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Abstract—A design of multilayer dielectric resonator antenna
transmitarray for fixed radio frequency identification (RFID) reader
applications is presented at 5.8 GHz. Three layers square dielectric
resonator antenna (DRA) elements are mounted on dielectric substrate
and used as a unit cell in the transmitarray. A circularly polarized 9x9
square DRA transmitarray is designed at 5.8 GHz for far-field RFID
applications. The transmitarray produces maximum gain of 20.2 dB.
The right-hand circular polarization level is lower than —31dB at the
designed frequency with SLL of —22dB. A design of 9 x 9 near-field
focused DRA transmitarray for fixed RFID at 5.8 GHz is investigated.
The properties of the near field-focused transmitarray are compared
with that of the far field transmitarray designed at the same operating
frequency.

1. INTRODUCTION

Radio frequency identification (RFID) is a wireless communication
technology used to uniquely identify tagged objects or people. RFID
is used for automatic identification with many advantages over the
past automatic identification systems such as independence of line-of-
sight operation or direct contact with the reader. The RFID system
consists of three parts: a reader, a host, and a tag. A reader antenna
communicates with the tag antenna with an attached microchip that
stores object data [1,2]. Thus, the RFID tag and reader antenna
play the major role in RFID system operation. The RFID reader
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antenna is designed with circularly polarized (CP) operation because
the tag antenna (which is linearly polarized) will receive enough power
from the transmitter irrespective of its orientation. A CP antenna
with a relatively low profile, small size, lightweight, high gain, and
high front-to-back ratio is required in a portable RFID reader [3,4].
An antenna with higher gain helps to increase the read range of the
reader for the same transmitted RF power. Fixed-reader antennas
are becoming more complex microstrip patch arrays with high gain, a
relatively narrow beam and low side lobe level [5,6]. Problems that
may arise with conventional RFID readers include: 1) the reader may
detect tags that are not in the reader coverage area, 2) the tags may
be located adjacent to the reader antenna thus blocking its field, and
in some applications, tags may be located in the near-field region of
the reader antenna and not in its far-field region as is usually the case
in standard communication systems [7].

Recently, a reader phased array antenna exhibiting a near-field
(NF) focused radiation, which is able to maximize the field amplitude
in a size-limited spot within the antenna near-field region, while not
affecting the field strength far from the antenna (far-field region) is
introduced [7]. NF-focusing radiation is used in RFID reader to
increase the field incident on the tags at allowed effective isotropic
radiated power. Phased array antennas suffer from complicated beam-
forming networks, complex feeding circuit and relatively high power
loss. Phased array problems are overcome using reflectarray introduced
in [7,8]. Some of the phased array limitations have been overcome
using reflectarray in [9,10] for RFID reader. The advantages of
reflectarray are easy to fabricate, low profile and has no insertion
loss. But, the reflectarray requires an offset feed to avoid blockage
losses. This offset feed increases the angle of incidence to the individual
elements, thus reducing the reflectarray gain and complicating the
design [11,12]. Transmitarray is similar to the reflectarray, but
the incident wave is not reflected, but passes through the antenna
structure as it is collimated into a plane wave [13,14]. Thus the
feed horn is positioned directly in front of the array, cannot interfere
with the transmitted and received waves, and there is no blockage
loss. Dielectric resonator antennas (DRA) have many applications in
wireless communication systems over a wide frequency range from 1.3—
40 GHz. DRAs offer many advantages such as low profile, low cost, ease
of excitation and high radiation efficiency [15]. The DRA have been
applied in RFID applications at 5.8 GHz for portable reader [3] and
fixed reader [7]. The DRA offer wide bandwidth with reduced size
compared with conventional printed antennas.

In this paper, Transmitarray using square DRA is introduced
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for fixed RFID reader antenna. The NF-focused transmitarray is
introduced for RFID applications and compared with the far-field
transmitarray RFID reader. The array is modeled and designed using
the finite integral technique (FIT) [16] and the results are compared
with those calculated by the transmission line model (TLM) [17] for
verification. The two methods selected are based on different principles
and are most suitable for the complex array structure.

2. NUMERICAL RESULTS

Considering the array placed in z-y plane illuminated by a horn
antenna. As shown in Fig. 1, the phase compensation is accomplished
by varying the phase of each element (¢;) according to the square DRA
element position in the array (x;, y;), the feed location (¢, ys), and
the output beam direction (6,, ¢,) as follows:

0i(Ti,yi) = ko(d; — sin 0, (z; cos v, + yi sin ¢y))
di = \f(wi = o) + (i — yp)? + 23

where k, is the propagation constant, and d; is the distance from the
feed horn to the ¢th element.

