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ABSTRACT This paper proposes a novel circularly polarized antenna operating at 2.4–2.48-GHz industrial,
scientific, and medical (ISM) band for biomedical applications. This proposed structure is developed from
a simple pin-loaded patch antenna, whose circular polarization (CP) is mainly attributed to the loading of
shorting pins and L-shaped open-end slot. Based on this, pin-loaded annular ring (PLAR) with dual-mode
operation is adapted to introduce another resonance. In addition, two closely coupled rectangular patches are
added to bring these two resonant frequencies close to each other in muscle. Furthermore, by introducing arc-
shaped slots, CP property and improved impedance matching are achieved with size miniaturization. This
proposed structure shows a simulated impedance bandwidth of 8% and a wide axial-ratio (AR) bandwidth
of 19.1%. Finally, measurement is performed for the proposed antenna, and the results coincide well with
the simulation ones, indicating that it is a good candidate for biomedical applications.

INDEX TERMS Biomedical application, circular polarization, implantable antenna, pin-loaded annular ring.

I. INTRODUCTION
With the collaboration of biomedicine and telecommuni-
cation industry, antennas implanted into human body have
attracted more and more attentions due to the convenience
brought for diagnosing and treating human diseases. These
implantable antennas, intended for transmitting physiological
data, are normally embedded in human body through surgery
or swallowed into digestive tract.

Many groups have devoted to doing research on
implantable antennas. Some early works [1]–[10] of
implantable antenna presented preliminary design guidelines,
brought up a few challenges in design, and demonstrated
the feasibility of several suitable structures, such as planar
inverted-F antennas [1]–[5], dipoles [6], [7] and cavity slot
antenna [8]. The research work on implantable antenna in [1]
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proposed six-layer spherical model for human head imitation,
and simplified one-layer and three-layer models for human
chest imitation. For [2] and [9], mimicking gels were devel-
oped at medical implant communications service (MICS)
(402–405 MHz) and industrial, scientific, and medical (ISM)
(2.4–2.48 GHz) band based on the electrical properties of
skin. Furthermore, the effects of insulating layers on the
performance of implantable antenna were analyzed [10].
Then some follow-up works from various groups did further
research on miniaturization, dual-band and wideband oper-
ation, biocompatibility and specific absorption rate (SAR)
restriction of implantable antenna [11]–[18]. However, these
works mentioned above mainly focused on the design of
linear polarized implantable antennas.

While in actual applications, due to the invisibility of
implants inside human body, it is difficult to precisely detect
the orientation of implantable antenna, which raises a prob-
lem of how to place the receiving antenna. Thus, circular
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polarization (CP) is definitely preferred for implantable
antenna to establish effective and efficient communication
between in-body implants and out-of-body stations.

CP properties have been studied in different implantable
antenna structures during recent years, and patch structure
is commonly adopted. For example, by inserting a cross-
shaped slot with unequal-length arms in the ground plane
of a truncated patch antenna, implantable antenna with CP
performance was realized and its 3-dB axial-ratio (AR) band-
width is 6.09% [19]. In [20], CP antenna was obtained
with compact size and wide beamwidth by employing four
C-shaped slots and a complementary split-ring resonator.
In [21], an annular-ring antenna with CP performance was
presented for implantable application. Besides, C. R. Liu etc.
proposed several implantable CP antennas based on patch
structure [22]–[24], loaded with either slots or stubs, and
good miniaturization is achieved. However, the patch anten-
nas mentioned above all have limited axial-ratio (AR) band-
width, which need further improvement. Other structures like
helical and conformal antennas [25], [26] were studied. But
their specific structure and high profile limit their application
in capsules.

Recently, shorting pins were introduced into implantable
antenna design to achieve wide AR bandwidth while main-
taining low profile. The typical works include our previous
antenna with two shorting pins, the miniaturization principle
of which is explained by the slow-wave concept [27]. And
then a follow-up work which adopts three pins and open-end
slots is introduced [28]. Both these two implantable antennas
with loaded pins have a wide AR bandwidth and compact
size. However, both of them have not given a detailed expla-
nation of the working principle on CP property.

