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ABSTRACT A novel design of dual-band circularly polarized patch antenna is proposed for millimeter-wave
applications of the future generations of mobile communication handsets. The antenna structure is composed
of a primary circular patch and four parasitic printed elements. The circular patch has two notches on its
perimeter. The primary circular patch is designed to operate at 38 GHz as its first-order resonance with
perfect impedance matching over the frequency band (37–38.5 GHz). Four parasitic elements with Y-shaped
slots are capacitively coupled to the primary patch to get it operational at an additional higher frequency with
perfect impedance matching over a wideband (48.2–50.1 GHz). Defects in the ground plane are made as two
square slots. The notches on the circumference of the circular patch and the square slots in the ground plane
are aligned to a diagonal that makes 45◦ with the axis of symmetry of the feeding line. The width of each
slot and the diagonal distance between them are the design parameters that can be set to produce circular
polarization with satisfactory axial ratio (AR). The outline of the composite planar antenna structure has a
square shape so as not to degrade the circular polarization. Also, to satisfy the impedance matching without
disturbing the circular polarization, the primary patch is fed through a tapered microstrip line instead of
using a microstrip line with inset feed. The achieved gain, AR, and radiation efficiency are 6.6 dBi, 0.6 dB,
and 92%, respectively, at 38 GHz and are 6.7 dBi, 1.6 dB, and 75%, respectively, at 50 GHz. The antenna is
printed on a substrate of thickness 0.25 mm and the outer dimensions of the planar composite patch structure
are 2.9 mm× 2.9 mm. The antenna bandwidth to provide good circular polarization with perfect impedance
matching at the same time are 800 MHz (37-37.8 GHz) and 200MHz (49.9-50.1 GHz) for the lower and
higher frequency bands, respectively. The proposed antenna is fabricated and its performance assessed by
simulation is validated by comparison with the results of microwave measurements. Both the simulation and
measurement results show good performance of the proposed antenna over the lower and higher frequency
bands of operation.

INDEX TERMS Circular polarization, dual-band, microstrip patch antenna, millimeter-wave, Q-band.

I. INTRODUCTION
The microwave range of the electromagnetic spectrum
currently utilized for wireless communications is being
crowded due increasing number of users and growing
services. Consequently, the lack of resources in mobile
communications is going to be an incurable problem in the
near future. The unlicensed spectrum of the millimeter wave
has a wide bandwidth extending from 30 to 300 GHz and,
hence, it can adequately solve the problem and meet the
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demands of the forthcoming generations of mobile com-
munications. Microstrip patch antennas have the advantages
of being light weight, easy fabrication, planar configuration
and low cost. To keep the light weight and compact size
of portable communication devices, a multi-purpose antenna
becomes a preferable choice for wireless communication
systems. Multi-band circularly polarized printed antennas
of compact size are required for many applications such
as mobile handsets, satellites, radars, missiles, aircrafts,
remote sensing and biomedical telemetry [1]–[4]. In a
wireless communication system, if the transmitter and
receiver have linearly polarized antennas, they must have
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the same orientation to ensure good reception. This can
be a problem in many communication systems like cellular
mobile communication systems. To overcome this problem,
circularly polarized antennas can be employed because the
strength of received signal becomes independent of the
orientation of the transmitter and receiver antennas. Circular
polarization is widely used to enhance the probability of
successful link, weather penetration, performance, spectral
efficiency and superior mobility. Circular polarized antennas
are important for wireless local area network (WLAN) and
radio frequency identification (RFID) [5], [6]. Multi-band
antennas can be used for frequency reuse utilization and,
hence, they are important for the applications of the 5G and
global navigation satellite system (GNSS) [7], [8].

Over the past few years, a lot of research papers have
been concerned with multi-band circularly polarized printed
antennas. In [1], dual-band operation is achieved by etching
two elliptical slots in a wideband linearly polarized patch
antenna and in the ground plane to act as band rejection
element. Two gaps are etched on the circumference of the
two slots to realize circular polarization. The work of [9]
proposes a dual-band circularly-polarized cavity-backed slot
antenna. In [10], a dual-band circularly polarized antenna
is proposed which operates in Ka-band and consists of
Archimedean spiral patch fed by 50�-feed line through
λ/4 impedance transformer. In [11] a dual-band circularly
polarized antenna is designed by introducing four T-shaped
slits at the patch edges. The work of [12] proposes a dual-
band antenna consisting of a rectangular patch surrounded by
a ground in the form of a circular ring. Two printed circles
are added to produce circular polarization. This antenna is
fed by coplanar waveguide. In [13], dual-band antennas are
designed to produce RHCP at the lower band and LHCP at
the higher band by using two stacked patches; the upper one
is a square patch with asymmetric U-shaped slot whereas the
lower one is a square patch. The work of [14] presents a
dual-band circularly polarized printed antenna. The antenna
design is achieved by truncating the patch from two sides and
feeding it by SMA coaxial probe. In [15], two-layer dual-
band circularly polarized antenna is proposed. This antenna
consists of lower circular patch with cross slot at the patch
center and peripheral cuts at boundaries and upper square ring
patch with truncated corners. The lower patch is excited by
coaxial feedwhereas the upper patch is excited by the fringing
field of the lower patch. In [16], dual-band linearly and
circularly polarized antennas are introduced by embedding
meandering slot and four metallic vias. The work of [17]
introduces a dual-band circularly polarized antenna where the
diagonal corners of the square patch are cut using L-shaped
slots that help to achieve RHCP at the lower resonating
frequency and LHCP at the higher resonating frequency. The
work of [18] proposes a dual band circularly polarized patch
antenna fed by a pin soldered in beam forming network layer
to be employed for phase only beam shaping with element
rotation.

