
ABSTRACT This paper presents a novel planar circularly polarized (CP) dipole antenna for 2.45 GHz ISM
band wireless communications based on a polarization rotation artificial magnetic conductor (PRAMC).
The design evolution begins with a linearly polarized (LP) dipole antenna, followed by the dipole antenna
loaded with a 2×2 AMC array, and culminates in the proposed CP dipole antenna incorporating a 2×2
PRAMC array. Unlike conventional AMC arrays that only enhance gain, the proposed PRAMC array can
convert LP radiation to CP radiation and further enhance the gain of the dipole antenna. Measured results
indicate that the proposed antenna has the −10 dB impedance bandwidth (BW) of 29.8% (2.21–2.94 GHz),
the 3 dB axial ratio (AR) BW of 7.0% (2.35–2.52 GHz), a peak gain of 7.01 dBi, indicating left-hand CP
(LHCP) at 2.45 GHz. Finally, the experimental results validate that the proposed PRAMC can convert a
low-gain LP dipole antenna into a high-gain CP dipole antenna.

INDEX TERMS High gain, circular polarized (CP), dipole antenna, polarization rotation artificial magnetic
conductor (PRAMC)

I. INTRODUCTION
ith the rapid development of wireless communication
technologies, particularly the expanding applications

in key areas such as 5G/6G communications, satellite
communications, the Internet of Things (IoT), and radar
systems, modern wireless applications have imposed
increasingly stringent and diverse requirements on antenna
performance. Traditional linearly polarized (LP) antennas,
such as dipole antennas, have long held a significant position
in antenna engineering due to their simple structure, stable
radiation performance, and ease of fabrication [1-3].
However, these antennas can only radiate LP waves, with a
fixed electric field vector aligned with the antenna axis.
Moreover, their omnidirectional radiation characteristics can
lead to energy dispersion and low gain [4]. While suitable for
wide-area coverage, they struggle to meet the demands of
directional communication.
Among various types of antennas, circularly polarized (CP)

antennas have become an indispensable component in
modern systems due to their ability to effectively mitigate
multipath effects, enhance signal reception stability, and
adapt well to magnetoelectric (ME) waves of arbitrary
polarization directions [5-8]. Compared to LP dipole
antennas, CP dipole antennas can effectively reduce signal
phase distortion and attenuation while enhancing anti-
interference capabilities, making them promising for
applications in positioning systems, satellite communications,
and other fields. However, to achieve circular polarization,
dipoles typically need to be combined with magnetic dipoles

to form ME dipoles, such as Cross dipole [9-10], Substrate
Integrated Waveguide (SIW) [11], complementary ME
dipole [12]. These methods may result in the CP dipole
antennas with complex structural design, low gain, relatively
narrow −10 dB impedance BW and 3 dB AR BW at 2.45
GHz ISM band, as well as increase the manufacturing cost,
limiting the application in modern communications systems.
In recent years, to overcome the above limitations,

researchers have actively explored new design strategies for
high-gain and circularly polarized antennas. Among these,
the artificial magnetic conductor (AMC) structure, as an
important electromagnetic metasurface technology, has
been widely introduced [13]. The AMC structure provides
in-phase reflection characteristics within a specific
frequency band, with its reflection phase varying around 0°,
thereby effectively suppressing surface wave propagation,
reducing antenna profile height, and increasing gain [14-16].
This makes it highly suitable for the urgent demands of
miniaturization and integration in modern communication
devices. The polarization rotation artificial magnetic
conductor (PRAMC), as a special type of AMC, inherits the
fundamental properties of high impedance, and in-phase
reflection. Through specific unit design, it can decompose
an incident LP wave into two orthogonal components with
equal amplitude and a 90° phase difference, thereby
enabling LP to CP conversion without complex antenna
structures [17-19].
Building on previous work [20-21], which presented the
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FBR and LP radiation, but lower gain, thus this work seeks
to overcome its limitations in gain and polarization
performance. Based on previous structure, a planar CP
dipole antenna is proposed by utilizing PRAMC. The
uniqueness of the proposed design lies in leveraging the
polarization rotation and phase manipulation capabilities of
PRAMC. The PRAMC can enable LP to CP conversion.
The paper is organized as follows: Section II proposes a
dipole antenna; Section III presents the complete design
process from a LP dipole antenna loaded with AMC to a CP
dipole antenna loaded with PRAMC, and provides a
comparative analysis of their performance; Section IV
presents the experimental validation results. Finally,
Section V concludes this paper.

