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Abstract—The appropriateness of dielectric loaded antenna for
the passive millimeter wave imaging application has recently been
demonstrated. In this paper, we analyze the optical performance of the
passive millimeter wave (PMMW) imaging system based on a 1D focal
plane array (FPA) of dielectric rod waveguide (DRW) antennas. A first
step in the design process is to analyze the image quality potential of 1D
FPA-based imaging system in terms of the point spread function (PSF)
and the modulation transfer function (MTF). We consider the effect
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of lens, DRW antenna, electromagnetic crosstalk between adjacent
DRW antenna elements in the array, and sampling. From simulation
and measurement, we found that the image quality in the passive
millimeter wave imaging system with a DRW antenna array is less
sensitive to electromagnetic crosstalk between antenna elements in the
array. The measurements and simulations show that the system is
diffraction limited and also closely agrees with the Rayleigh criterion
of resolution for diffraction limited optical systems.

1. INTRODUCTION

Millimeter wave sensors have been used for decades for various
applications such as military radar and radiometry, metrological
applications, radio astronomy, earth resource monitoring, medical
applications, and more recently for concealed weapon detection [1-
3]. Passive millimeter wave imaging is a method of forming an image
through the passive detection of naturally occurring millimeter wave
radiation from an object. This imaging is typically performed using
a single or a linear array of the focused detector! to raster scan the
scene [4,5]. The PMMW camera was also developed using the same
configuration similar to what is commonly used in visible and IR
camera [6, 7], i.e., the 2D array of the focused detector [6-12].

In order to get a high resolution millimeter wave image, various
types of detectors have been tried for the feed element in the focal plane
array (FPA) based quasi optical imaging systems at W-band [8-14].
The spatial resolution of a focal plane array system very much depends
on the spacing of its feed elements in the detector array. Therefore,
a feed with very low cross section is required. On the other hand,
the feed must provide the spillover losses as low as possible. However,
this requires a highly directive antenna which would usually have a
larger cross section. So, it is quite challenging to design the suitable
array elements that can meet these competing requirements. The
spillover argument is made from the far-field assumption as is done
in the paper based on [20]. The inherent limitations, such as small
f-number, of millimeter wave optics also put constraint on achievable
spatial resolution.

Antennas fabricated on planar substrates have been tried by many
researchers [8-12]. Despite the compact size of a planar antenna
array on substrate, one important limitation of this type of antenna
array is the loss caused by surface waves propagating along the
substrate. The detector on substrate often excites trapped surface

T Detector refers as a front end of a receiver not microwave detector.
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waves that reduce the radiation efficiency and causes crosstalk between
neighboring detectors in the array. More than 50% of incident power
can be lost into surface wave [8]. The lost power is captured by the
neighboring detector and causes strong crosstalk. Therefore, such a
detector introduces a large amount of blurring in the image due to
high crosstalk and the image quality is very poor. The excitation
of surface waves can be reduced by making the substrate very thin,
but the fabrication becomes difficult and mechanically unstable. An
alternative solution suggested in [8] is the use of an additional substrate
lens on detector array. It is reported in [8] that the use of additional
substrate lens on top of the substrate reduces the crosstalk between
nearest neighbor detector about —19dB, but it is still high for the
imaging application. This additional lens makes system heavy and also
introduces material and reflection loss when the number of detector
increases.

So far the most practical structure is a dielectric rod antenna due
to their low cross polarization, relatively high gain and potential for
a very dense packaging. We developed modified tapered dielectric rod
waveguide (DRW) antenna [15] as shown in Figure 1(a), for the efficient
use as a feed element in antenna array. Using this feed antenna, we
developed an efficient and high performance 30 element feed linear
array as shown in Figure 1(b) for quasi optical passive imaging system
based on focal plane array (FPA).

