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Circularly Polarized Printed Antenna Combining Slots and Patch

Toshimitsu TANAKA†a), Tamotsu HOUZEN†, Student Members, Masaharu TAKAHASHI††,
and Koichi ITO†††, Members

SUMMARY In this paper, the authors propose a circularly polarized
printed antenna combining a slot array antenna and a patch antenna, with
dual-band operation. The proposed antenna has good isolation perfor-
mance, is compact, and has simple configuration. This antenna is com-
posed of two parts, a patch antenna (for Rx) on the top, and a slot array
antenna (for Tx) on the bottom, respectively. The element layout is such
that the lower radiation element is not hidden by the upper one for wide
observation angle. Hence, both radiation elements can naturally radiate the
targeted polarization. Both slot array and patch antenna are fed by elec-
tromagnetically coupled microstrip line feed. With such a configuration, it
is possible to efficiently obtain good isolation characteristics for both fre-
quency bands. Furthermore, this antenna can be easily composed and it is
not necessary to use any feeding pin or via hole. The target of this antenna
is mobile communications applications such as mobile satellite communi-
cations, base-station of wireless LAN, etc. Here, the design techniques are
discussed and the numerical and experimental analyses are presented.
key words: dual-band, patch antenna, slot antenna, circular polarization,
electromagnetically coupled microstrip line feed

1. Introduction

In recent years, the rapid growth of the mobile communi-
cations, for example mobile satellite communications, wire-
less LAN, etc., yields to many requirements for the antenna
such as circularly polarized (CP) radiation, dual-band op-
eration, good isolation characteristics, electromagnetically
coupled feeding, small size and low-cost, etc. [1], [2].

Table 1 shows one example of specifications for the
mobile satellite communications. This specification is based
on the communication experiments by use of the Engineer-
ing Test Satellite VIII (ETS-VIII) [3] which will be launched
by the Japan Aerospace Exploration Agency (JAXA) in FY
2006. From this table, the characteristic requirements are
a left handed circular polarization (LHCP) for transmission
(Tx) and reception (Rx) and a narrow frequency separation
between Rx and Tx (5.8%). Patch antennas are a good can-
didate to meet such requirements, due to their various ad-
vantages. However, to meet all of these requirements as ex-
plained above is still a difficult problem.
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Table 1 Target of the antenna for mobile satellite communications.

Reception (Rx) 2.50 GHz
Frequency (patch antenna) Bandwidth:25 MHz

bands Transmission (Tx) 2.65 GHz
(slot antenna) Bandwidth:25 MHz

Polarization Left-handed circular polarization (LHCP)
for both Tx and Rx

Minimum more than 5 dBic at boresight
gain

Maximum less than 3 dB
axial ratio (in the on-axis direction)
Isolation more than 20 dBic

(a) Stacked type (single port) (b) Dual polarized or dual band
type (linear polarization)

(c) Staked type (d) Coplanar type

Fig. 1 Reported dual-band or dual polarized patch antennas.

The typical types of reported dual-band or dual po-
larized antennas fed by electromagnetically coupling are
shown in Fig. 1 and features are summarized in Table 2.
The stacked type patch antenna [4]–[6] which is shown in
Fig. 1(a) can operate at dual or wide-band. However, this
kind of antennas has only a single input/output port. Thus,
in case of mobile satellite communications, a high perfor-
mance diplexer is necessary to split the Tx and Rx sig-
nals because the frequency separation between them is nar-
row and the difference of signal level is more than 100 dB.
Therefore, to simplify the system, the antenna would better
have dual ports (Tx port and Rx port) with good isolation
performances.

Figures 1(b) and (c) shows the dual-band or dual-
polarized antenna. Although these types of antenna can have
good isolation characteristics between the two ports, the po-
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larization is linear only and each port should be orthogonally
placed because both a use of separate feed points located
along the perpendicular center lines of the antenna and an
excitation of the orthogonal modes (TM10, TM01) are nec-
essary to increase the isolation characteristics [7].

