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Resonator-Based Analysis of the Combination of
Mobile Handset Antenna and Chassis

Pertti Vainikainen Member, IEEEJani Ollikainen, Outi Kivekas, and llkka Kelander

Abstract—in this paper, the performance of the mobile phone has been investigated for smaller devices with chassis or cir-
handset antenna—chassis combination is analyzed based on aruijt-board length in the range of 80—150 mm, typical to current

approximate decomposition of the waves on the structure into ,qhija_phone handsets [18]. It was noticed that the bandwidth
two resonant wavemodes: the antenna-element wavemode and thef 900 MH tch ant had I d d th
chassis wavemode. A double resonator equivalent circuit model is 'O Z paich antennas had very clear dependency on the

presented and used to estimate the impedance bandwidth and the length of the chassis. For some antenna types the maximum
respective distribution of radiation losses with typical parameter bandwidth was over five-times larger than the minimum, and the
values at 900 and 1800 MHz. It is noticed that at 900 MHz, the maximum bandwidth was obtained with chassis length of about
radiation losses by the antenna element wavemode represent typi- 130 mm. These results indicate that the total radiation band-

cally less than 10% of the total power. Thus, the antenna element ~ | . s .
works mainly as a matching element, which couples to the low@ width of the antenna—chassis combination is largely defined by

resonant wavemode of the chassis. At 1800 MHz, the contribution the dipole-type radiation of the chassis currents, whose level fur-
of the antenna element wavemode is larger. By enhancing the ther depends on whether the chassis is at resonance or not. It is
coupling and by tuning the chassis resonance, it is possible to also obvious, especially at 900 MHz, that the typically allowed
obtain an impedance bandwidth of over 50% (6-dB retum 10SS) ,4nqset-antenna element size of less than Sismlearly too

at both at 900 and 1800 MHz. The results given by the equivalent . . . S
circuit study are fully supported by those of three-dimensional §mal| to produce the req_u'red bar_1d_vv_|dth if the current distribu-
phone-model simulations, including calculation of theSAR and  tion would be restricted into the vicinity of the antenna element
efficiency values. In prototyping, the 6-dB bandwidth of 5.5% was [13], [17]. Therefore, itis necessary to utilize the whole metallic
obtained at 980 MHz with a nonradiating coupling element with a  structure of the handset to obtain the required bandwidth and
volume of 1.6 cn on a 120-mm-long chassis. thus there is also an obvious connection between the bandwidth,

Index Terms—Bandwidth, handset antennas, mobile communi- efficiency, and specific absorption rat8AR of mobile-phone
cations, quality factor, resonators, small antennas. antennas.

The purpose of this paper is to study the significance of
the chassis effect with a rather simple but adequately accurate
o equivalent circuit model based on an approximate modal
I N MANY application areas of antennas, the effect of comynalysis of the fields and waves on the handset structure. For

plex platforms has been studied extensively [1]. For mobilgymparison, three-dimensional (3-D) simulations of phone
handsets, one of the main areas has been to investigate the pigiyels including the head of the user have been performed
erties of different antenna elements and the interaction with the yalidate the model and the results obtained with it [19],
user [2]-[7]. It has also been well known that the performancgyg). Also, experimental results are presented for prototypes
especially the bandwidth, is largely defined by the combingfbsigned based on the model. Finally, based on the results given
behavior of the antenna and the phone chassis. However, fy&he equivalent circuit model, simulations, and prototyping,
effect of the chassis is usually not analyzed, though in magyjidelines are given to utilize the proposed model in the future
published small-antenna designs the antenna is mounted dedelopment of optimal solutions both in the sense of radiation
phone chassis and from the large bandwidths obtained it canfgperties (bandwidth, efficiency) and user interactiSmR.
assumed that the effect of the chassis is significant [4], [8]-{14he presented work is based on patch antenna and planar
Due to lack of identifying the contribution of the whole strucinyerted-F antenna (PIFA) -type antenna elements, but the
ture on the radiation, in some cases it has seemed that the figdyits can be generalized to apply to any antenna elements

damental limits for the bandwidth of small antennas [13], [14]s soon as the necessary parameters, especially the radiation
have been exceeded especially at 900 MHz. For fairly Iarqga”ty factor of the element itself, are known.

portable radios, the effect of the dimensions of the chassis on
the bandwidth was studied in [15]-[17]. Recently, the effect

. INTRODUCTION

Il. EQUIVALENT CIRCUIT MODEL
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Fig. 2. Circuit model of the combination of a single-resonant antenna and
chassis.

