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Tis paper presents a miniaturized triband implantable planar antenna that covers the industrial, scientifc, and medical (ISM)
band and the Wireless Medical Telemetry Service (WMTS) band which can be used in a continuous blood glucose monitoring
device. Te antenna consists of a slotted radiating patch and a ground plane with a cross slot to miniaturize its size. Te overall
antenna size is only 51.35mm3 (7.6× 7.6× 0.889mm3) due to the reduced size by the slotting technique. Compared to other
implantable antennas with similar performance, the proposed antenna is smaller in size, simple in construction, and easy to be
fabricated. By cutting a cross slot in GND, impedance matching is improved, especially at the two higher frequency bands. We
have fabricated the prototype and carried out measurements. Te results show its gains are −32.2 dBi, −18.8 dBi, and −19.1 dBi at
0.9 GHz, 1.4 GHz, and 2.45GHz, respectively. Its radiation patterns have good symmetry in the two lower operating frequency
bands. In addition, the maximum SAR values comply with the IEEE standard safety guidelines (IEEE C95.1-2019).

1. Introduction

With the demand for new telemedicine solutions, the re-
search on implantable antennas that can be applied in
biomedicine has become one of the most concerned and
rapidly developing technologies. To provide remote medical
services for patients, reliable wireless medical equipment
and stable wireless networks must be the basic guarantee,
such as wireless body area networks (WBANs) and im-
plantable antennas [1, 2]. Using biomedical implantable
antennas can help doctors diagnose and treat patients’ le-
sions, continuously monitor medical conditions, and sup-
port new medical services for telemedicine [3–6].
Monitoring blood glucose is moving from fnger-prick blood
glucose measurement to implantable continuous monitor-
ing, as traditional fnger-prick blood glucose measurement
methods are not continuous enough and cause painful
sensations to patients [7–9].

To ensure patient comfort, miniaturized implantable
antennas are an inevitable trend of development. As it is well
known, the larger the relative dielectric constant of

a dielectric substrate, the shorter the wavelength corre-
sponding to a certain resonant frequency, and half wave-
length antennas have high radiation efciency. Terefore,
two general methods are currently used to decrease the
dimensions of antennas: extended current paths and the use
of high dielectric constant substrates [10–16]. In [10], Rogers
3010 (εr � 10.2) is used, and the authors cut two rectangular
slots in the ring patch for longer current paths to achieve
miniaturization, with a fnal dimension of 120.69mm3. In
[11], the size of the antenna can be efectively reduced at
a fxed frequency by embedding curved slots and six open
slots in the ground and using two layers of Rogers 3010
(εr � 10.2) as a substrate. In [13], a meandering slot and eight
open-ended rectangular slots are engraved on the radiation
patch to minimize the size and expand the impedance
bandwidth of the antenna, and the size of the antenna is
99.69mm3. In [14], the authors have minimized the antenna
by extending the current path through a simple slotting
method, and the fnal size of the antenna is 88.09mm3. In
[15, 16], the miniaturized antenna is gained by slotting both
the radiation patch and the ground plane.
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In addition, improving the service life of implantable
medical devices is also a research hotspot. Using the low
power consumption of the aerial in the high-frequency band
to wake up the device and the high power consumption in the
low-frequency band to transmit data can prolong the life of
the implanted medical device [17–21]. In [18], two short-
circuit probes are introduced on the orthogonal band, en-
abling the antenna to operate in the WMTS band (1.4GHz);
the path connecting two asymmetric opening tails enables the
antenna to work in the ISM band (2.45GHz), and the di-
mension is 103.7mm3. In [19], a compact triband antenna
consisting of a spiral radiation patch with an end opening slot
on the ground plane, operating simultaneously in the MICS
band (402MHz), the WMTS band (1.4GHz), and the ISM
band (2.4GHz), is proposed, with a dimension of 197mm3.
In [20], the authors describe the design of a dual-band
circular implantable antenna for biomedical applications.
Te antenna is proposed to work in both the MICS band and
the ISM band, and its size is π × 102 × 2.54mm3. In [21],
three-band antenna embedding in lossy tissues with circular
polarization (CP) behavior was proposed for biotelemetry
applications, working in the ISM band (868MHz and
2.4GHz) and medium frequency band (1.824–1.98GHz),
and its size is 10×10×1.016mm3.