Therefore, in this paper, we propose a low-profile annular
ring antenna with a compact size of π× 52 × 1.27 mm3

at 2.4 – 2.48 GHz ISM band for biomedical applications.
With two shorting pins loaded on an annular ring, even
and odd mode can be split, giving rise to wide impedance
bandwidth. Furthermore, two arc-shaped open-end slots are
introduced symmetrically around the center, resulting in wide
AR bandwidth. The working principle of CP performance for
the proposed antenna is explained specifically by employing
a simplified pin-loaded patch antenna. Finally, the predicted
and simulated performances of the proposed antenna are
verified by measurement, which evidently reveals that the
proposed antenna can attain satisfactory CP performance for
implantable applications.

II. PIN LOADED IMPLANTABLE PATCH
ANTENNA WITH CP PROPERTY
For biomedical applications, an implantable antenna needs to
be embedded in human body during data transmission, and
muscle tissue is adopted in simulation. As shown in Fig. 1,
the antenna is placed into a muscle box whose size is
60 mm × 60 mm ×60 mm with an embedded depth of
h = 3 mm, which is the simulation environment through-
out this paper if not specified otherwise. In design of the

FIGURE 1. Simulation environment for modeling implantable antenna.

FIGURE 2. (a) Surface current distributions on the pin-loaded patch at
2.44 GHz. (b) The magnitudes and phases of Ex and Ey at boresight.
(c) The simulated |S11| and AR at boresight.

implantable antenna, Roger 3010 (εr = 10.2, tan δ = 0.0035)
with thickness of 0.635 mm is used as substrate as well as
superstrate.

As shown in Fig. 2(a), a simple patch antenna is pro-
posed for implantable applications and its dimensions are also
labeled in the figure, which are tuned to achieve resonance
at 2.45 GHz ISM band. Two symmetric shorting pins are
loaded on the patch, leading to strong currents flowing into
(or out of) two shorting pins at resonant frequency. It is found
that the current distributions are symmetric with respect to
y axis, and the currents on upper and lower half patches
can be regarded as two currents of same magnitude and
same phase as denoted in the figure. In this case, the current
components along x axis cancel out, resulting an equivalent
current mainly flowing along y axis. To analyze the specifics
of polarization, the magnitudes and phases of Ex and Ey are
simulated as shown in Fig. 2(b). It can be found that the
magnitude of Ey is much larger than that of Ex, and the
phases of Ex and Ey are essentially the same, which is in
correspondence with the analysis above. Fig. 2(c) gives the
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simulated |S11| and AR, showing that the pin-loaded patch
antenna resonates at 2.44 GHz with linear polarization at
boresight.

FIGURE 3. (a) Surface current distributions of proposed cases at resonant
frequency. (b) The magnitudes of Ex and Ey varied with ly. (c) The phase
differences between Ey andEy varied with ly. (d) The simulated |S11| and
AR varied with ly.

To obtain CP property, open-end slot is introduced, raising
two different cases for discussion. For case 1 in Fig. 3,
only the slot along y axis is introduced. And it can be seen
from Fig. 3(a) that the strong current on upper half patch
is disturbed by the slot, causing asymmetry of the currents
between upper and lower half patches. As a result, the current
components along x axis no longer cancel out, leading to the
increasing of magnitude of Ex with the increasing of ly as
can be observed in Fig. 3(b). Meanwhile, the phase difference
between Ex and Ey is decreased correspondingly as shown in
Fig. 3(c), leading to a gradually lowered AR value as shown
in Fig. 3(d). However, the AR value is still above 3 dB.