II. DESIGN AND ANALYSIS OF DIPOLE ANTENNA
Figure 1 shows a schematic diagram of the initial dipole
antenna structure. Specifically, a T-shaped dipole is printed
on the top surface of FR4 substrate (εr = 4.4, tan δ = 0.02),
with a slot etched at its center. A planar L-shaped balun feed
line is loaded on the bottom surface to feed the antenna,
forming a dipole antenna. The overall dimensions are 70 mm
× 70 mm × 0.8 mm, with detailed dimensions provided in
Table I.

FIGURE 1. Geometry of the proposed dipole antenna. (a) 3D view. (b) and (c)
Top and back view.

TABLE I. Dimensional parameters of the proposed dipole antennas

Parameters Values(mm) Parameters Values(mm)

Ws 70 L1 46
W1 18 L2 3
W2 24 L3 13
W3 10 L4 1
W4 18 L6 6.3
W5 8 L7 0.2
W7 11.9

As shown in Figure 2, Although the initial dipole antenna
has the −10 dB impedance bandwidth (BW) of 88.5% (2.16–

4.33 GHz), with a low peak gain of only 2.04 dBi and poor
maximum FBR of 1.03 dB, achieving omnidirectional
radiation, as shown in Figure 3. However, the antenna exhibit
AR greater than 3 dB, indicating LP radiation.

FIGURE 2. Simulated results of the proposed dipole antenna.

FIGURE 3. Simulated normalized radiation pattern of the proposed dipole
antenna at 2.45 GHz.

FIGURE 4. Simulated surface current distributions of the proposed dipole
antenna at 2.45 GHz.
Figure 4 illustrates the surface current distribution of the

dipole antenna at 2.45 GHz, respectively. At t=0 and T/2, the
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current flows uniformly along the dipole arms in the +y and
−y directions, respectively, while the current on the
segmented ring is minimal. Conversely, at t=T/4 and 3T/4,
while the dipole current is minimal.

III. DESIGN AND ANALYSIS OF CP DIPOLE ANTENNA
WITH PRAMC

A. Polarization Rotation Mechanism of PRAMC
To clarify the polarization rotation principle of PRAMC, we
consider the PRAMC lies in the xoy plane, as shown in
Figure 5. An incident wave propagates along the –z direction
and can be decomposed into two orthogonal components of
xE and yE .

FIGURE 5. Polarization rotation mechanism of PRAMC.

When the PRAMC is illuminated by the incident wave iE

,

it generates a reflected wave rE

. The relationship between

them can be expressed as [17]

r iE E 
 

(1)

where  is dyadic reflection coefficient, which can be given
as
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Here, yx is a key parameter for polarization conversion,
measuring the efficiency of converting x-polarized incident
waves into y-polarized reflected waves.
Assuming the antenna radiates along the +z direction and

the incident wave onto the PRAMC surface is x-polarized,
the iE


can be expressed as

0
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Therefore, the total radiation field can be calculated as
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where xx and yx are the magnitudes, xx and yx are
the phases. The totalE


can be decomposed into two CP

components of RE and LE . Thus, the AR can be calculated
as

 ( ) 20 log
R

R

L

L

E E
AR dB

E E





(5)

The polarization conversion ratio (PCR) of a PRAMC can
characterize its ability to convert incident waves into
orthogonally polarized waves. It can be calculated using the
magnitudes of the two reflection coefficients xx and yx ,
with the formula:

 2 2 2
xx xx yxPCR      (6)

B. DESIGN AND ANALYSIS OF PRAMC UNIT
Figure 6 shows the evolution from ring-shaped AMC to
segmented ring-shaped PRAMC, the reflection
characteristics of two are analyzed using the Floquet-port
model in ANSYS HFSS, with detailed dimensions provided
in Table 2.