Length (mm) numerical methods; but the modal analysis presented here can

= a0 be used to identify main aspects of the radiation, especially in
cases where either one of the wavemodes dominates clearly. As
the impedance bandwidth, which is also defined by the coupling
Fig. 1. Current density distribution of the combination of a patch antenr?and the rad_l.'?ltlon qu_a“ty factors of the wavemodes, is often
and phone chassis. The concentration of the current for the antenna-elertBgt Most critical design parameter of a handset antenna; the
wavgmode is cle_arly seen, as well as the sinusqidal distribution and ectgmp"ng between the modes and thus also many properties of
maxima for the dipole-type wavemode of the chassis. the radiation are largely defined by the bandwidth requirement
as seen below.
mobile handsets the antenna element is usually self-resonant o
and has some characteristic wavemode, which is typicallyBa Equivalent Circuit
slow-wave mode like in normal mode helices or a reactively When investigating a small antenna element located on a
loaded quasi-TEM mode like in patch antennas (or PIFA)hone chassis, it can be noticed that the currents flowing on
The fields and currents of this wavemode are concentratedifie chassis are induced there through electromagnetic coupling
the vicinity of the small antenna element and for this modeom the antenna element, which is further excited by its feed.
the chassis acts as a groundplane with confined currepisthe antenna is self-resonant and the length of the chassis is
creating the mirror-image effect for the antenna element. Thé&en close to some multiple of half wavelength, the obvious
length of the handset chassis or circuit board is clearly largemped-component equivalent circuit model of the combination
than the width, or especially the thickness, and therefore tRethat of coupled parallel and series resonators as shown in
structure supports also single-wire or thick-dipole type currepig. 2. In Fig. 2, resonator 1 represents the antenna element and
distributions. Here, the fields and currents are distributed ovefsonator 2 the phone chassis. While studying the performance
the whole structure and thus, the distribution is clearly legs the circuit, the type of the resonators is insignificant except
concentrated spatially than the antenna-element wavemode tAat there must be both a parallel and a series resonator as
example of a typical current distribution of the antenna—chassisrmally in the case of electromagnetically coupled resonators
combination is shown in Fig. 1, where the distributions qP2]. However, it is known that the impedance behavior of a
the patch-antenna element and chassis wavemodes are clesibyted probe-fed patch antenna (or PIFA) is close to that of
distinguished. Due to the small electrical size of the antenaaparallel resonant circuit and thus in this paper the circuit in
and the chassis, the frequency response of the wavemoHRg 2 was selected. For a PIFA also, the inductance of the
is characterized by lowest order resonances including onepi@be can be included in the model but it is not significant
three standing wave “lobes.” The basic idea presented herdrésm the main results point of view. Furthermore, resonator 1
that while considering its radiation and circuit properties, thean also be considered to be a nonradiating matching circuit
antenna—chassis combination can be described by combingagviding only coupling to the radiating chassis resonance. The
the separate radiation and impedance characteristics of ifyeut impedanceZ;,, of the circuit model in Fig. 2 is
wavemodes of the antenna element and the phone chassis.

0 0 Width (mm)

These characteristics are defined by the respective currept _ N{ »
distributions and resonant responses. Furthermore, as is well” % +jwCi + G1 + “—1
known, the impedance and the surface field distribution of an whe JWLZ;”‘“C? i
antenna are connected through a surface integral relationship _ N

[21]. Thus, itis also possible to study the relationships between G4 [1 +iQ. (wi _ MT)} +— = ](ng — .
impedance properties and radiated fields, especially what " 2elL, T
comes to resistive components of the impedance and the radi- (1)
ated power. The contributions of each part of the combination

to radiated power, near fieilds, and bandwidth are Iargg@{ Parameters of the Resonators

defined by the relative amplitudes of the wavemodes, which he chassi ; o B
can be selected by tuning the coupling between the wavemod];a/%.n (1), the c assis resonant frequencyfis = f"“/% -
Accurate determination of the radiation properties of th (2mv/L2C?) defined by the lengthof the chassis as
antenna—handset combination requires, of course, a complete 1 e ne

analysis of the combined wave distribution with, for instance, fre= 21+2A1 2 f- @
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Here,n is the multiple number of half wavelengths for thés located on a phone chassis. Another way to get insight to
resonant mode (order of the resonance¥ 3 - 10® m/s and this question is to study the bandwidth of the antenna—chassis
Al is the open-end extension of electrical length of the chassismbination as a function of the length of the chassis as done
causing the shift of\ f of f,.. from the nominal value. It must laterinthis paper. The chassis lengths at which the bandwidth has
be noticed here that the antenna element may also have an eftsghinimums can be assumed to represent the cases, where the
on the resonant frequency of the chassis wavemode as samsetribution of the chassis radiation is small and the bandwidth
part of the currents of this wavemode may flow in the antenmdtained is that given by the antenna element alone. It is also
element. Typical examples are monopole-type antennas, whigdeful to study the ultimate limit for the radiation quality factor
are usually located at the end of the chassis and thus increasa small antenna [13], [14], because it is typical for many
the electrical length of the chassis as well. antenna types like PIFAs that their radiation quality factor is

