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Abstract. The efficient design of electrically small anten-
nas (ESA) has recently evolved to an outstandingly active
area of research. This paper aims to present an improved
performance electrically small on-chip antenna design, for
the 920 MHz UHF-RFID frequency. Performance improve-
ment is based on creating a slow-wave structure with three-
dimensional spiral meandering and dielectric loading of the
complete antenna structure. A single layer spiral on-chip an-
tenna simulation is presented first, based on a commercially
available product, then an improved single layer spiral an-
tenna and finally an alternative 3D multi-layer spiral on-chip
antenna is investigated. The proposed alternative on-chip an-
tenna structure fills a 2.5 x 2.5 x 1.3 mm> volume and has
significantly improved radiation performance compared to
the single layer solution.
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1. Introduction

Modern portable telecommunication devices are tend-
ing to exhibit reduced physical dimensions, however the ex-
cessive demand for increasing computational power and high-
speed data transmission require innovative integration solu-
tions. High speed data rates often require higher operational
bandwidth, better performing complex antenna systems and
efficient power management methods. One of the key as-
pects to design modern telecommunication devices (such as
smartphones and other wearable devices) is to create well per-
forming multi-band integrated antenna systems [1] in a highly
restricted space. This trend is enforcing antenna designers
to create reduced size antennas (not necessarily in all di-
mensions), such as planar printed antennas [2] (e.g. printed
inverted-F antenna, inverted-L antenna etc.) or integrated
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on-chip antennas [3]. This significant demand for antenna
downsizing (i.e. miniaturization of antennas, or reducing an-
tenna dimensions) has risen excessively in the past 30 years.
There are a number of applications (e.g.: RFID tags) where
this miniaturization is exceptionally important [4]. For ex-
ample in case of wearable devices, or small scale integrated
solutions. Many of these applied miniaturization approaches
utilize bended [5], meandered antenna designs [6], or booster
antennas [7]. However these procedures are only utilizable
if the antenna’s physical dimensions can be in the range
of the operating wavelength [8]. This paper discusses an-
other approach where the RFID antenna is placed on the
chip itself, hence the name (on-chip). This design method
requires a different approach for determining antenna perfor-
mance and radiation parameters in the simulation domain.
Although, there is a well-formed measurement solution for
measuring antenna radiation pattern for UHF RFID antennas,
presented [9], obtaining the appropriate antenna parameter
results in simulation domain for such ultra small scale anten-
nas require further research (as presented in Sec. 3.3). The
rest of the paper is organized as follows: Section 2 discusses
miniaturization techniques, limitations and the major draw-
backs of antenna downsizing. In Sec. 3 the passive RFID
(Radio-Frequency Identification) technology is summarized
and the passive UHF RFID tag antenna design practice is
discussed. In Sec. 4 the reference design simulation setup
and simulation results are presented. The improved reference
antenna structure is presented afterwards in Sec. 5. Later on
in Sec. 6 the proposed three-dimensional spiral antenna de-
sign is shown and the results are presented. Finally in the last
section the paper is concluded.

2. Main Aspects of Antenna
Downsizing

In this section the practice, the purpose, the beneficiary
effects and drawbacks of the downsizing procedure is pre-

sented, starting out with a major definition problem: when is
it appropriate to describe an antenna as small?

ELECTROMAGNETICS
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2.1 Definition of Small Antennas

The most common used expression for small antennas
in scientific papers is: Electrically Small Antennas (ESA).
This refers to the fact, that the best practice is to compare
antenna physical dimensions to the operating wavelength (1)
of the antenna. A common definition for an ESA is having
dimensions in the range:

ka <0.5 (1)

where parameter k = 271/ and parameter a is the half-length
of a thin linear dipole [11]. There is another version of this
definition where a is the radius of a sphere surrounding the
antenna structure. An important subset of ESA’s are the
so called Physically Constrained Small Antennas (PCSA).
A PCSA is an antenna, that has at least one dimension which
fulfills the ESA dimension criteria set in (1). An adequate
example for this is an inset patch antenna in the X-Y plane,
having much smaller dimensions compared to the operating
wavelength in the Z-direction (e.g. in the range of 1/50).
A Physically Small Antenna (PSA) only refers to the phys-
ical dimensions of the antenna, regardless of the operation
frequency. The rest of this paper discusses ESA’s having
dimensions, all of which complies with the aforementioned
definition criteria.