Figure 1(c) [8] has some possibilities to obtain dual-
band circular polarization and isolation characteristics.
However, optimization of the resonant frequency and gen-
eration of the CP radiation is difficult owing to the high mu-
tual coupling between the upper and the lower patch while
CP is generated. Therefore, a lot of design time and many
shorting pins are necessary. Although Fig. 1(d) has also the
same possibilities, a wide space compared with the stacked
configuration is necessary. Moreover, difficulty in obtain-
ing good axial ratio characteristics is considered due to the
asymmetrical ground plane. With self-diplexing antennas
[9], CP radiation, dual-band operation and isolation perfor-
mances can be obtained. However, many shorting pins and
complex feeding constructions are necessary. Moreover, in
this composition, it is very difficult to apply an electromag-
netic coupling feed. From an industrial point of view, a more
simple and low-cost structure such as stacked configuration
and electromagnetically coupled feed are required.

In this paper, a circularly polarized printed antenna
combining slots and patch is presented. With the proposed
configuration a dual-band operation, good isolation charac-
teristics and generation of a circular polarization for both
frequencies can be obtained. Moreover, an electromagnetic
coupling feed as required for mobile communications use
can be employed.

This antenna is composed of two parts which are a
patch antenna (for Rx) on the top, and a slot array antenna
(for Tx) on the bottom. With this unique novel configura-
tion, both antennas can radiate a circular polarization and it
efficiently allows good isolation characteristics. Moreover,
an electromagnetically coupled microstrip feeding is used
for all the elements. Consequently, this antenna can simply
be constructed by use of multilayer printed circuit boards,
and the soldering process for feeding pin or via hole is elim-
inated.

Section 2 of this paper presents the construction and

Table 2 Features of the reported dual-band or dual polarized printed
antennas.

Type Number Polari Isolation Area Thickness
of Port -zation

(a) [4], [5] 1 LP:© × small thin
[6], [7] CP:©

(b) 2 LP:© © small thin
[7] CP:×
(c) 2 LP:© © small thin
[8] CP:×
(d) 2 LP:© © wide thin

CP:�
Proposed 2 LP:© © small thick�
antenna CP:©

©:easy, �:relatively difficult, ×:difficult
�: in case of using a reflector for the slot layer

the design parameter of the slot array and the patch an-
tenna. Section 3 describes the numerical analysis by use of
the Method of Moments (MoM) and the experimental result.
Finally, this study is summarized and concluded in Sect. 4.

2. Antenna Configuration and Design

Figure 2 shows the geometry of the circularly polarized
printed antenna combining slots and patch. A CP patch
antenna is located on the upper side, while a CP slot ar-
ray antenna, which is placed around the patch antenna is
etched on the ground plane. One advantage of this element
layout is that the lower radiating element is not hidden by
the upper one for wide observation angle. Hence, the slot
array antenna on the lower layer can naturally radiate the
targeted polarization. In case of usual stacked type patch
antennas (see Fig. 1(c)), the lower element is hidden by the
upper patch element for wide angle and the mutual coupling
is high.

Feeding lines for the microstrip antenna and the slot
array are located on both sides of the ground plane, hence
the mutual coupling between two microstrip feeding lines is
reduced.

The operation frequency is set to 2.50 GHz for the
patch antenna which is connected to port 1 and 2.65 GHz for
the slot array antenna which is connected to port 2. The fre-
quency separation between port 1 and port 2 is 5.8% and the
polarization is a left-handed circularly polarization (LHCP)
for both frequencies.

2.1 Patch Antenna Layer

Figure 3 shows the geometry of the circularly polarized
patch antenna layer. The substrate structure consists of
layer-I and layer-II made of fiberglass/PTFE composite ma-
terials (εr = 2.17) and each thickness is 0.8 mm. The radia-
tion element on the layer-I is a square microstrip with square

Fig. 2 Geometry of the circularly polarized printed antenna combining
slots and patch.
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Fig. 3 Geometry of the circularly polarized patch antenna layer. ap =

38.8, bpw = 6.1, bpl = 1.9, cp = 2.0, sp = 17.5, wp = 2.3 [mm].

