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Performance of Shorted Microstrip Patch Antennas
for Mobile Communications Handsets at 1800 MHz

Jack T. RowleyMember, IEEE and Rod B. Waterhous@jember, IEEE

Abstract—We have investigated the application of two different antennas on mobile communications-type handsets [8]-[11].
types of novel shorted-patch antennas for mobile communi- We used a commercial code, XFDTD, purchased from Rem-
cations handsets at 1800 MHz. A single shorted-patch and acom Incl in our investigation [12]. The handset ang4

stacked shorted-patch antenna offering improved bandwidth are . . . . -
compared with data for a A/4 monopole. The finite-difference monopole dimensions used in this study are those specified

time-domain (FDTD) technique was used to calculate antenna in the canonical models of the European framework for
characteristics such as impedance and radiation patterns for two Cooperation in Science and Technology Project COST244

cases: on a handset and on a handset near a (2.5-mm voxel]13]. These models were developed for comparison of results

heterogeneous head model in an actual position of phone use. ; ; ;
We also obtained specific absorption rate (SAR) distributions and from dlﬁergnt EM'ComputatlonaI approaches and provided a
useful starting point for the present study.

calculated the spatial peak 1-g SAR values. In addition, the effect X
on SAR and antenna characteristics of including a block model of A 2.5-mm voxel resolution FDTD mesh of a male head
the hand was assessed. Similar performance is achieved from theand shoulders was used to analyze the performance of the
single or stacked shorted-patch antenna with the latter providing gntennas and the relative SAR’s. This was based on a mesh
greater bandwidth, 8.2% versus 9.4% with the head and hand qphiained from Remcom Inc. and uses data from the Visible

included. Both antennas reduce the 1-g spatial peak SAR value . . . . .
in the head by 70% relative to the monopole. The presence of Human Project [14]. The dielectric properties assigned to the

the hand reduces the efficiency of all three antenna types by tissues at 1800 MHz were derived from the work of Gabriel

approximately 10%. [15], while the tissue mass densities were those supplied
Index Terms—Land-mobile radio, patch antennas, telephone W'th_ _the mesh [12]. _T_he model was rotated to the intended
sets. position of use specified in the CENELEC draft standard on

evaluation of SAR for mobile telecommunications equipment
(MTE) [16]. This allows the perfect electrical conductor (PEC)
edges of the handset to align with the FDTD grid and, thus,
HE increasing use of radio-based portable communicginimize staircasing errors. The presented antenna patterns
tions devices has created public concern about their safgi¥re “corrected” for the rotation.
despite reports finding no substantive scientific evidence OfPresent generation mobile telecommunications systems pri_
a long-term public health hazard [1], [2]. The proximity Ofmarily operate in the 800—1000 MHz band with future systems
these devices to the body during their operation leads to highfging designed to operate in the 1.6-2 GHz band [6]. The
nonuniform exposure and so it is inappropriate to specify limitaove to the higher frequency band may allow the introduction
based on electric and magnetic fields or power density [3], [4f more sophisticated antenna types for handset applications.
Limits are therefore specified in terms of the actual rate @f number of authors have examined directional antennas for
radio frequency energy absorption (specific absorption rate Qlrrent generation handsets [17], [18], but the relatively large
SAR) with an averaging mass of 1 g [5] or 10 g [1] of tissugrea required for these antennas has limited their commercial
in the shape of a cube. Government agencies have announggsl in handsets [19]. These antennas improve the handset
plans to regulate portable radio transmitting devices based géfficiency by reducing the energy deposited in the users head,
these limits and this has led to a need for effective meanSfﬂfwever, careful ergonomic design of the handset is needed
demonstrating compliance either through direct measuremekptelse absorption by the hand may become significant [18].
of SAR or through electromagnetic (EM) computational meth- pye to their conformal nature and their robustness variants
ods [6]. Presently direct measurement methods are preferggdihe printed antenna can be used as small unobtrusive
due to the ability to quantify the accuracy of the system anghtennas. Unfortunately, printed antennas in their conventional
the difficulties of modeling the intricate details of indiViduakorm and at low-microwave frequencies take up too much
handsets [7]. antenna real estate. One approach to producing a smaller
The finite-difference time-domain (FDTD) technique hagntenna is to incorporate a single shorting post located near
been used for a number of studies of the performance @t feed [20]. In our study, a rectangular shorted-patch an-
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FDTD MEesH TisSUE GROUPINGS AND CORRESPONDINGTISSUESA;/rEARBALGEDIFROM THE WORK OF [15] TO PrROVIDE THE DIELECTRIC PROPERTIES
FDTD Mesh Tissue Gabriel tissues [15] 1800 MHz
& o (S/ p
m) | (kg/m?®)
cartilage cartilage 40.22 1.29 1000
muscle muscle 53.55 1.34 1020
eye sclera, cortex, nucleus, 50.58 1.49 1000
vitreous humour,
nerve, brain cerebellum, cerebro 50.11 1.85 1050
spinal fluid, white matter
skin skin (dry) 38.87 1.19 1000
fat, bone averaged infiltrated fat 11.40 0.23 1200
and cortical bone
blood blood 59.37 2.04 1000

