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Abstract
The objective of this article is to provide a comprehensive and unified description of the authors' work on the development of
wrapped microstrip antennas for laptop applications. The first contribution is the introduction of quasi-omnidirectional
wrapped-microstrip antenna elements to be integrated into the display rim of laptops. Single- and dual-band antennas are
presented to demonstrate the capabilities of wrapped microstrip antenna elements in wireless communications. The
prototyping and measurements of these antennas are highlighted in an appendix. The most common internal and external
laptop antenna structures are also described, to give a broader overview of laptop antenna-design approaches. The second
and third contributions are a methodical analysis of housing effects, and a general study of electromagnetic human interaction
with laptop antennas from the antenna-performance-degradation and user-illumination perspectives. These studies have
been performed systematically for several classes of internal and external antennas, with different locations and screenopening angles. With this approach, a general overview of laptop-antenna integration aspects is given, along with unified
gUidelines for the design of the wireless interface used in modern laptops. An application of the novel elements to capacitypreserving MIMO arrays is also presented.
Keywords: Laptop antennas; mobile antennas; microstrip antennas; compact antennas; multi-band antennas; wireless LAN;
housing effects; electromagnetic human interaction; radiation effects; SAR; MIMO systems

1. Introduction

I

n the information-society age, computers play a fundamental
role in the creation, distribution, and use of information. Due to
very important advantages such as mobility, portability, and everdecreasing prices, laptop computers are clearly taking the lead.
Some of these advantages can only be fully realized together with
wireless interfaces. A report on consumers' behavior from July
2006 [1] indicated that 39% of the surveyed population considered
the added convenience of wireless computing one of the main reasons to buy a laptop.

Although the common need of working online everywhere
and all the time may be questioned [2], and the majority of laptop
wireless users work in a limited number of locations, the use of
wireless gives the laptop operator a high degree of freedom and
comfort, and is being applied to a growing number of solutions.
Radio interfaces are widely used to connect with peripheral devices
[3] (wireless personal-area networks, WPANs) and other computers [4] (wireless local-area networks, WLANs). The integration
of cellular network radios into some modem laptops gives the user
access to the Internet in areas not covered by WLANs. Ultimately,
in a not-distant future, introduction of digital video broadcasting
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(DVB) television receivers and 60 GHz ultra-wideband transceivers [5], built into portable computers, is expected. The fast
development and expansion of laptop wireless systems is driving
the evolution of integrated antennas. Moreover, the required laptop
miniaturization and aesthetics impose additional design constraints. A variety of new antennas developed for laptop computers
has therefore been investigated. These designs have to meet specific requirements, while facing device-housing integration effects
and operation in the proximity of the user.
In this article, we present an overview of the important steps
of a successful laptop-antenna subsystem development. A new
radiator-design methodology in laptop microstrip antennas,
recently developed at the Instituto de Telecomunicacoes/Instituto
Superior Tecnico, Portugal, in cooperation with ARAM Laboratory, UCLA, will be described in Section 2. In addition, to give the
reader a broader overview of laptop-antenna design approaches, the
most popular commercially viable internal and external laptop
antenna structures are introduced in Appendix 1. Laptop-housing
effects and antenna-integration issues are studied in a wide range
of scenarios in Section 3. Finally, Section 4 addresses electromagnetic human interaction with laptop antennas, analyzed from the
antenna-perfonnance and human-EM-exposure viewpoints. In
addition, laptop-antenna fabrication and measurements are disIEEE Antennasand Propagation Magazine, Vol. 51, No.4, August 2009
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Figure 2. The calculated far-field gain patterns of microstrip antenna
elements for laptops (the patches were integrated into a 14 in ground
plane, without keyboard).

cussed in Appendix 2. Multiple-element antenna arrangements for
MIMO-enabled laptops are outlined in Appendix 3.

1.1 Laptop Antenna Requirements
The antenna constitutes an interface between the electrical
signals processed by the wireless subsystem front end and the wireless channel. To assure optimal transmission conditions, a laptop
antenna should meet the following requirements:
Sufficient impedance match: For laptop antennas
operating in the transmitting mode, this guarantees that
the reflection of RF power from the antenna port stays
at an acceptably low level, which affects the system
efficiency and therefore the battery lifetime. In the
receiving mode, a good antenna impedance match
improves the receiver's sensitivity.
Multi-band operation: Due to the high integration scale,
a single antenna element is often used to operate in
more than one wireless system. It must provide a sufficient impedance match over several frequency bands.
Some
typical
examples
include
dual-band
2.4 GHz/5.2 GHz [6, 7] and triple-band 2.4 GHz/
5.2 GHz/5.7 GHz WLAN antennas [8, 9].
Omnidirectional radiation pattern: This is the most adequate type of radiation pattern for laptop applications. It
provides reliable wireless connectivity, independently
of the terminal's orientation. As laptop computers are
usually used in the horizontal position, the horizontalplane radiation pattern is the most important.
Antenna polarization: This is usually not a critical
parameter for laptop applications, since laptops are used
primarily in indoor environments, where there are intensive reflections and scattering [10].