Fig. 4 Geometry of the 4-element circularly polarized slot array antenna
layer. as = 37.8, bs = 1.0, ds1 = 13.5, ds2 = 12.5, ds3 = 13.5, ds4 = 12.5,
dc1 = 21.0, dc2 = 22.0, dc3 = 22.0, dc4 = 21.0, lsg1 = 34.4, lsg2 = 34.4, lst1

= 7.8, lst2 = 25.3, L1 = 4.3, L2 = 38.7, ws = 3.6 [mm].

perturbation segments; (2 · bpl · bpw) to generate a CP radi-
ation by a single point feeding [10]. The feeding method
is the electromagnetic coupling (proximity coupling) by use
of a 50-Ω microstrip line placed on layer-II [11]. Moreover,
in order to obtain a good impedance matching, the corner of
the microstrip element, which length is cp, is cut.

2.2 Slot Array Antenna Layer

Figure 4 shows the geometry of the 4-element circularly po-
larized slot array antenna layer. All slot elements are etched
on the ground plane of the patch antenna. This ground plane
is placed between layer-II and layer-III. Layer-III consists of
Fiber-glass/PTFE composite materials (εr = 3.5) and is used
to support the slots and their feeding network. This choice of
material decreases the length of the slots and keeps a fairly
low loss of microstrip line. Furthermore, in order to real-
ize the stacked configuration and low-cost performances, the
electromagnetic coupling feed by use of a 50-Ω microstrip
line is used. The width and length of the slots are bs and

Fig. 5 Calculation model for estimation of phase difference.

as, respectively. At the bottom of this antenna, a reflec-
tor is mounted to reduce the back radiation. Although this
reflector makes the antenna thick, a low profile cavity slot
configuration [12] will be applied and thin configuration is
available.

This slot array consists of two slots pairs, namely slot
#1-#2 and slot #3-#4. All slots are ±45◦ inclined compared
to the microstrip feed line direction, in other words, slot #1
and #2 (or slot #3 and #4) are orthogonal, and slot #1 and
slot #4 (or slot #2 and slot #3) are parallel to each others.

The design procedure of slots pair (slot #1 and #2) is as
follows. The slot #2 is designed to be a matching element
[13] of the microstrip transmission line. The position of slot
#2 is determined in terms of length of open stub lst1 that is
as short as possible. The element spacing lsg1 is designed to
radiate LHCP by referencing the radiated electric field from
slot #2. For realizing a uniform distribution, resistance value
of slot #1 is controlled by the offset value ds1. Employing
the same technique, the other slot pair (slot #3 and #4) is
designed.

To realize a single input port and a compact design, a
power divider [14] and correction of the phase difference
between two slots pairs by use of microstrip line are neces-
sary. Figure 5 shows the calculation model to estimate the
phase of electric field radiated by slot #1 and slot #3 by us-
ing MoM. Although infinite length of microstrip lines are
used for this model, other parameter (materials, stack con-
figuration, slot length, element spacing, offset length) are the
same as Fig. 4. From this calculation, the phase difference
between two slots are almost 1/2 π (87◦). This phase differ-
ence induces RHCP radiation. Therefore, the difference of
microstrip line length between L1 and L2 is set to 1/2 λg to
generate LHCP radiation.

With reference to time-phase difference and direction
of the magnetic current of Fig. 6, the relative phase dif-
ference for LHCP radiation can be easily understood. As
shown in this figure, slot #1 and slot #4 are in co-phase, slot
#2 and slot #3 are also in co-phase. The relative phase dif-
ference between slot #1 and slot #2 is π/2. Additionally, all
slot elements have the same amplitude.

The radiation characteristics of this slot array, espe-
cially the axial ratio characteristics, are easily estimated us-
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(a) t = 0 (b) t = π/2

(c) t = π (d) t = 3π/2

Fig. 6 Time-phase of the magnetic current on the 4-element circularly
polarized slot array antenna (in case of LHCP).

(a) Arbitrary rotated slot on the xy
plane

(b) Far-field observations

Fig. 7 Geometry of an arbitrary rotated slot.

ing the following line source model.
Consider an arbitrary slot on an infinite ground plane

(xy-plane) as shown in Fig. 7. The coordinate point of the
center of the slot #n is (xsln, ysln) and the inclined angle from
the x-axis is φsln. The slot length as is 1/2 λ0 (half wave-
length) and the magnetic current distributions on the slots
are assumed to be a sinusoidal curve.