The unloaded quality factof. = 1/(w..R2C2) of the approximately inversely proportional to volume and thus, it has
chassis represents all losses of the chassis wavemodealimost constant ratio to the smallest possible radiation quality
addition to the radiation, these also include conductive losséa;tor. For a typical mobile handset, the maximum value for
which should be minor and dielectric losses from possible lostye radius of the sphere enclosing the antenna element and
dielectrics in the phone structure and especially those from tteis, also the major parts of its wavemode, is around 15 mm.
user’s body. The contribution of each loss mechanism can Dhis gives the minimum radiation quality factor of around
described with the respective quality factor and the tglal 50 at 900 MHz, and around 7 at 1800 MHz for a lossless
is obtained in the standard manner as the inverse of the ssimgle-mode antenna. The quality factor of practical handset
of inverses of individual quality factors. In the circuit modelantenna elements is several times higher than the theoretical
the different quality factors are described by splittiRg into  limit [13], [17]. Based on all this information it can be assumed
several loss resistors in series. The conductive and dielecthat the practical minimum values afg, ~ 100 for 900 MHz
quality factors can be found by using the well-known analysend @, ~ 15 for 1800 MHz. For the case where the first
methods for resonant cavities [23]. The radiation qualityesonator is a nhonradiating matching circuit, the quality factor
factor depends on the transversal dimensions so that for larggein the ideal case infinitef; = 0) and also in practice values
equivalent radius of the dipole-type chassis structure the quality the order ofQ, ~ 500 can be obtained below 2 GHz. The
factor is lower [21]. By simulations, it was found out that foresonant frequency,., = w,. /2w of the antenna element can
a thin ¢ ~ 0) metal plate with lengtd = 80---130 mm be tuned rather simply to the required frequency of operation
and widthw = 40 mm, the first-order X/2) resonance at (often, however, at the expense @f,) by using methods like
the 1-GHz range hag,.. ~ (0.73---0.78) - ¢/2l and the dielectric or reactive loading or meandering [8], [10], [12],
unloaded quality factof). ~ 2.3 - - - 2.8. The respective values[18], and [24]. The ideal case would lfe. = f.,, but this is
for the second-order resonance close to 2 GHz were foumre and more difficult to achieve at 900 MHz as the phones
to be f,.. ~ (0.83---0.85) - ¢/l and Q. ~ 4. According get smaller and the typical chassis length is clearly less than
to the simulations, the increase of the chassis thickness120-130 mm, which would givef,.. =~ 900 MHz.

t = 3 mm, which is typical for modern handsets, has only

minor effects onf,. and@).. From these values it can be seef Coupling Factors

that the lumped-element single-resonator model of the chassis . ) o ) .

is somewhat inaccurate, due to the overlapping of theqow- 1he coupling factoiV, in (1), giving the impedance scaling
resonances: better accuracy would be obtained with a lump@gtor between the resonators is defined by the coupling of the
dual-resonant or lossy transmission line model. Howevé\’?tenna to the chas_5|s resonance. For an antenna located near
over a relative bandwidth of abott25% around the chassisthe €nd of the chassis, the coupling takes place mostly through

resonances, the response is fairly close to that of the sinE'@CtriC fields and is thus capacitive. The coupling can be tuned
resonator circuit model and thus the main featureggfcan PY changing the mutual capacitance between the antenna and
be assumed to be correct. ' chassis wavemodes. This in turn is affected by the height and

The unloaded quality factap, = w,.C: /G, of the antenna width of the antenna and its location versus the electric fields of

element alone represents again all losses of the respeciYe chassis wavemode. Respectively, magnetic coupling can be
wavemode: radiation, conductive, and dielectric losses afifanged withloop-type structures located close to the magnetic
similar approach as in the case of the chassis wavemode E§ll maximum of the chassis wavemode. The coupling factor
be used. For higl§? antenna elements the internal dielectric anf1 Of the dual-resonant circuit to the feed line can usually be

conductive losses may be significant. The separate radiatfff€d Over a broad range of values, e.g., by changing the feed

quality factor of the antenna element is somewhat difficult #9cation of the antenna.
determine as the chassis effect is so significant in all typical
implementations. Based on the fact that the radiation of an
antenna is defined by its current distribution it can be claimed
that the radiation quality factor of the wavemode of the planar
antenna alone can be obtained by investigating the respectivds mentioned above, there is a connection between the ra-
antenna situated on a large ground plane [17]. The basis for tiiation bandwidth of the antenna—chassis combination and the
estimation is that the current distribution inside and close to thelative amplitudes of the modes. It was also shown that the ra-
planar antenna does not change very much when the antedision quality factor of the antenna element is much higher than

I1l. THEORETICAL RESULTS WITH THE
EQUIVALENT CIRCUIT MODEL
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) ) ) ) ) ) Fig. 4. Examples of frequency responses of the reflection coefficient with
that of the chassis. This being the case, it was interesting to use= 500 for the maximum bandwidth of Fig. 3 (solid line) and for 10%

the dual-resonant equivalent circuit to study the following item8andwidth (dashed line).