The present work proposes dual-band circularly polarized
antenna for operation in the Q-band (33− 50 GHz) that

is suitable for many future applications such as mobile
communications, satellite applications, radio astronomy, ter-
restrial microwave communications and automotive radars.
The proposed antenna has a planar (printed) structure
that is composed of a primary circular patch fed by a
tapered microstrip line and four parasitic elements that are
capacitively coupled to the primary patch. The planar antenna
elements are printed on a high-quality thin dielectric substrate
with defected ground structure. This antenna works at 38 and
50 GHz with circular polarization. The antenna resonance
at the lower frequency band (37.7− 38.3 GHz) is achieved
by setting the primary patch radius to the proper value
and the defects in the ground plane help to increase the
bandwidth. The antenna operation at the higher frequency
band (48.2− 50.1 GHz) is achieved by fine tuning of the
dimensions of the four parasitic elements including their
separating distances from the primary patch.

The proposed design is aided by simulation using the CST
Microwave Studio Suite R©. Parametric study of the most
important dimensions is performed to arrive at the optimum
dimensions of the proposed antenna to achieve impedance
matching over the possible widest frequency band and to,
simultaneously, achieve circular polarization of the radiated
field. The proposed antenna is fabricated and its performance
is evaluated by measurement and then compared to the
simulation results for verification. The results concerning
the performance of the antenna proposed in present work is
compared with some previously published work in the last
few years.

This paper is organized as follows: Section II describes
the proposed patch antenna structure. Section III presents
parametric study to arrive at the optimal antenna design.
In Section IV, the fabrication process of the proposed antenna
is described. The experimental setup for the assessment of
the antenna is illustrated in Section V. Section VI presents
the results concerned with the performance evaluation of
the proposed antenna. Finally, Section VII concludes the
important results of this work.

II. STRUCTURE OF THE DUAL-BAND CIRCULARLY
POLARIZED ANTENNA
The design of the proposed multiband circularly polarized
antenna depends on a circular patch as a primary radiator
that is designed to operate with its first-order resonance
at 38 GHz. Four secondary (parasitic) elements are capaci-
tively coupled to the primary patch, as shown in Figure 1, for
efficient operation at 50 GHz. The resonance at 38 GHz is
achieved by setting the dimensions of the circular patch and
is not significantly affected by the four parasitic elements.
On the other hand, the upper efficient operation at the higher
resonant frequency is achieved by controlling the shape and
dimensional parameters of the parasitic patch elements to act
as a reactive load that eliminates the imaginary part of the
antenna input impedance at this frequency.

The primary patch has two notches on its perimeter and
the defects of the ground plane are made as two square
slots. To produce right-hand circular polarization (RHCP)
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the notches of the patch and the square slots of the ground
plane are aligned along a diagonal that makes 45◦ with the
axis of symmetry of the feeding microstrip line. The left-
hand circular polarization (LHCP) can be achieved bymaking
the notches on the circular patch and the slots in the ground
plane aligned to a diagonal that makes −45◦ (instead of
+45◦) with the axis of symmetry of the feeding line. The
circular polarization is achieved by exciting two degenerate
modes with their fields being of equal amplitudes, orthogonal
orientations, and 90◦ phase difference. The symmetry of
the patch structure around the 45◦-diagonal ensures equal
amplitudes and orthogonal orientations of the radiated fields
of the two modes. The 90◦-phase shift is realized by setting
the detailed dimensions of the main patch, parasitic elements,
and the defects of the ground plane. This is achieved with the
aid of objective parametric study to arrive at the dimensions
that gives the best AR. The outline of the composite planar
antenna structure has a square shape so as not to degrade the
circular polarization. Also, to satisfy the impedance matching
without disturbing the circular polarization, the primary patch
is fed through a tapered microstrip line instead of using a
microstrip line with inset feed.