In this paper, the desired phase shift is obtained by changing the
side length of each square DRA element to change its size. The unit cell
in the transmitarray consists of three-layered structure separated by air
gap S = 5.5 mm between the layers. Each layer consists of square DRA
with dielectric constant €, = 10.9, height h = 5mm, and variable
square cross-section side length L which is used to adjust the phase
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Figure 1. The array structure for the phase compensation.



132 Zainud-Deen et al.

Substrate €r5= 9.7

E-wall

(b) (c)

Figure 2. The geometry of the multilayer unit cell and the waveguide
simulator with appropriate £ and H boundary conditions to support
Infinite periodic array. (a) 3-D view. (b) Side view. (c) Wave guide
simulator.

of each element. The square DRA is mounted on dielectric substrate
with dielectric constant e,s = 9.7, total size (Ls X Lg = 24 x 24 mm?),
thickness hs = 0.381 mm, and total unit cell height H. of 17.143 mm.
The configuration of the proposed unit cell is designed at 5.8 GHz
as shown in Fig. 2. A waveguide simulator is used to calculate the
compensation phase of each element by simulating an infinite array of
identical elements as shown in Fig. 2(c). For a unit cell, in waveguide
simulator the mutual coupling between the elements and the surface
waves on the substrates are ignored. The limitations of the infinite
array approach are: first, all elements on a layer are identical which
is not the real case. Second, the transmitarray itself is not infinite
in extent. Thus, the edges effect such as diffraction is not taken
into account in the simulator. In the design of the transmitarray the
dimensions of the unit cell and the number of layers are optimized
to give the above requirements for the magnitude and phase of the
transmission coefficient, So1 [18,19]. There are two main challenges:
first, the magnitude of Sa; will be approximately equal one, and then no
signal will be reflected from the structure. Second, the phase change of
S91 must have a tunable range of 27 radians such that the value of 350°
phase shift can be achieved. The magnitude and phase responses of
the transmission coefficient, S2; of the unit cell with varying its square
DRA cross-section side length L are calculated using FIT and the
results are compared with TLM as shown in Fig. 3. Good agreement
between the two approaches is obtained. The minimum value of the
transmission magnitude experienced by the structure is —1.5dB, while
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the transmission phase covers approximately 353° degrees in total.
Also, it can be seen that for small size cell and up to about 5 mm cross-
section side length of the DRA element, the cell is almost transparent
to the 5.8 GHz wave but with a small phase shift within the range 0° to
—20°. The high value of the magnitude of the transmission coefficient
means that the incident plane wave suffers from small reflection by the
DRA elements, thus high transmission is obtained.
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Figure 3. Transmission magnitude and phase versus side-length
L of the square DRA element. (a) Transmission magnitude.

(b) Transmission phase.
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Figure 4. The gain patterns of the circular horn in different planes
at 5.8 GHz. (a) H-plane. (b) E-plane.
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3. FAR-FIELD FIXED RFID READER
TRANSMITARRAY

A circular horn is used to feed the transmitarray with radius R = 4 cm,
and length Lp = 5cm at 5.8 GHz. The left-hand and right-hand
polarization radiation patterns of the circular horn in H-plane and
E-plane are shown in Fig. 4 at 5.8 GHz. The right-hand polarization
(cross-polar) level is lower than —46dB in the broadside direction.
Fig. 5 shows the configuration of 9 x 9 multilayered square DRA
transmitarray. The dimensions of each cell in the array is (Lsx Lsx H.),

L=16.19mm

L.,=21.6 cm

L,=21.6 cm

Figure 5. The construction of 9 x 9 multilayered square DRA
transmittarray at 5.8 GHz.
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Figure 6. The gain patterns of the of 9 x 9 multilayered DRA
transmittarray at 5.8 GHz in different planes. (a) H-plane. (b) E-
plane.
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Figure 7. (a) Gain versus frequency of the multilayerd DRA
transmitctarray. (b) Axial ratio versus frequency of the multilayerd
DRA transmittarray.

