector for MMWSs, as was evident from MW images of a car at short distances away.
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Figure 7. Visual images ((a), during snow and dftgr snow stooped) and PMMW images of a car atdistance during ((c),

horizontal polarization and (d), vertical polaripaf) and after snow stopped ((e), horizontal paktion and (f), vertical
polarization).
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