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Abstract— This article proposes a comprehensive analysis on
the efficiency performance of an ultrathin circularly polarized
(CP) microstrip antenna. For ultrathin antennas with intrinsic
narrow bandwidth, traditional parasitic-loading methods for
bandwidth enhancement encounter significant in-band efficiency
reduction, which is named as “efficiency dip,” due to the strong
differential coupling between main and parasitic resonators.
To address this issue, we propose a feasible structure of parasitic
resonator pair. In this case, the common and differential modes
(DMs) of the resonator pair are excited simultaneously, with the
parasitic common mode (CM) to eliminate the efficiency dip.
Inevitably, another efficiency dip appears due to the parasitic
DM, but is located out of band without bandwidth deterioration.
A prototype is fabricated and tested, showing a CP bandwidth
of 3.5% with an extremely low profile of 0.012 λ0 (λ0 is
the free-space wavelength at the center frequency). The final
efficiency is over 68% across the band. This article provides
a guideline for designing wideband CP antennas with ultrathin
profile and small area, for example, for mobile terminals.

Index Terms— Circular polarization, common mode (CM),
differential mode (DM), microstrip antennas, radiation efficiency.

I. INTRODUCTION

MOBILE phones have become indispensable in our lives,
offering a wide range of functions beyond basic calls,

messaging, and Internet access. For example, ultrawideband
(UWB) frequency is with numerous channels spanning from
3.1 to 10.6 GHz. Some subchannels can be used for various
applications like indoor positioning due to the advantages of
high resolution and multipath immunity [1], [2], [3]. Besides,
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5G millimeter-wave applications are also a promising direction
for mobile phones [4], with many impressive antenna designs
using advanced manufacturing processes [5], [6], [7], [8].
Recently, to improve antenna performance by deploying them
out of the bezel, researchers have proposed antennas on the
back cover [9], [10], [11], [12] or on the flexible printed
circuit (FPC), shown in Fig. 1(a). To integrate with FPC,
antennas must have an extremely low profile and limited
aperture area. Furthermore, for UWB positioning, circularly
polarized (CP) antennas are required to prevent the polar-
ization mismatch. Zhang et al. [13] and Hu et al. [14]
demonstrate the feasibility of integrating CP antennas into
the FPC, where the profiles are only around 0.6 mm (less
than 0.02 λ0, λ0 is the free-space wavelength at the center
frequency).

With such a low profile, the resonant bandwidth is narrow
for a single-operation mode. To achieve a wider bandwidth,
three methods are commonly used. The first one employs
multiple modes, including the higher-order modes to enhance
bandwidth. The most common combination involves a funda-
mental mode coupled with a higher-order mode [15], [16],
[17], [18], [19], [20]. In [15] and [16], TM10 mode and
antiphase TM20 mode are excited and coupled using a gridded
patch, while in [18], TM10 mode and TM30 mode are used.
Besides, two higher-order modes can also be used for wide-
band radiation [21], [22]. Despite the improved bandwidth, the
multimode method often requires an enlarged aperture area,
which is full of challenges in space-limited environments [23],
[24], [25]. The second method uses a feeding network to
achieve CP radiation and improve the bandwidth [26], [27],
[28], [29], [30], [31], [32]. In [26], a power divider is designed
to feed a simple square patch, with bandwidth extended by
introducing a quarter- and a half-wavelength resonator in the
feeding network. Besides, the sequentially rotated feeding
network is well known to provide wideband CP operation [28],
[29], [30]. However, the introduction of feeding network
complicates the structure and increases the total area. The third
method is to use perturbation or parasitic loading [33], [34],
[35], [36], [37], [38]. In [33] and [34], two layers of patches
create an additional axial ratio (AR) minimum, achieving
a 3-dB AR bandwidth of 2.33% and 6%, respectively. In [35],
a pair of annular strips is loaded around a slot-perturbed
circular patch. By adjusting the length and angle of the
strips, AR bandwidth of 3% is obtained with a low profile of
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Fig. 1. Configuration of the proposed CP antenna. (a) Application scenario
in the mobile phone. (b) Top view of the lower layer. (c) Side view.

only 0.02 λ0. Similar parasitic structures are also applied
in [36], [37], and [38].

