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Passive Millimeter-Wave Dual-Polarization
Imagers
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Abstract—We have developed two passive millimeter-wave
(mmW) imagers for terrestrial remote sensing: one is an
integrated imaging and spectroscopy system in the 146-154 GHz
range with 16 channels of 500 MHz bandwidth each and the other
is a single channel dual polarized imaging radiometer in the
70-100 GHz range. The imaging in both systems is implemented
through translation of a 15cm Gaussian dielectric imaging lens.
We compared the outdoor images of objects like car, vegetation,
sky, and ground by both the systems under various weather
conditions including clear, cloudy and rainy times. Ray-tracing
simulation with radiative transfer equation was used to quantify
the polarization diversity of the acquired images.

Index  Terms—Millimeter-wave;  radiometer;
polarization

imaging;

[. INTRODUCTION

ASSIVE millimeter-wave (mmW) imaging has experienced

dramatic growth in the past decade [1-8], due to its

applications in terrestrial remote sensing, radiastronomy,
and airport security. The main advantage of passive mmW
imaging is that it can provide ground target information under
all weather conditions; optical systems (visible and IR), on the
other hand, require clear atmospheric conditions for reliable
operation. For example, the atmospheric attenuation in the
range of mmW frequencies is 0.07 to 3 dB/km in drizzle and
fog conditions, whereas it is one to three orders of magnitude
higher at optical frequencies (exceeding 100 dB/km in foggy
conditions) [5],[6]. Image contrast of mm waves in outdoor
environments is increased by cold sky-reflected radiation. For
example, the apparent temperature of the sky at 94 GHz is 70K
in comparison to 220K at infrared wavelengths. Because of
reflectivity variations of common objects for millimeter waves
(metal ~1, water 0.6, wood 0.6, and concrete 0.2), the mmW
sky reflected radiation offers better thermal contrast than at
infrared wavelengths. More important, signal “washouts” do
not occur since the apparent temperature between the
background and object will rarely be equal.

In addition, polarization diversity of passive mmW radiation
may be used for enhanced discrimination of targets and
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surfaces. A common example is the change in apparent
temperature of sea surface between horizontal and vertical
polarizations depending on wind speed [4],[7],[8]. In this
paper, we present results of horizontal and vertical polarization
images from common ground targets such as car, ground, and
trees. A ray tracing simulation is used to interpret the
polarization diversity of the acquired images. We also present
results of mmW imaging under various weather conditions at
two frequency bands: a 16-channel radiometer in the 146 - 154
GHz range with 500 MHz bandwidth for each channel and a
single-channel dual-polarization radiometer in the 70-100 GHz
range.

The paper is organized as follows. The architectures of the
two mmW radiometers are presented in Section II, followed by
a description of the experimental imaging setup in Section III,
and presentation of imaging results, analysis and discussion in
Section IV, and conclusions in Section V.

II. MMW RADIOMETER ARCHITECTURES

A. 16-channel 146 -154 GHz Radiometer

The architecture of our 16-channel radiometer [9] is shown
in Fig. 1. It consists of a circular corrugated horn antenna,
followed by a 146-154 GHz Band Pass Filter (BPF), a mixing
stage, a 164 GHz Local Oscillator (LO) obtained by doubling
an 82 GHz Gunn oscillator signal, an attenuator, a three-stage
amplifier chain, and a 16-channel filter bank. A chopper is used
in front of the scalar horn to collect Dicke-switched data
between a reference signal from an absorber on the chopper
blades and the target scene viewed through an opening between
chopper blades. The detected signals from 16 channels are
collected by a Data Acquisition (DAQ) board interfaced to a
Laptop. To obtain 2-Dimensional (2D) images, a 15cm
Gaussian lens was raster-scanned against the radiometer
antenna positioned at the imaging plane of the lens. The use of
16 channels allows for detection of spectral signatures [10],
while raster scanning a target for imaging.