creased by parasitically coupling another printed radiator ¢ém a handset in an actual usage position, i.e., with the head
the driven element in the vertical direction. This is knowwertical and the handset inclined [16]. Second-order Liao outer
as stacking and importantly the surface area is not greatfdiation boundary conditions were used with a minimum

increased. In this paper, we analyze the handset appli@@—cell border established around the model.

tion of a novel probe-fed stacked shorted-patch, which dis-

plays enhanced bandwidth compared to a single-layer shorted . HEAD MODEL WITH HANDSET
patch [21]. Importantly, it also reduces the manufacturing IN A REALISTIC USAGE POSITION
tolerances on the relative position of the feed and shorting

post. A wide variety of computational phantoms have been used

Results are presented at 1800 MHz for each of the antenni@s; SAR assessments of mobile communications type expo-
A/4 monopole, shorted patch and stacked shorted patch,SH{€S ranging from homogeneous or layered spheres [13] to
each of three cases: on a handset in isolation, a handset fBifmeter resolution anatomically realistic models [11]. A 3-

the realistic head model, and with the inclusion of a blocdfMm Voxel resolution head and shoulders mesh model was
model of the hand. developed based on data from the Visible Human Project

[14]. The mesh was resampled with 2.5-mm voxels and
the shoulders were truncated to fit the available computer
IIl. THE FDTD TECHNIQUE memory. The values of the tissue dielectric parameters at 1800
The implementation of the FDTD technique used in thielHz were derived from recent work [15]. There are seven
XFDTD code is described in detail by Kunz and Luebbersssue groupings used in the head model. Where a one-to-
[22]. The COST244 [13] handset dimensions, 12042.5 one correspondance did not exist, the parameters for several
x 22.5 mm, are multiples of 2.5 mm so this was selectasue types from [15] were averaged before assignment to the
as the voxel size of the model which for stability leads to BDTD mesh materials. The details of the tissue parameters are
time step of 4.12 ps. The antennas were excited with a gsipown in Table I. The tissue densities are those provided with
voltage source specified with a SDseries source impedancethe mesh.
to simulate a real-voltage generator and reduce the number oThe CENELEC (European Committee for Electrotechnical
time steps needed for convergence [23]. Transient excitatiStandardization) draft mobile telecommunications equipment
for 3500 time steps using a Gaussian derivative pulse was u¢ed E) standard specifies the intended or normal operating
to calculate the wide-band input impedance with a specifipdsition in terms of a reference plane and a reference line
pulse width of 410 time steps (1.71 ns), which leads to [46]. Fig. 1 shows this relationship and the orientation of
frequency spectrum that is more than 120 dB down at 2tRe coordinate system. The reference plane is defined by the
GHz and reduces aliasing effects in the biological materialuditory canal openings and the centre of the closed mouth.
Antenna patterns and SAR results were calculated usingTle reference line is defined to be the “tangential” line that
steady-state sinusoidal excitation of 1800 MHz and were raonnects the center of the ear piece with the center bottom of
for 4000 time steps (30 periods) to ensure converged resutte case. The phone is positioned so that the reference line
Errors are increased in FDTD analyses if perfectly electries in the reference plane and with the center of the ear piece
conductor (PEC) edges do not coincide with the Cartesianline with the entrance of the auditory canal. The handset
mesh. Therefore, the handset was held vertical in the mdshalso positioned such that an angle of° 8kists between
and a head model rotated forward and to the right so thhe reference line and the line connecting both auditory canal
the handset was in a realistic usage position relative to tbpenings. To avoid staircasing effects on the handset the head
head. The antenna patterns were “corrected” for the rotateddel was rotated forward by 74and to the right 19 to
head so that the patterns presented here represent the anterinatate the phone in the CENELEC intended position of



