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RCS Enhancement of Millimeter-Wave LTCC
Van Atta Arrays With 3-D Printed Lenses
for Chipless RFID Applications

Kamil Trzebiatowski ', Weronika Kalista
and Krzysztof Nyka

Abstract—TIn this letter, we present a new method to enhance
the radar cross section (RCS) of Van Atta arrays, which can be
used in chipless radio frequency identification tags operating in
millimeter-wave frequency bands. Small planar low-temperature
co-fired ceramic (LTCC) Van Atta arrays, which are durable and
can operate in harsh environments, are combined with 3-D printed
lenses to increase or modify the shape of their RCS by up to
10 dB. The lenses are uniform in one direction to maintain a wide
RCS angular range of the underlying Van Atta arrays. They are
manufactured using an affordable 3-D printing stereolithography
process using high-performance resin. The resulting manufactured
and measured Van Atta retrodirective arrays integrated with lenses
exhibit measured RCS levels up to —28 dBsm at 24 GHz frequency.
Moreover, the proposed approach allows LTCC Van Atta tags to
be easily modified and reused by exchanging their lenses to adapt
them to a new application. To the best of the authors’ knowledge,
this is the first time an experimental evaluation of lenses combined
with Van Atta arrays has been presented. This novel technique can
also be integrated with other RCS enhancement methods to further
increase RCS levels.

Index Terms—3-D printing, additive manufacturing, chipless
radio frequency identification, circular economy, lenses, milli-
meter-wave (mmW) antenna, retrodirective arrays, sustainability,
Van Atta arrays.
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1. INTRODUCTION

HE chipless radio frequency identification (RFID) systems
are getting more attention as a low-cost and energy efficient
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alternative to conventional RFID systems [1], [2], [3], [4]. Unlike
traditional tags, chipless RFID tags lack integrated circuits, sig-
nificantly reducing their manufacturing costs. Various designs of
such tags have been proposed in the literature, such as resonator-
or delay-line-based tags [1], [2], [3], [4], [5]. [6], [7]. Chipless
RFID systems are being developed especially in millimeter-
wave (mmW) bands because integrated circuits for these bands
are either unavailable or very expensive [1], [2], [3]. The use
of mmW bands theoretically offers better angular resolution
and improved spatial discrimination of tags due to the narrow
beams of the antenna, allowing for more precise identification
and tracking of items in densely packed environments.

The main challenges associated with RFID tags are their
relatively short interrogation range, typically measured in cen-
timeters [8], and the requirement for precise alignment between
the reader and the tag [3], [8]. This limitation is especially pro-
nounced in mmW bands, where the effective aperture of the an-
tennas is small, leading to low radar cross section (RCS) levels.
To overcome the short-range problem, RFID tags with increased
RCS levels should be employed. One possible approach is to
replace single radiators with high-gain antenna arrays having a
large effective aperture. However, higher directivity of such an
array inevitably results in a narrower beam and smaller angular
interrogation range, making it challenging to read the tags from
various angles [9].

Van Atta arrays [10], [11] offer a solution to the above problem
by exhibiting retrodirective properties, meaning they reradiate
incident waves back to the source over a wide range of angles.
This retrodirective behavior is achieved by appropriately arrang-
ing and interconnecting the transmitting and receiving radiating
elements in the array [10], [11], [12]. The elements in a Van
Atta array can be interconnected with symmetry along a single
axis (1-D arrays) or along both axes (2-D arrays). In the 1-D
array, there is just one retrodirective plane (the main plane), in
which it reflects the signal back to the source in a wide range
of angles, while along the perpendicular plane the array inherits
the properties of separate array elements. In the 2-D array, both
planes exhibit retrodirective behavior.

Unlike for an ordinary scatterer, the equivalent RCS of a
retrodirective array is directly related to the total gain of the
array instead of its physical cross section [11]. Thus, Van Atta
arrays with high RCS levels can be created by increasing the
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Fig. 2. Designed and manufactured Van Atta arrays: (a) N=2 and (b) N=3.