Figure 2 gives, for example, results of imaging and
spectroscopy conducted on a gas cell (7.5-cm ID, 8-cm OD,
and 1 m long) containing acetonitrile (CH3;CN) vapor at
different pressures, against a liquid nitrogen background. The
solid portion of the gas cell has no spectral features but
acetonitrile has rotational spectra in the 146-154 GHz range
[11]. A 10x10 image was obtained across 15 spectral channels
using 4s integration time per pixel. The scene was changed at
the end of rows; the sequence of events consisted of (i)
normalizing all 15 channels using cold (absorber immersed in
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liquid nitrogen) and hot (absorber at ambient temperature)
loads, (ii) vacuum (no gas) in the 1* row, (iii) pure CH;CN at 2
Torr in rows 2-4, (iv) pure CH;CN at 4 Torr in rows 5 and 6, (v)
pure CH;CN at 11 Torr in rows 7 and 8, (vi) air added to
11Torr CH;CN to bring the total pressure to 740 Torr in row 9,
and (vii) vacuum in row 10. The composite graph in Fig. 2
consists of individual images for 15 spectral channels at the top
and spectral plots of acetonitrile at the bottom. The images of
the channels are numbered 1 to 15 starting at the top row of
images, which correspond to a center frequency of 146.75 GHz
for Ch# 1 and increasing at 0.5 GHz interval to 153.75 GHz for
Ch#15. The images show the circular part of the gas cell wall
in all channels. Note that the molecular rotational spectrum of
CH;CN peaks around 146 GHz, so the image of CH;CN is seen
predominantly in the lower numbered channels depending on
the extent of pressure broadening. The 11 Torr image is
brighter than that of 4 Torr because of increased concentration
and the 740 Torr image is weaker because of dilution with air
and it is spread into more channels starting from Ch#1 because
of pressure broadening. The spectral plots include simulated
line at 4 Torr from JPL spectral data base [12] and the
measured spectral plots at pressures 4, 11, and 740 Torr. The
simulated and measured data at 4 Torr agree very well; the
error bar is the standard deviation of intensity data from the
pixels of same pressure. The pressure broadening effect is seen
from the plots for 11 Torr and 740 Torr.
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Fig. 1. Architecture of 16-channel 146-154 GHz radiometer with 500 MHz
bandwidth for each channel.

CH3CN Experiment at Different Pressures and Simulation at 4 Torr

=
',
I

0.3~ ¥Sim. (4 Torr)
—Exp. (4 Torr)
025 “&Exp. (11 Tor)
~+Exp. (740 Torr)

BT 147 148 149 150 151 152 153 154
Freq. (GHz)
Fig. 2. Imaging and spectroscopy conducted on gas cell with acetonitrile at
different pressures during image formation (vacuum at row 1, 2 Torr at rows
2-4, 4 Torr at rows 5-6, 11 Torr at rows 7-8, 740 Torr at row 9, and vacuum at
row 10).

B. 70 —100 GHz Dual-polarization Radiometer

The architecture of our 70-100 GHz dual-polarization
radiometer (Millitech MCA-10-100512) is shown in Fig. 3. It
consists of a wire grid polarizer that splits the incoming signal
into vertically and horizontally polarized signal paths. The
signal in each path is received by a circular corrugated antenna
and undergoes identical signal processing chain comprised of a
70—-100 GHz BPF, a Low Noise Amplifier (LNA), a Schottky
barrier diode detector and a baseband video amplifier. The
baseband signals are collected by a DAQ interfaced to a
Laptop. As in the 16-channel radiometer, a chopper may be
used to collect Dicke-switched data, and the same 15c¢m
Gaussian lens is raster scanned to obtain 2D images.
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Fig. 3. Architecture of dual-polarization 70-100 GHz radiometer.