» The maximum bandwidth obtained as a function of cou- . . o . .
pling (IV,) between the two resonators. The input coupling * Q. = 150 is the estimated radiation quality factor if the
factor N; was tuned to obtain maximum bandwidth for 4-mm-thick antenna element mentioned above is tuned to
each value ofV,. resonance at 900 MHz, but the volume is not changed (to
« The distribution of power between the resonators for dif- ~ Meet the volume requirement). The estimation is based on
ferent values of bandwidth to estimate the contributions of ~ the inverse proportionality of radiation quality factor to the
the wavemodes on the radiated power (if no other losses Vvolume of a small antenna in wavelengths [13], [14] and
are present) or, correspondingly, the power lost in the non- supported by results of simulations with different lengths
radiating matching circuit. of the ground plane (see Section IV-A). This value can
« The effect of the antenna quality facte, on the band- also be used for a nonradiating reactive coupling element
width and distribution of power. As shown above, the ~ With matching circuit consisting of high-quality lumped
chassis quality factor is clearly lower, and fairly constant, ~ €lements. _ _ _
and thus, an average value®@f = 3 was used. * (., = 500 can be estimated to be a typical quality factor
« The effect of the difference between the resonant frequen- obtained with a reactive coupling element with distributed
cies of the chassis and the antenna to investigate, espe- m_icrostrip matching circuit on high-qual_ity substrate or
cially the situation caused by a “too short” handset. with a small self-resonant antenna/coupling element [12].
In the calculations, the matching criterion wWag,, > 6 dB, In Fig. 3, the coupling to resonator 2 decrgas\éﬁgecreases)
which is rather typical for small internal antennas [18]. RS a1 increases. Whery, = 0%, all power is radiated by the
sults for other matching criteria can be obtained with respec@ssis, we have the single-resonant case and the 6-dB band-
tive scaling factors. For example, for single-resonant antenrf4gth obtained is about 130p@. ~ 45%. With very loose
the optimal 6-dB bandwidth is about 130%, and for 10-dB couplmg t_o the chassis resonance (beyono_l the rlght end of the
bandwidth, about 70%, [17]. Thus, the scaling factor to getScale in Fig. 3) we geFy; = 100%, all power is radiated by the
the 10-dB bandwidth from the 6-dB bandwidth is about 0.5. Af"t€nna-element wavemode, and again we have a single-reso-
frequencies and bandwidths have been normalized by defin %‘t case Elow with GTdB bandwidth .Of about 13&% ~ T .
fra = 1 everywhere. In Fig. 3, the results for the normalized.™ or 03 /o,_respectwel_y. The maximum bandwidth seen in
bandwidth (compared td,, = 1) as a function of the power ig. 3 is obtayned by optlmal coupling for best dual-resonant
P,y dissipated (lost or radiated) in resonator 1fat= 1 are respon_se,wh|ch typically gives somewhat more than double t_he
shown forQ, = 20, 150 or 500, respectively, for the best pos_bandW|dth compared to the smgle-resonf’;\nt case. If the quallty
sible case wherf,, = f,,. The basis for such values feJ, factors_of the two resonators are clearly dlffe_rent, the maximum
. : o ) . andwidth does not depend much on the higher quality factor
was described generally in Section Il. The connections of tﬁg seen from Fig. 3. This indicates that huge bandwidths are
selected values to practical implementations are as follows: o

possible with optimal coupling also by using practically nonra-
* Q. = 20 is the typical value obtained for a 4-mm-thickdiating coupling elements.

air-filled single-resonant quarterwave patch (or PIFA) at Examples of frequency responses with different coupling
around 2 GHz on a large ground plane [17]. Howevelgvels to the chassis resonance are shown in Fig. 4 for
at 900 MHz, this value is not possible to achieve with @, = 500. In the case of maximum bandwidth (solid line), the
patch, PIFA, or helix, fulfilling the size requirement for aresponse is clearly dual resonant. For the typical bandwidth of
handset-antenna element. about 10% (dashed line), the response looks single resonant,
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at least 150, it is obvious that the effect of the coupling to the
chassis wavemode is significant. The narrow-band model gives
E also the power distribution very simply as

B Pa — l/Qa — Qoﬂc — chf
Ptot 1/Qa + 1/Qeffc Qeﬂc + Qa Qa '