ROWLEY AND WATERHOUSE: PERFORMANCE OF SHORTED MICROSTRIP PATCH ANTENNAS

Z

TABLE 1l

DIMENSIONS OF THE SINGLE AND STACKED SHORTED PATCH
ANTENNAS. REFER TO FIGS. 2 AND 3 FOR DETAILS

817

Single Patch Stacked Patch
Li=Lp 17.5 mm 17.5 mm
;frf:rence > Wi =W, 25 mm 15 mm
reference W3 10 mm 7.5 mm
Z;o plane Wy 15 mm 12.5mm
X N T \ ‘/ dp 10 mm 5.0 mm
- \ dp N/A 7.5 mm
Op - 7p) (0, 1.25) mm (0, 1.25) mm
(ps » Zps) (0, 3.75) mm (0, 6.25) mm
g = 1Qg 0.6 mm 0.6 mm
er1> S1 1.07, 1x104 S/m 1.07, 1x10-4 $/m
€r2,82 N/A 2.2, 1x10-4 S/m

Fig. 1. Perspective view showing the effective orientation of the handset
relative to the head and the coordinate system.

steady state excitation. The results for the antennas on the
handsets in isolation used a space of6%0 x 120 cells and
took just ove 1 h to calculate.

V. M ONOPOLE AND SHORTED PATCH ANTENNA MODELS

The COST244 monopole is specified to bg4 with a
diameter of 2.5 mm and a feed gap of 2.5 mm. The antenna is
positioned in the center top of the handset and is modeled as
a column of perfectly conducting cells as it has been reported
that for the present cell size and the specified antenna diameter
the column approach yields the most accurate simulations [25].
At 1800 MHz, A/4 corresponds to an overall antenna length
of 16.7 cells, which is rounded down to 15 cells plus gap. The
distance between the feed point and the head is specified as 1.5
cm. The gap-voltage source feeds the monopole on a corner,
which results in some asymmetry in the calculated antenna
patterns.

Printed antennas have found limited use in applications
such as mobile communication handset terminals [19]. In
large measure this may be because in their conventional
Fig. 2. View of the handset showing the location of the shorted-patform at present mobile communications frequencies printed
antenna and the dimensions of the block model hand. antennas occupy a lot of handset area. There are several

new configurations that successfully reduce the physical size
use relative to the head. The handset was then placed ondhea printed antenna. One of the simplest approaches is
right-hand side of the head model and aligned with the FDT incorporate high-dielectric constant substrates and cover
mesh. layers [26]. However, this technique results in very narrow