Compared with the abovementioned three methods, using
parasitic resonators around the main patch achieves enhanced
CP bandwidth with a simple and compact structure. In spite
of these merits, one significant yet often overlooked issue
is the differential coupling between the main and parasitic
resonators, leading to efficiency reduction, which is a criti-
cal focus in terminal antenna design [39], [40], [41], [42].
In [39], the relationship between the differential coupling of
currents and the local efficiency minimum in slot and T-shaped
antennas is thoroughly discussed. A similar phenomenon
also occurs in microstrip antennas, as in [35] and [36].
In fact, [35] mentions a gain reduction of over 2 dB due
to the current cancellation caused by the parasitic annular
strips. However, because of their relatively high profiles or

compromises during optimization, efficiency is not a major
concern in these cases and thus has not been systematically
analyzed. However, as the antenna becomes thinner and more
compact, the space between main and parasitic resonators
decreases. In this scenario, differential coupling causes sig-
nificant efficiency deterioration, resulting in an unacceptable
in-band efficiency dip. Therefore, addressing the efficiency
problem is critically important for ultrathin antenna design in
mobile terminals.

In this work, we conduct a systematic analysis on the
efficiency issue of an ultrathin CP antenna with parasitic
loading. Using a simple structure consisting of a rectangular
patch loaded with parasitic strips, additional parasitic modes
are excited for bandwidth enhancement. However, with such
a low profile and small aperture, the efficiency of the parasitic
mode is significantly reduced due to the current cancellation.
To address this issue, we introduce an additional parasitic strip,
forming a parasitic resonator pair. In this configuration, the
common mode (CM) and differential mode (DM) of the pair
are excited simultaneously. By adjusting the dimensions, the
CM is tuned in the operating band, eliminating the original
in-band efficiency dip. Meanwhile, the DM which exhibits an
obvious efficiency dip appears out of band and thus has no
effect on the performance. As a result, the final design achieves
high and stable efficiency of over 68% across the operating
band, with S11 < −6 dB and AR < 3 dB. The introduction of
the parasitic pair and the parasitic CM/DM provides a feasible
solution to ultrathin wideband antenna design with parasitic
resonators, showing its potential applications in mobile termi-
nals, such as UWB indoor positioning and Internet of Things
applications.

II. ANTENNA CONFIGURATION

Fig. 1 illustrates the structure of the proposed antenna.
From the side view shown in Fig. 1(c), the antenna consists
of a single-layer substrate and a top layer that simulates the
back cover of a mobile phone. The lower substrate is made
of F4BM294 with εr = 2.94 and tan δ = 0.0016. It has an
extremely low profile of only h1 = 0.45 mm (0.012 λ0). Above
it is a dielectric with a thickness of h2, made of WL-TP, with
εr = 7 and tan δ = 0.002, which has similar electrical
properties to the phone’s back cover. Fig. 1(b) shows the
top view of the antenna. The main structure comprises a
rectangular patch and eight parasitic strips arranged around
the center patch. The patch has a length of L and a width
of W . A single-feed probe is used to excite the patch, with its
position finely tuned at distances s1 and s2 from the sides. The
parasitic strips can be divided into two groups based on their
orientation. The x-oriented strips have a length of l1, while
the y-oriented strips have a length of l2. All four inner strips
have a width of w1, while the four outer strips have a width
of w2. The distance between the strip and the patch is d1, and
the distance between each pair of strips is d2. The position
bias of the stirps is B. The ground plane is printed on the
back of the substrate, with a ring cut out for coaxial feed.
Detailed dimensions are listed in Table I. Antenna design and
optimization are performed using HFSS software.
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TABLE I
DETAILED DIMENSIONS (UNIT: MILLIMETERS)

Fig. 2. Comparison of Ant. 1 and Ant. 2. (a) Structural evolution and mode
sketch. (b) S-parameter. (c) AR. (d) Realized gain. (e) Efficiency.

