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Abstract—A 95-GHz printed low-loss linear-to-circular polar-
izer is designed as a component of an active direct-detection mil-
limeter-wave imaging system. The periodic printed grid structure
presents different reactances to the TE and TM polarizations, re-
sulting in equal amplitude and phase quadrature upon transmis-
sion through four parallel grids. The polarizer is measured in both
a Gaussian beam system and a plane wave system, and demon-
strates an axial ratio of 0.23 dB, polarization isolation of 38 dB, and
transmission loss of 0.3 dB for normal incidence. The quarter-wave
plate is characterized up to +35° off the optical axis, and exhibits
an axial ratio better than 1 dB up to 2£17° off the optical axis.

Index Terms—Millimeter wave devices, millimeter wave

imaging, polarization.
1. INTRODUCTION

limeter-wave and submillimeter-wave imaging have
gained attention for applications such as concealed weapons
detection (CWD) [1], remote sensing [2], inclement-weather
navigation, large-scale fire detection, material measurements,
spectroscopy, radio astronomy, and plasma diagnostics [3, pp.
342-536).

Many of the systems contain various passive quasi-optical
components described in [3, pp. 71-229], such as lens systems
with Gaussian beams, dielectric lenses, anti-reflection coatings,
metallic lenses, reflective focusing elements, delay lines, polar-
ization processing, wave plates, absorbers and calibration loads,
and a variety of frequency-selective surfaces and gratings.

This paper describes a low-loss, high-scan-angle, printed,
low-cost W-band linear-to-circular polarizer (quarter-wave
plate) designed for an active CWD system [4] developed at
the National Institute of Standards and Technology (NIST) in
Boulder, CO.

A simplified block diagram of the system is shown in Fig. 1.
The target is illuminated by a 400A,-long 1-D antenna array
(fo = 95 GHz). The linearly polarized (LP) illumination beam
is focused by a cylindrical lens, reflected from a polarizing
beam splitter and circularly polarized (CP) by the A/4 plate; the
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Fig. 1. Top view of simplified block diagram for the active CWD system.
Shown is a cross section; the 1-D arrays are perpendicular to the plane of the
paper. To.the right of the A/4 plate, F)| and E are the two orthogonal linear
polarizations, one parallel and one perpendicular to the plane of the paper.

resulting CP wave illuminates the target at various illumination
angles due to the video-rate scanning mirror. The resulting
scattered wave is orthogonally circularly polarized, and thus
upon passing through the A\/4 plate becomes orthogonally
linearly polarized to the illuminating wave. The wave then
passes through the polarizing beam splitter and is sampled by
a 1 X 128 room-temperature antenna-coupled microbolometer
array [5]. Therefore, in this configuration, the A/4 plate is
critical not only to produce circular polarization, but also to
ensure isolation between the input and image-forming waves.
The field of view required by the system, explained in [4], is 0.9
m by 1.8 m at a distance from the entrance aperture of 1.5 m.
This corresponds to an opening angle of approximately 4-31°.

A number of linear-to-circular polarizers have been demon-
strated in the literature: single- and multiple-layer dipole arrays
[6]-[8], layered dielectric frequency-selective suorfaces [9],
[10], metallic meander-lines [11]-[13], and finally, designs
using combinations of capacitive and inductive grids [14], [15].
The last was chosen due to the advantages that it is quick to
simulate, simple to fabricate (especially given the large aperture
required), and performs well for this application.

This paper is organized as follows.

* Section Il presents the design of a four-layer printed
inductive-capacitive polarizer using a method-of-moment
(MoM) and transmission-line simulation,

* Section III describes the low-cost fabrication process;

* Section IV details the measurement procedure and results;

* Finally, Section V discusses the effect of the quality of the
polarizer on the CWD system performance.

II. DESIGN AND SIMULATION

This section describes the design of a unit cell of the polarizer,
utilizing a combination of MoM and transmission-line analysis.

U.S. Government work not protected by U.S. copyright.
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Fig. 2. (u) Paramelrization of polarizer unit cell for E¢ vector, with dimen-
sions ¢« = 0.63 mm, b = 1.263 mm, ¢ = 0.5 mm, d = 0.525 mm,
e = 0.21 mm. Electric and magnetic walls are indicated by E.,,, = 0 and
Hyan = 0, respectively. (b) Unit cell for B, vector. (¢) Layering of sheets and
superpose of electric field vector orientation—Incident electric field F;,, .. is ori-
ented at 45° from the metal strips and decomposed into two orthogonal vectors
(B and Ec¢). The spacing between sheets is n\/4, with n odd.

A. Basic Principle of Operation

It is well known that metal strips present an equivalent induc-
tance to an incoming copolarized wave, while perpendicular
metal strips present a capacitance to an incoming plane wave:
this inductance and capacitance can be calculated from the
quasi-static approximation [16], and measurements have been
shown to agree very well with calculation.