In the proposed design, it is necessary for circular
polarization that the antenna structure has two diagonals
about which the antenna geometry is symmetric. The two
diagonals should be perpendicular to each other and each
of them should make 45◦ with the axis of the feeding line.
In spite of being necessary, this geometrical symmetry is
not enough to achieve circular polarization. The structure
details and the dimensional parameters should be properly
designed to achieve acceptable value of the axial ratio
(AR). To achieve the required impedance matching without
violating the 45◦-diagonal symmetry of the printed antenna
structure, it is proposed to use a tapered feed line instead
of the commonly used inset-feed. Thus, the dimensional
parameters of the printed antenna, presented in Figure 1,
should be optimized to simultaneously achieve the design
goals over the desired operational frequency bands, i.e., to get
|S11| < −10 dB and AR < 3 dB. The radius of the circular
patch antenna, RP, determines the frequency at which the first
order mode is excited in the cavity below the patch. It can be
approximated as follows [20].

RP = F
{
1+

2h
πεrF

[
ln

(
πF
2h

)
+ 1.7726

]}−1/2
,

F =
8.791×107

f0
√
εr

(1)

where f0 is the frequency of the first-order resonance. In the
proposed design this frequency is set as f0 = 38 GHz.
The proposed antenna has defecting ground struc-

ture (DGS) with the same diagonal of symmetry as the
composite patch structure (i.e., the circular patch and the
four parasitic elements) to enhance the performance regard-
ing the circular polarization and the impedance matching
over the required operational frequency bands. The cavity
between the circular patch and the ground plane acts like a

semi-closed cavity or open enclosure [19] that is character-
ized by high Q-factor resonant radiating modes. The cuts
made in the ground plane help to increase the bandwidth of
cavity resonance and improves the radiation efficiency.

The proposed planar structure is printed on Rogers
RO3003 substrate with height, H = 0.25 mm, relative
permittivity, εr = 3 and dielectric loss tangent, tan δ = 0.001.
The patch and ground plane are made of pure copper with
thickness, T = 0.035 mm, and electric conductivity, σe =
5.96×107 S/m. The antenna consists of driving patch and
four parasitic patches. The driving patch is circular with
radius, RP, and is directly fed by tapered microstrip feed line
to achieve impedance matching. Each of the four parasitic
elements looks like a triangle with one of its sides curved
to match the circular perimeter of the main patch. Each of
the parasitic elements has a Y-shaped cut at its corner. Let
the Y-letter be seen as two arms branched from a (vertical)
trunk. The Y-slot has a width of WY , arm lengths of LY ,
and trunk length of DY . The circular polarization is further
improved by the cuts in the main patch. The four parasitic
elements are capacitively coupled to the main patch and add
a reactive load to the antenna impedance that helps to satisfy
the resonance (cancellation of the imaginary part at the higher
frequency band). The capacitive loading is achieved through
edge coupling between the parasitic elements and the main
patch.

III. PARAMETRIC STUDY FOR THE OPTIMUM DESIGN OF
THE DUAL-BAND ANTENNA
The design methodology followed in the present work
depends on an extensive parametric study to arrive at the
detailed antenna dimensions that satisfy the best performance
including the impedance matching, perfect circular polar-
ization, and high radiation efficiency. In this section, the
numerical results obtained by simulation are presented and
discussed for the purpose of describing the design process
to arrive at the final antenna structure and investigate its
performance. The parametric study performed to arrive at
the optimal design parameters of the antenna is described in
detail, as well. It should be noted that during the process of
parametric study, only one dimensional parameter is changed
while the other parameters are kept constant.

A. EFFECT OF THE RADIUS OF THE CIRCULAR PATCH
The effect of changing the circular patch radius, RP, on the
magnitude of the reflection coefficient, |S11| , at the antenna
input port is presented in Figure 2. Changing RP has the effect
of tuning the resonant frequency at the lower frequency band
(38GHz) as shown in Figure 2a. At the higher frequency band
(50 GHz) changing RP has the effect of changing the band
width of antenna impedance matching as shown in Figure 2b.
More precisely, changing the patch radius, RP, affects the end
frequency of the higher frequency band while keeping the
start frequency almost unchanged.

On the other hand, the effect of RP on the AR is presented
in Figure 3. It is shown that this parameter controls the
frequency at which the AR is minimum at both the lower and
higher frequency bands of antenna operation.
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FIGURE 1. Design of the proposed dual-band patch antenna to produce
RHCP. (a) Top view of the printed antenna. (b) Bottom view showing the
defected ground plane. (c) Details of the patch and parasitic elements
(d) Zoomed view in the part of the patch surrounded by red square
border.