Here, P, is the power consumed by radiation and losses in
resonator 1 (antenna-element wavemode) &nd the total
: input power to the circuit. Thus, the narrow-band approxima-
tion can be used to replace the complicated calculations with
the whole circuit of Fig. 2 for the cases whetkg > Q..
The main effect of susceptancB,, is that it shifts the
effective resonant frequency,.s of the whole circuit by
10 10 Afreff ~ _B2n/(2Qeﬂ"<G1 + GZn)) ~ _B2n/(2Qeﬂ"G2n)-
Power dissipated in A1 %) This shift is fairly small, becausgs,,| < G»,, inside the 3-dB
@ bandwidth of resonator 2, ar@.¢ is typically over 10.
In Fig. 5, the respective results as in Fig. 3 are given for
' T Q. = 150, whenf,.. = fro +df withdf = 0.1 or0.2. This
‘ - describes the typical situation at 900 MHz where the chassis
is too short to be in resonance fat,. It can be noticed that for
df = 0.1 the effect is small on the bandwidth or power distribu-
. tion. Whend f = 0.2, the maximum bandwidth is still high but
more problems can be expected in achieving the required perfor-
mance. Actually, tighter coupling is required to obtain the same
. bandwidth becaus€'s,, decreases dsg f| increases, which in
practice means a larger coupling element. The obvious result
obtained but not seen from Fig. 5, is that the center frequency
of the band is close tg,. for tight coupling (large bandwidth)
SO SRR and close tdf,., for loose coupling (small bandwidth).
R As mentioned previously, at 900 MHz the typical bandwidth
: R S (Lretn > 6 dB) for a phone with an internal antenna is about
. ; i i ; . i ; 10%. Thus, the results in Fig. 3 and given also by (3), indicate

®3)

Normalised bandwidth [%]
D
=3
T

a2
S
—T

20\-

N

Normalised bandwidth [%]
® S

=)

S

)
T
1

° ° 0 ewerdspaeanmips o that the power radiated by the wavemode of the typical internal
(b) antenna element), = 150) is less than 10% of the total ra-

diated power. In this case, it can be expected that the antenna
Fig. 5. (a) Bandwidth as a function of power dissipated in the antenidlement has only a minor effect also on properties like the body
element forQ, = 150 anddf = 0, 0.1, and0.2. (b) Close-up view for small |oss orSAROf the phone. Fof), = 20, representing the situ-
bandwidths. . . .

ation at around 2 GHz, the contribution of the antenna element

. . wavemode is clearly more significant, i.&4; =~ 50% for 10%
though the effect of resonator 2 (chassis wavemode) is S{gnqwidth.

nificant as seen from Fig. 3. The reason for this result is that
the total bandwidth is clearly narrower than that of resonator
2. Therefore, the admittance seen from the resonator 1 towaff: SIMULATION RESULTS AND COMPARISONWITH THEORY
the resonator 2 is almost constant over the whole significant Impedance of Phone Models in Free Space

bandwidth. In this case, the admittance of resonator 2 can bel_

. ) N . he validity of the circuit model was studied with 3-D simula-
described with a narrow-band approximation of the equwaletriw(t)nS of bhone models in free space by using method of moments
circuit. This consists of a conductan¢g,, and susceptance P P y 9

Bsy,, in parallel and having values, which resonator 2 represelg oM)-based commercial software. Simulated impedance re-

at the center frequency of the whole circuit. The values gt ts obtained with the software have been noticed to agree

the components depend on the coupling factst and the very well with experimental ones also for complicated multifre-

difference between the center frequencies of the resonatordY¢"cY antenna—chassis structures [24]. Simulated impedance
is obvious thais,, has maximum af,. and Bs, is positive 'esults for different antenna—chassis combinations are shown in
below f,.. and negative above it. From the whole circuit poinf9S- 6-8. The items studied were:

of view, G'»,, represents a decrease of the total effective quality * effect of increasing the coupling between the antenna and
factor Qg = wrerC1/(G1 + Go,,) and can also be considered ~ the chassis;

as the effective chassis quality fact@uge. = wrerC1/G2n « effect of the difference between the resonant frequencies
(not the same aQ.). Now the total quality factor is obtained as of the antenna and chassis;

1/Qer = 1/Qa + 1/Qcyy.. T Obtain the 6-dB bandwidth of  « effect of the ground-plane length on the impedance band-
10% require).¢ = 13. Because at 900 MHZY, is typically width.
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Fig. 6. (a) Shorted patch antennas for 900 MHz with increased coupling between antenna and ground plane. Coupling increases with the ordirat)aumber (1
(b) Simulated reflection coefficients for antenna structures 1-4 of (a).

The effect of increasing the coupling between the antenbg increasing the coupling between the driven antenna and
and chassis at 900 MHz is presented in Fig. 6. The meththee ground plane, the obtained bandwidth can be enhanced
for increasing the coupling was to extend the patch ovsignificantly (almost by a factor of 10). Although, a clear dual
the end of the ground plane and bend it to create strorgsonance can be observed in cases 3 and 4, the couplings
coupling to the elec-tric-field lines at the “open” end of th@btained so far are not optimal. By optimizing the coupling,
chassis [see Fig. 6(a)]. The results in Fig. 6(b) show thaten greater bandwidths can be obtained as was shown in
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30 mm; 2)1, = 35 mm; 3)/, = 40 mm; 4)l, = 45 mm. (c) Result obtained with the equivalent circuit of Fig. 2 and having close agreement with the case

I, = 40 mmin (b).
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the previous section. A similar trend could also be observéite mechanical structure of mobile handsets the well-known
at 1800 MHz. methods of reducing the length of dipole antennas.