The arbitrary point and the magnetic current on the nth
slot are respectively expressed as

(x, y) = (xsln + R cos φsln, ysln + R sinφsln) (1)

M(R) = M0 cos(k0R) (2)

where, M(R) is the magnetic current distribution, R is the
axis along the slot and the range is

−λ0/4 ≤ R ≤ λ0/4 (3)

Then, the electric field Esln at (θ, φ) radiated by a single
slot is expressed as

Esln =

∫ λ0/4

−λ0/4
jk0

M0

4π
e− jk0(r−d)

r − d
cos(k0R)

{θ̂ sin(φ − φsln) + θ̂ cos θ cos(φ − φsln)}dR

= jk0
M0

2π
e− jk0r

r
(cos Asln + j sin Asln)

cos( π2 Bsln)

1 − Bsln

(θ̂ sin(φ − φsln) + φ̂ cos θ cos(φ − φsln)) (4)

where,

d = {(xsln + R cosφsln) cosφ

+ (ysln + R sinφsln) sinφ} sin θ (5)

Asln = k0(xsln cosφ + ysln sin φ) sin θ

Bsln = (cos φsln cosφ + sinφsln sinφ) sin θ (6)

In order to calculate each radiated electric fields Esl1 to
Esl4, substitute each slot parameters in equations (4). Then,
the total radiation electric field Esl radiated by a 4-element
slot array, assuming no coupling between the elements, can
be described as,

Esl = Esl1 + e j π2 Esl2 + e j π2 Esl3 + Esl4 (7)

The axial ratio is calculated from

ARsl =
|ERsl| + |ELsl|
|ERsl| − |ELsl| (8)

where,

|ERsl| = 1√
2
|Eθsl + jEφsl|

|ELsl| = 1√
2
|Eθsl − jEφsl| (9)

Although, in this formula, the length of the slot is set
to 1/2 λg to simplify the formula, the actual slot length is
slightly shorter because these slots are non-resonant and
covered by a dielectric substrate. By use of this equation,
the radiation of a circularly polarized wave is confirmed and
the ideal 3-dB axial ratio beamwidth is 88◦. Figure 8 shows
the external view and the top view of the fabricated antenna.
The ground plane size is 120 mm × 120 mm for measure-
ment.

2.3 Influence of the Patch Element and the Dielectric
Layer

The slot antenna is covered by the patch layer whose height,
relative permittivity and dielectric loss tangent are 1.6 mm,
2.17, and 0.0009, respectively. Thus, it is considered that
the radiation characteristics of the slot array are influenced
by the patch element and the dielectric layer. Figure 9 shows
the comparison of the radiation characteristics between the
slot antenna with a patch antenna layer and the slot antenna
only in the xz-plane. These results were obtained by numeri-
cal simulation by use of the Method of Moments. In order to
investigate the influence of the patch antenna and its dielec-
tric layer above the slot, two straightforward microstrip lines
are used to independently feed the two-slot pairs. Thus, the
influence of the power divider, bend of the microstrip line
are not included in Fig. 9.

From this figure, although the maximum gain decreases
of 0.5 dB because of the dielectric layer, the axial ratio char-
acteristics and radiation pattern are almost the same in both
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(a) External view

(b) Top view of the patch antenna layer (layer I)

(c) Top view of the slot antenna layer (ground plane)

Fig. 8 Fabricated antenna.

Fig. 9 Comparison of the radiation characteristics between slot antenna
with patch layer and without patch layer.

cases. Thus, it can be said that the patch antenna placed on
the slot antenna does not influence the radiation characteris-
tics of the slot array antenna.

Since mutual coupling between slot and patch is fairly
week, influence of stacked configuration on the input
impedance is low. Therefore, this slot array antenna can
obtain the CP radiation without radiation conductor of the
patch antenna, and each element can be designed separately.
The patch antenna can also design and obtain the CP radi-
ation without slot element. It can be said that the stacked
configuration has practically less effect on the tendency of
input impedance. Of course, since a few frequency shift-
ing will be occurred when patch antenna (or slot antenna) is
stacked, the adjustment of operating frequency is necessary.