To achieve better CP performance, case 2 is developedwith
the slot length further increased. As depicted in Fig. 4(a),
the slot is bended along x axis with ly set to be 3 mm.
With the increasing of lx, the magnitudes of Ex increases
whereas that ofEy drops significantly, reaching value equality
at 2.49 GHz when lx = 7.5 mm as shown in Fig. 4(b).
At the same time, the phase difference between Ex and Ey
is further decreased and reaches around 270 deg as can be
noted in Fig. 4(c). Correspondingly, the AR value gradually
decreases and reaches around 0 dB as shown in Fig. 4(d).
Additionally, since the phase of Ey falls around 90 deg behind
that of Ex at 2.44 GHz (when ly = 3 mm and lx = 7.5 mm),
right-handed circular polarization (RHCP) performance of
the simplified pin-loaded patch antenna is achieved. This can
also be validated by the simulated surface current distribu-
tions as shown in Fig. 5, from which we can see that the
predominant transient current rotates anticlockwise in a time
period, leading to RHCP performance.

FIGURE 4. (a) Surface current distributions of proposed cases at resonant
frequency. (b) The magnitudes of Ex and Ey varied with lx. (c) The phase
differences between Ey and Ey varied with lx. (d) The simulated |S11| and
AR varied with lx.

FIGURE 5. Surface current distributions on pin-loaded patch at 2.45 GHz
in a period of T.

III. PIN-LOADED ANNULAR RING ANTENNA
WITH CP PROPERTY
A. PIN-LOADED ANNULAR RING (PLAR)
RESONATOR IN AIR
Since only one well-matched resonance is observed
for the pin-loaded patch antenna as discussed above,

VOLUME 7, 2019 60001



L.-J. Xu et al.: Circularly Polarized Annular Ring Antenna With Wide AR Bandwidth for Biomedical Applications

FIGURE 6. (a) Pin-loaded patch bended into semi-circular shape.
(b) Geometry of the proposed pin-loaded annular ring (PLAR).

PLAR resonator is adopted as a modification, in which
another resonance can be introduced for impedance band-
width enhancement. As illustrated in Fig. 6, by bending pin-
loaded patch antenna, semi-circular pin-loaded patch can
be obtained as shown in Fig. 6(a), which corresponds to
half of PLAR in Fig. 6(b). Obviously, the semi-circular pin-
loaded patch has the same electric field distribution with
half of PLAR working at its even mode. And when the
even and odd modes of PLAR are excited simultaneously,
wider impedance bandwidth can be achieved compared to the
simple pin-loaded patch.

Besides, the PLAR is employed as the initial prototype of
the implantable CP antennas due to its low profile, small size,
and easy fabrication. Also, the smooth profile of its circular
shape would cause less discomfort to human body. As shown
in Fig. 6(b), The PLAR has a ring width of w and an outer
radius of r , which is exactly equal to the radius of ground
plane. Two shorting pins are symmetrically loaded on the ring
at a distance of d away from the outer edge, connecting the
ring with ground.

As we all know, the dominant mode for a ring resonator is
TM11 mode, and its resonant frequency can be derived as [29]

fTM11 =
c

π
√
εr
.

1
2r − w

(1)

where c is the velocity of light and εr is the effective relative
permittivity. From (1), we can figure out that the fTM11 is
determined by r and w, and the circumference of the annular
ring equals to one guided wavelength at resonant frequency.

When two shorting pins are loaded on the annular ring,
two resonances corresponding to even and odd modes are
excited simultaneously. The extra inductance introduced by
two shorting pins mainly contributes to the resonance of even
mode, termed as f1. As for the resonance of odd mode, it is
similar to the TM11 mode of annular ring, termed as f2. When
operating in air, it is noted that f1 and f2 are quite close
when w and d are relatively small. To better illustrate this
phenomenon, f1 and f2 varying with w are given in Fig. 7,
where rand rs are selected as 7 mm and 0.2 mm, respectively.

FIGURE 7. Two resonant frequencies f1 and f2 varying with w under
r = 7 mm, rs = 0.2 mm, (a) when d = 0.3 mm, (b) when d = w/2.

FIGURE 8. Electric field distributions of PLAR. (a) Even mode at f1,
(b) Odd mode (similar to TM11 mode of annular ring) at f2.