The effect of the difference between the resonant frequencie§he effect of the ground plane length on the impedance
of the antenna and chassis is shown in Fig. 7. Here, thandwidth of a shorted patch antenna was studied at 900 and
resonant frequency of the chassis was decreased to ab®00 MHz. Several different feed and short circuit locations
1 GHz with a slot at the current maximum. The resonamiere investigated. The simulated impedance bandwidths
frequency of the antenna was tuned by changing its lendth..;, > 6 dB) are shown in Fig. 8. The significance of the
until the resonant frequencies of the antenna and chassis warassis length is obvious adl, can be estimated as described
nearly equal. As the resonant frequencies come closer to eactBection Il. The results also show the typical feature that larger
other, the bandwidth clearly increases, as can be expecteshdwidth (i.e., stronger coupling to the chassis wavemode) is
from the theoretical results. Comparing the results of Fig. 7(bptained, when the short circuit of the patch or PIFA is located
with general dual-resonant studies [22], one can estimate, thatthe top of the phone than in the opposite case where the
df = 8% for I, =40 mm. For this caseBW =~ 50%. By radiating edge is located at the top.
taking the respective case withf = 0.1 and BW = 50%
from the theore_tical results ".‘ F_ig. 5 and add_in_g the effe%t SAR and Radiation Efficiency Beside Human Head
of a short section of transmission line describing the feed
arrangement of the antenna element in Fig. 7(a) one obtaingables | and Il summarize the results fSARand radia-
very good agreement between theory and simulated redidn efficiency beside a human head obtained with finite-dif-
[see Fig. 7(c)]. Thus, it can be estimated that with an antenfeence time-domain (FDTD) simulations while comparing the
structure such as in Fig. 7(a) one can get fairly close to tperformance of shorted patch on a typical mobile phone-sized
optimal coupling. However, cutting a slot into the chassiground plane of 40 mnx 110 mm and the case where the patch
is usually not a very practical way to reduce its resonamtas removed and only its feed probe was used to excite the
frequency. Other means can be developed by applying goound plane. The approximate dimensions of the patches were
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TABLE | TABLE 1
COMPARISON OFSIMULATED (FDTD) PERFORMANCE OFSHORTED PATCH, COMPARISON OFSIMULATED (FDTD) PERFORMANCE OFSHORTED PATCH,
MEANDERED MONOPOLE AND SHORT PROBE ATTACHED TO 40 mm MEANDERED MONOPOLE AND SHORT PROBE ATTACHED TO 40 mm
x 110 mm GROUND PLANE AT 915 MHz X 110 mm GROUND PLANE AT 1770 MHz
f=915 MHz Shorted patch | Meandered Feed probe f=1770 MHz Shorted Meandered Feed probe
monopole Patch monopole
Maximum SAR (W/kg) 132 12.3 123 (= 1880 MHz)
Position (X, Y, Z) (130,87,94) (130,87,94) (130,87,94) Maximum SAR (W/kg) 59 o7 90
Average SAR (W/kg) 0.09 0.10 0.09 Position (X, Y, Z) (130,88,86) (130,91,116) (130,83,116)
Maximum 1g average SAR (W/kg) 7.6 75 7.0 Average SAR (W/kg) 0.04 0.07 0.05
Position (X, Y, Z) (129,88,94) (129,87,101) (129,88,94) Maximum 1g average SAR (Wkg) | 4.1 17 52
Maximum 10g average SAR (W/kg) | 4.5 49 42 Position (X, Y, Z) (130,88,86) (129,91,113) (129.81,116)
Position (X, Y, Z) (128,87,97) (127,89,104) (128,86,96) Maximum 10g averags SAR (W/kg) | 2.3 65 29
Su (dB) -84 73 -0.01 Position (X, Y, Z) (128,88,87) (128,90,115) (127,77,115)
Impedance 23.6+j11.0 63.7-j49.6 22-j628.4 S11 (dB) -24.8 -19.2 -0.04
Radiation efficiency (%) 292 217 294 Tmpedance 486-j4.1 531+j124 3.6-1310.7
Radiation efficiency (%) 65.1 47.7 574