2.2 The Purpose of Downsizing

The concept of antenna downsizing spread at an unex-
pected rate, as telecommunication devices began to shrink in
terms of physical dimensions. Handheld and miniature plat-
forms require efficient design of electrically small antennas.
The smaller the volume occupied by the antennas from the
space inside or on the device, the better. This enforces an-
tenna design engineers to sacrifice antenna performance for
antenna size. The general purpose of downsizing (i.e. minia-
turization) is to maintain antenna radiation properties and
performance as well as possible, while decreasing physical
dimension(s) at the same time. The straightforward solu-
tion would be the linear downscaling of antenna dimensions.
This would result in uneven current distribution, reduced ra-
diation efficiency, higher resonance frequency, etc.; in short:
dramatically decreased overall antenna performance. There-
fore efficient downsizing requires a range of special geometry
and material transformations.

2.3 Principles of Downsizing

The downsizing process (i.e. construction of an ESA),
can happen in many different ways, but every method aims
one (or more) of these fundamental goals [12]:

* lowering the resonance frequency for an antenna with
fixed dimensions;

» efficiently filling the space circumscribing the largest
dimension of the antenna;

* creating a conjugate complementary antenna structure.

An adequate way of lowering the resonance frequency
of an antenna (while maintaing all physical dimensions) is
to compose the antenna with a slow-wave structure. In
a slow-wave structure, the electromagnetic wave’s propaga-
tion speed v, is lower than the speed of light c. This implies
that an antenna composed with a slow-wave structure will
exhibit lower resonance frequency. A common technique for
designing a slow-wave structure is to modify the antenna ge-
ometry, in order to extend the high frequency current path.
This extension can be a meandered line structure [13], a frac-
tal structure [14], slits in a metal plane, etc.

Not only do these solutions lower the resonance fre-
quency, but if properly designed they also fill the space ded-
icated to the antenna structure efficiently. There are some
planar geometry structures (e.g Peano [15] and Hilbert [16]
curves, depicted in Fig. 1 and Fig. 2), which efficiently fill
the largest available planar space.

Antennas composed of conjugate component structures
are also promising candidates for realizing efficient electri-
cally small antennas (example seen in Fig. 3). The theory of
operation behind complementary structures, is that their ca-
pacitive and inductive components partially compensate each
other, thus resulting in better radiation performance and rel-
atively frequency independent behaviour. This phenomena
had been investigated by Hohlfeld and Cohen based on the
work of Rumsey. The self-complementarity and origin sym-
metry requirements form together the frequency independent
behaviour in antennas [17].

==&
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Fig. 1. First, second and third-order Peano curves.

i

Fig. 2. First, second and third-order Hilbert curves.

n=1

Fig. 3. Self-complementary planar spiral antenna structure.
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2.4 The Drawbacks of Antenna Downsizing

Contrary to the efforts made to attain antenna perfor-
mance by employing proper downsizing methods, miniature
antennas will most likely suffer from at least some of the
following disadvantageous properties:

* reduced radiation efficiency;
* distorted and degraded radiation pattern;
 narrow relative bandwidth, high quality factor (Q).

Apart from the above, a key property of the antenna al-
ways decreases during the downsizing process, which is the
effective antenna length. This parameter is in close relation
to the amount of electromagnetic (EM) energy that can be
extracted from the EM field surrounding the antenna. The
larger the effective length is, the better the extraction effi-
ciency is. In case of ultra-small form factor antennas (where
ka < 0.5) it’s a reasonable practice to describe antenna per-
formance with quantities in close relation to the effective
length (e.g. power flow).

3. Electrically Small, Passive UHF
RFID On-Chip Antenna

3.1 Passive RFID Systems

RFID is a wireless technology used to transmit digi-
tal data between stationary devices (commonly referred to
as: readers), and one or more moving objects (referred to
as: tags). RFID links operate in a wide range of frequency
bands [10]. This paper focuses on the 920 MHz UHF RFID
frequency. The expression passive in RFID systems refers
to an RFID tag that lacks internal power source, thus the
tag gains energy from the rectified power of the incident
absorbed EM wave. This rectification process takes place
inside the CMOS chip, which is attached to the RFID tag
antenna. The communication process in a passive RFID link
is the following.

The reader transmits EM power towards the passive
tag’s antenna, providing enough power for the tag chip to
start the operation. The chip processes the incoming data
and sends the data requested by the reader. The transmis-
sion happens by periodically changing the output impedance
of the tag chip (in accordance with the transmitted data),
thus either reflecting, or absorbing the incident EM wave
generated by the reader. This principle is similar to other re-
flection based detection techniques and it was first introduced
by H. Stockman [18] who described it as: "Communication
by means of reflected power". This type of transmission is
not designed for high data rates, thus the data speed is not
necessarily the most important quantity of RFID communi-
cation. The crucial property of a passive RFID link, is the
largest available transmission distance (between the tag and
the reader). Since this quantity vastly depends on the avail-
able transmit power of the reader and performance of the tag

antenna, hence the following sections of this paper focus on
the methods of improving the tag antenna performance.