In order to achieve circular polarization, a 90° phase shift is
required between two equal-magnitude orthogonal vector com-
ponents of the electric field. This usually requires several grids
with a more complex unit cell. The unit cell in this paper is
shown in Fig. 2(a) and (b) for two orthogonal electric field vector
components.

For normal incidence and an infinite 2-D grid surface in
the xy plane, symmetry defines electric and magnetic wall
boundary conditions extending in the 2z direction. The mag-
netic walls are the vertical sides of the unit cell and the electric
walls are the horizontal sides. This simplification of the geom-
etry allows the polarizer design to be reduced to the design of
a single unit cell, decreasing simulation complexity and time,
A number of methods can be used to this end, the discussion
of which is not the topic of this paper. The design tool used
for this work was an available subdomain Galerkin MoM code,
described in detail in [17].
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Fig. 3. Equivalent transmission-line circuit model for £y, and E¢ polariza-
tions. The susceptance blocks for each polarization are imported from the MoM
simulation. '

Definitions for angular quantities and S-parameter notation
are as follows:

* S%: The transmission coefficient of the E¢ component
through the polarizer; :

+ 5% Similarly, the transmission coefficient of the I, com-
ponent through the polarizer;

* ¢: Phase difference between S5 and SZ;

¢ @: Off-normal angle of incidence;

* 1. Polarizer rolation about optical axis z.

B. Simulation

S-parameters are extracted from the MoM simulations of the
unit cells for both polarizations, and imported into Agilent Ad-
vanced Design System [18]. Four identical grids are cascaded
with sections of A,/4-long sections of air between them, de-
picted in Fig. 2(c). The equivalent transmission line model for
the two polarizations is shown in Fig. 3. The susceptances, j By,
and j B¢, are due to the following: the electric field vector ori-
ented along the strips, Ey,, is presented with an inductance due
to the strips and a capacitance due to the squares; the electric
field vector perpendicular to the strips, ¢, is presented with ca-
pacitances due to both the strips and squares, and capacitances
due to the strips alone. The metallic grids are printed on a sub-
strate with electrical thickness less than A,/60; therefore the
substrate is ignored in simulation. A standard S-parameter sim-
ulation is completed between 90-100 GHz for both orthogonal
components of the electric field. Optimization was performed
for equal magnitude between S§; and S%, and ¢ = 90°. The
dimensions of the unit cells were varied in the MoM code to
adjust the capacitance and inductance empirically until circular
polarization was reached at the center frequency. Comparison
of simulation and measurement of the two-port S-parameters
for j B¢ is given in Section IV B,

Since the unit cell has a rectangular transverse cross-seclion,
the impedances of the transmission lines used in the simulation
are n, = nob/(2e + 2d + a) = nob/A and n¢ = o A/b, where
b and A are dimensions of the unit cell between electric and
magnetic walls, respectively, and 7, is the impedance of free
space [19].

III. FABRICATION

A DuPont Pyralux AP8515RA [18] polyimide substrate with
thickness i = 25.4 um and Cu thickness ¢ = 18 pum is used.
The sheets are fabricated with a standard commercial wet-etch
process, at a relatively low cost. The relative dielectric constant -
of the substrate is ¢, = 3.2. Each of the four grids is 53.3 cm in
diameter. Three sheets of rigid, low-density, 3A/4-thick, low-¢,.,
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Fig. 4. Photograph of fabricated and assembled polarizer with octagonal alu-
minum frame. The aperture is 53 cm in diameter. Inset: a magnification of the
photograph to show the pattern detail.

low-tan § Cuming C-Stock RH-5 [18] (complex relative permit-
tivity of ¢/eg = 1.09—30.00044) foam are sandwiched between
the four polarizer sheets, while an extra foam layer is added be-
hind the last polarizer sheet to provide additional stability and
flatness. The completed polarizer is supported by an aluminum
frame, as shown in Fig. 4.

A 53-cm diameter clear aperture is required, due to the optics
specifications of the imaging system. The corresponding dielec-
tric lenses, mirrors, polarizing beamsplitters, and transmit/re-
ceive modules in the system (see Fig. 1) have apertures of sim-
ilar sizes.

IV. TESTING AND PERFORMANCE

This section details the two testing methods used to measure
the performance of the polarizer, and provides comparison be-
tween measurement and simulation.

A. Insertion Loss and Isolation

A dual-pass reflection power measurement is performed to
measure polarization rotation and isolation. A Gunn diode os-
cillator tuned to f = 95 GHz feeds a standard-gain horn antenna
that transmits a wave at the polarizer backed by a mirror. The
incidence angle is slightly off-normal (6 ~ 5°) to allow mea-
surement of the reflected power. A power meter attached to an
identical horn antenna is placed close to the source at the cor-
responding angle slightly off-normal to measure the reflected
power. The two horns are cross polarized, and the polarizer is
rotated 180° about the optical axis on a rotation stage with a
45-mm-clear aperture to the polarizer. RF absorber is cut to form
the aperture and eliminate stray reflections from the polarizer
frame.