As shown in Fig. 7(a), when the shorting pins are placed at
a fixed position (d = 0.3 mm), f1 decreases slowly with
the increasing of w whereas f2 increases with a larger slope.
As shown in Fig. 7(b), when the shorting pins stay in the mid-
dle of annular ring strip (d = w/2), both f1 and f2 increase,
yet with dissimilar slopes. By comparing the red dashed
curves in Fig. 7(a) and (b), we can notice that they are almost
identical, which means that the positions of shorting pins
hardly affect f2 since f2 is solely determined by the dimension
of the annular ring resonator. Besides, the red and black
curves get convergent as illustrated in both Fig. 7(a) and (b)
when w and d become small. To be more specific, when
d = 0.3 mm and w = 0.6 mm, f1 = 2.261 GHz and
f2 = 2.288 GHz are attained.
The electric field distributions of PLAR for these two

resonant modes are displayed in Fig. 8. For the even mode
operating at f1 as shown in Fig. 8(a), two electrical nulls
are introduced by shoring pins, and the electric field vectors
pointing to the same direction are symmetric with respect to
yoz plane. While for the odd mode at f2, the electric field
vectors point to opposite directions along z axis as shown
in Fig. 8(b).

60002 VOLUME 7, 2019



L.-J. Xu et al.: Circularly Polarized Annular Ring Antenna With Wide AR Bandwidth for Biomedical Applications

B. MODIFIED PLAR ANTENNA IN MUSCLE
It is commonly known that the loading of shorting pins brings
extra inductance, which is relatively small in air, therefore
causing little frequency separation between f1 and f2. When
the antenna is embedded in muscle tissue with high per-
mittivity and conductivity (εr = 52.7 and σ = 1.74 S/m
at 2.45 GHz), however, the inductance introduced by shorting
pins arouses larger influence than it does in air for the first
mode, resulting in an even lowered f1 and therefore enlarged
frequency separation. On the other hand, as stated in [30],
the TM11 mode of annular ring is poor at radiation since the
equivalent magnetic current sources of inner and outer ring
edges are of opposite polarity and are electrically nearby to
each other. In order to reduce the radiation cancellation from
the inner and outer ring edges, wide ring width w should be
chosen, yielding even higher resonant frequency (f2) of sec-
ond mode. Considering the two factors mentioned above,
these two resonant frequencies of PLAR antenna in muscle
will be separated apart accordingly. However, to obtain wide
impedance bandwidth, the first priority is to place these two
resonances close to each other, therefore further modification
of antenna structure is needed.

FIGURE 9. Configuration of modified PLAR.

As depicted in Fig. 9, two rectangular patches are intro-
duced and connected to the inner edge of annular ring with
high impedance line. The modified PLAR antenna is fed by
a coaxial cable of 2 mm long, which is set according to the
length of SMA exposed in tissue during measurement. For
direct display of frequency shift caused by the introduction of
rectangular patch, Fig. 10 compares the |S11| of PLAR before
and after modification, and their geometrical parameters are
tabulated in Table 1. As shown in Fig. 10, the introduced
rectangular patch mainly contributes to the lowering of f2.
With further enlargement of the loaded patch, f1 and f2 tend
to be merged together, both with linear polarization property.

C. PROPOSED PLAR ANTENNA WITH CP PROPERTY
Similar to the introduction of L-shaped open-end slots dis-
cussed in the last section, arc-shaped open-end slots are
added to PLAR structure to obtain CP property. The finalized
antenna geometry is displayed in Fig. 11 with its detailed geo-
metrical parameters tabulated in Table 2. As shown in Fig. 11,

FIGURE 10. |S11| of PLAR with and without rectangular patches loaded.

TABLE 1. Detailed dimensions of modified PLAR antenna (unit:
millimeters).

FIGURE 11. Top and side views of PLAR CP antenna with arc-shaped slots.

two sets of slots, symmetric around the center, are inserted in
the modified PLAR structure. One set of slots with one end
open is a combination of an arc-shaped slot and a rectangular
one, labeled as slot 1, while another set of arc-shaped slots is
labeled as slot 2.
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TABLE 2. Detailed dimensions of proposed antenna (unit: millimeters).