The resampling of the head model for 2.5-mm voxels armhndwidths and stringent manufacturing tolerances and is
the rotations were done on the original head mesh to minimiteerefore unsuitable for many applications. Several versions
anatomical errors, however, any distortions are expected todfea shorted patch have also been proposed [20], [27], [28]. It
within the range of human variation. The major anatomic& a variation on [20] modified to suit the rectangular FDTD
features were cross checked with an atlas of sectional anatagnigl, which forms the single shorted-patch antenna. A common
before and after the resampling and rotation so that grasehnique to enhance the bandwidth of a printed antenna is to
distortions would be detected [24]. The block model of thparasitically couple another radiator to the driven element and
hand wraps around three sides of the lower half of the handaetersion with a coplanar parasitic element was presented in
and consists of a core of bone surrounded with a layer [&7], using a shorted patch and an annular ring. Although this
muscle similar to that used in [18]. Details of the hand modahtenna had a bandwidth greater than 10%, the increase in
can be seen in Fig. 2. The resulting mesh has dimensionssafface area may not be acceptable in some applications. We
147 x 161 x 148 (=3.4 million) cells requiring approximately have developed a rectangular probe-fed stacked shorted patch
105 Mb of RAM. The analysis was run on a HP 715/100 witf21] with increased bandwidth and reduced surface area, which
128 Mbytes of RAM and took about 8 h for a transient owe here investigate for handset applications.

Bone Block Hand

Muscle
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Fig. 3. Schematic of a stacked shorted probe-fed rectangular microstrip patch antenna.
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Fig. 4. Azimuth(6# = 90°) gain patterns computed using the FDTD method for the monopole, single, and stacked patches on: (a) the vertical handset in
isolation; (b) the handset adjacent to the head rotated to the CENELEC normal position of use; and (c) including the block model hand.

—®—Etheta-monopole —€—Ephi-monopole J

Fig. 3 shows a schematic of a stacked probe-fed rectangularand widthWW, can be etched on a substrate of thicknéss
shorted patch. The single shorted patch takes the same shapk with a dielectric constanrt.;. The driven patch is fed by
but only has a single dielectric layer and radiating patch. In tkecoaxial probe of radius, located at(y,,, z,) from the center
general case of the stacked patch, the driven patch of lengththe patch. The shorting post of radiug, positioned at



ROWLEY AND WATERHOUSE: PERFORMANCE OF SHORTED MICROSTRIP PATCH ANTENNAS

Xxdq
r
1
|
|
180°
Gain pattern (dBi). Elevation angle (§°) at ¢ = 0° Gain pattern (dBi). Elevation angle (6°) at ¢ = 0°
‘ —®=Etheta-monopole ——Ephi-monopole (< -30dBi), ‘ —®— Etheta-monopole —— Ephi-monopole
—¥— Etheta-single patch —&— Ephi-single patch : | ——Etheta-single patch ——Ephi-single patch
l —O— Etheta-stacked patch __—%=Ephi-stacked patch _

|

| —O—Etheta-stacked patch ____——Ephi-stacked patch '
(a) (b)

Gain pattern (dBi). Elevation angle (8°) at ¢ = 0°

! —®=Etheta-monopole —®—Ephi-monopole ‘

| =%~ Etheta-single patch —#*—Ephi-single patch |
[ O~ Etheta-stacked na,tc}l..,_,"i_Ephi:SLaCk@ipalphJ

©

Fig. 5. Elevation(¢ = 0°) gain patterns computed using the FDTD method for the monopole, single, and stacked patches on: (a) the vertical handset in
isolation; (b) the handset adjacent to the head rotated to the CENELEC normal position of use; and (c) including the block model hand.

(yps, 2ps) IS cONNected to and extends through the first printedtation of the head so that they represent the antenna patterns
conductor and is soldered to the second patch of dimensiansh the handset in the intended position of use. The antenna
L, andW,. For the stacked-patch antenna, a dielectric laygidiation patterns for the antennas on the handset in isolation
of heightd, and dielectric constant., separates the two patchare not transformed as it was observed that handsets are
conductors. In this study, the patch antennas are mountedg@ierally positioned in an upright orientation when not in use.
the back of the handset in line with the upper edge (see Fig. 2rhe azimuth patterns computed using the FDTD methods
for location details). The dimensions for each of the patcli section Il for the antennas on the handset in isolation are
antennas are listed in Table II. shown in Fig. 4(a). We see that the monopole has an essentially
omnidirectional pattern; the reason for the slight deviation is
V. COMPARISON OF ANTENNA PERFORMANCE the noncentral excitation of the antenna. The two shorted-patch
In this section, the computed princip&- and H-plane @antennas exhibit similar patterns with about a 5-dB front-to-