One of the objectives of this paper is to evaluate the imaging
performance of the proposed quasi optics for W-band PMMW
imaging. We evaluated the performance of the developed quasi optics
(lens [16] + DRW antenna array) using point spread function (PSF)
and modulation transfer function (MTF). We found by simulation and
experiment that crosstalk is very less (approximately —39dB) in the

P

(b)
Figure 1. (a) Designed DRW antenna and (b) 30 elements feed linear

DRW antenna array and W-band receivers. (By permission Millisys,
Inc., South Korea).
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proposed linear feed array based on DRW antenna. An improvement
of 20dB is achieved over the planar antenna array on substrate [8].

Another objective of this paper is to analyze the combined effect
of each subsystem in terms of their PSF and MTF for W-band PMMW
imaging system, as shown in Figure 2. In this paper, we use the
line scan W-band PMMW imaging system and assume the linear shift
invariant system model for the mathematical formulation. The intent
of this paper is to rigorously develop an approach to PSF and MTF
analysis for shift invariant W-band PMMW imaging system as shown
in Figure 2 and to analyze the loss of resolution due to the combined
effect of lens, focal plane array, and sampling. The measurement setup
for PSF is presented and the diffraction limited nature of the proposed
system is analyzed.

The rest of the paper is organized as follows. Section 2 describes
the PSF and MTF of W-band PMMW imaging system. Section 3
presents the PSF and MTF of the designed dielectric lens [16],
developed linear array of DRW antenna. Section 4 presents the PSF
measurement setup and the optical performance analysis followed by
conclusion in Section 5.

2. PSF AND MTF OF W-BAND PMMW IMAGING
SYSTEM

It is widely accepted that the point spread function (PSF) and their
Fourier transforms, the modulation transfer functions (MTF), is the
fundamental analysis tool for initial imaging system specification
and design, perfomence analysis, and subsequent detail analysis of
image it produces. A general schematic of sampled W-band PMMW
imaging system is shown in Figure 2. The imaging subsystem PSF’s
(lens + DRW antenna array), the sampling subsystem PSF’s; and the
reconstruction subsystem PSF’s are the components that apply to all
system. In this paper, we consider analysis up to sampling subsystem.
The imaging system is assumed to be linear and shift invariant; thus
the convolution of subsystems PSF’s provide the overall PSF of the
sampled imaging system used for performance analysis. The output
final output of the system in Figure 2 is given by:

gr(z,y) = [ (z,y) @ h(z,y)) @ hen(z,9)} K(2,9)] © he(2,9), (1)

where ® denote the convolution operator.

The receiver channel response, K(z,y), is linear and each channel
has its own gain and offset. In the developed PMMW imaging system,
every channel of the receiver is calibrated and normalized for flat
field response before image reconstruction, thus, K(z,y) is eliminated
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Figure 2. W-band PMMW imaging system.

from Eq. (1). After eliminating K(x,y) and using associative and
commutative property of convolution in Eq. (1), we get following
simplified form of Eq. (1):

gr(z,y) = {h(@,y) ® hon(x,y) @ he(w,y)} @ I(2,y). (2)
The imaging subsystem PSF, h(x,y), is given by convolution of lens
PSF, hien(z,y), and antenna array PSF, han(x,y):

h(l‘, y) = hlen(xy y) ® hAnt(xa y) (3)
The lens PSF is given by convolution of its diffraction PSF, hgg(z,y
and geometrical aberration PSF, hgeom(z,y), ie., hjen(z,y)
hdiﬁ($7 y) ® hgeom(xa y)

Here, it is important to note that the present focal-plane
configuration is an array of independent dielectric rod waveguide
(DRW) antenna. The output of channel does not depend on the
phase coherence between signals on adjacent channels, because, each
antenna feeds has its own individual receiver. The PSF of individual
antenna in focal plane array, hani(z,y), is the convolution of PSF
corresponding to the spatial responsivity, i.e., DRW antenna radiation
pattern hprw(z,y), and PSF h.(z,y) corresponding to the crosstalk.
The individual antenna PSF in focal plane array is han(z,y) =
horw (%, y) @ her(x,y). The imaging subsystem PSF, h(x,y), is given
as:

)

h(ﬂ?, y) = hdiﬁ(xa y) ® hg€0m<$, y) 029 hDRW(x7 y) ® hcrt<37, y) (4)
Convolution in spatial domain corresponds to multiplication in the
frequency domain. Thus, equivalent of Eq. (2) and Eq. (4) in frequency
domain is as follows:

G'r‘(xvy) = {H (5777) Hsh (5777) HT (5777)}‘[(5577)7 (5)

H (f, 77) = Hdiﬁ‘(ga 77) ngom (5, 77) HDRW (f, 77) Hcrt (ga 77) . (6)
It is obvious from the definition of MTF that the capital H’s are MTF
corresponding to the PSF denoted by small h’s. Eq. (4), Eq. (5) and
Eq. (6) are the basis for all the analysis in this paper. Moreover, the
results of this paper are applicable to the MTF analysis of any sampled
imaging system whose performance is characterized by these equations.
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3. PSF AND MTF MODELING FOR W-BAND PMMW
IMAGING SYSTEM

3.1. Optical PSF and MTF

There are two physical processes related to the lens that account for
the optical blurring and degradation in an imaging system: Diffraction
and aberrations. The degradations associated with diffraction and
aberration is called diffraction blur and geometric blur, respectively.

3.1.1. Lens Diffraction PSF and MTF

The diffraction accounts for the spreading of the radiation as it passes
through an aperture. Thus, a point object is never imaged on a point
in the image plane, as shown in Figure 3. The diffraction PSF for an
incoherent imaging system with circular-aperture lens of diameter D
is given as follows [17-19]:

2.J1(mp) |?
2] 7)

where Jj is the first order Bessel function of first kind, p = rD/Af is
the normalized radial distance from the center of the pattern. A is the

wavelength, r = /22 + 42, and f is the focal length of the lens.

The MTF corresponding to the diffraction PSF is obtained by
taking the Fourier transform of the function in Eq. (7). The diffraction
MTF is given as follows [17]:

Hapen =2 e () - (2) - ()] @

where, w = \/£2 + 02, and its unit is cycle per mm or cycle per radian.

hdiﬁ(l‘) y) = ‘

Point Source

Figure 3. Image of point object.
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Figure 4. Modeled diffraction (a) PSF and (b) MTF of the lens
used in developed W-band PMMW imaging system, for specification
D =500mm, f =500mm, A = 3.2mm (@94 GHz).

The frequency &, 7 is related to sampling frequency as follows:

k. k
§ = <]Vx> Fs:ca n= (]VZ) Fsy7 (9)

where k., k, are the spatial frequency indices and takes integer value
in the interval [[—N,/2], [N;/2]] and [[-N,/2], [ N,/2]] respectively.
Where [z] denote the integer value less than or equal to x. Fg,
Fy, are the sampling frequencies and N,, N, are the total number
of sample along x- and y-axis, respectively. For fixed Fi;, FoyNg, Ny,
the frequencies &, n are proportional to the spatial frequency indices
kz, ky. For better presentation we used spatial frequency index instead
of actual frequency.

The developed W-band PMMW imaging system, which is used
here as case study [22], operates at frequency 94 GHz (A = 3.2mm)
and it uses a dielectric lens of diameter D = 500 mm and focal length
f = 500mm. The simulated diffraction PSF and MTF of this lens
are given in Figure 4. The detailed design and analysis of this lens is
published in [16].

3.1.2. Lens Geometric Aberration PSF and MTF

Mathematical models [17] as well as many commercial software like
V-CODE [23] is available for the calculation of aberration effect at
different locations in the image plane. In this paper, we use the
following Gaussian function for the aberration modeling of the lens
used in W-band PMMW imaging system:

1 2
hgeom(xvy) = ) eXp | =T —5 ) (10)

geom geom
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Figure 5. Modeled geometric aberration (a) PSF and (b) MTF for
the lens speciation given in Section 3.1.1. The geometrical scaling blur
factor 7geom = 4.5.

where 74eon, is the geometric blur scaling factor and r is same as in
Eq. (7). The MTF corresponding to aberration is given as follows:

ngom(ga 77) = €xp (_ﬂ-r?]eomwQ) ) (11)

where meaning of w is same as in Eq. (8). By using CODE-
V [23] software we found rgeom = 4.5 for lens specification given in
Section 3.1.1. The geometric aberration PSF and corresponding MTF
is shown in the Figure 5.