(a) (b)

FIGURE 6. The evolution from AMC to PRAMC. (a) AMC unit. (b) PRAMC
unit.

The underlying mechanism of the 90° phase difference
introduced by corner truncation can be physically interpreted
as follows. The intact ring-shaped AMC exhibits perfect
symmetry with respect to the x- and y-axes, resulting in
identical equivalent impedances along the two orthogonal
directions and thus a 0 ° reflection phase difference. By
truncating the four corners along the 45° direction, the
structural symmetry is broken, introducing orthogonal
anisotropy. In terms of the equivalent circuit model, the
corner truncation effectively introduces additional series
capacitances at the corners, which alter the equivalent
inductance-capacitance products along the two principal axes.
Consequently, an incident x-polarized wave is decomposed
into two orthogonal components that experience distinct
phase delays. When the truncation angle is optimally chosen,
the phase difference between these two components reaches
90°, satisfying the condition for left-hand circular
polarization (LHCP) radiation. This is further verified by the
surface current distribution in Figure 10, where the rotated
and phase-shifted currents confirm the polarization
conversion mechanism. Physically, the corner truncation
introduces anisotropic boundary conditions that perturb the
diagonal reflection coefficients ( xx and yx ) and, more
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importantly, significantly excite the cross-polarization term
( yx ). The optimal truncation maximizes yx while
enforcing 090yy xx   , which is precisely the condition
quantified by the PCR in (6).
As shown in Figure 7(a), the ±90° in-phase reflection

phase bandwidth of the AMC unit is 130 MHz (2.38–2.51
GHz), and the resonant frequency corresponding to the
midpoint of the phase range at 0° is 2.45 GHz. The
conversion from the AMC with 0° phase difference to
PRAMC with 90° phase difference is achieved through
corner truncation of AMC along the 45° direction, as shown
in Figure 7(a). At the center frequency of 2.45 GHz, an x-
polarized incident wave is efficiently converted into a y-
polarized reflected wave, and the phase of the y-polarized
reflected wave leads that of the x-polarized incident wave by
+90°, satisfying the condition for forming a LHCP wave.
Within the frequency range of 150 MHz (2.38–2.53 GHz),
the x-polarized reflected wave is suppressed, while the y-
polarized is strongly excited, with 90° phase difference,
achieving the PCR exceeding 90%, as shown in Figure 7(b).

(a)

(b)

FIGURE 7. (a) The reflection phase change from the AMC unit to the PRAMC
unit. (b) Reflection coefficients and PCR of the PRAMC unit.

C. DESIGN AND ANALYSIS OF CP DIPOLE ANTENNA
WITH PRAMC

In order to verify that PRAMC can convert the LP radiation
of an electric dipole into CP radiation, the schematic diagram
of the antenna structure transitioning from a LP dipole loaded
with AMC to a CP dipole loaded with PRAMC is shown in
Figure 8, with detailed dimensions provided in Table II. First,
a 2×2 ring-shaped AMC array with the same area as the
dipole antenna is loaded beneath the antenna as a reflector to
enhance the gain. Furthermore, a 2×2 segmented ring-shaped
PRAMC array is employed to replace the original AMC
array, serving as a polarization rotation reflector. This
configuration not only improves the antenna gain but also
achieves polarization conversion.

FIGURE 8. (a) and (c) Top and side views of LP dipole antenna with AMC. (b)
and (d) Top and side views of CP dipole antenna with PRAMC.