antenna patterns as well & | are presented for each of thedack ratio (F/B) for the single patch and 2.5 dB for the stacked
antennas on a handset in isolation, near the rotated reali@ch. When the head and hand are introduced the patterns
head model and with the addition of a block model hand. [fig. 4(b), (c)] become much more complicated with many
order to get a clearer picture of these antennas during use, shealler lobes; however, on average, each of the antennas offers

antenna patterns with the head present are “corrected” for gimilar performance.
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Fig. 6. |S11] versus frequency computed using the FDTD method for the monopole, single and stacked patches on: (a) the vertical handset in isolation; (b)
the handset adjacent to the head rotated to the CENELEC normal position of use; and (c) including the block model hand.

The elevation patterns for the monopole on the handsebss-polar components. The monopole main lobe is quite
shown in Fig. 5(a) are downtilted (peak gain of 4.12 dBiroad and peaks at 1.45 dBi at the angle= 70° so that
at # = 130°) and have a split main lobe, which typicallyit is orientated close to the horizon with the handset in the
occurs on handsets that are long relative to the wavelengibrmal position of use. The main lobe of the patch antenna
[29]. Microstrip antennas on infinite ground planes exhibjatterns is directed t6 = 130°, which is somewhat below
almost complete coverage over 280 the broadside direction. the horizon, but this may not be significant in a multipath
Mounting adjacent to the upper edge of the handset leadsetovironment. There is also a secondary peak at abeuf90°
diffraction of the fields over the top edge of the handset amtie to diffraction over the top edge of the handset and around
splitting of the main beam with a downtilted lobe (single patcthe head. There is remarkable similarity between the copolar
peak gain 3.24 dBi &t = 150°, stacked-patch peak gain 3.64elevation patterns of the three antenna types when the hand
dBi at# = 150°) similar to the monopole. The patch antenn# introduced. The presence of the hand tends to reduce the
patterns peak approximately 4 dB lower than the monopolevariation of the patterns due to absorption of the RF currents
the front (side toward the operators fage:= 180°) of the flowing on the handset.
handset which implies less RF current flow on this surface.The |S11| plots for each of the antennas in Fig. 6 provide
The introduction of the rotated head manifests itself in tHerther insight into the interaction of the RF current flows on
patterns of Fig. 5 (b) and (c) as a general reduction in level ihe handset with the head and hand. The monopole shows
the half-space occupied by the head and the raising of ttie widest—10-dB bandwidth of the three antennas in all
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TABLE 111
CoMPARISON OF MAXIMUM 1-g SAR VALUES IN THE HEAD,
NORMALIZED TO 1 W OF INPUT POWER, AND EFFICIENCY FOR EACH
OF THE ANTENNAS WITH AND WITHOUT THE BLOCK MODEL HAND

No Hand With Hand
1gSAR n 1 g SAR n
Monopole 4.80 Wrkg 60.3 % 3.92 W/kg 50.5 %
Single patch 1.50 W/kg 79.0 % 1.00 W/kg 69.0 %
Stacked patch 1.53 W/kg 79.6 % 0.92 Wikg 69.3 %

three situations. In Fig. 6(a) for the handset in isolation the
monopole shows a-10-dB bandwidth of 35.5%, the single @)
patch 10%, and the stacked patch 11.7%. The single patrh
is not centered on the nominal frequency of 1.8 GHz due t
the limitations of the 2.5-mm grid. A more refined grid would
allow the patch length to be slightly increased to improve
the match, but the present model is sufficient to illustrate th
relative trends. It should be noted that the larger bandwidth ¢
the stacked-patch configuration was achieved in 60% of th
patch area and 75% of the volume occupied by the single
layered version. Larger bandwidths could have been achievt
using thicker material, however, a compromise with respect t
ergonomic considerations would need to be made. When the
head is included, the two patch antennas show [Fig. 6(b)] an ©
upward shift in the frequency of the VSWR minimum while
the monopole shifts downwards. ThelO-dB bandwidths are
now 32.2% for the monopole, 10% for the single patch ani
10.5% for the stacked patch. The block hand causes an over
reduction in the degree of the match for all the antennas. Tt
three antenna types show [Fig. 6(c)] a downward shift in th
position of the maximum return loss relative to the situatior
of the handset in isolation so that all the antennas are match
at 1800 MHz. The bandwidths are 37.8% for the monopole °
8.2% for the single patch, and 9.4% for the stacked patch.
Table Il and Fig. 7(a)—(f) compares the SAR distributions
for each of the antenna types. A previous study which modele
a A/4 monopole at 1900 MHz close to an uprightfbe 30°
forward tilted head found peak 1-g SAR'’s of 8.88 and 8.64 ©