FIGURE 12. Comparison of |S11| and AR for the antenna in Fig. 6 (a) with
slot 1- left, slot 1- right and without slots, (b) with slot 1 only and with
both slot 1 and slot 2.

The comparison of the simulated |S11| and AR at boresight
(θ = 0 deg, ϕ = 0 deg) between the antennas with and
without slots is given in Fig. 7. Fig. 12(a) focuses on the
introduction of slot 1. It is noted that, for the antenna without
any slots, two resonances located at 2.8 and 3.38 GHz can
be achieved with linear polarization property. When either
part ofslot 1 is inserted, resonances shift to lower bands, indi-
cating further size miniaturization of the antenna. Especially
when left part of slot 1is introduced, good impedance match
appears at 2.52 GHz and AR below 3 dB can be obtained.
As a comparison, when right part of slot 1 is introduced

only, good impedance match is achieved at the second mode
(2.94 GHz), whereas the impedance match for the first mode
(2.48 GHz) is quite poor. Nevertheless, the AR curve still
becomes much flatter and its value is much lower (although
not below 3 dB) than the without slots case for both these two
modes.

After combining left and right parts of slot 1, the AR
performance of the antenna is significantly improved, as illus-
trated in Fig. 12(b). From the curve with slot 1 only,
we can see that an impedance bandwidth of 150 MHz
(|S11| < −10 dB) is achieved, and the AR bandwidth
is increased to 480 MHz. When slot 2 is added, we can
widen its impedance bandwidth to 200 MHz ranging from
2.37 to 2.57 GHz, meanwhile further reducing the overall size
of the antenna. Besides, its AR bandwidth of 2.27 to 2.75GHz
remains almost the same, with an even lower AR value. Thus
far, it has been revealed that the introduction of two sets of
slots can indeed realize the CP performance and enhance the
impedance bandwidth.

FIGURE 13. Simulated AR beamwidth at 2.45 GHz in three different
planes.

Fig. 13 gives the simulated AR beamwidth at 2.45 GHz
for proposed antenna in three different planes (ϕ = 0, 45 and
90 deg). The presented results show that in ϕ = 45 and 90 deg
plane, a wide 3-dB AR beamwidth of 145 deg is achieved,
ranging from θ = −62 to 83 deg. However, within this θ
range, the maximum AR value reaches 4 dB in the plane of
ϕ = 0 deg. Yet still, a wide 3-dB AR beamwidth of 80 deg,
ranging from θ = −62 to 18 deg, can be achieved for all three
planes.

Fig. 14 displays the simulated radiation patterns
at 2.45 GHz, both in xoz and yoz planes. The presented results
show that RHCP is achieved with a maximum realized gain
of −22.7 dBi at boresight, which means the antenna radiates
in off-body direction. It should be emphasized herein that
the radiation direction is heavily dependent on the loading
of human tissue, so the implanted depth is a crucial factor.
Particularly, when the antenna is implanted close to the upper
surface of human tissue as executed in our design, the main
radiation beam points to + z direction. This can be easily
understood by the fact that the radiated energy in other
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FIGURE 14. Simulated radiation patterns of proposed antenna
at 2.45 GHz. (a) at xoz plane, (b) at yoz plane.

FIGURE 15. (a) Layout of modified antenna with and without PEC
loading; (b) Comparison of simulated |S11| and AR before and after
modification of the proposed antenna.

directions is tremendously absorbed by lossy tissue around
the antenna.

D. MODIFICATION OF THE PROPOSED ANTENNA
Since the proposed PLAR structure is developed from simple
pin-loaded patch antenna according to Fig. 6, as long as the
loading of slots is maintained, even half of the proposed
PLAR can keep its CP property. To verify this phenomenon,
a modified antenna is given by cutting the top loaded patch in
half as illustrated in the left part of Fig. 15(a). The comparison
of simulated results before and after modification reveals that
the resonance at f1 remains, and the AR bandwidth keeps
almost unchanged. It indicates that the first mode alone can
generate CP waves in our design, while appropriate com-
bination of the two modes leads to impedance bandwidth
enhancement with two resonances introduced. In this way,
the proposed antenna can be properly modified to reduce its
overall size at the expense of impedance bandwidth.