III. DESIGN PROCESS

To clarify the working principle of the design, we study
the full evolution from a rectangular patch (Ant. 1) to the
antenna with four pairs of parasitic strips (Ant. 4). Starting
from Ant. 1, CP radiation is achieved due to the degener-
ated TM10 and TM01 modes, which are x- and y-polarized,
respectively. By adjusting the dimensions of the patch,
a 3-dB AR bandwidth of 70 MHz can be achieved. However,
the bandwidth is relatively narrow due to the extremely low
profile. The gain and efficiency are high, since the two modes
can radiate well.

To enhance the CP bandwidth, two parasitic strips are
loaded on either side of the central patch along the y-axis
(Ant. 2), as shown in Fig. 2(a). The length of the strips can be

Fig. 3. Current distributions of Ant. 2 at the two AR minima. (a) Py -TM10
modes at 7.9 GHz. (b) TM10-TM01 modes at 8 GHz.

finely tuned so that their half-wavelength resonance [referred
to as the Py mode, i.e., y-oriented parasitic mode, plotted green
in Fig. 2(a)] has a frequency lower than that of TM10 mode.
Thus, the combination of Py-TM10-TM01 modes is excited
with the adjacent two modes having similar amplitudes and
a 90◦ phase difference. Thus, this configuration can double
the CP bandwidth compared to Ant. 1 (140 versus 70 MHz)
with two AR minima.

However, as Fig. 2(e) shows, the efficiency at the Py mode
is significantly reduced compared to the two TM modes.
Although the reduction is only approximately 2 dB, which
may seem acceptable, in realistic environments, however, such
as mobile terminals, the losses from the conductor and the
surrounding dielectric material may be much higher, causing
a deeper and more unpredictable efficiency dip. Therefore,
the principles behind the appearance and the solution to the
efficiency dip need clarification. From the current distributions
plotted in Fig. 3, at 7.9 GHz where the parasitic strips resonate,
we observe strong but out-of-phase currents on the patch and
the strip, indicating a differential coupling between the two
resonators. This coupling mechanism leads to severe current
cancellation, causing poor radiation and high loss with an
obvious efficiency dip. Notably, as seen in Fig. 2(b) and (e), the
decrease in efficiency is not attributed to impedance matching.
On the contrary, the reflection coefficient across the band
remains well below −6 dB. Thus, the efficiency dip cannot
be solved by regular matching technique. Moreover, since the
dip is strongly dependent on the resonance of the strip, it is
also impossible to separate the dip from the resonance by
simply tuning the parameters of the strip. Instead, substantial
structural change is needed, which will be shown in the next
evolution stage. Meanwhile, the currents at 8 GHz that deviates
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Fig. 4. Comparison of Ant. 2 and Ant. 3. (a) Structural evolution and mode
sketch. (b) S-parameter. (c) AR. (d) Realized gain. (e) Efficiency.

from the resonant frequency of the strip are shown in Fig. 3(b),
corresponding to the TM10-TM01 modes. It can be seen that the
currents on the patch and the strips are in the same direction,
indicating no current cancellation. Therefore, the efficiency
around 8 GHz is not affected by the parasitic strips. In sum-
mary, while the parasitic strips expand the bandwidth through
differential coupling with the patch, it inevitably causes current
cancellation and an efficiency dip at its resonance.