TABLE I
DIMENSIONS OF THE DESIGNED ARRAYS

Frequency (fy) 24 GHz Ly 0.43 mm
Ao 12.5 mm Ws 0.15 mm
L Lo+ 3G — DAp
AD 4.627 mm Li,i = 1.N Lo = 11.76 mm
D 2.42 mm Wm 0.36 mm
S 0.5 Ao T1, T2 0.2 mm, 0.2 mm
S1 0.39 mm Ls2 0.43 mm
S2 0.84 mm Ws 0.15 mm
L. Lo+3(i—1)Ap
Lsl 0.73 mm Lii = 1.N Lo = 1176 mm
) N = 2: 20 mm x 25 mm
Size
N = 3: 20 mm x 40 mm

number of radiating elements in the array. However, this comes
at the cost of enlarging and complicating the interconnecting
network, particularly in the case of 2-D arrays. As a result, this
approach faces diminishing returns due to the fact that the energy
losses in the growing network prevent the RCS from increasing
indefinitely. Moreover, practical implementations often require
cross-polarized transmitting and receiving antennas to minimize
interference from unwanted reflections (which are usually copo-
larized), further complicating the design of the network [3], [4],
[13],[14], [15], [16], [17]. Other approaches to enhance the RCS
without the need of employing such complex interconnecting
networks involve high-gain individual antenna elements [12],
[13], [14] or stacking multiple copies of the 1-D array in the
direction perpendicular to the retrodirective axis [17], [18].
Both these methods lead to the narrowing of RCS beam in
the perpendicular plane. The first technique also decreases the
retrodirective angular range, as the beams of individual elements
become more focused. In the second approach, the effect of beam
narrowing in the perpendicular plane is much more pronounced,
requiring precise alignment between the reader and the tag, thus
becoming impractical for many applications.

Design and dimensions of: (a) base Van Atta arrays and (b) single
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Fig. 3.
view.

Design and dimensions of the lenses. (a) YZ cross section. (b) Top

TABLE I
DIMENSIONS OF THE DESIGNED LENSES (IN MM)

Lens | VA, | VAL | VA, | d | LR, | Ly | LR, | Lp
A | 042 | 250 | 150 | 170 | 147 | 360 | 18.0 | 90.0
B | 042|250 | 150 | 85 | 50 | 120 | 60 | 400
C |o42]388 213 75 | 40 [ 116 | 58 | 550

TABLE III
SIZES AND PHOTOGRAPHS OF THE DESIGNED ARRAYS WITH LENSES

Total size
Configuration fo = 24 GHz [mm x mm]
X mm]

Lens: A

Array: N = 2 36 x 90 x 32.1
Lens: B

Array: N =2 40 x 12 x 13.7
Lens: C

Array: N =3 55x 11.6 x11.9

To address these issues, we propose a new concept that
increases the RCS of Van Atta arrays without extending the
lengths of the interconnecting lines, thereby avoiding the dimin-
ishing returns associated with line losses. Our approach involves
combining small low-RCS Van Atta arrays with gain-increasing
3-D printed dielectric lenses. To enhance the RCS of the tag
while maintaining a wide angular range of retrodirective re-
sponse in the main plane, lenses refracting in one plane are
proposed. Although the lenses narrow the angular range in the
perpendicular plane, this effect is less pronounced compared to
stacking multiple closely spaced 1-D arrays.

The presented designs of Van Atta arrays are manufactured
in low temperature co-fired ceramic (LTCC) technology, which
enables the fabrication of multilayer structures that are durable
and capable of withstanding harsh environmental conditions,
such as high temperatures and humidity. This makes LTCC-
based arrays (and chipless RFID tags) particularly suitable for
industrial applications [20], [21].

In this letter, we present the design and fabrication of these
3-D printed lenses using stereolithography (SLA) technology
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Fig. 4. Quasi-monostatic measurement setup.
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Fig.5. RCS patterns for configuration A. (a) XZ (retrodirective)-plane. (b) YZ
(perpendicular)-plane.

with high-performance resin. We present the base Van Atta array
in LTCC technology, discuss the integration with the 3-D printed
lens, and compare the experimental results with numerical sim-
ulations. Our findings demonstrate substantial enhancement of
the RCS levels, providing a viable path for creating high-RCS
level Van Atta arrays to be used as a base for chipless RFID tags.