III. EXPERIMENTAL SETUP

The experimental setup for our outdoor imaging is shown in
Fig. 4. A LabVIEW® program running on a Laptop is used to
collect and process the image data. The ray optics of the
passive mmW imaging system was simulated by commercial
software Zemax" to obtain optimal imaging parameters such as
focal length and the distance between the horn antenna and the
imaging lens, the details of which will be presented in the
Discussion Section, together with determining the Point
Spread Function (PSF) for both radiometers.

Fig. 4. Experimental setup for mmW imaging of outdoor scenes.

IV. IMAGING RESULTS, ANALYSIS AND DISCUSSION

A. SNR Performance

For a Dicke-switched radiometer, the minimum detectable
temperature, or Noise Equivalent Temperature Difference
(NETD) is given by [13],

NETD=(TA+TR)\/(B~L1-/ZJ2 J{%T

AT+ T,%/E )
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where T,and T} are the antenna and the receiver temperatures,

respectively; B is the bandwidth of the radiometer; z/2 is the
integration time; and G and AG are the system gain and its
variation. In Eq. (1), we have used the approximation
AG/G <<1, and the factor of 2 comes from the fact that a
Dicke-switched radiometer only acquires signal at half the
measurement time interval, 7 . For our 16-channel 146 — 154
GHz radiometer [9, 10], T, =290 K; T, ~4492 K; B =500
MHz for each channel and if we assume the integration time
7=1s, we have, NETD = 0.4 K; for our dual-polarization
70-100 GHz radiometer, 7, =290 K; T, ~3000 K; B =30

GHz for each channel and if we assume the integration time
=1 s, we get NEDT = 0.04 K. Obviously, the
dual-polarization radiometer is more sensitive, due to two
factors: larger bandwidth and the use of LNA at the frontend.

B. Radiative Transfer

The radiative signal from a solid object comes from two
sources, the blackbody emission (Horizontal/Vertical

polarization) of the object itself 7 'V and the power reflection

coefficient R’V (defined as the square of the amplitude
reflection coefficient) from the sky background emission

R i 'V Both signals are subjected to the same absorption

e % from the object position Z, to the radiometer since they

are along an identical path. The expression of the detected
signal including atmospheric emission is given by [9],

H =(1(§I/V +RII/VIbII/V)e—rG n jKa(Z)T(Z)e_T(Z)dZ
0

Zl)

r(z)=jz«a(z)dz, t Ko @
0

0

where «, is the absorption coefficient and T(z) is the

temperature along the wave path at altitude z. Rigorously all
quantities in Eq. (2) depend on the frequency. However, in the
frequency range of interest, the spectral changes are negligible
for solid targets. The sky background emission may be slightly
polarized, depending on the time of day and weather conditions
(e.g., sunny, rainy, foggy etc.). But the most polarization

contrast comes from the polarization dependent reflection

R since electromagnetic wave reflection from the interface

between two dielectric materials is very different for horizontal
and vertical polarizations. This can be easily understood by
noting that there is no reflection for a vertically polarized wave
at its Brewster angle of incidence, while there is no such magic
angle for horizontal polarization [14]. So we would expect
there will be polarization contrast when there is a reflection
event involving a dielectric interface along the optical path of
the imaging system, e.g., the reflection from the ground, the car
windshield, the clouds in the sky, etc. In principle, the
measured terrestrial image can be simulated using Eq. (2), with
the help of ray-tracing method.
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Fig. 5. Image of sum of all 16 channels of a 2001 white Mitsubishi Montero
Sport car obtained by the 146 — 154 GHz radiometer (in K).
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Fig. 6. Horizontal (left) and vertical (right) polarization images of a 2001 red
Nissan Altima car obtained by the dual-polarization 70 — 100 GHz radiometer
(in K).

C. Imaging Results and Analysis

The imaging scene, as shown in Fig. 4, typically consisted of
a parked car at ~30 feet from the radiometer against the
background of a dumpster(s), bushes, trees, and cold sky. We
present imaging results of the above scene in both clear and
rainy conditions and analyze the polarization contrast of the
images.