To maintain high and stable efficiency across the entire
operating band with the parasitic resonator, we propose a
parasitic pair loading technique, which utilizes two strips as a
pair instead of the traditional single strip. In this configuration,
each y-side of the patch has two strips, forming Ant. 3.
According to Fig. 4(b) and (c), both antennas have nearly
the same operating bandwidth in terms of S-parameter and
AR value. Besides, Ant. 3 has a poor resonance at the low
frequency of around 7.3 GHz. Fig. 4(e) illustrates the differ-
ence in efficiency between the two designs. Unlike Ant. 2,
Ant. 3 has a high and stable efficiency across the operating
band, while a significant dip appears out of band, coinciding
with the resonance marked purple in Fig. 4(b). The results
indicate that Ant. 3 eliminates the original in-band efficiency
dip but introduces a new one out of band. To understand
its mechanism, we can analyze the current distributions at

Fig. 5. Current distributions of Ant. 3 at the two parasitic modes. (a) Parasitic
DM at 7.4 GHz. (b) Parasitic CM at 7.9 GHz.

these two parasitic modes, as shown in Fig. 5. At the lower
frequency, which deviates much from the TM10 and TM01
modes, the patch is not well excited. Instead, the parasitic
pair is excited with strong out-of-phase currents, which we
refer to as the parasitic DM (Py-DM, i.e., y-oriented parasitic
DM, marked purple). The out-of-phase currents lead to strong
cancellation, resulting in an efficiency dip. Nevertheless, it has
no effect on the in-band performance. Conversely, at the
higher frequency, the pair has currents in the same direction,
which we denote as the parasitic CM (Py-CM, i.e., y-oriented
parasitic CM, marked light blue). In this case, the pair acts as
a whole with a large radiation aperture. It can also be seen that
the two strips both have a differential coupling with the central
patch. Besides, the energy is more distributed to the outer strip.
Fig. 5(b) shows that the outer strip has much stronger currents.
This configuration mitigates the original current cancellation
between the patch and the strip, effectively eliminating the
efficiency dip. It is noteworthy that, due to the capacitive effect
in DM’s case, the resonant frequencies of the two parasitic
modes are separated. This separation allows one mode to be
tuned into the operating band, while keeping the other one
out of band. In summary, by loading a pair of strips instead
of a single one, two new modes, parasitic CM and DM, are
effectively excited, resulting in high in-band efficiency and
eliminating the original efficiency dip.

Next, to further expand the bandwidth, we introduce another
group of parasitic strips in the orthogonal direction, providing
a new resonance (named as the Px -CM mode, i.e., x-oriented
parasitic CM, marked orange in Fig. 6) that is higher than
the TM01 mode, thereby forming Ant. 4. After optimizing the
dimensions of the two pairs of strips and the central patch,
a combination of Py-TM10-TM01-Px modes can be excited
from low to high frequency. Each pair of adjacent modes
can produce an AR minimum, summing up to have a wide
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Fig. 6. Comparison of Ant. 3 and Ant. 4. (a) Structural evolution and mode
sketch. (b) S-parameter. (c) AR. (d) Realized gain. (e) Efficiency.

CP bandwidth with three AR minima, as shown in Fig. 6.
Thanks to the parasitic CM of the pair, the efficiency remains
stable across the entire operating band, showing superior
performance even in an extremely low profile. As for the
parasitic DM, it is noteworthy that Ant. 4 has only one dip
outside the band, which is due to the similar lengths of the
x- and y-oriented strips and the same distance d2 between the
strips. If we set the parameters with enough difference, there
will be two separate dips dependent on the DMs in the two
directions, respectively. Here, we combine these two as the
parasitic DM (Pxy-DM in Fig. 6, marked purple) for brevity.
At this mode, the strips both in x- and y-directions have out-
of-phase currents in each pair.

To better show the principle of the multiple AR minima, the
analysis of E-field is conducted. Fig. 7 shows the amplitude
and phase relations between Eθ and Eϕ in the broadside
direction. In the CP operating band, the amplitudes of Eθ

and Eϕ are close to 1, while the phase difference fluctuates
around 90◦. Specifically, the y-oriented and longer strips
contribute to Eϕ at 7.9 GHz (the first AR minimum), while
the x-oriented and shorter strips contribute to Eθ at 8.1 GHz
(the third AR minimum). Thus, from low to high frequency,
the four modes in the sequence of Py-TM10-TM01-Px can be
excited to form a wide CP bandwidth with three AR minima.