(width x length x thickness) 40x 38 x 8 mn? at 900 MHz
and 21x 21 x 8 mn? at 1800 MHz. A meandered monopole ‘é
was also used as a performance reference. The minimum dis-

tance between ground plane of the antenna and head model was (138,93,116)
11.9 mm. The software (XFDTD produced by Remcom, Inc.) B
calculates the input power, radiated power, and power dissipated ot
in the head regardless of the matching. ®%®Rvalues have and feed
been normalized to 1 W of CW input power. Fig. 9 shows the

coordinates of the phone in the FDTD mesh and positions of ll’gz)c;&;h A
the patches and the meandered monopole. At 900 MHz, the es- Patch for
timated value of).¢ was about 7, which means that according 900 Mz
to (3) the power radiated by the patch wavemode is around 9%,
since for the thick patch the estimated valuedgris about 80.
Also, in the case of the meandered monopole the coupling to the
chassis wavemode was strong at 900 MHz, which can be seen
from the fact that the position of the maximudf\Rin Table |

is at the center of the chassis. As expected from the theoretical
results, the type of the antenna is not significant forSkidror
efficiency at 900 MHz. This can be seen from Table I, wher,gg. 9. Coordinates of the phone in the FDTD mesh.
the SARand efficiency results for the cases with patch antenna

and without it (only nonradiating short-feed probe and grounq

plane) and also with the monopole, are practically equal. Thiding element with microstrip resonant matching circuit was

the shielding effect of the chassis, which is often regarded s%lected because it demonstrates clearly the significance of

the benefit of the patch antenna mounted on the backside of coupling property of the *antenna’ element. Microstrip

the phone [4], [7], does not seem significant at 900 MHz, ;[]echnology was selected for matching circuit to minimize the

the antenna element is small and the bandwidth is about 10\62)Iume of the coupling element by removing the inductive

. , : arts (found for example in PIFA-type elements), which do not
because the relative amplitude of the patch wavemode is | Wntribute to the coupling. The circuit structure of the proto-
At 1800 MHz, the significance of the antenna is higher due fo pling. P

clearly lower@, ~ 20 than at 900 MHz, which can be seen PSS ShOV.V“ " F'g.' 10(2) and the mech_anlcal structure of one

; . . implementation in Fig. 10(b). The reflection coefficient of the
both in theory from (3), which gives’, /Pior ~ 50% for the o ot Fio 10(b) is shown in Fig. 11. The 6-dB bandwidth
simulated patch structure with.¢ ~ 10, and from the results 9. g. 1%

. X o i . N .
of Table Il. Now the “directivity” of the patch (i.e., the near fieldcmtalm:"d Is 5.5% giving respecti@.; ~ 24. The obtained

shielding effect of the chassis) decreaS@&and increases effi- bandwidth is large at 980 MHz for a planar antenna/coupling

. : element with a volume of only 1.6 cmlt was noticed that
ciency compared to the chassis alone. The monopole has cle i y

worst SARand efficiency values at 1800 MHz due to Iocalizegﬂ'é/bandwIOIth depended mainly on the volume of the coupling

absorption close to the feedpoint, though the coupling to tﬁéement, which can be expected by considering the coupling

) : techniques of resonant cavities. Due to fiidield maximum
chassis wavemode was fairly strong also at 1800 MHz. . . . .
in the chassis wavemode (see Fig. 1), larger bandwidth was

obtained when the element was placed close to the shorter edge

of the chassis. The obtained bandwidth is close to optimal,
The modeling approach was evaluated by prototypes. Thecause the measured center frequency nearly equals the reso-

structure of a practically nonradiating planar capacitive conant frequency of the chassi§.{ ~ 1 GHz for 120-mm-long

(x=138,y=77,z=116)__

(138,77,72) (138,93,72)

V. EXPERIMENTAL RESULTS
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Micrqtstrip matching ClaFr)r?Crixttive coupling The impedance of the antenna—chassis combination can
ot N eement be described by determining the dual-resonant model of
} J_ Fig. 2 separately for each frequency band of operation, if the

Microstrip line C”T le'rch antenna element has single resonance per frequency band.