3. Design Example and Results

This time, assuming that the antenna will be used for the
mobile satellite communications, the specification and de-
sign target are shown in decided Table 1. This specification
is based on the mobile satellite communication experiments
as explained Sect. 1.

The patch antenna layer was designed for reception
(2.50 GHz) and the slot antenna layer was designed for
transmission (2.65 GHz), namely, port 1 is for reception,
port 2 is for transmission. Each part was numerically op-
timized by minimizing the axial ratio in the boresight direc-
tion. It should be noted that the outline of the design proce-
dure is almost same as the reported proximity coupled patch
antenna and printed slot antenna [10], [11], [15].

The Method of Moments (MoM) has been chosen in
the numerical analysis for its asset of fast calculation. Ow-
ing to the software characteristics, the dielectric substrate
and the ground plane are considered to be infinite. The per-
formances are compared with measurements realized in a
radio anechoic chamber. In this section, numerical simula-
tion and experimental results of the proposed antenna are
shown.

3.1 Frequency Characteristics

Figure 10(a) and (b) show the relationship between the 3 dB-
axial ratio bandwidth at boresight and the frequency. The
minimum axial ratio of the patch antenna (Rx) obtained is
0.5 dB at 2.498 GHz by simulation, and 0.7 dB at 2.558 GHz
by measurement. The minimum axial ratio of the slot an-
tenna (Tx) is 0.4 dB at 2.647 GHz by simulation, and 0.2 dB
at 2.758 GHz by measurement. These results show that this
proposed antenna can radiate a CP and that good axial ratios
can be obtained at both Rx and Tx bands.

The 3 dB-axial ratio bandwidths are 0.6% for the patch
antenna (Rx) and 1.9% for the slot antenna (Tx) by simu-
lation, 0.7% and 1.9% by measurement. A good agreement
between measurement and simulation is observed. These
data show the frequency characteristics of the patch antenna
and the slot antenna are almost the same as the character-
istics of the reported normal CP patch antenna [10], [16].
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(a) Patch antenna layer

(b) Slot antenna layer

Fig. 10 Frequency characteristics of axial ratio.

Moreover, if necessary, it is considered that the reported
bandwidth enhancement technique, such as using a parasitic
element, can be used.

Although measurement and simulation results present
the same tendency, the measurement results shows the min-
imum axial ratios of antenna are shifted to higher frequen-
cies by 2.4% and 4.1% compared to the simulation results.
The main reason is considered to be due to the effect of the
ground plane size and difference of the feeding model. Es-
pecially, this difference of models induces a slight difference
in the input impedance of the slot. Hence, it is considered
that the frequency characteristics of the amplitude and phase
of the slots were slightly shifted.

Figure 11 shows the relationship between the S -
parameters for the simulated model and the measurement.
S 11 of the patch antenna layer (port 1) is shown in Fig. 11(a).
The simulation and measurement results of the S 11 are
−23.6 dB and −15.7 dB, respectively.

Figure 11(b) shows the S 22 of the slot antenna layer
(port 2). The simulation result of the S 22 is less than
−13.4 dB over the 3-dB axial ratio bandwidth. However, the
measurement result of the maximum S 22 is −6.1 dB due to
the 3-dB axial ratio bandwidth that is shifted to higher fre-
quencies compared to the matched impedance bandwidth.
As previously said, this shifting is explained by the influence
of the ground plane size which is finite in the case of mea-
surement while it is infinite by numerical simulation [17],

(a) Patch antenna layer

(b) Slot antenna layer

(c) Mutual coupling between patch and slots

Fig. 11 Frequency characteristics of S -parameter.

[18]. Furthermore, the other error factors are the measure-
ment systems and fabrication errors (i.e. space between each
layer, cable, connectors, plastic screws, etc.) that affect the
characteristics of the antenna. However, the measurement
and simulation results present the same tendency.