From this parametric study the value of RP = 1.17 mm
is selected to achieve the goals of impedance matching at
the desired frequencies (38 and 50 GHz) with excellent
impedance matching (|S11| < −20 dB) and good circular
polarization (AR < 2 dB) .

Changing the circular patch radius, RP, has the effect of
changing the frequency response of the maximum gain over
the two operational frequency bands of the proposed antenna
as presented in Figure 4. It is shown that the gain over
the lower frequency band is slightly affected by changing
RP, whereas the gain over the higher frequency band is
significantly affected by changing this parameter. Setting
RP = 1.17 mm gives a gain of about 6.6 and 6.7 dBi at the
frequencies 38 and 50 GHz, respectively.

B. EFFECT OF THE SIDE LENGTH OF THE ANTENNA
OUTER BOUNDARY
The dimensional parameter LP is the side length of the
square-shaped outline of the proposed antenna. The effects
of changing this parameter, while keeping the parameters
RP,LC , and WG constant on the reflection coefficient |S11|
and the AR are presented in Figures 5 and 6. As discussed in
Section II, the four parasitic elements which are capacitively

coupled to the (primary) circular patch control, mainly, the
antenna characteristics at the higher frequency band.

FIGURE 2. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at the
antenna input port for different values of the internal patch radius, RP .

FIGURE 3. Frequency dependence of the AR for different values of the
circular patch radius, RP .

This can be shown in Figure 5 that presents the dependence
of |S11| on the frequency for different values of the parameter
LP. Increasing LP while keeping RP, LC , and WG unchanged
means that the area of each parasitic element is increased
and, hence, its reactive loading on the primary patch is
increased which affects the resonance at 50 GHz. As shown
in Figure 5a, changing LP has almost no effect on |S11|
at 38 GHz. On the other hand, changing LP has major effects
on |S11| at the higher frequency band of the antenna. Both the
resonant frequency and the bandwidth of this band is strongly
dependent on LP. As regarding the AR, the parameter LP has
major effects at both the lower and higher frequency bands as
shown in Figure 6.

The value of LP = 2.9 mm is selected as it results in
a low value of |S11| indicating good impedance matching
over a wider frequency band than those obtained using
LP = 2.8 mm or 3.0 mm. Thus, this parameter is set to
LP = 2.9 mm to get the higher frequency band of operation
48.25− 51.15 GHz while keeping the same performance at
the lower frequency band (38 GHz). Also, the value of LP =
2.9 mm results in AR < 3dB at both the lower and higher
frequency bands.
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FIGURE 4. Frequency dependence of the max gain for different values of
the circular patch radius, RP .

FIGURE 5. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at the
antenna input port for different values of the antenna length, LP .

Changing the length, LP, of the antenna outer boundary
has the effect of changing the maximum gain over the
two operational frequency bands as presented in Figure 7.
It is shown that the gain over the two frequency bands is
significantly affected by changing this parameter. Setting
LP = 2.9 mm gives a gain of about 6.6 and 6.7 dBi at the
frequencies 38 and 50 GHz, respectively.

C. EFFECT OF THE SEPARATION BETWEEN THE PARASITIC
ELEMENTS
The dimensional parameter LC is the horizontal and vertical
separation distances between the parasitic elements, as shown
in Figure 1. The effects of changing LC on the reflection
coefficient |S11| and the AR, respectively over the operational
frequency bands are presented in Figures 8 and 9, respec-
tively. It should be noted that, while changing LC , the other
dimensional parameters including WG (width of the circular
gap) are kept constant.

As shown in Figures 8a and 9a, changing LC has negligible
effects on both |S11| and the AR, respectively, over the
lower frequency band. On the contrary, the parameter LC has
considerable effects on both |S11| and the AR over the higher

FIGURE 6. Frequency dependence of the AR for different values of the
antenna length, LP .

FIGURE 7. Frequency dependence of the max gain for different values of
the antenna length, LP .

frequency band, as shown in Figures 8b and 9b, respectively.
This can be attributed to that changing LC leads to change
the size of the parasitic elements which are strongly related
to the higher frequency resonance as explained before and
have negligible effects on the antenna operation at the lower
frequency band. To get the widest frequency band and the
minimum AR at 50 GHz, the value of LC = 0.4 mm is
selected.

The effect of changing the dimensional parameter LC ,
on the maximum gain over the two operational frequency
bands are presented in Figure 10. It is shown that the
gain over the lower frequency band is almost unaffected by
changing LC , whereas the gain over the higher frequency
band is considerably affected by changing this parameter.
This can be interpreted as that antenna resonance producing
the radiation at the higher frequency band is related to the
existence and, hence, the separating distance LC between the
parasitic elements placed around the main patch.

