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A HYBRID PLANAR INVERTED-F SPIRAL ANTENNA FOR IN-BODY
WIRELESS AREA NETWORKS

Nowadays, in hyperthermia and biotelemetry, antennas implanted in a human are
widely used. A number of numerical analyses and measurement setups should be evaluated
in order to make practical use of antennas inside a human body, the resonance
characteristics of the implanted antennas and their radiation signature outside the body.
What most important is: antennas should be designed with an in-depth consideration given
to its surrounding environment. A wireless body area network (WBAN) consists of nodes
that communicate wirelessly and are located on or in the body of a person. One should have
a good command of propagation loss within a human body for the development of WBAN
for implants within a human body. The human body is a lossy medium hence a considerable
attenuation of the waves, traveling from the transmitter to the receiver takes place.

In this paper, a hybrid planar inverted-F spiral antenna of 8 x 8 x 3 mm? is presented
for the in-body operation in the 402...405 MHz Medical Implant Communication Service
band. The antenna has a two-layer structure, involving a substrate and a superstrate. For
reasons of compatibility with the human body, it is covered with a biocompatible silicon
layer. When operating in-body, the proposed antenna has about 50 MHz bandwidth when
the return loss (parametr S;;) is -10 dB. The simulated return loss is about -42 dB at 403
MH:z. The calculations are employed in a three-layer model for the human tissues involved.
A prototype was fabricated and measured.

Keywords: Wireless Body Area Network, telemetry system, implantable antenna,
Archimedean spiral antenna, planar-inverted F antenna (PIFA), CST Microwave Studio.

Introduction. The concept of Wireless Body Area Networks (WBAN)
involves modern technology that is promising in bringing health care into quite a
new level of personalization. WBAN systems can easily be installed in medical
environments. A WBAN consists of nodes that communicate wirelessly and can be
located on or in the body of a person [1]. It helps doctors to get data on a patient’s
physiological state, such as temperature, blood pressure, and cardiac rate [2,3].
These physiological data are transferred to remote stations through medical gateway
wireless boards. The gateway nodes are usually connected to the sensor nodes in
the local area network.

It is crucial to understand that this high data rate technology has to be low
power, on the one hand because of the possible close proximity to the body, which yields
exposure issues, on the other hand, because of the limited battery power available.

There are two possible antenna environments in WBANS: in-body and on-
body [4,5]. The in-body systems are especially challenging for several reasons.
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First, the antenna should be designed, taking into consideration the
properties of the body tissue. Factors such as high tissue conductivity, impedance
matching, low power requirements, and biocompatibility play an important role in
the design [6]. Second, the implanted sensor must be able to communicate with
equipment external to the body. This means that the loss in the “body” channel
becomes really crucial. Third, the implanted device should be small, thus the
device must have an integrated antenna.

Some in-body antennas for the MICS band (402...405 MHz) have been
investigated in [7-10]. In these studies, the characteristics of the antennas, such as
input impedance, radiation pattern, and Septic Absorption Rate (SAR) around the
antenna are presented. However, the antennas in these papers are still rather large,
creating problems when they have to be implanted into the human body. For
example, [7] proposes a rather large PIFA to be combined with a cardiac
pacemaker for use in a MITS (Medical Implant Telemetry System). In [8], spiral
and planar inverted-F (PIFA) antennas are presented. A six-layer model has been
used (brain, CSF, Dura, bone, fat, and skin) in the simulations. The size of the
spiral is 40 mm *x 32 mm x 8 mm, and the size of the PIFA is 32 mm %X 24 mm x 8
mm. This is still quite large. In [9], a dual band serpentine antenna, operating both
in the MICS and ISM frequency bands is presented. The antenna is to be implanted
under the skin. Its size is 22.5 mm x 22.5 mm x 2.5 mm. The realized gain of the
antenna is -30 dB for a human skin thickness of 4 mm. In [10], two types of
antennae, a spiral and a serpentine, are presented. Both antennae are of the size
26.6 mm x 16.8 mm x 6 mm. For a depth of 14 mm below the skin surface, the
realized gains are -35 dB and -43 dB, respectively. Although there are also
proposals for smaller implantable antennas, they are designed for the higher
frequency bands [11-21]. An overview of the state-of-the-art on implantable
antennae, together with their main characteristics, is given in Table 1.