Figure 11(c) shows the isolation characteristics be-
tween patch (port 1) and slot (port 2). An isolation of more
than 15 dB over the 3-dB axial ratio bandwidth for patch
(Rx) and slot (Tx) has been achieved. Although the target is
not satisfied, it can be said that the proposed stacked config-
uration has promising isolation characteristics and enables a
CP radiation.
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(a) xy plane

(b) yz plane

Fig. 12 Radiation characteristics of patch antenna.

3.2 Radiation Characteristics

Figures 12 and 13 represent the LHCP-gain and axial ratio
characteristics. The full line and short dashed line represent
the LHCP-gain characteristics obtained by numerical simu-
lation and measurement, respectively.

Figures 12(a) and (b) show the radiation characteristics
of the patch antenna (Rx) in the xz plane and yz plane. Al-
though the measured axial ratio characteristics show a little
asymmetry due to the two SMA connector and the ground
plane diffraction, good circularly polarized patterns are ob-
tained even with the slot antenna in the ground plane. The
maximum radiation occurs when θ = 0◦ for the numerical
simulation, θ = 8◦ of yz plane for the measurement. LHCP-
gain and axial ratio for the boresight direction are 6.8 dBic
and 0.5 dB by simulation, 6.4 dB and 0.1 dB by measure-
ment respectively.

The minimum value of 3-dB axial ratio beamwidth is
112◦ in yz plane by simulation and 104◦ in yz plane by mea-
surement. From these data, a CP radiation at boresight an-
gle is confirmed and the radiation pattern is almost the same
as the characteristics of reported normal patch antennas. In
other words, the influence of the slot antenna under the patch
element is low.

(a) xy plane

(b) yz plane

Fig. 13 Radiation characteristics of slot antenna.

Figures 13(a) and (b) shows the radiation characteris-
tics of the slot antenna (Tx) in the xz plane and yz plane.
The maximum radiation occurs when θ = 0◦ by the numeri-
cal simulation, θ = 2◦ (in xz plane) by the measurement.

The simulated LHCP-gain and the axial ratio in the
boresight direction are 6.0 dBic and 0.9 dB. Measured re-
sults are 6.2 dBic and 0.4 dB. Due to the beam narrowing,
the measured gain is higher than calculated one. This beam
narrowing is owed to the influence of the finiteness of the
ground plane and its resulting diffraction [19], [20] as ex-
plained in the previous section. From Figs. 13(a) and (b),
the axial ratio patterns are different between xz plane and yz
plane due to the asymmetry configuration. However, good
LHCP radiation is confirmed for boresight direction. The
minimum value of 3-dB axial ratio beamwidth is 62◦ by
simulation, 32◦ by measurement in yz plane. The half power
beamwidth of that slot antenna are 64◦ by simulation, 48◦ in
yz plane in measurement.

The measurement results of the patch antenna are
shown to be in good agreement with the calculated ones
compared with the slot antenna which are not. It can be
explained that as the ground plane is a radiation conductor
of the slot antenna, the size and shape are more effective
than for the patch antenna. It should be noted that a good
agreement of the measured and the calculated result of the
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finite ground plane model by use of FEM (HFSS ver.10) can
be obtained. It can be supposed that a wide ground plane or
attaching an absorbing material along the edge of ground
plane is effective to reduce the diffraction.

From these results, a good CP radiation is confirmed
and a LHCP gain more than 5 dBic and an axial ratio less
than 3 dB are obtained. These results satisfy the target value
for mobile satellite communications.

4. Conclusions

A circularly polarized printed antenna combining slots and
patch in a stacked configuration has been proposed in this
paper. The antenna can have a dual-band operation, good
isolation characteristics and enables the generation of a cir-
cular polarization for both reception and transmission fre-
quencies. The measurement results of the slot layer and the
patch layer show the LHCP-gain and axial ratio in the bore-
sight direction is more than 6 dBic and less than 1 dB, re-
spectively. Moreover the isolation is more than 15 dB. In
this paper, although the target polarization of this antenna
was LHCP, another polarization can be obtained by chang-
ing the perturbations for the patch antenna and the phase
distributions of the slot antenna array.

In the future, for the reduction of the thickness, low
profile cavity slot antenna will be investigated. Furthermore,
array configuration of this antenna will be investigated and
the system will be applied to the mobile satellite communi-
cations or the base station of the wireless LAN system.
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