3.2. PSF and MTF for Linear Array of DRW Antenna

The achievable spatial resolution of a focal plane array system is
an immediate consequence of the spacing of its feed elements in the
focal plane of a lens. Therefore a feed with very low cross section
is required. On the other hand the feed antenna must provide an
efficient illumination of the lens with spillover losses as low as possible.
However, this requires a highly directive antenna which would usually
have a larger cross section. So it is quite challenging to design the
suitable array elements that can meet these competing requirements.

We manufactured tapered DRW antenna, as in Figure 1(a), with
high gain and small size, and used it as the array element in developed
PMMW imaging system. The basic configuration of this antenna is
characterized by a feed taper, a straight section, and a terminal taper.
The feed taper establishes surface wave along the straight section,
whereas the terminal taper reduces reflection caused by an abrupt
discontinuity. The rectangular dielectric rod is made of high density
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Figure 6. Modeled DRW antenna (a) radiation pattern normalized,
i.e., antenna PSF using CST (b) antenna MTF.

polyethylene (HDPE) and feeding is achieved by means of WR-10
metallic waveguide transition. The developed DRW antenna has gain
about 15.3dB and 10dB bandwidth of 53.2° and 48.6° in E- and H-
plane, respectively. The detail about the developed DRW antenna is
published in [15].

3.2.1. Spatial Response of DRW Antenna in Linear Array

The radiation falling on the array element aperture, DRW antenna
aperture, is spatially integrated. The DRW antenna aperture response
is not uniform over the aperture. The incident radiation is weighted
by the antenna radiation pattern before integration. Therefore, the
radiation pattern of the DRW antenna is the PSF hprw(z,y) and its
Fourier transform is the MTF. The PSF and MTF of the DRW antenna
in linear array are shown in Figure 6.

3.2.2. Electromagnetic Crosstalk PSF and MTF

The other component of the array element for the linear array of DRW
antenna is the electromagnetic crosstalk, which is found by calculating
the mutual impedance [20,21]. The crosstalk arises when the radiation
intended for a particular array element in array contributes or induces
a spurious signal on its neighbor. Crosstalk mechanism is illustrated in
Figure 7. Conceptually, DRW antenna in linear array distance z apart
and only the first DRW antenna receive electromagnetic radiation #0.
Part of this incident radiation will be re-scattered into space #2, the
other will directed towards neighboring DRW antenna as #3, where
it will add vertically with incident radiation on neighboring array



282 Singh et al.

element, and a part will travel into its feed as #1. Without directly
receiving the incoming radiation, the neighboring array elements are
excited by scattered radiation #3 by the first array element. The
strength of the induced signal in neighboring array element is related
to the mutual impedance [20, 21]. Because the scattered electric field of
the first array element falls off with the distance, the mutual impedance
tends to decrease with increasing separation. The detail mathematical
analysis of mutual crosstalk for antenna array is available in classical
paper [20]. The mutual impedance, Z;9, is calculated using equation
(73) in [20], that is based on the plane wave spectrum of the far-field
power radiation pattern of the antenna. This method is convenient,
because, although mutual impedance is a near field phenomenon, the
method in [20] requires only the knowledge of far-field power radiation
pattern.

S #0

#0

43 A
DRW Antenna Array <—— DRW Antenna
DN #@ﬁw Ce .
Antennal Antenn2

Figure 7. Schematic for the crosstalk between array elements in the
linear array of DRW antenna.
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Figure 8. Modeled array crosstalk. (a) PSF. (b) MTF with antenna
spacing 5 mm.
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We use the CST software to find out the mutual impedance for
the developed linear array with DRW antenna. And we found that
the inter-element back-to-back crosstalk is —39dB for array element
spacing 5cm at 94 GHz (= 1.5)). The crosstalk PSF and MTF are as
in Figure 8.