with a center to center separation distance of Ly = 24mm. It
is covering an area of L, x L, = 21.6 x 21.6cm?. The horn is
located at a distance of 28.4cm from the transmitarray aperture.
The transmitarray is symmetrical around the z-axis and y-axis. The
compensation phase and the corresponding cross-section DRA side
length L of each cell in the first quadrant of the transmitarray
are presented in Table 1. The left-hand and right-hand radiation
polarization patterns for the transmitarray in different planes at
5.8 GHz are shown in Fig. 6. The field computation are based on full-
wave analysis of the problem and is take into consideration the effect of
the mutual coupling between the elements and the surface waves on the
substrates. The right-hand polarization level is lower than —31dB in
the H-plane axial direction at the designed frequency. The dominance
of the left-hand polarization (co-polarized) field fails at § = 420°.
The side lobe levels (SLL) in the H- and E-planes are approximately
—22dB and —21.5dB, respectively. This difference is likely due to
the asymmetry in the circular horn feed resulting in different aperture
illuminations in the two planes. The gain of the transmitarray against
the frequency is shown in Fig. 7(a). The peak gain is 20.2dB. The
frequency band with the variation of the gain around 1dB from the
peak value (1dB gain bandwidth) is 1.4 GHz (24.1%). The axial ratio
versus frequency is shown in Fig. 7(b). The array produces circular
polarization in the axial direction with axial ratio, AR < 3dB and
covers a range of 2.8 GHz.
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Table 1. The phase shift and DRA-side cross section length (L)
relevant to the elements of the first-quadrant array for the non-focused
transmitarray.
261.88° 270.63° 296.61° 339.08° 36.88°
9.46 mm 8.97 mm 6.9 mm 3 mm 16.19 mm
199.32° 208.4° 235.35° 279.38° 339.08°
11.74mm | 11.48mm | 10.59 mm 8.4 mm 3 mm
153.13° 162.48° 190.19° 235.35° 296.61°
12.88mm | 12.66 mm | 11.98 mm | 10.59 mm 6.9 mm
124.77° 134.28° 162.48° 208.4° 270.63°
13.56mm | 13.33mm | 12.66 mm | 11.48mm | 8.97mm
115.2° 124.77° 153.13° 199.32° 261.88°
13.77mm | 13.56mm | 12.88mm | 11.74mm | 9.46 mm

4. NEAR-FIELD FOCUSED FIXED RFID READER
TRANSMITARRAY

The NF-focused array is achieved by adding proper phase shift to each
DRA element in the transmitarray in order to maximize the radiated
field in a limited sized spot in the near field region at a distance z = R,,
from the transmitarray aperture. For the NF-focused transmitarray,
the phase shift of the ith element can be calculated from,

2
¢iNF=77T <\/a:?+yi2+Rg—Ro> (2)

The real part of the Poynting vector is the active power density while
the magnitude of its imaginary part is the reactive power density [20].
Adding the above phase shift to Equation (1), the transmitarray
elements results in focusing both the active and reactive power density
at the focal plane. The ratio between the active power density and
the reactive power density is very large in this case. This is due to the
fact that the focal plane is very close to the near edge of the Fresnel
region. Thus, only the active radiated power density will be taken into
account and is given by

slre(@)-[re(e )] w

The equivalent plane wave power density p is defined from the
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E-field or the H-field as follows [20]

112 o 112 5 112
HEx n Ey‘ +HE
p:Se: s
Mo (4)
5 112 5 112 5 112
or  p==5p=1o <HHx +HHyH + ‘Hz )

where 1, = 377 2. The 3-dB beamwidth in the focal plane is defined as
the transmitarray spot size. The spot area radius W of a NF-focused
planar transmitarray is given by [21]

W =0.8868 R, - A (5)
L,
where L, is the total transmitarray length, L, = 21.6 cm, R, = 40 cm,
and A, = 5.17cm. The geometry of the 9 x 9 NF-focused transmitarray
with its focus is at distance z = R, from the transmitarray aperture
is shown in Fig. 8. The compensation phase and the corresponding
DRA cross-section side length of each cell in the first quadrant of the
tansmitarray are shown in Table 2. The phase variation extends from
0 to 150° degrees. The distribution of the normalized power density
for the non-focused transmitarray (¢ing = 0) and the NF-focused
transmitarray on the array aperture in z-y plane at z = R, = 40cm
(i.e., at the focal plane) are shown in Fig. 9.