Fig. 7. (a) Amplitudes and (b) phase difference of the two components of
E-field at the broadside direction.

Fig. 8. Parameter study on the distance between the patch and the inner
parasitic strip d1.

Fig. 9. Parameter study on the distance between the two parasitic strips d2.

To get a deeper understanding of the parasitic modes,
we analyze several key parameters related to the parasitic
CM and DM. First, the coupling strength is influenced by
the distance between the patch and the pair, denoted as d1.
As shown in Fig. 8, increasing d1 mitigates the efficiency
dip at the parasitic DM, while simultaneously narrowing the
CP operating bandwidth. Next, to tune the two parasitic
modes independently, we investigate the effect of the distance
between the two strips, d2, as plotted in Fig. 9. The results
show that changes in d2 result in corresponding shifts in the
frequency of the efficiency dip, that is, parasitic DM, while
in-band parasitic CM remains unaffected. The independent
tuning of the two parasitic modes is due to the different dis-
tributions of the electric field between the strips. Specifically,
the electric field at the DM is tangential to the XoY-plane.
Therefore, the distance d2 mainly influences the capacitive
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Fig. 10. Summary and design guideline of the proposed antenna. (a) Structural evolution. (b) Impedance and mode distribution. (c) CP performance.
(d) Efficiency performance in and outside the operating band.

loading in DM’s case. For CM, in contrast, the electric field
between the strips is perpendicular to the substrate, with
negligible capacitive effects. Thus, by adjusting the length
and distance of the parasitic pair, we can control the parasitic
CM and DM independently. Apart from these key parameters,
other structure settings, such as the bias distance B, the feed
position s1 and s2 can also be tuned to gain balanced and
wideband CP radiation.

To gain a whole picture of the evolution process, we sketch
the main performance, including impedance, mode, AR, and
efficiency of Ants. 1–4, in Fig. 10. The blue region corresponds
to the operating band, while the green one refers to the
efficiency dip due to the parasitic DM out of the operating
band. To provide a guideline for ultrathin CP antenna design
with parasitic structures, it can be summarized as three steps.

1) Start with a rectangular microstrip antenna with its TM10
and TM01 modes forming circular polarization.

2) Load two pairs of parasitic strips in the same direction,
and tune its parasitic CM beside the TM modes to
enhance the CP bandwidth. Meanwhile, its parasitic DM
is outside the band.

3) Load another two pairs of strips in the other direction
to further expand the bandwidth. Adjust the sizes of the
patch and the strips for optimized CP performance.

Fig. 11. Fabricated prototype of the proposed antenna. (The top layer is
omitted for brevity.)

With the above steps, a wideband high-efficiency CP
antenna is elaborately designed for ultrathin scenarios, such
as on the back or FPC of mobile terminals.

IV. RESULTS

A prototype of the proposed high-efficiency CP antenna
has been fabricated and tested to validate our design. Fig. 11
presents a photograph of the fabricated prototype. A semi-rigid
cable is used to feed the antenna, with the inner conductor
soldered to the feed probe and the outer one connected to
the ground plane. The S-parameters are measured using a
vector network analyzer (Agilent N9917A), and the radiation
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Fig. 12. Simulated and measured S-parameters of the antenna.

Fig. 13. AR of the antenna.

properties are measured in an anechoic chamber. The results
of S-parameters are shown in Fig. 12. For simulation, the
reflection coefficients remain below −6 dB from 7.82 to
8.32 GHz, having a bandwidth of 500 MHz (about 6.2%).
It is worth noting that the resonance around 7.7 GHz cor-
responds to the parasitic DM, which should not be included
in the operating band because of its obvious efficiency dip,
as is shown later. For measurement, the impedance bandwidth
spans from 7.86 to 8.28 GHz (5.2%), which aligns well
with simulation. The main difference can be attributed to the
actual thickness of the substrate material and other fabrication
errors. For CP performance, Fig. 13 displays the AR values
of the antenna. The bandwidth with AR < 3 dB is 7.89–
8.13 GHz (240 MHz, 3%) in simulation and 7.92–8.2 GHz
(280 MHz, 3.5%) in measurement. These results indicate a
wide CP bandwidth with multiple AR minima.