3.3. PSF and MTF of Sampling Subsystem

The focal plane of the developed imaging system is sampled using
linear DRW antenna and scanning. The sampling interval depends
on antenna spacing in DRW antenna array and scanning. For 2-
dimensional rectangular sampling grid, the sampling PSF is rectangle
function whose width is equal to the sampling interval in each direction:

hsh(xa y) = rect (-T/xsamm y/ysamp) 5 (12)

where gamp, Ysamp are sampling interval in z (scan direction) and y
direction, respectively. The sampling MTF:
: sin (7@ samp) Sin (T€Ysamp)
Hgp, (€,m)=]|sinc (Ex ,NY = . (13
o (6,1) = I8 (€ g, sy = 2 T (13)
In the developed W-band PMMW imaging system, sampling interval
in y-direction is fixed and equal to distance between array element,
while in z-direction it depends on integration time, scanning speed,
and scene motion. Here, we assume that scene is not in motion, i.e.,
image of scene in focal plane is static. In this case, the sampling interval
in z-direction is:

Lsamp = UscanT, (14)

a
20 Freguency Index
-0 40

(b)

Figure 9. Modeled sampling. (a) PSF and (b) MTF for spacing
between antenna in array is Smm, i.e., Ysamp = OHMM, Vgeqn =
150mm/s, and 7 = 10 ms.
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where vgeqn is the scan velocity, 7 is the integration time. In the
developed system spacing between antenna in array is 5mm, i.e,
Ysamp = DM, Vgeqn = 150mm/s, and 7 = 10ms. Thus, xymp =
1.5mm. The sampling PSF and MTF are shown in Figure 9.

4. MEASUREMENT AND OPTICAL PERFORMANCE
ANALYSIS

Figure 10 shows the schematic and experimental setup for the
measurement of the lens PSF and over all PSF for the quasi optical
part used in the developed W-band PMMW imaging system. This
experiment setup was established for the near field measurement.
We used W-band source generator with source locking counter and

2N - B

DEW Antenna

Power
Meter

O EE O n

Power Meter

Figure 10. Schematic and photo of experimental setup for PSF and
resolution measurement.
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a pyramidal standard gain horn (SGH) (Millitech Co, aperture size
24 x 18 mm?) as point source transmitter. SGH is mounted on a
scanning stand, which is equipped with measurement scale in order
to get position of SGH from reference point (optical axis of lens). The
combination of lens and DRW antenna array used as a receiver. The W-
band power meter is attached to the end of DRW antenna in antenna
array to measure the received power.

This initial experiment setup is for fixing focal plane and image
plane. The SGH is fixed at a distance S; = 2380 mm from lens and at
height same as optical axis of the lens. DRW antenna scanned along
optical axis of the lens until the maximum output power of the feed
was observed by the W-band power meter. The maximum received
power was obtained at feed position Sy = 520 mm (Figure 10), and it is
considered as beam focal point/image point of the lens corresponding
to the source point. The focal length, f, was calculated using lens
formulae, S% + S% = %, and found ~ 427 mm. The difference between

the measured focal length (427 mm) and design focal length (500 mm)
can be due to combined effect of following factors: i) Error in the
measurement of the dielectric constant of HDPE at W-band. ii) Due
to large size of lens, surface curvature is not correctly manufactured.
iii) Spherical aberration. iv) Measurement error.

Next, the feed antenna (DRW) array is positioned at the focus
point of the lens in order to measure the PSF, crosstalk effect,
Rayleigh resolution limit, and diffraction limited nature of the imaging
subsystem.

The PSF measured by translating the single feed antenna and
antenna array in the focal plane for following two cases: i) using single
feed antenna: Lens and feed antenna effect, and ii) using antenna
array: Lens, feed antenna, and crosstalk effect. Figures 11(a), 11(b)
shows the cross section of simulated and measured PSF at dB and
linear scale. From simulation we found that the sampled-imaging
subsystem is almost symmetric, hence we presented a cross section
PSF for analysis.