In summary, a miniaturized antenna with multi-
operating frequency bands is an inevitable trend.

Tis paper presents a new triband implantable planar
antenna with more compact dimensions (51.35mm3)
and simple geometry for continuous blood glucose mon-
itoring that can be implanted subcutaneously. Its band-
widths are 100MHz (0.85–0.95GHz, 11.1%), 150MHz
(1.31–1.46 GHz, 10.8%), and 680MHz (2.19–2.87 GHz,
27.8%), so its working frequency band covers the ISM
(0.9 GHz and 2.45 GHz) and WMST (1.4 GHz) frequency
bands very well. Te trifrequency bands and miniaturi-
zation of size are gained by cut slots in the radiation patch.
Impedance matching is improved by cutting a cross slot in
GND, especially in the two higher frequency bands. To
further increase the bandwidth, the thickness of the di-
electric substrate is properly adjusted. Finally, a model of
the designed antenna is fabricated and tested. It is
implanted into the biogel and pork powder for measure-
ment, and the implantation depth is 4mm. Te results of
the study demonstrate that the antenna has a simple ge-
ometry and excellent radiation characteristics.

2. Topology and Design Strategy

2.1. Antenna Geometry and Simulation Environment. Te
dimensions and geometry of the designed antenna are
presented in Figure 1. Te patch is displayed in Figure 1(a),
and GND is displayed in Figure 1(b). Figure 1(c) shows
a profle view of the designed antenna. Te antenna consists
of a superstrate, a radiation patch with multiple E-shaped
and I-shaped slots, a substrate, a ground plane with a cross
slot, and a coaxial probe. Te radiation patch and GND are
located on the top and bottom faces of the substrate, re-
spectively. Te meandering structure in the radiation patch
is used to achieve miniaturization and multifrequency of the

antenna, and the cross slot in GND is to gain better im-
pedance matching. Te antenna is excited by a 50Ω coaxial
feed with a radius of 0.2mm. By adjusting the feeding
position (S� 0.45mm, T� 0.4mm), better impedance
matching and trifrequency bands are achieved. Te size of
the antenna is 51.35mm3, and the superstrate can protect the
radiation surface from contact with human tissue. Te exact
dimensions of the parameters of the antenna are listed in
Table 1. To reduce the dimensions of the antenna, a high
dielectric constant material (εr � 10.2) and slotting tech-
niques are used, and its size is smaller than that of antennas
reported in the literature. We optimize the radiation
characteristics of the proposed antenna by using slotting
techniques in the patch and GND.

All simulation analyses are performed when the antenna
is implanted in a three-layer human tissue model, as shown
in Figure 1(d). Te three-layer human tissue model consists
of a skin box with dimensions of 80× 80× 4mm3, a fat box
with dimensions of 80× 80× 4mm3, and a muscle box with
dimensions of 80× 80× 30mm3, and the simulated sur-
roundings have the same dielectric constant as human tis-
sues as shown in Table 2. For example, the conductivity at
0.9GHz is 0.87 s/m, and the dielectric constant is 41.3 [22].
Te antenna is implanted in the center of the cross section of
the skin layer with a depth of 4mm. High-frequency
structure simulator 21.0 (HFSS) software is used to ana-
lyze how the key parameters afect antenna performance.
Tese parameters are adjusted to extend the bandwidth and
improve the impedance-matching characteristics.

2.2. Evolution of Antenna Geometry. Te designed antenna
achieves the design requirements in four steps. First, the
original dimensions of the antenna are calculated by the
following formula [21]:

fr �
c

λg

���
εeff

√ ≈
c

lg
�������
εr + 1/2

􏽰 , (1)

where fr is the resonant frequency, λg represents the guided
wavelength, εef denotes the efective permittivity, εr is the
relative permittivity, and Lg is the antenna length, and the
resonant frequency of the square patch antenna is calculated
to be 5.5GHz. As shown in Table 3 in the simulation, the
triple frequency antenna is obtained by modifying the basic
rectangular patch antenna design. In the absence of slots, the
current distribution on the surface of the antenna conductor
is generally uniform. Cutting E-shaped and F-shaped slots
on the patch and a cross slot on the ground plane will cause
the current to concentrate around the slot and interrupt the
original current path on the conductor, requiring the current
to bypass around the slot. Terefore, the current path is
extended to achieve miniaturization. Simulation S11 of the
above four cases is shown in Figure 2.