As for the saved space on the top of substrate for the
modified structure, it can be used to place other necessary
circuits, the influence brought by which needs further evalu-
ation. As depicted in the right part of Fig. 15(a), a semicircu-
lar perfect electric conductor (PEC) representing a possible
circuit system is placed on the top of substrate, at a distance
of 2 mm away from the radiating patch. The simulated |S11|
and AR displayed in Fig. 15(b) shows that little influence is
caused by the placement of possible circuits.

IV. ANALYSIS AND DISCUSSION
A. PARAMETRIC STUDY OF PROPOSED ANTENNA
For the proposed PLAR antenna, several factors that influ-
ence its performance need to be discussed, including the
dimension of loaded patches and the length of slot 1.

FIGURE 16. Effect of loaded patch dimensions on antenna performance.
(a) Effect of s1. (b) Effect of w2 when s1 = 0.8 mm.

Fig. 16 illustrates the effect of the dimension of loaded
patches on antenna performance. As shown in Fig. 16(a),
when the width of central slot s1 varies from 0.2 to 0.8 mm,
the coupling between two patches gets weaker. Simulation
results of |S11| show that f2 moves to higher frequency while
f1 stays unchanged. In correspondence with the |S11| perfor-
mance, the second notch of simulated AR moves to higher
frequency as well, while the first notch stays unchanged.
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On the other hand, when the coupling is not sufficiently
strong (s1 = 0.8 mm), although we can still keep f2 close
to f1 for |S11| by adjusting the capacitance between patch
and ground plane (increasingw2), the frequency separation
between two notches of AR cannot be reduced. This is largely
caused by the fact that both notches move down simultane-
ously, as shown in Fig. 16(b). In short, strong coupling is
highly demanded between two rectangular patches to achieve
the expected CP property for the proposed antenna.

FIGURE 17. Effect of length of slot 1 on antenna performance. (a) Effect
of slot 1-left. (b) Effect of slot 1-right.

As discussed in Section II-C, the loading of slot 1domi-
nates the CP performance of proposed antenna. When dif-
ferent lengths of slot 1-leftandslot 1-right are introduced,
different capacitance values can be attained so as to adjust
the antenna performance. For slot 1-left, we can see from
Fig. 17(a) that by changing θ3, both f1 and f2 for |S11| and
two notches of AR are largely affected. However, since f2
and the second notch of AR can be properly tuned by other
geometrical parameters, we mainly use θ3 to improve the
impedance matching at f1 and lower the AR value of the
first notch, as already illustrated in Fig. 7(a). As for slot
1-right, its length mainly affects the second resonance, which
is validated in Fig. 17(b). As θ4 increases from 20 to 80 deg,
f1 stays almost unchanged while f2 decreases rapidly from

2.7 to 2.5 GHz. In addition, the second notch of AR is also
reduced, thus forming a wide AR bandwidth based on an
optimized θ3.

B. EVALUATION OF STABILITY OF
ANTENNA PERFORMANCE
The results of the antenna performance discussed above are
all under the condition that an embedded depth h = 3 mm
is assumed. The antenna performance varied with embedded
depth is further studied as shown in Fig. 18. It can be noted
herein that |S11| stays almost unchanged as his enlarged, but
the AR value is pushed up to a maximum value of 7 dB in the
required band when h equals 12 mm. This deterioration of
AR is caused by the dropping of quality factor as embedded
depth h gets deepened within high-loss human tissue [31].
Thus, re-optimization of the entire antenna structure needs
to be executed, for instance, the perturbation element can be
further adjusted to maintain good CP property over a wide
operating band.

FIGURE 18. Effect of implanted depth h on |S11| & AR of proposed
antenna.