; ; ; ig. 7. (a)—(f) Unaveraged SAR contours normalized to 1.6 W/kg for 1 W
W/kg’ respectlvely, for 1 W of time averaged radiated powgﬁnput power for each antenna adjacent to the realistic head model rotated to

[11]. The lower SAR’s in our study are explained by thehe CENELEC intended position of use with and without block model hand.
finite return loss of the antennas and the rotation of the head

placing the antenna further from the surface of the head. The . .

peak spatial SAR'’s for the shorted-patch antennas are abB{RAUCe higher SAR's in the hand than does the monopole due
one third of those for the monopole. This is better than 1@ the greater current flows on the handset case.

reduction seen at 900 MHz with planar inverted-F antennas

mounted on the back of a handset [18] and can be attributed VI. DISCUSSION AND CONCLUSIONS

to the better directivity achievable at higher frequencies. ForResults have been presented for a monopole and two types
each of the antennas the inclusion of the hand in the presefithorted-patch antennas at 1800 MHz on an isolated handset
position reduces the efficienayby about 10%; from 60.3% to in the presence of a head with and without a block model
50.5% for the monopole and from approximately 79% to 69%and. The anatomically detailed head model has been rotated
for the patch antennas. However, if the hand is moved further correspond to the CENELEC intended position of use to
up, the handset the efficiencies of the shorted-patch antenobgin a comparison of antenna performances in a position
is expected to degrade faster than that of the monopole duefoactual handset use. The move to higher frequencies for
current flows and possible physical obstruction of the antenmmbile communications services will allow the possible use
[18]. The SAR contours of Fig. 7(a)—(f) show the monopolef more sophisticated directional antenna types on mobile
to be exposing a wide area of the side of the head, whereas¢benmunications handsets. However, it has also been reported
shorted-patch antennas show distinct volumes of absorptiorthat for some environments an omnidirectional pattern reduces
the area of the ear and the cheek. The shorted-patch anterthasprobability of poor call quality performance, but as the
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number of indirect paths increases this advantage vanishes nication Equipment (MTE) in the Frequency Range 30 MHz—6 .GHz

i i i Brussels, Belgium: CENELEC, 1997.
.[30]' .AS the hlgher. freql_Jency Services ar(.:" Ilkely to be u.s?[]%] G. F. Pederson and J. B. Anderson, “Integrated antennas for hand-
in built up areas involving complex multipath propagatio held telephones with low absorption,” ifEEE Veh. Technol. Conf.
paths shorted-patch antennas could be used on handsets. TheStockholm, Sweden, June 1994, pp. 1537-1541.

selection of a single- or stacked-element shorted-patch anteH‘?é M. A. Jensen and Y. Rahmat-Samii, “EM interaction of handset antennas

and a human in personal communicationBfoc. IEEE vol. 83, pp.

would largely be determined by the available handset antenna 7_-17, jan. 1995.
real estate and/or the required bandwidth. These antenfi® G. A. Kyriacou and J. N. Sahalos, “Analysis of a probe-fed short-
offer better efficiencies than monopole antennas at 1800 MHz
through directing more of the phone’s radio transmissionso] R. B. Waterhouse, “Small microstrip patch antenr&gctron. Lett, vol.
away from the users head so that peak spatial 1-g SAR’s
. . . {2
are reduced by approximately 70%. Ergonomic design of the
handset is needed to ensure that the user is discouraged from 1998.

placing a hand over the antenna element.
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