II. VAN ATTA ARRAYS DESIGN

The base 1-D cross-polarized Van Atta array design with [NV
pairs of microstrip patches [16], [18] is presented in Fig. 1(a).
The design configuration and size can be modified by changing
the N parameter. Two arrays having N = 2 and N 3,
respectively, were designed and manufactured for this research,
as seen in Fig. 2.

The radiating elements are dual-polarized circular patches
of diameter D, as shown in Fig. 1(b). The patches are fed
by aperture-coupled microstrip lines through two orthogonal
C-shaped slots [18], [19], characterized by the dimensions of
Lg1, Lo, and W. The slots are offset from the patch center by a
distance S7, while the feeding lines are positioned at a distance
Sy from the patch center. The aperture coupling technique
reduces unwanted radiation from the interconnecting lines, as
they are separated from the microstrip patches by a ground plane.

The microstrip lines of width W,,, connect two orthogonal
polarization ports in each antenna pair so the received and
reradiated waves are of orthogonal polarization. The patches
in the array are spaced by distance S equal to half of the
free-space wavelength A at the design frequency fy (24 GHz
in the presented designs). The lengths of the microstrip lines
L;(i = 1... N)differ by amultiple of wavelength A p (in the mi-
crostrip line), so that all the patches are fed in-phase (£n - 360°).
All the dimensions and their values are summarized in Table I.
The presented Van Atta arrays are designed to be manufactured
in the LTCC technology on GT951 ceramic substrate having
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Fig. 7. RCS patterns for configuration C. (a) XZ (retrodirective)-plane. (b) YZ
(perpendicular)-plane.

TABLE IV
SUMMARY OF THE PERFORMANCE OF THE PRESENTED LENSES

Measurements

Average RCS level RCS angular range [°]

Configuration [dBsm] Main / orthogonal direction
Without lens | With lens | Without lens With lens

A -41.4 -30.8 52780 56/8

B -41.4 -36.6 52/80 65 /25

C -37.2 -30.5 70 /94 62 /32

Simulations

Average RCS level RCS angular range [°]

Configuration [dBsm] Main / orthogonal direction
Without lens | With lens | Without lens With lens

A -39.2 -29.1 92 / 64 40/ 11

B -39.2 -33.2 92/ 64 85/25

C -37.2 -30.0 38790 41/ 39

e = 7.3 and tand = 0.013, in a process with two dielectric
layers of thicknesses 7'1 and T2. The simulated maximum RCS
values of the tags were: —37.7 dBsm for N =2 and —35.8 dBsm
for N = 3.

III. LENS DESIGN

Three different lenses (A, B, and C) were designed to en-
hance the RCS of Van Atta arrays presented in Section II by
increasing the effective gain of the radiators. Two lenses (A and
B) of different sizes are proposed for the array with N = 2 to
evaluate the influence of lenses’ size on the RCS characteristics.
Third lens (C) is proposed for the array with N = 3 to validate
the presented RCS enhancement method for a different base
array. The lenses are designed for 3-D printing using the SLA
process and high-performance FormLabs High Temp resin with
er =2.66 and tand = 0.03 [22].
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TABLE V

COMPARISON OF THE RCS ENHANCEMENT TECHNIQUES

Area increase

Thickness

RCS increase

Ref. Method [ratio] [mm] [dB] Drawbacks
[14] Increase of number of the antenna pairs 2.44 <1 5 Limited by growing interconnecting network
1 . R 1.62 1 5
{131 Y-axis array multiplication 26 i 1 3 Significant reduction of angular range in
. . perpendicular plane, high side-lobes

[12] Gain enhancement via sub-arrays 1.5% <1 8*
Lens A 8.64 32.1 10.6
Lens B Diclectric lens 16 137 48 Reduguon of angular range in perpendicular plane,

low side-lobes

Lens C 1.42 11.9 6.7

* estimated using the standard formula for RCS in the function of antenna gain [11]

The design goal was to focus the incident and retransmit-
ted wave only in the YZ plane (perpendicular to the array’s
retrodirective plane) while preserving angular range (defined
as the angle with an RCS decrease of 3 dB) in the XZ plane
(the retrodirective plane) as wide as possible. To this end, the
lenses were designed to refract the wave only on their curved
surface in the YZ plane. The YZ cross section of the lenses
is a half-ellipse with a semiminor axis of length L, and a
semimajor axis of length Lg;. This shape was then extruded
along the X-axis by alength of L, resulting in lenses uniform in
one dimension. The lenses are positioned at a distance d from the
array.