Case 1: open an E-shaped and F-shaped combination
slot on the left side of the rectangular radiation patch
Case 2: cut two open-rectangular slots and one closed-
rectangular groove on the right side of the rectangular
radiation patch
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Case 3: open all the slots mentioned in step 1 and step 2
in the rectangular radiation patch
Case 4: the proposed antenna geometry adds a cross
slot in GND

Simulated S11 of each case is shown in Figure 2.Te black
line in Figure 2 is simulated S11 of case 1. Te central fre-
quency of the fundamental mode of the antenna is 1.05GHz.
Te size of the antenna has been greatly minimized by
cutting a combined slot composed of an E-shaped slot and
an F-shaped slot. Te central frequency of high-order mode
is about 2.5GHz.Te antenna structure operates close to the
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Figure 1: Designed triple-band antenna (not in scale). (a) Radiation patch with slots. (b) Ground plane with a cross slot. (c) Side-section
view, the symmetrical coaxial feed port. (d) Antenna embedded in a single-skin model.

Table 1: Geometric parameters optimized for the proposed an-
tenna (unit: mm).

Parameters Value Parameters Value Parameters Value
W1 7.6 W2 6.6 W3 0.6
W4 4.15 W5 0.4 W6 4.65
W7 4.65 H1 0.635 H2 0.254
L1 7.6 L2 7.4 L3 6.4
L4 6.1 L5 6.2 L6 6
L7 7.4 L8 5

Table 2: Dielectric constant of human tissue.

Tissue\frequency
0.9GHz 1.4GHz 2.45GHz

εr σ (s/m) εr σ (s/m) εr σ (s/m)
Skin 41.3 0.87 39.66 1.036 38.0 1.464
Fat 5.46 0.051 5.567 0.041 5.28 0.104
Muscle 55.0 0.948 54.112 1.1416 52.729 1.739
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design goal and covers the ISM band (0.9 and 2.45GHz).
However, impedance matching is poor. Te red line in
Figure 2 is simulated S11 of case 2. Two working frequency
bands are gained by cutting two open-ending rectangular
slots and a closed rectangular slot. Te central frequency of
the fundamental mode is 1.3GHz, and the central frequency
of the high-order mode is 2.4GHz. Te antenna structure
works in a band close to the design goal and covers the
WMST band (1.4GHz) and the ISM band (2.45GHz).
However, impedancematching is poor at 1.3GHz.Te green
line in Figure 2 is simulated S11 of case 3, in which geometry
is the combination of case 1 and case 2. Te working fre-
quency bands cover 0.9GHz and 1.4GHz, which meet our
design goals, but the frequency band of 2.45GHz is not good
enough. In case 4, we have cut a cross slot on GND and
changed the original current path, and the impedance
matching in the highest frequency band is signifcantly
improved, as shown by the purple line in Figure 2. In ad-
dition, the bandwidth of the 2.45GHz band is well. From
this, we can conclude that operating frequency bands of the
antenna are shifted to the lower frequency band by cutting
the E-shaped slot and F-shaped slot. Te F-shaped slot is
more efective than the E-shaped slot, and the cross slot on

the ground can better regulate the resonant frequency of the
antenna.

2.3. Key Parameter Simulation Analysis. Te dimensions of
the proposed antenna are investigated, and this section
describes what efect the key parameters have on the
bandwidth and impedance matching of the antenna. A
number of parameters are considered in the analysis of the
proposed antenna, including the layer thickness of the di-
electric substrate and superstrate, the length and width of the
cross slot, and its position.

(1) Simulated S11 of diferent sizes of substrate thickness
(H1) and superstrate thickness H2 is shown in
Figure 3(a). Due to the thickness of H1 and H2 being
very small, the small change in their sizes can afect
the electromagnetic feld’s distribution greatly, es-
pecially the magnetic feld distribution. Terefore,
the change in sizes of H1 and H2 afects both the
bandwidth and impedance matching. When
H1 = 0.635mm and H2 = 0.254mm, antenna per-
formance is good in all three bands.