TABLE II. Dimensional Parameters of the Proposed Antennas, AMC and
PRAMC Unit

Parameters Values(mm) Parameters Values(mm)

Wp 70 h5 4
Wu 35 R3 15.25
h1 0.8 R4 4.75
h2 6 R5 16.5
h3 2 R6 8.5
h4 7 α1 55 deg

The simulated results of the dipole antenna loaded with
AMC are shown in Figure 14. The antenna operates at 2.45
GHz, with a −10 dB impedance BW of 5.3% (2.40–2.53
GHz). The peak gain is further increased to 6.1 dBi,
achieving directional radiation, as shown in Figure 9(a).
However, the antenna with AMC still exhibits AR greater
than 3 dB, indicating LP radiation.
Moreover, the simulated results of the final proposed CP

dipole antenna with PRAMC shows the −10 dB impedance
BW of 45.3% (2.19–3.30 GHz), the AR BW of 3.7% (2.40–
2.49 GHz), with the peak gains of 7.73 dBi, as shown in
Figure 14. The simulated radiation patterns at 2.45 GHz
show the co-polarized LHCP gain of 6.55 dBi, the cross-
polarized RHCP gain of −18.1 dBi along the main beam
direction in the xz and yz planes, respectively, as shown in
Figure 9(b). This validates that the 90° phase difference
introduced by the PRAMC generates the LHCP radiation.
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(a)

(b)

FIGURE 9. (a) dipole antenna with AMC. (b) CP dipole antenna with PRAMC.

Figure 10 further shows the surface current distribution of
the dipole antenna loaded with PRAMC at 2.45 GHz at
different moments within one complete operating cycle. It
can be observed from the figure that at t=0 and t=T/2, the
surface current mainly flows uniformly along the two arms of
the dipole in the +y and −y directions, respectively, while the
current on the PRAMC surface is relatively weak. In contrast,
at t=T/4 and t=3T/4, the current is primarily distributed on
the PRAMC surface, flowing in the +45° and −45° directions,
respectively, while the current on the dipole surface
decreases to a minimum.

FIGURE 10. Simulated surface current distributions of the proposed CP
dipole antenna with PRAMC at 2.45 GHz.

According to the IEEE definition, when viewed along the
+z direction, the current variation over the entire cycle
reveals that as the phase changes, the composite current
rotates in a clockwise direction. The introduction of PRAMC
enables the originally linearly polarized dipole antenna to
achieve LHCP radiation through the redistribution and phase
control of surface currents.

(a)

(b)

(c)

FIGURE 11. Simulated (a) S11, (b) gain and (c) AR of the proposed dipole
antenna with PRAMC for different values of the segmented-ring width R5-R6.

To provide a clearer understanding of the antenna design
evolution, a parametric study is conducted on the simulation
model to investigate the influence of the segmented-ring
width R5-R6, the truncation angle α1, and the spacing h4
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between the PRAMC array and the dipole on the S11, gain,
and AR, with the results presented in Figure 11, 12, and 13,
respectively.
As shown in Figure 11, as the segmented-ring width R5-

R6 increases, the center frequency of the antenna gradually
shifts toward lower frequencies. This is because a wider ring
increases the equivalent inductance and capacitance of the
PRAMC unit, thereby lowering its resonant frequency.

(a)

(b)

(c)

FIGURE 12. Simulated (a) S11, (b) gain and (c) AR of the proposed dipole
antenna with PRAMC for different values of the truncation angle α1.

Moreover, as shown in Figure 12, with the increase of the
truncation angle α1 the center frequency of the antenna shifts
toward higher frequencies. This is because a larger truncation

angle introduces stronger capacitive loading at the corners of
the segmented ring, which reduces the equivalent inductance
and raises the resonant frequency of the PRAMC unit.
Meanwhile, both the gain and axial ratio are also enhanced
with increasing α1, since a more pronounced corner
truncation improves the orthogonal phase difference and
polarization conversion efficiency.

(a)

(b)

(c)

FIGURE 13. Simulated (a) S11, (b) gain and (c) AR of the proposed dipole
antenna with PRAMC for different values of the spacing h4 between the
PRAMC array and the dipole.