Cross sections in the YZ plane and top views of structures A,
B, and C are presented in Fig. 3, while their photographs and
dimensions are gathered in Tables IT and III.

IV. EXPERIMENTAL VERIFICATION

The Van Atta arrays were manufactured by Fraunhofer In-
stitute for Ceramic Technologies and Systems (IKTS) in a
standard LTCC process with screen printing of the metallization
layers [20]. The dielectric lenses were 3-D printed using SLA
process and high-performance FormLabs High Temp resin [18].
The arrays with the lenses were tested in an anechoic chamber.

The RCS characteristics were measured in a quasi-monostatic
setup, with cross-polarized transmitting and receiving antennas
mounted on a rack and separated by AY = 9 cm, with the
distance between the antennas’ apertures and the device under
test (DUT) AX = 100 cm (see Fig. 4). The arrays were tested
for incident wave angles in the range of —80° to 80° by rotating
them around their own axis using a turntable.

The simulated and measured RCS values in the function of
angle of incidence are compared in Figs. 5-7. The measurements
confirm the simulated values, although the presence of mea-
surement errors is clearly visible. They are caused by a parallax
angle between the measurement antennas, positioning errors,
deviation of the DUT’s plane from the vertical plane parallel to
the range antennas’ plane [18], and stochastic noise as single
sweep measurements are presented.

The simulated energy losses in dielectric lenses are 0.7 dB
(configuration A), 0.7 dB (B), and 0.2 dB (C). The lenses
increase the RCS of the base microstrip Van Atta array by 10 dB
(A),5dB (B), and 7 dB (C). The average RCS levels and angular
ranges are summarized in Table IV. The RCS angular range
is defined for a 3 dB drop relative to the maximum. For the
measurements, it is calculated based on the best fit line due

to noisy characteristics. Average RCS level in simulation is
computed as the mean value within the RCS angular range. In
measurements, it is calculated as the mean value within the RCS
angular range taken from the simulation.

The YZ-plane patterns for arrays with lenses are notably
narrower than the base arrays’ patterns, as expected. The main
XZ-plane patterns remain flat in a wide range of incidence angles.
The results of the presented RCS enhancement technique are
compared with the state-of-the-art methods in Table V.

V. CONCLUSION

In this letter, we presented a new way to increase the RCS
level of small planar mmW Van Atta arrays by combining them
with 3-D printed dielectric lenses. The presented arrays could
be used as a base for frequency-encoded chipless RFID tags
in at least two ways. The first option is to introduce bit-coding
resonators in the interconnecting network [3]. The second option
is to design a family of tags with different resonance frequencies
and use them for object classification [ 15]. The employed lenses,
depending on their size, can increase the RCS by up to 10 dB
compared with the base array, directly increasing the read range,
while preserving a wide angular range in the retrodirective plane,
improving the angular detectability of the tag.

For a given Van Atta array, the lens can be easily interchanged
to tailor the RCS pattern to the specific requirements of the
desired application. Such an approach supports sustainability-
oriented and circular economy-oriented designs, as it allows
to fabricate only one variant of base Van Atta tags in large
quantities, reducing the production costs. Another advantage
of the presented technique is that it can be combined with any
of the other methods compared in Table V to further enhance
the RCS level. In addition, as LTCC tags are very durable, they
can easily be repaired, modified, or reused by exchanging its
lenses. The obvious disadvantage of the presented method is
that the resulting tags become nonplanar and bulky, as the lenses
are 3-D structures and are not placed directly on the array. The
future work will be focused on the integration of lenses with the
Van Atta arrays into a single LTCC structure and experimental
evaluation of the presented design as a prototype of chipless
RFID tag.
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