(2) In case 4, we introduce a cross slot on the GND. As
we know, the rectangular slot usually has a ca-
pacitance load in antenna design. Tus, the current
density distribution and the current path of the
antenna will change due to capacitive loading. Te
length and width of slots afect the size of ca-
pacitive loading. Antenna S11 simulated by two
orthogonal rectangular slots of diferent di-
mensions (W2 and L2) is shown in Figure 3(b). As
the simulated results show, the change in W2 and
L2 afects the highest frequency band greatly, while
the lower frequency bands remain unchanged.Tis
may be due to the increase in gap capacitance,
shifting the resonant band to higher frequencies,
more information we can reference Figure 4.
Antenna performance is good when W2 = 3.3 mm
and L2 = 3.7 mm.

(3) When the values of parameters W5 and L8 change,
the simulated return loss is shown in Figure 3(c).
In the low-frequency band, whenW5 = 0.2mm, the
0.9 GHz frequency band cannot be completely
covered. In the high-frequency band, when

Table 3: Antenna structure transformation process.
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Figure 2: S 11 simulation results of four cases as shown in Table 3.
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L8 = 7mm, the 2.45 GHz frequency band cannot be
covered. Uniform incremental changes in the in-
dividual slot widths lead to uniform changes in the
equivalent slot capacitance; thus, approximately
the same ofset is observed in all three
frequency bands.

(4) Simulated S11 when the cross slot is rotated is shown
in Figure 3(d). When it is rotated by 45°, the antenna
covers the 0.9GHz band only. When it is with 90°
rotation, the antenna covers the ISM and WMTS
bands but has a narrow bandwidth at 2.45GHz.
When it is with 135° rotation, antenna covers the
ISM and WMTS bands, but not very well.

3. Simulation Result Analysis

3.1. Research on the Working Mechanism of the Antenna.
To understand the working principle of the antenna further,
the simulated surface current distributions with diferent
resonant frequencies at the same phase are shown in Figure 4.
As shown in Figure 4(a), the current is mainly concentrated in
the middle of the radiation patch at 0.9GHz. At 1.4GHz,
currents are concentrated in the middle and right parts of the
radiation patch. Tere are little currents distributed in GND,
as shown in Figures 4(d) and 4(e). At 2.45GHz, the current
distribution is mainly in the right-hand part of the radiation
patch, as shown in Figure 4(c). Tere is a lot of current
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Figure 3: Efect of some parameters and cross-slot position on antenna performance. (a) H1 and H2. (b) W2 and L2. (c) W5 and L8.
(d) Rotation of the cross slot.
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Figure 4: Current distribution on the radiation patch and GND. (a) 0.9GHz patch; (d) 0.9 GHz GND; (b) 1.4 GHz patch; (e) 1.4GHz GND;
(c) 2.45GHz patch; (f ) 2.45GHz GND.
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Figure 5: Simulated E-plane and H-plane radiation patterns. (a) 0.9GHz; (b) 1.4GHz; (c) 2.45GHz.
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distribution in GND at 2.45GHz, as displayed in Figure 4(f).
Figure 4 more intuitively shows the structural principle of
forming three operating frequency bands; that is, longer
current paths correspond to lower operating frequencies.
Furthermore, the impedance matching in the 2.45GHz band
is strongly infuenced by the cross-slot loading owing to the
large current intensity distribution in the ground plane. As
shown in Figure 4(f), the current distribution around the
horizontal slot is greater than that around the vertical slot.

Terefore, the efect of a change of the length of the horizontal
slot (W2) on impedance matching is greater than the efect
caused by the change of length (L2) of the vertical slot. Tis
phenomenon further confrms our analysis of Figure 4 in the
previous section.

Te radiation principle of a PIFA antenna is similar to
that of a microstrip antenna.Tat is, the operating frequency
of a PIFA can be approximated by the empirical formula for
the working frequency of a microstrip antenna [23]:
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Figure 6: SAR distribution in the skin model (1 g). (a) 0.9 GHz; (b) 1.4GHz; (c) 2.45GHz.
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fr �
c

4(w + l)
��εr

√ , (2)

where fr is the frequency of resonance, w denotes the
width of the antenna, l represents the length of the an-
tenna, and εr is the relative permittivity. Te resonant
frequency of the antenna is calculated to be 0.88 GHz by
combining the current distribution diagram and the
formula.