The measured power as a function of rotation angle is
shown in Fig. 5 and compared to the theoretical sin®(2)).
The measurement is normalized with respect to the received
power without the polarizer in the optical path. The measured
single-pass insertion loss is 0.3 dB, and the isolation between
the two polarizations is 38 dB.

B. Gaussian Beam Measurement

An HP 8510C network analyzer is configured with the
85105A millimeter-wave test set and W85104A W-band ex-
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Fig. 5. Measured cross-polarized received power after two passes through the

polarizer, as a function of polarizer rotation angle ¥ about the optical axis z.
Single-pass insertion loss is 0.3 dB, and polarization isolation is 38 dB. Mea-
sured data are denoted by ¥, while the theoretical sin?(2) is represented by
a dashed line. Measured data are normalized to the power received without the
polarizer in the optical path.

tension heads [18]. The heads are attached to short W-band
waveguide sections, followed by corrugated conical horn
antennas with beam waist wg = 7.1 mm at f = 95 GHz.
Bi-convex dielectric lenses with focal depth d = 15.2 cm
and ¢, = 3.1 are added to form a copolarized Gaussian beam
measurement system. A response-isolation calibration for Sa;
is performed between 90-100 GHz, and the optics optimized
based on the desired beam radius at the polarizer measurement
plane. The system is a standard Gaussian beam configuration,
such as in [20].

Due to the physical size of the completed polarizer for instal-
lation in the imaging system, a small 10-cm-diameter sample is
utilized for testing. An acrylic frame is used to minimize reflec-
tions. A translation stage along the optical axis z and a rotation
stage for 9 and & support the polarizer sample. A separate trans-
lation stage without 1) rotation supports a single sheet of the
fabricated pattern for measurement comparison with the MoM
results.

An initial measurement set is taken, and standing waves
are found to dominate the signal. Standing waves exist in the
system due to two main reasons: lack of antirefiection coatings
on all components, and polarization-dependent reflections. Two
standing waves are noticed—one between the apertures of the
scalar feeds, and the second between the lenses and polarizer.
RF absorber applied around the aperture edges of the horns
reduces the amplitude of the lower-frequency standing wave.
An attempt to eliminate the second standing wave was made by
performing another measurement set with the polarizer sample
rotated to a slight off-normal angle §# = 5°, which reduced the
second standing wave slightly. The remaining standing waves
are eliminated by smoothing the data with a moving-average
algorithm based on the period of the standing waves.

Fig. 6 shows the simulation results for a single grid in the
E¢ polarization compared to measured data. It should be noted
that the absolute value of the phase is not relevant, but rather

Aulhorized licensed use limiled lo: NIST Research Library. Downloaded on Seplember 24, 2009 al 15:28 from IEEE Xplore. Reslrictions apply.




DIETLEIN ef al.: A W-BAND POLARIZATION CONVERTER AND ISOLATOR

. . -10
-0, ™
HEt e aainaneins
LT R T LTSRS
o R e
o S - - T P
-0.3F ™
04 ™3
= O
T
g 1-15 =
UU)N - .e owN
= _ost © O 0~ gy _. [
. -6 oo
~0.7 O Measured [S, MRS o~ o7
c
oghl Simulated [S3;] 1™
$ Measured AS;
osl . 2 -19
— — - Simulated 28,
) : . ) . -20
L = Y P 98 100
Frequency [GHz)

Fig. 6. Simutaled S compared with measured magnitude () and phase (&)
of the transmission coeflicient for a single sheet of the polarizer. Measured phase
was shifted by several degrees lo agree with simulation, due to absolute phase
not being available in measurement.

0 T T T T % 160
® X *
] b & ¢ 9 o @ © ©® & ht 1
-1} 1140
’ o
-2} 0 ﬁl120
S -3 . 1100
— L _ . _Q=90
v @ g T4 TS TTTToTTTTSTTTTT D
23 8 np
= af o4 80 &
E "o e
& - ° &
o
-6 T o 140
0 18,
c o
b * 18yl 120
L c
o485, -48 a °
-8 n n . ; . L 0
0 5 10 15 20 25 30 35
9 [deg)

Fig.7. Measured magnitude of S, (o) and 5£ (%) as a function of off-normal
rotation angle 6. While SS] stays relatively flat throughout the # rotation, S5
rapidly decreases after @ = 25°. Also shown is the phase difference ¢ between
S$ and §% as a function of 6, represented by 0. Ideal phase difference ¢ =
90° is shown by the dashed line.

the slope of the phase as a function of frequency. The phase of
the measured data is shifted slightly to allow easy comparison
of the two slopes. The measured data closely match the simula-
tion, with only the transmission loss being slightly higher than
simulated.