D. EFFECT OF THE Y-SLOT WIDTH OF THE PARASITIC
ELEMENTS
The WY dimensional parameter is the width of the Y-slot
etched on the four parasitic elements. As shown in Figure 11,
this parameter has almost no effect on the impedance
matching at the lower frequency band (38 GHz), whereas it
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FIGURE 8. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at the
antenna input port for different values of the separation between the
parasitic elements, LC .

FIGURE 9. Frequency dependence of the AR for different values of the
separation between the parasitic elements, LC .

has major effects on the reflection coefficient |S11| and the
bandwidth of the higher frequency band (50 GHz).

As shown in Figure 11, the value of WY = 0.13 mm
gives better impedance matching and wider bandwidth than
those obtained for WY = 0.1 or 0.15 mm. Thus, setting
WY = 0.13 mm enhances the antenna performance over the
frequency band 48.25-51.15 GHz while keeping the antenna
performance over the lower frequency band at 38 GHz.

On the other hand, setting WY = 0.13 mm gives the
best value of the AR at the higher frequency band without
affecting the AR over the lower frequency band, as shown in
Figure 12.

The effect of changing the Y-slot width, WY , on the
maximum gain is presented in Figure 16. It is shown that the
gain over the lower frequency band is almost unaffected by
changing WY , whereas the gain over the higher frequency
band is strongly dependent on this parameter. This can be
interpreted as that antenna resonance producing the radiation
at the higher frequency band is related to the existence and,
hence, the dimensions of the parasitic elements placed around
the main patch.

FIGURE 10. Frequency dependence of the max gain for different values of
the separation between the parasitic elements, LC .

FIGURE 11. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at
the antenna input port for different values of the Y slot width, WY .

FIGURE 12. Frequency dependence of the AR for different values of the Y
slot width, WY .

E. EFFECT OF THE SIDE LENGTH OF THE SQUARE CUTS IN
THE GROUND PLANE
Changing the width, WG, of the square cuts made in the
ground plane has slight effects on the impedance matching
at the lower frequency band of the antenna, as shown in
Figure 14a. However, this parameter has major effects on the
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magnitude of S11 and the impedance matching bandwidth at
the higher frequency band, as shown in Figure 14b. On the
other hand, the parameterWG affects the AR at the lower and
higher frequency bands of the antenna, as shown in Figure
15a and 15b, respectively.

FIGURE 13. Frequency dependence of the max gain for different values of
the Y slot width, WY .

It is shown that settingWG = 0.6 mm gives the best values
of the return loss, impedancematching bandwidth and the AR
over the two operational bands of the antenna.

FIGURE 14. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at
the antenna input port for different values of the ground cut width, WG.

The effect of changing the width, WG, of the ground cut
on the maximum gain are presented in Figure 16. It is shown
that the gain over the lower frequency band is slightly affected
by changingWG, whereas the gain over the higher frequency
band is strongly dependent on WG. The value of WG =

0.8 mm gives maximum gain of 6.6 dBi and 6.7 dBi at the
lower and higher resonant frequencies, respectively.

F. EFFECT OF THE DISTANCE BETWEEN GROUND CUTS
The diagonal distance, G, between the two square cuts made
in the ground plane affects both the impedance matching
and the AR at both the lower and higher frequency bands,
as shown in Figures 17 and 18. Among the values used to

FIGURE 15. Frequency dependence of the AR for different values of the
ground cut width, WG.

FIGURE 16. Frequency dependence of the max gain for different values of
the ground cut width, WG.

study the effect of this parameter on the antenna performance,
it is shown that, the value of G = 1.41 mm gives the
best impedance matching bandwidth and AR over the two
operating bands of the proposed antenna.

Changing the length of the diagonal separation, G, between
the ground cuts leads to change the maximum gain over the
lower and higher frequency bands as presented in Figure 16.
It is shown that the gain over the lower frequency band is
almost unaffected by changing G, whereas the gain over the
higher frequency band is strongly dependent on G. The value
of G = 1.41 mm gives maximum gain of 6.6 dBi and 6.7 dBi
at 38 GHz and 50 GHz, respectively.

IV. FINAL DESIGN AND PROTOTYPE FABRICATION
Extensive parametric study has been performed as explained
in Section III to arrive at the best values of the dimensional
parameters for the antenna design shown in Figure 1. The
purpose of the design optimization is to achieve impedance
matching (|S11| < −10 dB) and circular polarization
(AR < 3 dB) over the lower and upper frequency bands of
the antenna operation around 38 and 50 GHz, respectively.
The present section summarizes the final values of the design
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FIGURE 17. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at
the antenna input port for different values of the distance between
ground cuts, G.

FIGURE 18. Frequency dependence of the AR for different values of the
distance between ground cuts, G.