1) Clear and Cloudy Day Images: Because of longer
wavelength than of optics, mmW images of the scene during
clear, cloudy, or day or night times showed no observable
changes. Figure 5 shows the image of the scene with the
146—154 GHz radiometer with 2-second integration time (all
channels summed up, which is equivalent to 8 GHz BW), and
Fig. 6 shows the dual-polarization image with the 70 — 100
GHz radiometer with 1-second integration time taken on a fair
weather day. The 146-154 GHz radiometer, being at a lower
wavelength (2 mm), has a higher resolution than the (3 mm)
70-100 GHz radiometer. We can clearly see part of the
dumpster, the car wheels and car windows from Fig. 5, while
these are not so obvious in Fig. 6. However, due to narrower
bandwidth of the 16-channel radiometer (8 GHz compared to
30 GHz of the dual-polarization radiometer), it takes about
twice the integration time to obtain similar SNR.

Typical acquisition time for a 50 x 50 image with Is
integration time is approximately 1 h. This is typical of
scanned single pixel imaging systems, but one may employ
compressive sensing to speed up the imaging time by a factor
of ten or more [15]. The advantage of single pixel imaging
compared to video rate imaging using an array of detectors is
that it offers high SNR and allows for the use of one-of-a-kind
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sophisticated detectors such as the 146-154 GHz imaging and
spectroscopy system we have built.

The polarization changes in the images may be analyzed
using the ray tracing method. Figure 7 classifies the image
scene into five regions for ray tracing analysis: #1, the image
of the trees behind the car, which consists of the tree emission
and the reflection of sky background emission by the tree, #2,
reflection of sky background emission by the upper part of the
car’s front side; #3, reflection of sky background emission by
the ground and then by the lower part of the car’s front side; #4,
reflection of sky background emission by the upper part of the
car’s front side and then by the ground; and #5, reflection of the
trees by the ground.

Ground

]

Horizontal Polarization

Polarization Difference

Fig. 8. Horizontal-polarization image (left) and polarization difference image
(right) overlaid on the optical images of the car. The horizontal-polarization
image is the same as in Fig. 6 with a different color map and the polarization
difference image is the subtraction of the vertical-polarization image from the
horizontal-polarization image of Fig. 6 Also shown are 5 different regions that
correspond to those analyzed in Fig. 7.

Figure 8 shows (a) the horizontal polarization image overlaid
on the optical image of the car and (b) the polarization
difference image. The corresponding five regions of Fig. 7 are
marked in Fig. 8 (a) and (b). The trees behind the car (region
#1) emit unpolarized radiation at outdoor temperature, which is
much higher than the reflection of the sky background
emission. Hence, we can consider that the trees image has
almost the same intensity for both polarizations. Because the
car front surface (region #2) is made of metal, its emission is
almost zero and its reflection of sky background emission is
not sensitive to polarization. The sky radiation reflected by the
ground and bottom part of the car (region #3) show small
changes in polarization because of small incidence angles. On
the other hand, the sky reflection from the ground (region #4)

causes strong polarization contrast because of different
reflection coefficients for vertical and horizontal polarizations
at such large incidence angles. The ground reflected radiation
of trees (region #5) offers less polarization contrast due to
smaller temperature contrast.

From the geometry of the scene, we can simulate the scene
image and compare it to the measured image. We calculate the
reflections for both polarizations from the measurement data
and compare them to theoretical calculation. Figure 9 shows
the measured reflections for both polarizations, which are
calculated for the car reflection by the ground according to Eq.
(2), ignoring the relatively small absorption coefficient k7, ,

177V (44)-1
RH/V= (#) Grou%/l/(#z) (3)

where 1,4 1S the ground emission. We can clearly see the

contour of the car and detailed features such as the car
windows with the help of nonlinear operation of Eq. (3), while
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Fig. 9. Measured reflection power coefficients of both vertical (left) and
horizontal (right) polarizations.
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Fig. 10. Ratio of vertical power reflection coefficient to horizontal power
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reflection coefficient ratio = RV/RH : on the left are the measured values and
on the right are the simulated values.