The model can be developed further by replacing the second
Viym e - lumped resonator representing the chassis with a distributed
d transmission-line model to include the combined effect of
several chassis resonances. Furthermore, in the case of antenna
elements having dual-resonant structure for some frequency
band(s) [24], the first lumped resonator can be replaced with a
@ y : dual-resonant circuit.
gff,;ﬁ:gve 2 Pinfor connecting The impedance bandwidth of mobile handset antennas is
element \ tcglﬂtré%iﬁlement,t defined especially at 900 MHz but also at 1800 MHz by the
9% coupling to the chassis wavemode, which can be optimized by
designing the antenna element actually to work as a coupling
element. Here, well-known coupling techniques for waveg-
uides and resonant cavities can be applied. Having chassis
Hole i? ground 2’.‘#2'“??3;‘% ir:gt;:g:gd resonance _at the freque_ncy of operation enhan_ces the band-
gfur;f"n‘g;‘;ﬂggt""g plane width S|gn|flcant_ly or, optionally, makes the coupll_ng element
to matching circuit 120 \\ smaller. By maximizing the coupling one can (_)btaln over 50%
Dielectric substrate bandwidth with optimal dual-resonant matching. For narrow
impedance bandwidths, the center frequency is defined by
the resonant frequency of the antenna (coupling) element but
T™—Ground for the largest bandwidths, by the resonant frequency of the
plane chassis.
The effect of the user on the radiation efficien§AR
and center frequency of the impedance bandwidth are largely
[P v defined by the interaction of the reactive near fields of the
40 —“1*‘— resonant wavemodes of the antenna element and the chassis
Top view Side view with the head and hand of the user. Therefore, these phenomena
(Cross section) can be investigated by applying resonant cavity perturbation
Fig. 10. (a) Circuit structure of the prototype with capacitive coupling elemth]eory [23] separately to both resonators in the SyStem' The
and microstrip matching circuit. Heré, ., is the radiation conductance Perturbation theory can be used to get resonance detuning and
produced mainly by the chassis currents afid is the capacitance of the reduction of quality factor or both wavemodes. These represent
coupling element. (b) Mechanical structure of the prototype. Thickness of tgq changes in impedance matching and reduction of radiation
coupling element is 2 mm and thickness of the ground plane 1 mm. - . . . .
efficiency, respectively, caused by the dielectric loading of the
head and hand of the user. The total effect is again obtained
chassis). Based on the presented theory, the bandwidth camyeletermining the wavemode amplitudes, which depend on
expected to decrease, if the center frequency is decreasetht bandwidth. At 900 MHz and around 10% bandwidth, it
900 HMz, unless the chassis resonance is also decreased. is obvious that the contribution of the antenna element is so
small that it does not have any significant effect 8AR as
seen from the results of Section IV-B. Therefore, it should be
studied how the antenna elements can be replaced with clearly
The results of this paper indicate clearly that propertiesnaller nonradiating coupling elements like those used in the
like bandwidth, efficiencySAR and far-field radiation (power prototypes of Section V. These elements can also be placed
pattern, polarization) of the combination of antenna and chassj#imally to minimize the effect of especially the hand on
are defined by the amplitudes of the two wavemodes, and thogpedance matching. For narrowband casB$I( < 1/Q.)
these properties are strongly connected to each other. Whiktuning is caused mainly by the perturbation of the resonant
reporting any near- or far-field parameters of mobile-handseéquency of the coupling element and thus, the detuning effect
antennas, one should always also consider the bandwidth, whiaim be minimized by selecting the location and structure of the
is closely connected to the relative amplitudes of the wavemodeasipling element properly. When the contribution of the antenna
due to their clearly different radiation quality factors. On thelement on the radiated power is significant like at 1800 MHz
other hand, when reporting the bandwidth obtained with soraad 10% bandwidth (or at 900 MHz witBIWW < 10%), it is
handset antenna solution, the effect of the chassis curremissible to reduc8ARby selecting the location of the element
should be identified. The proposed wavemode-based approliké in the case of patch antennas on the backside of the phone.
provides also possibility to draw several important furthdn further reduction ofSARespecially at 900 MHz, the chassis
conclusions and discuss their implications for future desigmrrents are important and controlling their distribution on the
of mobile—handset antennas. chassis should be studied.

.
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Fig. 11. Measured frequency response of reflection coefficient for the prototype of Fig. 10.

The far-field radiation properties are also defined by the con-[2]
tributions of the different wavemodes. Due to this the bandwidth
determines, especially at 900 MHz, the possibilities to obtain[3
such properties like directivity or polarization control, which are
based on the antenna element. For example, polarization diver-
sity at 900 MHz can only be obtained with narrow bandwidth,
because it is difficult to rotate the chassis wavemode. Increasing
the size of the antenna element helps in obtaining directivity[®]
or polarization control, but at 900 MHz this is usually imprac-
tical. Another way is to decouple the antenna element from thejg]
chassis. This leads to clearly smaller bandwidth, typically less
than 1% at 900 MHz, and thus electronic tuning of the center(7;
frequency of the element is required. This increases the com-
plexity and losses of the antenna element, but on the other hand
it is possible to obtain diversity gain or higher efficiency due to (g
shielding effect of the chassis.

VII. CONCLUSION o)

In this paper, itis shown that the behavior of fairly small radio[m]
devices like mobile handsets with the maximum dimension in
the range of approximatel§.25)A — 1\ can be described by
treating the system of antenna and chassis as a combination%%]

the separate wavemodes of the antenna element and the chassis.

An equivalent circuit was introduced for the input impedance?]
and it was used for investigating several significant properties of
the system. The results were also confirmed by electromagnetic
simulations and prototyping. It was shown that by matching th
resonant frequencies of the antenna element and the chasils,]
very large bandwidths can be obtained. It was also noticed that &it4]
900 MHz, where the chassis wavemode typically dominates, the
antenna element has only a minor effect on the properties of tI”[QS]
near and far fields of the mobile handset. It was also shown that
very small and practically nonradiating coupling elements ca 6]
be usedtoreplace the traditional self-resonant antenna elements:.
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