FIGURE 19. Frequency dependence of the max gain for different values of
the distance between ground cuts, G.

parameters and describes the process of antenna prototype
fabrication according to the final design.

A. FINAL DESIGN PARAMETERS
In this section, the final design of the proposed antenna is
given as a list of the final values of the antenna parameters.
Based on the parametric study achieved in Section III, the

final values of the dimensional parameters of the proposed
antenna are listed in Table 1. The antenna is printed on Rogers
RO3003 substrate, as described in Section II.

TABLE 1. Values of the dimensional antenna parameters according to the
final design.

B. PROTOTYPE FABRICATION
In this section, the fabrication process of the antenna
prototype is explained. A prototype is fabricated for the
antenna proposed in the present work whose design is
presented in Figure 1. The dimensional parameters are
listed in Table 1. The fabricated prototype is presented in
Figure 20. The antenna fabrication is performed using the
photolithography technique that can be described in the
following procedure.

- Two photo-masks are prepared, one for layout of (top)
layer of the composite patch antenna (primary patch,
microstrip line, and parasitic elements) and the other for
the layout of the (bottom) layer of the defected ground
structure. Each mask is made by printing the layout of
the corresponding layer on a thin transparent film where
the regions corresponding to the metallic (copper) parts
are drawn as black (opaque) areas whereas the regions
corresponding to bare parts are left transparent.

- A thin substrate of the desired material (Rogers
RO3003TM in the present case) and thickness (0.25 mm
for the proposed antenna), coated with copper on its top
and bottom layers, is covered with photoresist material
by means of spin coating.

- The top and bottom layers of the substrate are, then,
covered with the corresponding photo-masks for the
layouts of the planar antenna and the defected ground.
The two masks have been prepared as described in the
first step of the fabrication procedure. An alignment
mechanism such as an optical camera can be used for
aligning the two masks on the top and bottom layers.
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- The substrate covered with the photo-masks is then
exposed to an intense ultraviolet light to remove the
photoresist material coat from regions covered with
the transparent areas of the photo-mask (the areas that
should be free from copper). The photoresist coat on
the remaining regions should be preserved to keep the
copper coating.

- The etching process is then carried out as the last stage
of the photolithography process. A liquid chemical, like
the ferrous chloride, can be used to remove the copper
from the top and the bottom faces of the substrate in the
areas uncoated by the photoresist material.

FIGURE 20. Fabricated prototype of the proposed antenna (a) Front view
and (b) Back view.

V. EXPERIMENTAL SETUP FOR PERFORMANCE
ASSESSMENT OF THE PROPOSED ANTENNA
The methods of measuring the reflection coefficient at the
feeding port of the fabricated antenna and the radiation
patterns are explained in detail in the present section. The
reflection coefficient and the radiation patterns are measured
over the operational frequency bands of the proposed antenna.
The equipment, tools, and components used for experimental
measurements are listed in Table 2.

TABLE 2. List of the equipment, tools, and components used for
experimental measurements.

A. EXPERIMENTAL SETUP FOR MEASURING THE
REFLECTION COEFFICIENT
The VNA of Rhode and Schwartz model ZVA67 is used
for measuring the frequency response of the reflection
coefficient, S11, over the frequency bands of interest. An end-
launch connector (1.85 mm) and flexible coaxial cable are
used for linking the antenna to port 2 of the VNA as shown in
Figure 21. The VNA is prepared for measurement by setting
the start and stop frequencies, and then performing one-port
calibration procedure using the standard mechanical calibra-
tion kit model ZV-Z218. For measurement, the fabricated
prototype of the proposed antenna is mounted on the coaxial
end-launch connector, as shown in Figure 21a. The antenna is
then connected to the VNA port 2 through a flexible coaxial
cable for the purpose of measuring the reflection coefficient
over the frequency band 30-60 GHz, as shown in Figure 21b.

FIGURE 21. Experimental measurements of the reflection coefficient at
the antenna input port (a) Fabricated prototype of the proposed antenna
connected to the end launcher. (b) Experimental setup for measurement
using the VNA.

B. EXPERIMENTAL SETUP FOR MEASURING THE
RADIATION PATTERN
One of the experimental setups that are constructed for
measuring the radiation patterns of the proposed antenna
is shown in Figure 22. This setup is employed to measure
the elevation radiation patterns at 38 GHz using the vector
signal generator VSG-E8267D and the vector signal analyzer
VSA-N9010A with the A-Info reference-gain horn antennas
model LB-018400 (for 18 − 40 GHz band). A similar
experimental setup is constructed to measure the radiation
patterns at the VNA-ZVA67 with the A-Info reference-gain
horn antenna model LB-12-10-A (for 40 − 60 GHz band).
The gain and radiation patterns at 50 GHz are measured
using the VNA-ZA67 and the reference horn antenna A-Info
LB-12-10-A. The experimental setup that employs the VSG
and VSA for measuring the gain and radiation patterns of the
proposed dual-band circularly-polarized antenna at 38 GHz
is presented in Figure 22. The other setup used for measuring
the gain and radiation pattern at 50 GHz is similar to the
first one except for replacing the VSG and the VSA with the
VNA. The received power is assessed by the coefficient of
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transmission, |S21|, between the antenna under test (placed
on a rotator) and the reference-gain linearly-polarized horn
antennas.