Antenna design. The new type of Hybrid Planar Inverted-F Spiral Antenna
for the MICS frequency band is presented in Fig. 1. It is based on a 2-arm
Archimedean spiral antenna. This antenna type is widely used for its low profile,
high efficiency, circular polarization, stable impedance characteristics, and very
broad band [22,23]. One of the arms is an active element, fed by a probe, and the
other arm is passive. The passive element is connected to the ground with a
shorting pin. This feature is the same as in a Planar Inverted-F Antenna (PIFA). In
order to guarantee biocompatibility, the Rogers RO3210 (¢, = 10.2) material with
1.5 mm thickness has been used. The width of the microstrip line is 0.2 mm. The
maximum radius of the active element 7.y, 4, = 3.45 mm and minimum radius is
Facmin = 1.73 mm. The maximum radius of the passive element is Ipgmax =

= 2.2 mm, and the minimum radius is rpgmin = 0.85 mm. The overall size of the

antenna is 8 mm X 8 mm X 3 mm.
342



arodip
€0T | LTTIXOTITXTE | aulT | TI1- 901"T¢ R e R N PUe S Teueld [¢1]
(sareuTure ]
Axod7 ssen) yored
190 STX0T*0T | eeury | OI- LTIy | Spo4q /uu] S¢- 44 S Tem3weIRy | [£1]
.
0¢="s apediq
¥90°0 | 8'0¥8°0XE0Qr | ToUlT | 81- | 9S607IS60 | unys/ mwug SEC “Buneod sse[n N Pue S PapPI°q [e1]
BUURIUY
§eco L'T¥9%6 reaury | ST- or—"¢ — ST- zor="3 S Teueld (11
unuadng
9€0°0 | 9X89T¥997 | fesulT | €1~ | SOV 0TOVQ | 2posmuyuuy] £ 1'g= "2 1008y NP S dmsoIy
Tendg
9€0°0 | 9X8°9T¥9'97 | WmMF | ${- | SOF0TTOFQ | #osmuymuy| S¢- 1'g= "2 1008y NP S dmsonuy | [o1]
ToT="2 yoed
€00 | STTXETTHCCT | reeUlT | 0T~ | SO¥0TTOV0 upys/uny 0¢- ‘01Z€0Y sw30y NP S sunwdeg | [6]
¥£0°0 8XTe¥0Y dmI | 91- [ SOF0TTOFO | zor="3 S rendg
g pauRat]
£v0°0 SXYT¥TE fesuly | 81- | Sov0"TOFO | 0 zor="3 NP S TURld (s]
g pauRAat]
€500 6X0E¥6¢ reaul] | 10F | SO0 "T0 0 | @osnuyuuct S0 00T =" S Teueld [
I 01 6 8 L 9 S ¥ € [4 I
(uawamseaw
W g
(gr) (gp) | Lwmmund puedwreu | ‘uonemus g
Rl (zHD) anssIy uren) s[euRlew ensrdng -g) uonoe adAy g
Ry | () 271y Tod | W | ppmspueg | (ww) mda@ | paziedy pUE 21e0SqNg Jo adodg BUwRIUY

121971

spuuajup 2]qyundul] UO 1V-3Y]-f0-21D1S Y] JO MI1AL2A()

343



BUURIUY

rends

urys puv g-paueau]

hnm\. .NNUMSE 20T = ..w Hwﬂ.ﬁ&

11070 £Xgxg m®ur] | O~ | SO80TT0F 0 Juan 97 [ 017£0Y s@80y N PUE § PUgAH

BUUIUY
10 | vOHTxL - | 0I- 901 1'g | posnuyuug o- | - S dorprea] | [17]

€T0 | 1607 IXGLX(O] | TR2Ury | QI- 9017T¢E BUURIUY
— 0z 0109 s80yg S doog [o7]

STES
L00 THTEXY | ImRUrT | - SO0FSHT uLys iy ¥ S 1015 Lae) | [61]
wf puv
€9°0 | $STOX§YC¥g | 1eaury | (¢~ | SICOFSIE urys/uug St 70091y s=80y PR [31]
LLTS
€00 o IXg Xy | reeury [ - SO0FSHT uRys /ity $9T- Lrg="e N PUE § 1015 Lmae) | [21]
€00 1 IXCTXF adg | 91- SO0FSHT — | Zuend) S [endg [o1]
(uexoIsTAyIRwWIpAod)
SINad

‘aprunisjoqd [EuLoFu0))
91T0 | STXC8XECT | t®2ury | g1- | SERFTHT p— ¥T- PHIN “2ddo) N PUE S arodi 201 | [¢1]
11 01 6 8 L 9 S ¥ ¢ 4 1

[ 2197 Jo anuijuo)

344



Active el Grounding pin

Pasive el

Feed Grounding pin Grounding panel

Fig. 1. Topology of Hybrid Planar Inverted-F Spiral Antenna

Characteristics of the antenna in the body. It is clear that the antenna
parameters have to be evaluated in the presence of the human tissue. Therefore,
during the design, a three layer human model was used [7]. In this model, the
antenna is inserted into a layer of muscle covered with fat and skin, like in the
human body, see Fig. 2.