1.2 Design Constraints and Challenges
Antennas for laptops, both in the case of external and internal
solutions (see Appendix 1), are closely incorporated within the
PC's structure, and their integration into the laptop plays a key
role. There are three major challenges for antenna design associated with wireless integration into laptops:
Miniaturization: Although it seems that miniaturization
is of much less importance than in the case of handsets,
laptop antennas have to be integrated within very
densely packed electronic devices, where there is little
room for additional functions. The size, shape, and
location of the antenna may be affected by other design
constraints, such as mechanical and industrial design
[10]. The integration may be particularly challenging in
the new, very small, ultra-portable laptops, and when
multiple antenna arrangements are considered.
Aesthetics: This is an important factor for consumers.
Antennas should not brake the laptop's sleek design
lines. In general, mechanically less-robust retractable
antennas are substituted for by internal antennas, invisible to the user [10].
14

Low profile: To mmirmze radiation from very high
speed electronics, today's laptop computers are
equipped with conducting covers or metallic shields,
just inside the plastic covers [10]. This condition,
imposed by FCC Part 15 Subpart B emission requirements, significantly affects the antenna design, as it is
difficult to place an antenna in an environment free
enough of other conductors to create an efficient radiator. It is also a motivation to use microstrip-type antennas in laptops, as will be detailed in Section 2.
The design of a laptop integrated antenna that meets all the
requirements and constraints described above is a challenging task.
The antenna's final performance depends not only on the structure
of the radiating element, but also on the antenna's location within
the laptop, and on other nearby components. Finally, the presence
of the user also affects the antenna's operation, and needs to be
taken into account.

2. Microstrip Antennas for Laptops
The laptop structure plays a key role in the antenna system's
operation. First, it restricts the radiator's shape and size. Second,
due to the inherently distributed character of the antenna, it participates in the radiation mechanism. An understanding of the behavior of the laptop's constituent parts in the microwave regime will
allow not only accurately forecasting the effects of the laptop's
housing (for a given antenna, as discussed in Section 3), but will
also allow designing the antenna element that can achieve the best
performance the laptop integration can offer.
Many antenna systems used in laptops can be considered to
be "dipole-like." The antenna itself is one part (a monopole), and
the other part (the image) is provided by the laptop [10]. Therefore,
the laptop's structure can be treated as an expansion of the
antenna's ground plane, as in the case of slot antennas [11].
Furthermore, some antenna designers consider the laptop to be the
basic antenna, and the antenna element itself to be a tuning element. However, this approach is more common in handset terminal
design, where the dimensions of the antenna element and housing
are very much comparable [12]. Typical laptop terminals have a
clamshell form, comprised of a keyboard (chassis) and a display
(lid), with maximum dimensions in the range of several free-space
wavelengths (for WPAN/WLAN frequencies of operation). Due to
the relatively large electrical size and the above-mentioned extensive use of conducting shields, both keyboard and screen can be
approximated by metal boxes, as shown in [13-15]. Taking into
account that the metallic surrounding limits the thickness of the
available space for a radiator, microstrip antennas seem to be ideal
candidates for a laptop's built-in wireless interface. Microstrip
antennas need a ground plane, and due to their conformal properties and low profile, they can be easily integrated between the
metal shielding layers and the plastic cover.
The backside of a laptop's display has plenty of space for
microstrip-antenna integration. However, a simple patch antenna
(Figure 1a), when printed over the relatively large ground plane,
basically radiates towards the back hemisphere of the display (a
front-to-back ratio above 15 dB) [16], even when the patch
approaches the display's edge [17]. The radiation pattern of such a
patch antenna (Figure 2, top row), is far from omnidirectional
which is not adequate for the envisaged application (see Section 1.1). In order to balance forward and backward radiation, the
IEEEAntennasand Propagation Magazine Vol. 51 No. 4 August2009
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length, providing an easier integration within the laptop's screen
(see the ISM 2.4 GHz prototype compared with modem laptop
screen housing in Figure 3). The fabrication technique, feeding
methods, and measurement procedure for the antenna are described
in Appendix 2.
The omnidirectional wrapped-microstrip antenna concept can
be applied directly to a simple rectangular patch, leading to a sin-

microstrip patch element

display panel back side acting as antenna ground plane

~

Figure 1. The evolution of micros trip patch antennas for laptops: a) a simple half-wavelength patch mounted on the laptop
display's back side [16, 17); b) an L-bent protruded patch
antenna (18); c) an omnidirectional wrapped patch antenna
(19); d) a dual-band back-to-back E-shaped antenna (21).