3.2. Far-Field Performance and SAR Evaluation. Te radia-
tion patterns at 0.9GHz, 1.4GHz, and 2.45GHz of the
antenna have been simulated in a three-layer skin model of
an adult man, as shown in Figure 5. At 0.9GHz, 1.4GHz,
and 2.45GHz, the far-feld peak gains are −32.2 dBi,
−18.8 dBi, and −19.2 dBi, respectively.

At 0.9GHz and 1.4GHz, the antenna has approximately
omnidirectional radiation patterns. When these two fre-
quency bands are used for communication, the approximate
omnidirectional radiation characteristics help alleviate the
mismatch problem caused by changes in the direction of
electromagnetic waves transmitted and received and im-
prove the stability of wireless communication systems. In the
2.45GHz band, the antenna features high gain and low
power consumption. When this frequency band is used to
wake up the implanted device, it can signifcantly reduce the
power consumption of the implanted device, thereby
extending its service life.

Te specifc absorption rate (SAR) is a very critical
performance indicator for implantable antennas. If the
implanted antenna radiates excessive power, it is easy to
cause local overheating of human tissue, which will adversely
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Figure 7: (a) Photo of the prototype and (b) comparison of simulated and measured S11.
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Figure 8: Antenna photos when tested in minced pork and biogel. (a) Biogel and (b) minced pork.
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Figure 9: Comparisons of the measured and simulated radiation patterns. (a) 0.9GHz, (b) 1.4GHz, and (c) 2.45GHz.
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afect human health [24, 25]. Te simulation results of SAR
are shown in Figure 6. Since electromagnetic energy is
deposited in human tissue, it is important to evaluate the
safety of implanted recipients.

To maintain the SAR values in the specifed range, the
maximum 1 g average SAR values for 0.9GHz, 1.4GHz, and
2.4GHz are 671W/kg, 275W/kg, and 376W/kg, re-
spectively, assuming an antenna transmitting frequency of
1W.Terefore, the maximum transmission power should be
less than 2.38mW, 5.73mW, and 4.19mW to satisfy the
FCC-established IEEE C95.1-2019 standard.

4. Measurement Result Analysis

A prototype of the antenna is shown in Figure 7(a). An
Agilent vector network analyzer (PNA-X) and a microwave
darkroom developed by Electronics Forty-One are used for
the physical measurements of the antenna. Te actual test

environment is simulated using minced meat and biogel, as
displayed in Figure 8. Te biogel comprised deionized water
(58.2%), Triton X-100 (36.7%), and diethylene glycol butyl
ether (5.1%). Simulated and measured S11 are shown in
Figure 7(b). Te antenna measurement bandwidths are
240MHz (0.85–1.09GHz), 290MHz (1.2–1.49GHz), and
800MHz (2.3–3.1GHz) in skin gel tissue. In fresh ground
pork tissue, the bandwidths are 0.69GHz (0.83–1.52GHz)
and 1.29GHz (2.21–3.5GHz), respectively. In Figure 7(b),
measured S11 are very well-matched with simulated S11
(simulation results in the single-layer skin model are rep-
resented by the black line, and simulation results in the skin,
fat, and muscle model are represented by the red line) at
0.9GHz. Nevertheless, there are small deviations between
the simulated results and the two measurements at 1.4GHz
and 2.4GHz. Reason f is that the test environment is very
close but not identical to the simulated environment. Te
higher the frequency, the greater the diference in electrical

Table 4: Comparison of the proposed antenna with recent works.

Ref. Volume in λ0 (mm3) Freq. (GHz) Percent bandwidth
(%) Gain (dBi) SAR (1-g)

[6] 0.021× 0.021× 0.0006 0.915 11.75 −27.65 730.1
2.45 22.86 −22.99 591.4

[13] π × 0.042 × 0.0102 2.45 21.22 −26.4 712.1

[15] 0.024× 0.018× 0.0015 0.915 9.83 −28.5 971
2.45 8.57 −22.8 807

[18] π × 0.0242 × 0.0059 1.4 21.29 −32 702
2.45 21.22 −31.6 781

[19] π × 0.0152 × 0.0007
0.4 23.25 −33.3 241
1.4 14.43 −21.9 269
2.45 18.12 −19.6 290

[21] 0.029× 0.029× 0.0029
0.86 15.58 −31.8 428
1.85 7.46 −21.8 438
2.45 18.69 −18.5 382

Tis work 0.023× 0.023× 0.0027
0.9 11.11 −32.2 671
1.4 10.71 −18.8 275
2.45 27.76 −19.1 376

Table 5: Parameters of the link budget.