3.2 Ultra-Small Form Factor UHF RFID Tag

The idea of the antenna tag design for further sim-
ulations is based on a commercially available RFID tag
chip. The Ultra Small Package Tag (USPT) by Hitachi
Chemical Co. Ltd. is a complete passive RFID tag
with an Impinj Monza 5 CMOS chip and integrated on-
chip antenna. Regarding physical dimensions, the tag it-
self is 2.5x2.5x0.4 mm [19] and the operating frequency is
920 MHz. The on-chip antenna on the device complies with
the definition of being electrically small. The parameter ka is
calculated with the spherical condition introduced in Sec. 2.1.

g 2K, L 628:354-107
A 0.326

~ 0.068. 2)

Since (1) is fulfilled in (2), the antenna is considered
electrically small. The antenna structure (depicted in Fig. 4)
is an orthogonally designed planar spiral loop antenna. Un-
fortunately the manufacturer does not provide public, reliable
simulation and measurement results related to the on-chip an-
tenna performance, therefore the simulation design presented
here is based on the values found in the datasheet, which is
accessible on the manufacturer’s website [19].

The manufacturer provides application notes for design-
ing booster antennas for the device, however adding a booster
structure would increase the overall physical size of the de-
vice. Our aim is to optimize the on-chip antenna perfor-
mance by utilizing different antenna compositions, without
the significant increment in antenna dimensions. The first
antenna simulation is based on the idea of the USPT tag
on-chip antenna.

2.5 mm

A
v
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Fig. 4. Top view of the USPT with on-chip antenna [19].
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3.3 Simulation of the Ultra Small Package Tag

For simulation CST Microwave Studio 2018 was used.
The three-dimensional model of the USPT is illustrated in
Fig. 5. The model lies in the X-Y plane. Due to the ultra-
small form factor, the bounding box and model meshing
played a key role at simulation accuracy. Bounding box
planes are translated in all directions (X;Y;Z) with a distance:
A/10 from the simulation model (open boundary conditions
were set on all box planes). The discrete port excitation of
the antenna structure is located on the bottom side of the chip
at the endpoints of the spiral. The RFID chip manufacturer
(Impinj) provides a wideband circuit model (shown in Fig. 6)
for the chip’s RF output impedance, this is considered in the
discrete port parameters. In this construction the on-chip
antenna is terminated with the circuit in Fig. 6.

Since the antenna is terminated in the circuit model
in Fig. 6, this load is modeled as a lumped element, di-
rectly attached to the discrete port. The built-in FR-4 model
(& = 4.5,;tan§ = 0.025) was utilized as a substrate (unfor-
tunately the manufacturer does not provide exact substrate
parameters for the USPT tag, hence this assumption). The
top copper layer width was 35 um and modeled as a Per-
fect Electric Conductor (PEC). CST Microwave Studio offers
a frequency domain solver (F-solver), which is commonly
used for high frequency problems. This F-solver was used to
obtain simulation results.

Fig. 5. 3D model of the USPT in Microwave Studio 2018.

USPT Package

Fig. 6. USPT circuit model.

The on-chip antenna performance was evaluated by the
bulit-in power flow field monitor in CST. The power flow
monitor calculates the magnitude of the absolute value of
the Poynting vector on a dedicated curve, or a face above
the antenna structure. Instead of the far-field monitors, it’s
an advantageous practice to use a power flow monitor in this
situation. Due to the extreme size ratio between antenna di-
mensions and operating wavelength, a major problem arises.
Accurate far-field calculations require a bounding box with
planes at least A/2 apart from the structure, which would
result in a huge volume calculation domain with inherently
dense meshing, hence extreme computational complexity.
For this reason, far-field calculations were omitted. Further-
more, during the RFID transmission in such small sized on-
chip antennas, the energy for the passive RFID tag is coupled
through the near-field inductive component of the reader’s
antenna. For this reason, near field dependent quantities are
used for adequate antenna performance comparison.

4. Reference Design Simulation

Figure 7 shows the amount of power flow, purpendicular
to the X-Y plane, at Z = 5000 um. For an exact comparison,
two cutting planes were applied and the power flow amount
was evaluated along the X and Y axis (denoted with dashed
black lines on Fig. 7). These cutting plane values are de-
picted in Fig. 8 and Fig. 9. These simulation results show
that, the absolute maximum value of the power flow is ap-
proximately 250 VA/m?. This power flow quantity is set, as
a reference. The antenna input impedance (Z;,) was calcu-
lated at the excitation port, resulting in Zi, = 41 — 2300jQ
and the input reflection coefficientis: S;; = —0.096 dB. This
former impedance value is far from the ideal pure real 1.8 kQ,
thus the antenna should be tuned.