Table 2

The dielectric permittivities and conductivities of tissues

Material & o
Skin 46.68 0.64 S/m
Fat 5.028 0.045 S/m

Muscle 42.8 0.65 S/m

The thicknesses of the tissues are: skin 2 mm, fat 2 mm, and muscle 30 mm.
The S11 results of the antenna embedded within the three-layer model are
presented in Fig. 3. The dielectric permittivities and conductivities of tissues are
shown in Table 2 for 433 MHz [24].

Simulations have been done with CST Microwave Studio. As seen from Fig.
3, the -10 dB bandwidth is about 50 MHz (400..450 MHz). Fig. 4 shows the
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simulated gain (a) and radiation pattern (b) at 403 MHz. The simulated realized
gain at a depth of 26 mm is -41.4 dB at 403 MHz.

A
SKIN 2 mm
\ 4
A
FAT 12
MUSCLE 1
29)
v
A
hw 4
A
4
\ 4

Fig. 2. Three-layer model for human tissue
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Fig. 3. Simulated S11 with three-layer model for the human tissue

Analyzing the results in Table 1 with the parameters of implantable antennae,
it becomes evidently clear that there are a number of advantages. As a main
requirement and advantage can be mentioned its small size: the antennae designed
for 402...405 MHz frequency band have relatively big sizes, in the case when our
antenna size is 8x8x3 mm. The simulation was made in a human tissue with 26 mm
depth (muscle fat skin), in this case the antenna’s S;; parameter is 40 dB
(Voltage Standing Wave Ratio- VSWR =1.02).
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Farfield Gain Abs (Phi=90)
farfield (f=0.403) [1]
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Fig. 4. Realized gain (a) and radiation pattern (b)

Experimental results. The proposed antenna has been manufactured (see
Fig. 5), and was measured in different environments in order to inspect its
performance. As the antenna is not envisaged to work in an unechoic envirnment,
no measerments were implemented in an unechoic environment.
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Fig. 5. Top side view of the Hybrid Planar Inverted-F Spiral Antenna

The return loss (parametr Si;) simulated and measured in free space is
revealed in Fig. 6 (a). The agreement of the results validates the correctness of
fabrication. Since the body tissue is removed from the model, a strong resonance
appears at 1.895 GHz and 1.956 GHz in simulation and measurement, respectively.
This small difference is due to a) the small tolerances during fabrication, b) the
small inaccuracy of the measurement equipment (an HP 8510C), but mainly ¢) the
influence of the testing cables since the antenna is extremely small compared with
the wavelength.

Oz
-5
%/_ -10
“ —sim. in Fig.2
sk T sim. in muscle
—sim. 25 - mea. in sugar water
_____ mee; ~=--mea. in pork
2005 1 15 2 25 3 %02 04 06 08 1
Fre. (GHz) Fre. (GHz)
a) b)

Fig. 6. Simulated and measured reflection coefficient, (a) in free space, (b) in several
environments mimicking the body

After the free space measurements, the antenna was measured in two
environments that aim at mimicking human tissue (see Fig. 6b). The first one
consists of sugar water with the antenna encapsulated in a small plastic bag. A
disposable cup with about 150 mL sugar water was used and the antenna was
placed 3 cm below the surface of the water. A strong resonance appears at 730
MHz in the measurement. The second environment is a piece of pork with size ca.
5 x 5 x 5 ¢m® with the antenna located in the center. In this situation, the antenna
shows a resonance at about 820 MHz.
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The differences between the measured results and the simulated results in
Fig. 6b are mainly caused by the fact that it is very difficult to construct a meat
muscle that will have exactly the same material parameters as the human body. It is
known that it is often not possible to realize a measurement in a real human tissue.
That is why, during the measurement period, the used phantom models consider
organic materials equivalent to the human tissue, also using a liquid of water sugar,
water salt, etc. [9-12,17].