Transmitter
Operating frequency (GHz) 0.9 1.4 2.45
Tx power Pt (dBm) 2.92 7.12 5.21
Tx antenna gain Gt (dBi) −32.2 −18.8 −19.1

Receiver
Rx antenna gain Gr (dBi) 2.15 2.15 2.15
Ambient temperature T0 (K) CP CP CP
Receiver noise fgure NF (dB) 293 293 293
Boltzmann constant k 1.38×10−23 1.38×10−23 1.38×10−23

Noise power density (dB/Hz) −199.95 −199.95 −199.95
Propagation

Bit rate Br (Mb/s) 1 1 1
Bit error rate 1.0×10−5 1.0×10−5 1.0×10−5

Eb/N0 (ideal-BPSK) (dB) 9.6 9.6 9.6
Coding gain (dB) 0 0 0
Fixing deterioration Gd (dB) 2.5 2.5 2.5
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characteristics, making the deviation between the mea-
surement results and the simulation results more signifcant.

Te testing scenario for the remote radiation charac-
teristics of the antenna is shown in Figure 9. Te measured
and simulated remote radiation patterns of the antenna at
three operating frequency points have quasi-
omnidirectional radiation characteristics.

To visually demonstrate the performance of the antennas
designed in this paper, we list the main performance in-
dicators of the antennas implanted in references and this
work in Table 4. Compared with the literature antenna, the
proposed antenna is further optimized in size, but the
bandwidth and SAR value are still lacking. For example, SAR
is better at 0.9GHz in [21].

5. Link Budget

In order to gain a more comprehensive understanding of the
data transmission capacity of the antenna, we have calculated
its link margin (LM). Due to the fact that the human body is
a multilayer lossy medium, the interior of the human body is
a complex electromagnetic environment. So we simplifed the
external propagation link to a free-spacemodel, with dB as the
unit, and the formula of path loss Lf is as follows [26]:

Lf � 20 log10
4πd

λ
􏼠 􏼡, (3)

where d is the distance between Tx and Rx antennas and λ
represents the free space wavelength corresponding to the
operating frequency point. Te link margin (LM) is used to
measure the communication performance of the implanted
antenna. LM can be calculated as follows [26]:

LM � CNRlink − CNRrequired,

CNRlink � Pt + Gt + Gr − Lf − N0,

CNRrequired �
Eb

N0
+ 10 log10Br − Gc + Gd,

N0 � 10 log10 k + 10 log10Ti,

Ti � T0(NF − 1).

(4)

Te parameters required in calculation are listed in
Table 5.

We assume the ratio of the signal power is received by
the external antenna at a certain distance and the noise
power density when the implanted antenna is transmitted at
a certain power [26]. CNR required refers to the carrier-to-
noise ratio required by the receiving end to meet the re-
quirements of a certain communication rate and bit error
rate and is related to the sensitivity of the receiver. Here, we
adopt the BPSK modulation method, the bit error rate is
required to be less than 1× 10−5, and the bit rate (Br) is
1Mb/s. Currently, the input power of the antenna working
at 0.9GHz, 1.4GHz, and 2.4GHz frequency is 2.92 dBm,
7.12 dBm, and 5.21 dBm, and the external receiving antenna

adopts a circularly polarized antenna with a gain of 2.15 dBi.
Te transceiver distance reaches 5.6m, 13.1m, and 9.6m
when the communication link margin reached more than
20 dB at 0.9GHz, 1.4GHz, and 2.4GHz.

6. Conclusion

Tis study describes the design and evaluation of a small
triband implantable antenna for medical monitoring sys-
tems. Te antenna is designed to work at 0.9GHz, 1.4GHz,
and 2.45GHz, and these frequencies are typically used in the
ISM band and the WMTS band. To prove the actual radi-
ation characteristics of the antenna, a prototype is con-
structed and tested in biogel and minced pork. Te
measurements demonstrate that the −10 dB bandwidth
covers the required frequency band well, and its radiation
patterns have good symmetry. In addition, the small size and
good radiation characteristics of the antenna make it ideally
suited for medical applications where implantable equip-
ment is required.
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