¥
power (f=920) [1] - ﬂ
Component  Abs : 8
Frequency 920 MHz

Cross section A

Cutplane at Z 5000.000

Maximum 322272 V.A/m”2

Fig. 7. Power flow parallel to the X-Y plane, at Z = 5000.
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Fig. 8. First antenna performance, x-axis.
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Fig. 10. Modified antenna performance, PEC=10 pm, x-axis.
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5. Improving the Reference Design

From the parametric sweeps applied to the first model,
it was clear that the antenna performance mainly depends
on the width of the top PEC layer. Figures 10 and 11 show
the results where modified 10 um width PEC layer was cho-
sen. By adjusting the layer width, the modified antenna
performance (power flow) significantly improved, to a maxi-
mum value of 500 VA/m?. Decreasing the PEC layer width
causes smaller distributed capacitance along the meandered
planar structure, leading to partial structural resonance and
better performance. The same results were present when
the original PEC width and a reduced lumped capacitance
value was inserted (0.9 pF instead of 1.07 pF). The modi-
fied antenna impedance changed. The modified antenna has
a Zin = 1330 — 12200jQ. The real part of the antenna
impedance improved significantly, hence the better antenna
performance. Input reflection coefficientis: S;; = —0.27 dB.
The power flow almost doubled, compared to the original de-
sign. This improvement is related to the reduced metallic
layer (PEC). Another approach for increasing the antenna
performance was to change the substrate material, in order to
create a slow-wave structure, however, no further improve-
ments could be reached by simply changing the single layer
substrate material parameters.

250 Power Flow above Z plane; X=0

G200

V-A/m
S o
o o

Power Flow [V-

a
o
T

0 ‘
-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50
Coordinate Y [um] «10%

Fig. 9. First antenna performance, y-axis
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Fig. 11. Modified antenna performance, PEC=10 um, y-axis.

6. An Alternative On-Chip Antenna

Based on the promising results of the previous spiral
antenna, a customized three-dimensional multi-layer ceramic
spiral antenna was designed. The base size of the antenna
was identical, but the substrate width was increased to three
layers (300 um each), containing an evolving internal spi-
ral. The new antenna followed the previous spiral structure
with an elevation in the direction of the Z axis. After each
complete round the spiral continues above the previous layer.
This antenna structure is depicted in Fig. 12. The transparent
solid surrounding the 3D spiral structure is the changed sub-
strate with a dielectric constant &, = 20. The input reflection
coefficientis S1; = —1.56 dB and Z;;, = 896-3759jQ. Since
the input reflection coefficient improved significantly, our ex-
pectations would forecast an increased amount of power flow.
The power flow was evaluated at the same position above the
antenna planes as in Sec. 4.

The simulation results are shown in Fig. 13 and Fig. 14.
The antenna performance has improved, the power flow max-
imum reached 700 VA /m?.

This three-dimensional spiral shaped antenna type
could be a well-formed alternative to the first presented on-
chip antenna, as this antenna exhibits better performance
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without major size increment in planar dimensions. This al-
ternative antenna structure has almost three-times better per-
formance than the first simulated antenna, in terms of power
flow. Opting for this alternative antenna design leads to in-
creased reading distance for RFID tags, without the need for
higher transmitted power from the reader source. The rela-
tionship between reading distance and power-flow is subject
to further research.

Fig. 12. 3D spiral antenna model, perspective-view.
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Fig. 13. 3D multi-layered spiral antenna power flow, x-axis.
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Fig. 14. 3D spiral antenna power flow, y-axis.

7. Future Work and Recent Results

Based on the promising results of the simulated multi-
layer antenna structure in Sec.6 a test sample is under con-
struction. The proposed multi-layer ceramic structure is go-
ing to be manufactured with LTCC (Low Temperature Co-
fired Ceramic) technology, similarly to the multi-layer helical
antenna presented in [20]. Measurement comparison of the
commercially available product (USPT Tag by Hitachi) and
the proposed multi-layer antenna structure is also planned in
the future. Ultra-small scale antennas are an active area of
research as the demand for small [oT devices tend to rise. The
latest papers in this area of research consistently try to push
the antenna dimensions downwards, as mentioned in [21] and
in [22] as well.

8. Conclusion and Summary

This paper introduced on-chip antenna structures used
is UHF-RFID systems for 920 MHz. An alternative three-
dimensional multi-layer spiral on-chip antenna structure was
presented, which exhibited increased performance (higher
power flow, and better impedance matching) compared to
the first single layer spiral antenna. The multi-layer 3D an-
tenna structure was analyzed using 3D EM software (CST
Studio 2018). Alongside with the antenna structure, an al-
ternative quantity is proposed for evaluating antenna perfor-
mance (due to the issues of such small antenna structures).
Based on the promising simulation results the test antenna
is going to be manufactured and measured to validate the
simulation results.
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