Finally, as shown in Figure 13, the center frequency and
gain of the antenna are nearly insensitive to the variation of
the dipole-to-PRAMC distance. In contrast, the axial ratio is
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found to decrease and improve with increasing h4, indicating
that a larger spacing enhances the phase difference precision
between the two orthogonal components. This improvement
can be attributed to the reduced mutual coupling and parasitic
effects at a larger separation, which allows the PRAMC to
more effectively perform its polarization rotation function.
The parametric study yields the following design

guidelines. The width R5-R6 mainly controls frequency
tuning with little effect on gain and AR. The truncation angle
α1 requires careful optimization to maintain the 90° phase
condition for CP radiation. The spacing h4 should be
minimized for low profile and strong coupling, yet
sufficiently large to avoid AR degradation. Accordingly, the
optimal parameters are determined as R5-R6 = 8 mm, α1 =
55 deg and h4 = 7 mm, which are adopted in the final design.

D. ANTENNAS PERFORMANCE ANALYSIS
Figure 14 shows the simulated performance comparison of
the different designed dipole antennas. Table III summarizes
and compares the performance of the antennas, which the
evolution of the dipole antenna performance from LP to CP.
Compared with the single dipole antenna and the dipole
antenna loaded with the AMC, the dipole antenna loaded
with the PRAMC achieves peak gain improvements of 5.69
dBi and 1.62 dBi, respectively, while maintaining the same
operating frequency of 2.45 GHz. Moreover, it exhibits an
axial ratio bandwidth of less than 3 dB that covers the 2.45
GHz ISM band. Further, by comparing the simulation results

(a)

(b)

(c)

FIGURE 14. Simulated performance comparison of the proposed different
antennas. (a)S11. (b) Gain. (c) AR.

of the dipole antenna loaded with the AMC and that loaded
with the PRAMC, it is found that the AMC array only
improves the gain of the dipole antenna. Significantly, the
most notable distinction of the PRAMC-loaded design is that
it not only achieves gain enhancement but also accomplishes
a polarization conversion from LP to LHCP, realizing a
planar CP dipole antenna for the 2.45 GHz ISM band.

TABLE III. Simulated Performances Comparison of the Proposed Different
Antennas

Antenna
Type

f0
(GHz)

−10 dB
Impedance BW

Peak
Gain
(dBi)

Polarization

Dipole 2.45
88.5%（2.16–
4.34 GHz） 2.04 LP

Dipole with
AMC 2.45

5.3%（2.40–2.53
GHz） 6.1 LP

Dipole with
PRAMC 2.45

45.3%（2.19–
3.30 GHz） 7.73 CP

IV. ANTENNA FABRICATION AND MEASUREMENT
Figure 15 shows the CP dipole antenna with PRAMC
prototype was fabricated and measured to validate the
simulated results. The return loss S11 of the proposed antenna
is measured using a vector network analyzer (VNA). The far-
field radiation characteristics are measured in anechoic
chamber (AC). The measured results are presented in Figure
16 and 17.
As shown in Figure 16, the simulated and measured results

of the final proposed CP dipole antenna with PRAMC shows
the −10 dB impedance BWs of 45.3% (2.19–3.30 GHz) and
29.8% (2.21–2.94 GHz), the AR BWs of 3.7% (2.40–2.49
GHz) and 7% (2.35–2.52 GHz), with the peak gains of 7.73
dBi and 7.01 dBi, respectively, achieving CP radiation. As
shown in Figure 17, the radiation patterns the proposed CP
dipole antenna with PRAMC at 2.45 GHz show the
simulated and measured co-polarized left-hand CP (LHCP)
gain of 6.55 dBi and 6.33 dBi, the cross-polarized right-hand
CP (RHCP) gains of −18.1 dBi and −16.42 dBi along the
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main beam direction in the xz and yz planes, respectively.
This validates that the 90° phase difference introduced by the
PRAMC generates the LHCP radiation.

FIGURE 15. (a) and (b) Top and side view of the fabricated CP dipole
antenna with PRAMC. (c) S11 measurement setup using the VNA. (d)
Radiation pattern measurement setup in the AC.