FIGURE 19. Simulated average SAR distribution of proposed antenna in
xoz and yoz planes.

C. SPECIFIC ABSORPTION RATE (SAR) EVALUATION
Due to usual concern on human safety, SAR is evaluated
herein in both xoz and yoz planes. As depicted in Fig. 19,
when the input power is set as 1 W, the maximum simulated
1-g average SAR value is 508 W/kg at 2.45 GHz. To effec-
tively protect human from harmful electromagnetic exposure,
the allowed input power of the proposed antenna should

60006 VOLUME 7, 2019
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be less than 3.15 mW, according to IEEE standard [32].
This allowed power is quite enough for most applications.
For instance, for wireless neural signal recording applica-
tion [33], the maximum output power for the transmitter chip
is −19 dBm (0.0126 mW), much smaller than the maximum
allowed power restricted by SAR.

FIGURE 20. Measurement setup together with fabricated antenna.

FIGURE 21. Simulated and measured |S11| of proposed antenna and
dipole, and |S12| at a distance of 10 mm with rotated angles
of 0, 45 and 90 deg.

V. ANTENNA MEASUREMENT
To validate the antenna performances discussed above,
the proposed antenna is fabricated and measured in muscle
tissue as displayed in Fig. 20. During measurement, a plastic
box filled with minced pork is adopted as a substitute of
the muscle box in simulation, and the fabricated antenna is
embedded in it. Outside the muscle box in air environment,
a double-sided dipole resonating at 2.45 GHz is used as an
external receiving antenna to establish a wireless link with the
implantable antenna. Simulated and measured S-parameters
of this link are plotted in Fig. 21, from which we can see
that measured result coincides well with simulated one, and
a bandwidth of 12.4% (2.34 to 2.65 GHz) is gained. In spite
of a little frequency shift, the required 2.45 GHz ISM band is
still well covered as indicated in gray.

To testify the CP property exhibited above, |S12| with the
external dipole rotated by 0, 45 and 90 deg at a distance

FIGURE 22. Measured coupling strength at varied distances with external
dipole under rotated angles of 0, 45 and 90 deg.

TABLE 3. Comparisons between previous works and this work.

of 10 cm is also presented in Fig. 21. It can be seen herein
that a maximum difference of 5 dB appears between the
coupling strength at all the three planes in the operating band
and the strongest coupling attains -41 dB. Furthermore, the
|S12| varying with coupling distance from 5 to 20 cm is then
measured in these three planes, and the measured results are
displayed in Fig. 22, where amaximumdifference of 5 dB can
be observed as before. Visible discrepancy between the simu-
lation and measurement mainly comes from the influence of
the feeding cable and poor accuracy in setting the implanted
depth. Finally, the proposed antenna is compared with other
previous works in terms of critical parameters, as displayed
in Table 3, where all of them operate at 2.45 GHz ISM
band. As can be found from Table 3, the proposed antenna
has achieved both wide AR bandwidth and compact size.
Although the work in [25] has a wider AR bandwidth than
this work, its profile is much higher than this work.

VI. CONCLUSION
In this paper, a novel wideband implantable CP antenna
with a compact size of π× 52× 1.27 mm3is presented
for biomedical applications. It is initially developed from
a simple patch antenna, whose CP performance is formed
by the introduction of shorting pins and L-shaped open-
end slot. Then, patch-loaded PLAR structure is adopted as
a modification to generate two closely-spaced resonances.
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Meanwhile, L-shaped open-end slot is changed to arc-shaped
open-end slots to achieve good CP performance. Addition-
ally, extensive parametric studies are conducted. It proves
that on one hand, slot 1-left dominates the improvement of
impedance matching at f1 and lowers the AR value within
the whole band. On the other hand, the central slot between
coupling patches andslot 1-right mainly affect the second
resonance. Finally, antenna performances are measured to
validate the simulated ones. Good agreement between them
reveals that the proposed implantable antenna has achieved
good CP performancewith wideAR bandwidth, compact size
and good impedance matching.
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