FIGURE 22. Experimental setup for measuring the radiation pattern and
gain of the dual-band circularly-polarized antenna using the VSG and VSA.

VI. PERFORMANCE ASSESSMENT OF THE PROPOSED
ANTENNA
In this section, the numerical and experimental results
are presented and discussed for the purpose of evaluating
the performance of the proposed antenna. The antenna
performance assessment involves the frequency dependence
of the reflection coefficient, S11, at the antenna port,
gain, far-field radiation patterns for the total field and
the right-hand and left-hand circularly polarized (RHCP,
and LHCP, respectively) components and, finally, the axial
ratio (AR). The simulation results of the parameter S11, gain,
and radiation patterns are compared to the results of exper-
imental measurements for confirmation. The experimental
measurements of the reflection coefficient, S11, at the antenna
port and the far field radiation patterns are achieved as
explained in Section V. The simulation results are compared
to the experimental measurements for the purpose of accurate
assessment of the antenna performance. The simulation
results and experimental measurement are compared to
each other for confirmation of the obtained performance
parameters. Also, some comparisons with recently published
work are presented to demonstrate the proposed antenna
performance.

A. FREQUENCY DEPENDENCE OF REFLECTION
COEFFICIENT AT THE ANTENNA FEEDING PORT
The frequency dependence of the reflection coefficient, |S11|,
at the antenna port over a wide range of the frequency
(30−60 GHz) is obtained by both electromagnetic simulation
and experimental measurements. It should be noted that
the measurements are carried out using the experimental
setup shown in Figure 22. The comparison is presented in
Figure 23 showing good agreement between the simulation
and experimental results. As shown in this figure, the
proposed antenna has two frequency bands; the lower band
is centered about 38 GHz whereas, the upper frequency band
is centered about 50 GHz. It is shown that, the impedance

FIGURE 23. Frequency dependence of the reflection coefficient
∣∣S11

∣∣ at
the antenna port over a wide range of the frequency obtained by both
simulation and experimental measurements.

matching bandwidth (|S11| < −10 dB) extends from 36.9 to
38.4 GHz (1.5 GHz, i.e. 3.9%) for the lower frequency
band and extends from 48.2 to 50.1 GHz (1.9 GHz, i.e.
3.8%) for the upper frequency band. It is shown that, the
experimental measurements agree with the simulation results
and both show that antenna impedance is well matched at the
operational frequency bands.

Recall that the first resonant frequency 38 GHz is obtained
by setting the dimensions of the primary circular patch
whereas the second resonance at 50 GHz is obtained by
setting the dimensions of the parasitic elements and the width
of the coupling gap between them and the primary patch.

B. FAR FIELD PATTERNS OF THE PROPOSED ANTENNA
The radiation patterns of the proposed dual-band circularly-
polarized antenna are evaluated by electromagnetic simula-
tion as well as experimental measurement using the setup
shown in Figure 22 as described in Section 5.2.

The radiation pattarens of the total field in the elevation
planes φ = 0◦ and φ = 90◦ at 38 GHz are presented in
Figure 24 showing that the maximum gain is 6.94 dBi. The
radiation pattarens of the total field in the same elevation
planes at 50 GHz are presented in Figure 25 showing that
the maximum gain is 6.91 dBi. It can be concluded that
the radiation pattern is uniform (of circular symmetry)
in the azimuthal plane (θ = 90◦) with a balloon-like shape
in the elevation planes.

C. AXIAL RATIO AND FAR FIELD PATTERNS OF THE
CIRCULARLY POLARIZED FIELDS
In this section, the dependence of the AR on the frequency
and the radiation patterns of both the co-polarization (RHCP
field) and the cross polarization (LHCP field) are presented
and discussed. The dependence of the axial ratio on the
frequency is presented in Figure 26a and 26b over the
frequency ranges around the lower and higher resonant
frequencies, respectively. It is shown in Figure 26a, for
the lower frequency band the AR is maintained below
3dB over the frequency range 37− 37.8 GHz. Thus, the
3dB-AR bandwidth is 800 MHz for the lower frequency
band. On the other hand, for the higher frequency band
the AR is maintained below 3 dB over the frequency range
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FIGURE 24. Far field patterns of the total field obtained by both
simulation and experimental measurements at 38 GHz in the planes
(a) φ = 0◦ and (b) φ = 90◦.