The power density decays slowly for the non-focused transmitar-
ray, while there is a fast decay for the NF-focused transmitarray from
the maximum value at the transmitarray axis. Contour plot of the
normalized power density in the focal x-y plane for the non-focused

L=11.93mm

L,=21.6 cm

Figure 8. The construction of 9 x 9 NF-focused multilayered DRA
transmittarray at 5.8 GHz.
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Table 2. The phase shift and DRA-side cross section length (L)
relevant to the elements of the first-quadrant array for the NF-focused
transmitarray.

340.93° 354.55° 35.1° 101.66° 192.87°
3 mm 3 mm 16.22mm | 14.12mm | 11.93mm
244.06° 258.07° 299.75° 8.12° 101.66°
10.24mm | 9.61mm 6.53 mm 17.04mm | 14.12mm
173.11° 187.425° 229.75° 299.75° 35.1°
12.4 mm 12.06 mm | 10.8mm 6.53 mm 16.22 mm
129.77° 144.28° 187.42° 258.07° 354.55°
13.45 mm 13.1mm 12.06 mm | 9.61 mm 3 mm
115.2° 129.772° 173.11° 244.06° 340.93°
13.77 mm 13.45mm | 12.4mm 10.24 mm 3mm

Nomalized power density (dB)
Nomalized power density (dB)
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Figure 9. A 3-D plot of the simulated normalized power density of the
9 x 9 multilayered DRA transmitarray for both the non-focused and
NF-focused transmitarray. (a) Non-focused transmitarray (¢; = 0).
(b) NF-focused transmitarray.

transmitarray and the NF-focused transmitarray are shown in Fig. 10.
It is clear that the contours are closer to each other for the NF-focused
compared to the separation between the contours for the uniform phase
case. The radius of the 3-dB spot area of the NF-focused transmitar-
ray aperture is 7.84 cm at the focal plane. The —10dB contour curve
for the NF-focused transmitarray is 90.5 mm while for the non-focused
transmitarray is 152.5mm. Fig. 11 gives the variation of the simu-
lated normalized power density patterns along the z-axis and y-axis
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for both transmitarrays at the focal plane. The SLL is —17.6dB for
the NF-focused transmitarray. The position of the first side lobe of
the NF-array is actually situated in the main beam of the non-focused
transmitarray. The distribution of the radiated field axial ratio at the
focal plane of the transmitarrays is depicted in Fig. 12. The proposed
NF-focused array gives circularly polarized fields in the region around
the focus in a wider area relative to that for the uniformly phased ar-
ray. Nearly the same 3-dB axial ratio contour curve is obtained for
both the transmitarrays with average radius of 90 mm.
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Figure 10. A contour plot of the simulated normalized power density
of the 9 x 9 multylayered DRA transmitarray in the transverse plane
for both the non-focused and NF-focused transmitarray at z = R, =
40cm. (a) Non-focused transmitarray. (b) NF-focused transmitarray.
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Figure 11. Simulated normalized power density along the transverse
direction at z = R, = 40 cm from the antenna aperture. (a) z-axis.
(b) y-axis.
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Figure 12. A contour plot of the simulated axial ratio of the 9 x 9
multilayered DRA transmitarray in the transverse plane for both the
non-focused and NF-focused array at z = R, = 40 cm. (a) Non-focused
transmitarray. (b) NF-focused transmitarray.

5. CONCLUSION

In this paper, a design of 9 x 9 square DRA transmitarray at 5.8 GHz
for far-field RFID applications is introduced. The unit cell consists
of three layered square DRA element mounted on dielectric substrate.
The dimensions of the DRA are optimized using the finite integral
technique for the phase distribution of the transmission coefficient.
The transmission line method is used to validate the results. The
transmitarray introduces a left-hand circular polarization with right-
hand circular polarization (cross-polar) level lower than —31dB at the
designed frequency with SLL of —22 dB. The maximum gain is 20.2dB
with 1dB gain bandwidth of 1.4 GHz for the far-field transmitarray. A
design of 9 x 9 near-field focused DRA transmitarray for fixed RFID
reader antenna at 5.8 GHz is investigated. The properties of the NF-
focused transmitarray are compared with the far field transmitarray
designed at the same operating frequency. The 3-dB spot area radius
of the NF-focused transmitarray aperture is 7.84 cm at the focal plane
z = R, = 40cm with SLL of —17.6dB. The position of the first
side lobe of the NF-array is actually situated in the main beam of
the non-focused transmitarray. The transmitarray produces circular
polarization, AR < 3dB, over the array aperture at the focal plane at
z = R, = 40cm. nearly the same 3-dB axial ratio contour curve is
obtained for both the transmitarrays with average radius of 90 mm.
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