In Fig. 7, |S21| through the capacitive and inductive orienta-
tions of the polarizer is shown. ldeally, the polarizer would have
good off-axis performance, but due to the layered nature of this
type of design, it is known that performance suffers at large an-
gles. However, it is noted that the magnitude of the electric field
for the two orientations remains constant (and nearly equal) up
to # = 25°. Fig. 7 also shows the phase difference ¢ between
the transmission coefficients S5 and S of the electric field,
as a function of off-normal angle of incidence. For § < 10°, ¢
remains above 80°.
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Fig. 8. Tolal measured ransmission coefficient through the polarizer as a func-
tion of polarizer rotation angle 1 for 93.5-96.5 GHz in 750 MHz steps: o, +,
¥, 0, and ¢, respectively. 1 = 0° and 3 = 90° correspond to the £y, and E¢
orientations, respectively.

Fig. 8 shows the total copolarized transmission coefficient as
a function of polarizer rotation angle 1 at five frequencies from
93.5-96.5 GHz. The polarizer is designed to produce circular
polarization when rotated so the metal strips are at ¢ = 45°
relative to the direction of polarization of an incident electric
field, i.e., any LP antenna in the circularly polarized field will
exhibit 3 dB loss. At 0° and 90° the copolarized transmission
loss is ideally O dB. Fig. 8 shows that the A/4 plate performs as
expected over a 5% bandwidth around 95 GHz, the frequency
regime where the IMPATT source utilized by the system is cen-
tered.

C. Axial Ratio Calculation

Usually the axial ratio is defined as the ellipticity of the polar-
ization ellipse, which is measured by rotating a LP horn in a cir-
cularly polarized field and recording the received electric field
amplitude. Because it is not possible to rotate one of the horns in
the Gaussian beam test, due to the size of the W85104A W-band
extension heads, the phase-amplitude method is used for calcu-
lation of the axial ratio. In this method, phase information com-
pensates for antenna rotation. The axial ratio is computed using
the following:

AR =|21=
o

with

1+ a? -+ 2asin
£= —2‘J 2
14 4% — 2asin¢

where « and ¢ are the absolute value and angle of the ratio
between two orthogonal components of the electric field, i.e.,
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El/E? = aexp(j$). El and E? should be measured simul-
taneously with a dual-linear polarized receive antenna for the
above method to be exact. To check the validity of the approach,
three measurement sets of orthogonal linear polarizations were
taken, and the magnitude difference and relative phase between
the measurement sets varied less than 1.5%. This implies that
the axial ratio calculation obtained from separate linear polar-
ization measurements can be trusted.

In the Gaussian beam measurement using S%; and S, as the
orthogonal component measurements in the above formulas, an
axial ratio of 0.23 dB is calculated for normal incidence. As the
angle of incidence is changed, the relative magnitudes of S%;
and S§] remain similar up to § = 25° (Fig. 7), but ¢ changes
rapidly. Therefore, an axial ratio below 1 dB is maintained for
angles of incidence § < 17.5°, and remains below 3 dB up to
8 = 22.5°.

V. DISCUSSION

The concealed weapons detection system described in the in-
troduction is limited by its signal to noise ratio, due to both the
lack of transmitted power in this frequency band and decreased
sensitivity of room-temperature bolometers. Therefore, it is es-
sential to minimize insertion loss of all components. The 0.3-0.5
dB loss of the polarizer shown here saves 2.5 dB of signal rel-
ative to a system with no polarizer. In addition, high polariza-
tion isolation between the transmit and receive waves reduces
effects of unwanted reflections, and thus improves the SNR of
the image.

For the configuration shown in Fig. 1 with the polarizer be-
tween the polarizing beamsplitter and the dielectric lens, the re-
quired field of view is not greater than 20°, As the axial ratio
of the polarizer degrades rapidly after 17°, images will appear
“blurred” at the edges, due to non-CP reflections from the ex-
tremities of the target field plane. It is also possible to optimize
the polarizer for off-axis performance, to achieve optimum axial
ratio at, e.g., 15° off broadside. In this case, the average perfor-
mance of the device would be increased, but an interesting and
detrimental visual effect would be encountered. An annulus of
high-quality imagery would be observed, with performance de-
grading monotonically both towards the center and the edges of
the field of view. We have considered this tradeoff and decided
in favor of optimum performance at broadside.

In summary, this paper presents a low-loss, low-cost, rela-
tively high-scan-angle linear-to-circular polarizer at 95 GHz.
The performance of this quasi-optical component results in im-
proved images from the system for which it was designed.
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