FIGURE 25. Far field patterns of the total radiated field obtained by both
simulation and experimental measurements at 50 GHz in the planes
(a) φ = 0◦ and (b) φ = 90◦.

49.9− 50 GHz. Thus, the 3dB-AR bandwidth is 200 MHz
for the higher frequency band of the proposed antenna. The
measured values of the AR show good agreement with the
results of simulation.

FIGURE 26. Frequency dependence of the AR of the radiated field over a
wide range of the frequency.

The radiation patterns of the RHCP and LHCP components
of the far field in the elevation planes φ = 0◦ and φ =
90◦ at 38 and 50 GHz are presented in Figures 27 and 28,

FIGURE 27. Far field patterns of the right-hand and left-hand circularly
polarized fields at 38 GHz in the planes (a) φ = 0◦ and (b) φ = 90◦.

FIGURE 28. Far field patterns of the right-hand and left-hand circularly
polarized fields at 50 GHz in the elevation planes (a) φ = 0◦ and
(b) φ = 90◦.

respectively. It is shown that the radiated field in far zone is
dominated by RHCP field component. It should be noticed
that, the dominance of the RHCP field is attributed to that the
line connecting the circumferential notches on the circular
patch as well as the line connecting the square apertures of
the ground plane make an angle of 45◦ with the positive
x-axis, as shown in Figure 1. To produce LHCP, the antenna
design should be modified such that both the line connecting
the notches and the line connecting the square apertures
of the ground plane make an angle −45◦ with the positive
x-axis.

D. MAXIMUM GAIN AND RADIATION EFFICIENCY OF THE
PROPOSED ANTENNA
The frequency dependence of the antenna gain over the two
operational frequency bands of the proposed antenna are
presented in Figure 29. The average values of antenna gain
are about 6.8 and 7.5 dBi over the lower and higher frequency
bands, respectively. It is shown that the measured values
of the maximum gain come in good agreement with the
simulation results.

The radiation efficiency of the proposed antenna over the
two operational frequency bands of the proposed antenna
are presented in Figure 30. The average values of radiation
efficiency are about 90% and 80% over the lower and higher
frequency bands, respectively.
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FIGURE 29. Frequency dependence of the maximum gain over a wide
frequency range about (a) the first resonant frequency, and (b) the
second resonant frequency.

FIGURE 30. Frequency dependence of the radiation efficiency over a wide
frequency range about (a) the first resonant frequency, and (b) the
second resonant frequency.

TABLE 3. Summary of comparisons with the results of other published
work.

E. SUMMARY OF ANTENNA PERFORMANCE AND
COMPARISON WITH PUBLISHED WORK
Some comparative performance measures are listed in
Table 3 for comparing the performance of the proposed
antenna to some of those presented in recent publications
concerned with printed mm-wave antennas designed for the

forthcoming generations of mobile communications. From
such comparisons, it is shown that the comparison indicates
that, the proposed antenna has a relatively small size with
good performance over the two operational frequency bands.

VII. CONCLUSION
The present work introduces a dual-band circularly polarized
patch antenna for millimeter-wave communications. The
antenna is printed on a Rogers’ RO3003 substrate of thickness
0.25 mm and the outer dimensions of the planar composite
patch structure are 2.9 mm × 2.9 mm. The antenna operates
over the lower frequency band (37 – 38.5 GHz) and the higher
frequency band (48.2 – 50.1 GHz). The antenna is composed
of a primary circular patch and four parasitic printed elements
and printed on a thin substrate with DGS. The circular patch
has two notches on its perimeter. The defects of the ground
plane are made as two square slots. The notches on the
circumference of the circular patch and the square slots in
the ground plane are aligned on a diagonal that makes 45◦

with the axis of symmetry of the feeding line. Each of the four
parasitic elements is a triangle with arc-shaped base and right-
angle corner and has Y-shaped slot at the corner. The achieved
gain, AR, and radiation efficiency are 6.6 dBi, 0.6 dB, and
92%, respectively, at 38 GHz and are 6.7 dBi, 1.6 dB, and
75%, respectively, at 50 GHz. The antenna bandwidth to
provide good circular polarization with perfect impedance
matching at the same time are 800 MHz (37-37.8 GHz)
and 200MHz (49.9-50.1 GHz) for the lower and higher
frequency bands, respectively. The antenna performance is
evaluated by simulation and is validated by comparison with
the results of microwave measurement. Both the simulation
and measurement results show good performance over both
the lower and higher frequency bands of operation.
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