The last measurement was the transmission between the proposed spiral
antenna and a reference dipole antenna. The measurement setup is shown in Fig.
7(a), and the results are shown in Fig. 7(b). The environments were the same as
before: sugar water and a piece of pork. The reference dipole antenna was placed
about 40 cm away in the horizontal polarization.
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-20
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-25 o T sugar water
=30 i
g |
< 35 al
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n

b
M
fow
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Fre. (MHz)

b)

Fig. 7. Transmission measurement, (a) measurement setup, (b) the measured result

The maximum transmission coefficient (Sz1) is -25 dB for the sugar water
and -29 dB for the pork around the operating frequency. Although the path loss is
highly due to the loss in the environment, it is clear that the proposed antenna can
still communicate with the dipole antenna.
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Conclusion. In this paper, we have presented a hybrid planar inverted-F
spiral antenna. The proposed antenna can be easily used in-body within the
framework of a WBAN medical telemetry system, because of its small size (8 mm
x 8 mm x 3 mm). The characteristics of the proposed antenna have been
investigated in a three-layer human tissue model (muscle, fat and skin). The
bandwidth is 50 MHz (400...450 MHz).
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2.4, URCUZUUSUL

F Shb PudGrUUU UL UPUCNTESUY N ZPLCPYIUSPL NMUCNRLULEY
ULSELU 26UAFTCUUUUL ULLULC 8ULSEE 2UUUL

Uhkpjunudu htinwpdoujumt hwdwlwupgbpnud juyunpbt jhpunynud Eu dwpngm
opquithqunid nknunpynn hdyjwbnwhtt vwppwynpnidubpp: SYjwukph hunnpydwt hw-
dwp wyn vwppwynpnidubph punugnighs dwu L juqunmd hpdyjutnnughtt wbnktwtbpn:
Yuunwpyl] ko dwpnnt dwpduh tkpunud hdyjuiinughtt wbnbkuwbbph gnpstwljut Yhpw-
mipjul hwdwp dh owpp pYyuyhtt YEpnidnipiniuutp b swhndubp, husyhupt k, opptwy,
wquun nmwpwsnipniinid hpdyjutnnughtt wanbktwbbph phqnuwbuughtt punipwuqptph b
Swnwquypdwl hwdwpuwinipyut Logpunudp: 8nyg k wpyk], np hdwyjuwtnughtt wtnt-
twlbpp whwp k twjuwgst)]’ hwodh wntbng spowlw vhowduyph punipwqpbpp: Zknw-
pdojujutt whyup guiugnid (WBAN) huwjwiwnwghtt vwppunpnidubpp, npnip qgungnid G
dwpnnt dwpduh dpu jud dwpduh tkpunwd, hinpwhwp ndyutp o hinfjuwignod: Twpgne
dwpduh tlkipunid pdyuinuyhtt whnbtwbph twhwgsdwt hwdwp wihpudbown b nik-
ttw) hhdtunp ghwbihpubp dwpnnt opquithqunud fwnwquyph nnwpwusdwt Ynpunh Yhpw-
phpyug: Uwpnne dwpdhip §npunughtn dhoun]uyp b, hbnbwpwp' nknh ko niibmd hunnpr-
shg ntyh pugnihy whghnn wqpuipwih qquh dwpnidubp:

Uhphuwyugyl) t dwpnnt dwupdinud winunpynn pdoiujut puuyjubntph juwh
Swnwynipjui (MICS) hwdwjuwwbwghtt nhpnyph (402...405 UZg), 8 x 8 x 3 «//% swuthubipny
F mhyh huykpudwdp dhpnpbpinugnp hhpphnuyhtt wupnipwdlb whnkbw: Piwjwnugh
winkiwb bplpbpn £ punugus kipuskpinhg b hhdtwlub skpunpg: Uwpgne opquith
htn Jhuuwljwt hwdwnbnbjhnipjut wywhnddwt tywnwlng wt qunguws t jEiuw-
hwdwwnbntih upjhyntuyght skpuny: Uwpduh tbpunid mbnunplnt nypnid wowewny-
Unn pdwjwbnwhtt whnbkiwb, dhtsh -10 22 winpunupddwb gnpswljgh (wnkuwgh Sn
punipwghpp) nhwpnud, nitth Unwn 50 UZg hwmdwhwuljuiughtt pnpupyuwb gbpn: Uinkiugh
winpunupddwb gnpswlhgp -42 AL 403 UZg hwdwhiwwinipjub ghypnud: Zupduply-
ubpp Juunwpdl) o dwpgne hniuguspubph hwdwp twpwntuduws towtpn dnpbng:
buyjuunuyhtt whnkuwb dnpbjuynpyty £ CST Microwave Studio Unphjwynpuwt dpwgpni,
wuwnpwuwnyby £ b junwpyl) Bu swhnudubin:

Unwigpuyhll punkp. htnwpdojuljut wiyup guig (WBAN), htinwpdojuljut hudw-
Jupg, hdyjutnwhtt wtnktw, wpphdbnut ywwupnipwdlh wtnbtuw, F whyh hudbpudwdp
dhypnobpinuynp whnbktw (PIFA), CST Microwave Studio:
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I'.B. ABPAAMSIH

MHUKPOIIOJIOCKOBAS THBPUIHAS CIIUPAJIBHAS AHTEHHA
HWHBEPTUPOBAHHOI'O THIIA F JIJISI BECIIPOBOJIHBIX CETEN
TEJEMEJINLNHBI

B HaCTOAICC BPpEM UMINIAHTBI IIUPOKO UCTIOJB3YIOTCA B T'HIICPTEPMUHN U 6I/IOT6J'IG-
MeTpuH. MMmmaHnTHpoBaHHAs aHTEHHA SBISETCS HEOTHEMJIEMOW YacThIO THX YCTPOWCTB
JUIA Tiepenadn AaHHbIX. C [enblo MPaKTHYECKOTO MCIIOIBb30BAaHMS aHTEHH BHYTPH YEJIOBE-
YEeCKOTro Tejla MPOBEACHA OIEHKA Psi/ia YMCICHHBIX aHAIN30B U M3MEPHUTEIBHBIX YCTPOICTB,
HalpuMep, PE30HAHCHBIX XapaKTePHUCTUK HMMIUIAHTUPOBAHHBIX AaHTEHH W CHelu(UKauu
YacTOTHI M3ITy4eHHs BHE Tena. [lokazaHo, 9TO aHTEHHBI B MEPBYIO O4Yepeab AOJDKHBI OBITH
CIPOCKTHPOBAHBI C y4eTOM OKpyxkaromed cpexbl. Cers OecripoBonmuod cetn (WBAN)
COCTOHT U3 Y3JIOB, KOTOPbIE NepeNaroT HH(popManuio 1Mo OecrpoBOAHON CETH M PACIOJIO-
JKCHBI Ha TeJie 4YelloBeKa Wi B HeM. UTOOBI CIPOSKTHPOBATh MMIUIAHTHPOBAHYIO aHTCHHY
WBAN BHyTpH 4€I0BEYECKOro Telia, HEOOX0UMO UMETh MPECTABICHUE O MTOTEPE pajaua-
LIMM B OpraHU3Me uesoBeKa. YenoBedeckoe TesI0 MPEACTaBIsAeT co0OH cpeay ¢ MOTepsMH,
MO3TOMY TPOUCXOIUT 3HAYUTEIBHOE OCIA0JICHHE BOJH, MPOXOMAMIMX OT MepeaaTdyhka K
MPUEMHHUKY.

[IpencraBnera MUKPOMOJIOCKOBasl THOPUIHAS MHBEPTHPOBaHHAs aHTeHHa F Tuma
muamazoHa vactor 402..405 MIy ¢ memumuackuM mMmiutantatoM (MICS) pasmepamu
8 x 8 x 3 mm> AHTeHHa MMeeT IBYXCIOHHYIO CTPYKTYpPY, COCTOSIIYIO H3 HOIJIOKKH U
riiaBHOTO cinost. J{yst obecrieueHust )KU3HEHHO BaKHOW COBMECTHMOCTHU C YEJIOBEUECKHM Te-
JIOM aHTEHHA MOKPHITa OMOCOBMECTUMEIM CIJTMKOHOBBIM clioeM. [Ipeanaraemasi IMILUIAHTH-
pOBaHHAs aHTEHHA NP BCTABKE BHYTPH Tella UMEET MOJIOCY 4acToT okoio 50 M1y B cinydae
notepu kKoddumenta orpaxenus 1o -10 05 (mapamerp Si1). Koadduunenr orpaxenus
aHTeHHBI -42 0b Ha yactote 403 MIy. B pacuerax ucnosb30BaHa TPEXCIIOMNHAS MOJCITD JIJIS
3a/ICICTBOBAHHBIX TKaHEH yeroBeka. M3roToBiieH U U3MepeH MPOTOTUIl MUKPOIIOJIOCKOBOU
rUOpUIHON MHBEPTUPOBAHHOM aHTEeHHHI F THIIa.

Kniouesvie cnosa: 6ecnipoBonnas tenemeaunuackas cetb (WBAN), TenemenunnH-
CKas CHCTeMa, MMIUTAHTHPOBAHHAS aHTEHHA, apXUMHUUYECKas CTIMpalibHast aHTCHHA, HHBEPTH-
pyemast MukporoiockoBast anteHHa F trma (PIFA), CST Microwave Studio.
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