they were not so obvious in the raw images of Fig. 6. Also,
Fig. 10 shows the ratio of vertical reflection to horizontal

reflection ratio=R” / R" and its comparison to the theoretical

value [14]. For theoretical calculation, we have used the dry
ground permittivity £g,,,,¢ =3-5 and the distance from the

antenna to the Gaussian lensd; =7.5". The incident angle of
region #4 in Fig. 6 is given by

6;(#4) = arctan[\/xz (#4)+ y*(#4) /d,} (4)
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Now the horizontal and vertical reflection coefficients can be
obtained as [14]:

17, cos@; —n; cos b,

H =
RY (#4)= 7, cos 8; + 1, cos b,

17, cos &, — 17, cos b; 2

4 -
R (#4)= 1, cosb; + 17, cos b,

sin(6,) = 7A%Gmund sin(6;) , y=joueeg(e —je) (5)

where 777 and 77, are wave impedances of air and ground

respectively. Also, the Brewster angle of the ground is
Oy = arctan[,/eGmnd ]~ 62" for the vertical polarization, which

is smaller than the incident angle 6;(#4)~ 80", as calculated

from Eq. (4). Note that only the metallic part of the car is
shown in Figs. 9 and 10 since non-metallic dielectric materials
like car windows behave differently, i.e., instead of completely
reflecting all polarizations, dielectric materials reflect
polarized wave differently and is thus polarization sensitive.

During Downpour; Horizontal Polarization During Downpour: Vertical Pmarizatiog
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Fig. 11. Dual-polarization images during rainfall (top) and after rainfall
(bottom) show different polarization contrast for the 2001 Nissan Altima car

used in Fig. 6.

2) Rainy Day Images: The top and bottom images in Fig. 11
give the dual-polarization images during moderate rain and
after the rain stopped, respectively. Clearly the temperatures of
the trees and ground are higher during rainfall. This is because
the millimeter-wave emission of rain droplets is much higher
than that of the sky. Also in Fig. 11, we give the images of the
power reflection ratio between vertical polarization and
horizontal polarization according to Eq. (3). One can see that
the polarization contrast is higher during rainfall (which is

RV /RY ~035 ) compared to that after rain stopped (which is

R /R™ ~0.2). This is because the rain changes the dielectric

constant of the ground and thus the power reflection according
to Eq. (9).

Measured Reflection Ratio: RV/R"
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Fig. 12. Power reflection ratio between vertical polarization and horizontal
polarization: during rainfall (left) and after rainfall (right).

Fig. 13. Zemax® simulation of 15-cm imaging lens shows the focal length, the
optical depth and the PSF at 100 GHz.
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Fig. 14. Simulated PSF using Zemax" at 100 GHz (the dual-polarization
radiometer) and 150 GHz (the 16-channel radiometer).

V. DISCUSSION

From the images obtained with both radiometers, it is clear
that the 146—-154 GHz radiometer provides higher resolution
than that of the dual-polarization 70-100 GHz radiometer
because of its shorter wavelength. This may be quantitatively
verified using the ray tracing software Zemax”. Figure 13
shows the ray tracing simulation of a 15cm lens at 100 GHz.
The focal length determined from the simulation is: f ~ 16.5
cm at 100 GHz and f ~ 16.76 cm at 150 GHz. The distance
from the detecting antenna to the imaging lens, d; , follows the
standard imaging formula 1/ =1/d;+1/d,, with d, being

0
the distance from the imaging lens to the scene. Since the
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resolution of an image is the convolution of the scene with the
PSF, we can obtain the PSFs for both cases. Figure 14 shows
the optical transfer function (OTF) obtained at 100 GHz (or 3
mm wavelength) for the dual-polarization radiometer and at
150 GHz (or 2 mm wavelength) for the 16-channel radiometer.
The Full Width at Half Maximum (FWHM) for the two
frequencies are: FWHM ~ 4 mm at 100 GHz and FWHM ~ 3
mm at 150 GHz. The PSF is closely related to the Optical
Transfer Function (OTF); the PSF and the Modulation Transfer
Function (MTF) which is the magnitude of the OTF, are a

Fourier transform pair, PSF = IFT{MFT}= IFT{OTF|} [16].