Fig. 14 shows the realized gain and efficiency of the
antenna. Consistent with the trend observed in AR values, the
measured frequencies are slightly higher. Within the working
band where S11 < −6 dB and AR < 3 dB, the realized gain is
over 6 dBic, with fluctuations of less than 1 dB. Meanwhile,
the efficiency is over 68% (−1.7 dB), indicating that the
antenna has properties of high and stable efficiency. The
efficiency dip with a reduction of over 4 dB is also observed

Fig. 14. Realized gain and efficiency of the proposed antenna.

Fig. 15. Radiation patterns of the antenna at (a) 7.95 GHz, (b) 8.05 GHz,
(c) 8.15 GHz in XoZ-plane, (d) 7.95 GHz, (e) 8.05 GHz, and (f) 8.15 GHz
in YoZ-plane.

out of the operating band. Fig. 15 presents the radiation pat-
terns across the band. The low cross-polarization levels mean
good CP performance across a wide beam range. Besides, the
broadside radiation pattern remains stable throughout the band,
beneficial for practical applications such as positioning.

To provide an intuitive comparison with other related
low-profile CP antennas, we summarize the main performance
metrics in Table II. The operating bandwidth here refers to
the combined range where S11 < −6 dB and AR < 3 dB.
Here, we define the ratios of bandwidth-to-profile (B/P) and
bandwidth-to-volume (B/V) to evaluate the performance of
an ultrathin and compact antenna more intuitively. Among
the low-profile designs, ours has the biggest B/P and B/V,
showing superior wideband performance in space-limited sce-
narios. For the works with comparative B/V such as in [33]
and [35], a smaller aperture is achieved at the expense of
lower gain. On the contrary, our proposed antenna achieves
higher gain compared with other antennas with a profile of
less than 0.02 λ0 in [19], [33], [35], [43], and [45], implying
well radiation despite the extreme thickness. Besides, the
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TABLE II
PERFORMANCE COMPARISON OF LOW-PROFILE CP ANTENNAS

proposed antenna adopts a single-layer substrate, which is
easy to fabricate and shows potential to be even thinner.
Compared to other methods, such as multimode coupling
in [19] and [20] or using feeding network in [26] and [44], our
design achieves a smaller aperture, beneficial for integration in
mobile terminals. Moreover, the novel parasitic resonator pair
also addresses the efficiency and gain reduction encountered
in [35], providing high-efficiency performance across the band.
The merits in profile, aperture, and comprehensive analysis
of efficiency make the proposed antenna particularly feasible
for ultrathin environments, such as the back cover or FPC of
mobile terminals.

V. CONCLUSION

In this article, we conduct a comprehensive analysis of
the efficiency performance of the ultrathin CP microstrip
antenna. By examining the current distributions, we discuss
the principles of appearance and elimination of the in-band
efficiency dip. Specifically, the differential coupling between
the main and parasitic resonators causes efficiency reduction.
Furthermore, by loading parasitic resonator pair, the parasitic
CM and DM can be excited at the same time, with CM
to eliminate the in-band efficiency dip, and DM, despite its
inevitable low efficiency, out of the operating band. Applying
four parasitic pairs, we design an ultrathin wideband CP
antenna with a compact area of 0.43 × 0.42 × 0.012 λ

3
0 .

Measured results show that the antenna achieves an impedance
bandwidth of 420 MHz (5.2%) with S11 < −6 dB and a
CP bandwidth of 280 MHz (3.5%) with AR < 3 dB. The
realized gain in the operating band is over 6 dBic, with an
efficiency of over 68%. With its ultrathin profile, compact
size, enhanced CP bandwidth, and high in-band efficiency,
the antenna exhibits its superiority in ultrathin configurations,
such as FPC in the back of mobile terminals, for various
UWB applications.
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