Finally, by comparing the simulated and measured results
of the antenna, it can be observed that the 90° phase
difference introduced by the PRAMC effectively enables the
conversion of the dipole antenna from LP to LHCP. Overall,
the measured results are in good agreement with the
simulated results, validating the feasibility of the proposed
design method. Although the measured −10 dB impedance
bandwidth is somewhat narrower than the simulated one, this
discrepancy is mainly attributed to the following factors:

(a)

(b)

(c)

FIGURE 16. Simulated and measured performance of the proposed CP
dipole antenna with PRAMC. (a) S11. (b) Gain. (c) AR.

FIGURE 17. Simulated and measured normalized radiation patterns of the
proposed CP dipole antenna with PRAMC at 2.45 GHz.

fabrication errors, including deviations between the actual
values of the dielectric constant and loss tangent of the FR4
substrate and those set in the simulation; uncertainties in the
soldering process, particularly the influence of the soldering
quality between the L-shaped balun feed line and the coaxial
connector on impedance matching; and parasitic effects in
the measurement environment.
Table IV gives a comparison of the overall performance of

the proposed CP dipole antenna with other works at 2.45
GHz ISM band, where λ0 indicates the wavelength in free
space’s center frequency at 2.45 GHz. In Refs. [9]–[12],
conventional CP dipole antennas are primarily based on the
complementary principle of electric and magnetic dipoles to
achieve high gain and CP radiation. However, these designs
are often accompanied by issues such as complex structures,
cumbersome fabrication processes, and relatively narrow −10
dB impedance bandwidth and 3 dB axial ratio bandwidth in
the 2.45 GHz ISM band, as well as limited gain performance.
Furthermore, although the CP antenna proposed in Ref. [16]
improves gain by loading AMC, its impedance and AR BWs
remain narrow. Similarly, in Refs. [18] and [19], CP antennas
employing Polarization-Converting Metasurface (PCMS) to
achieve polarization conversion still fail to obtain significant
improvement in impedance and AR BWs. Compared to the
previous design of the CP dipole antennas operating at the
2.45 GHz ISM band, the proposed CP dipole antenna has a
relatively higher gain and wider −10 dB impedance BW and
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3 dB AR BW at the 2.45 GHz ISM band. Furthermore,
compared with the other dipole antennas designed in this
paper, a significant gain enhancement and a conversion from
LP to LHCP are achieved.

TABLE IV. Comparison Between the Proposed CP Dipole Antenna and Other
Works

Ref. f0
(GHz) CP Method

Peak
Gain
(dBic)

−10 dB
Impedance
BW (%)

3 dB
AR
BW
(%)

[9] 2.45 Cross-
dipoles 7.7 21.2 2.9

[10] 2.45 Cross-
dipoles 4 8.98 6.93

[11] 2.45 SIW 0.87 4.08 5.76
[12] 2.45 ME-dipole 1.6 6.7 8.4

[16] 2.45 Patch +
AMC 6.05 1.96 2.0

[18] 2.45 Monopole
+ PCMS 6.5 20.8 2.65

[19] 2.45 Monopole
+ MS 6.5 14.7 5.3

Prop. 2.45 Dipole +
PRAMC 7.01 29.8 7.0

V. CONCLUSION
In this paper, a planar CP dipole antenna based on PRAMC
operating at 2.45 GHz ISM band has been proposed. The
design demonstrates that a PRAMC can serve as a dual-
function reflector that simultaneously provides gain
enhancement and orthogonal phase manipulation for LP-to-
CP conversion. The measured results show that the proposed
antenna has the −10 dB impedance BW of 29.8% (2.21–2.94
GHz) and AR BW of 7.0% (2.35–2.52 GHz), with a peak
gain of 7.01 dBi. This results effectively demonstrate that the
PRAMC can convert a low-gain LP dipole antenna into a
high-gain CP dipole antenna. The proposed PRAMC-based
design strategy offers a promising pathway for developing
low-cost, high-performance planar CP dipole antennas in
ISM-band applications."
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