The knowledge of the PSF for the imagers will be useful in the
image analysis and recognition of targets in cluttered
environment.

VI. CONCLUSIONS

We have developed two radiometers for terrestrial imaging
and spectroscopic application, the 16-channel 146—154 GHz
radiometer and the dual-polarization 70—-100 GHz radiometer.
Zemax” optics software was used to optimize the passive
mmW imaging optics and to determine the PSF of the
imagers. Images of an outdoor scene consisting of a car,
dumpsters, trees, and the sky were taken under different
weather conditions to compare their performance. It has been
shown that the 16-channel radiometer has higher resolution
due to its shorter wavelength. However, its SNR is lower than
that of the dual-polarization radiometer due to the narrower
bandwidth, so longer integration time is required to obtain
images of the same quality. The polarization contrast is
mainly due to reflection from the interface of two dielectric
materials such as the ground, the car windshield, and the
clouds in the atmosphere. The polarization changes from the
vertical and horizontal reflections of the sky radiation by the
car and the ground were analyzed using a combination of ray
tracing and radiative transfer simulation. The shadow of the
car by the ground which was not obvious in the raw image
became evident with the above analysis. We also extended the
analysis to determine the polarization changes of the scene
under rainy conditions. These results show that ray-tracing
method in combination the radiative transfer equations is a
powerful tool for scene simulation and image analysis for
passive mmW systems.
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List of Figure Captions
Architecture of 16-channel 146-154 GHz radiometer with 500 MHz bandwidth for each channel.

Imaging and spectroscopy of gas cell with acetonitrile at different pressures during image formation (vacuum at
row 1, 2 Torr at rows 2-4, 4 Torr at rows 5-6, 11 Torr at rows 7-8, 740 Torr at row 9, and vacuum at row 10).

Architecture of dual-polarization 70-100 GHz radiometer.
Experimental setup for mmW imaging of outdoor scenes.

Image of sum of all 16 channels of a 2001 white Mitsubishi Montero Sport car obtained by the 146 — 154 GHz
radiometer (in K).

Horizontal (left) and vertical (right) polarization images of a 2001 red Nissan Altima car obtained by the
dual-polarization 70 — 100 GHz radiometer (in K).

Image scene analysis using ray-tracing method.

Horizontal-polarization image (left) and polarization difference image (right) overlaid on the optical images of
the car. The horizontal-polarization image is the same as in Fig. 6 with a different color map and the
polarization difference image 1is the subtraction of the vertical-polarization image from the
horizontal-polarization image of Fig. 6. Also shown are 5 different regions that correspond to those analyzed in
Fig. 7.

Measured reflection power coefficients of both vertical (left) and horizontal (right) polarizations.

Fig. 10. Ratio of vertical power reflection coefficient to horizontal power reflection coefficient ratio= R”/R" : on the left

are the measured values and on the right are the simulated values.

Fig. 11. Dual-polarization images during rainfall (top) and after rainfall (bottom) show different polarization contrast

for the 2001 Nissan Altima car used in Fig. 6.

Fig. 12. Power reflection ratio between vertical polarization and horizontal polarization: during rainfall (left) and after

rainfall (right).

Fig. 13. Zemax" simulation of 15-cm imaging lens shows the focal length, the optical depth and the PSF at 100 GHz.

Fig. 14. Simulated PSF using Zemax” at 100 GHz (the dual-polarization radiometer) and 150 GHz (the 16-channel
radiometer).