The modeled and measured PSF, h(z,y), for case i and ii are
shown in Figure 11. The modeled and measured PSF closely agreed
for both cases. It is evident from Figure 11 that the measurement
for case i and ii differed nominally, thus crosstalk effect is almost
negligible, and hence, it is not serious problem for the developed DRW
antenna array. The modulation transfer function (MTF) shown in
the Figure 12 corresponding to the PSF in Figure 11. The close
agreement between measurement and theoretical diffraction-limited
PSF and MTF curves indicates that the optics is diffraction-limited
and the pattern is adequately sampled.
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Figure 11. Measured PSF by translating single DRW antenna and
array of antenna. (a) dB scale and (b) linear scale.

According to the Rayleigh criterion of resolution, two incoherent
point sources in object plane are “barely resolved” by diffraction
limited system with a circular aperture in image plane, when the
center of the PSF and diffraction pattern generated by one point
source falls exactly on the 1st zero of the PSF pattern generated by
the 2nd source. Figure 10 shows the schematic of measurement for
resolution of the imaging subsystem. The measurement data is shown
in Figure 13. From measured data, it is clear that Rayleigh criterion
hold for object angular separation 0.57° (=~ 2.36 mm) in object space
at distance 2380 mm.
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Figure 12. The MTF corresponding to the measured and simulated
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Figure 13. Measured power for object angular separation —0.57°, 0°,
and +0.57° as in Figure 10.

Theoretically, the minimum resolvable separation in the image
plane is given as follows [17,18]:
_ 1L.22)\f
=5
where D is aperture diameter, \ is wavelength, and f is the focal

length. Theoretical value of § = 3.904 mm for developed quasi optics
system, while measured value is of resolvable separation in is 4.6 mm.

5 (15)
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This error in theoretical and measurement may be measurement error
or due to effect of feed horn used during measurement.

5. CONCLUSION

This paper presents performance analysis of imaging system based
on linear array of focused receiver. This approach accounts for the
combined effect of dielectric lens, dielectric rod waveguide (DRW)
antenna in array, crosstalk between DRW antenna in array, and
sampling. We modeled these effects using concept of point spread
function (PSF) and modulation transfer function (MTF). And the
performance analysis of PMMW imaging system at W-band using PSF
and MTF is presented.

As a case study, we used quasi optics based W-band PMMW
imaging system that exploits a new type of DRW antenna, which
has higher gain, in linear array of focused receiver. Antenna-to-
antenna crosstalk causes a modest MTF decrease at low spatial
frequencies, where as the narrow PSF causes modest MTF gain
at high frequencies. From simulation and measurement, we found
that overall electromagnetic crosstalk will not be a significant image
quality /imaging performance factor in the used linear array of DRW
antenna. Thus, the developed linear array with DRW antenna is
suitable for passive imaging application at W-band.

An experimental setup for measuring PSF is presented. The close
agreement between measured and theoretical PSF and MTF curves
indicates that the system is diffraction-limited and the pattern is
adequately sampled. We measured minimum resolvable separation in
image plane 4.6 mm, which is also close to the sampling by antenna
array (bmm ~ 1.5\ = 4.80mm). This also confirms the adequate
sampling of the pattern. Thus, the proposed imaging system is efficient
and it has almost diffraction limited resolution.

In this paper, we assumed that system is linear and shift-invariant
(isoplanatic), i.e., the PSF (hence MTF) does not depend on the
location and the strength of a point source. If the shift-invariant
assumption is not valid, the image/response of point source, PSF,
will depend on its location, and the system MTF will have spurious
location-dependent phase dependence. The test for shift-variant nature
and PSF/MTF approach to system performance analysis for the
developed system is our future plan.

This paper is based on development of Millimeter wave Imaging
Radiometer Equipment (MIRAE) [22] by Sensor System Laboratory
at GIST Republic of Korea.
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