Figure 3. Single- and dual-band microstrip antenna prototypes compared with a modern laptop screen casing (HP
Compaq nx911 0).

A'
patch antenna can protrude above the ground plane's edge (Figure 1b). Moreover, by adding a bent section, its bandwidth can be
expanded [18]. This solution, denoted as an L-Bend protruded
patch, can reduce the front-to-back ratio to 2.7 dB.

2.1 Omnidirectional WrappedMicrostrip Antenna (OWMA)
An omnidirectional wrapped-microstrip antenna (OWMA)
has been proposed to improve the front-to-back ratio to values as
low as 0.5 dB [19]. The antenna's schematic structure and ISM
2.4 GHz prototype are shown in Figure lc and Figure 3, respectively. The patch element consists of three segments: identical front
and back sections, and a connecting top section. Very good antenna
omnidirectional performance is obtained due to the front-back
symmetry. The wrapped patch element conformably embraces the
ground plane, leading to a more compact configuration.

The omnidirectional wrapped-microstrip antenna operating
mechanism can be explained with the aid of the patch's surfacecurrent distribution, shown in Figure 4b. The comparison with the
current distribution in a simple microstrip patch (Figure 4a) clearly
shows the resemblance of the excited modes. Therefore, the total
"unwrapped" electrical length of the omnidirectional wrappedmicrostrip antenna is approximately O.SA . The two equivalent
radiating slots [20] are located on the opposite sides of the ground
plane, leading to a small front-to-back ratio. Moreover, the front
and back wrapped-patch sections are shorter than a quarter waveIEEE Antennasand Propagation Magazine, Vol . 51, No.4, August 2009
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Figure 4. The current distributions in microstrip elements,
with the patches shown as " unwr apped:" a) a simple patch in
the first mode, b) an omnidirectional wrapped-microstrip
antenna (OWMA) in the first mode, c) a back-to-back Eshaped patch in the first mode, d) a back-to-hack E-shaped
patch in the second mode.
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gle-band design, as presented in (19]. The 2.4 GHz antenna prototype has been fabricated and integrated into a WxHxT =
[295 x 225 x 1] mm- metal plate, which mimics a 14 in TFT panel.
Despite of the electrically large ground plane, the antenna radiates
almost omnidirectionally (Figure 2, second row). For the
configuration described in [19], the operating bandwidth (where
Sll < 6 dB) was 5%, which is sufficient to cover the popular ISM
2.4 GHz band . The 2.4 GHz omnidirectional wrapped-microstrip
antenna design will be used for the antenna-housing (Section 3)
and the human-interaction studies (Section 4).
The front-to-back symmetry can be also applied to moreconvoluted patch shapes, giving additional freedom in antenna
miniaturization and multi-band design, while keeping a quasiomnidirectional horizontal-plane pattern, as described in the next
section.

2.2 Dual-Band Back-to-Back
E-shaped Patch Antenna
A dual-band back-to-back E-shaped patch antenna was proposed in [21]. It combines the concepts of the omnidirectional
wrapped-microstrip antenna and E-shaped patch elements [22],
leading to the geometry shown in Figure Id. As for the omnidirectional wrapped-microstrip antenna, the patch element consists of
three sections: two identical front and back sections, and a top connecting section . In the case of the dual-band antenna, the front and
back elements are "En shaped, which allows for dual-band operation and miniaturization. The top connecting section is narrowed,
in order to assure additional tuning and further antenna
miniaturization [21].
As in the case of the omnidirectional wrapped-microstrip
antenna, the operation mechanism of the proposed antenna can be
explained with the aid of the surface-current distribution on the
patch, shown in Figure 4. In the lower resonant mode (Figure 4c),
the main current paths expand between points B- B' , A- A' , and
C-C' ; the slots practically do not affect the antenna's operation, as
they are parallel to the current lines. This mode is analogous to the
higher resonant mode of the simple E-shaped patch antenna [22],
but in the back-to-back configuration, the two resonant lengths of
the simple E-shaped antenna are connected in series by the
connecting strip. In the higher resonant mode (analogous to the
lower resonant mode of a simple E-shaped antenna [22]), Figure 4d, the main current lines expand around the slots: between
points A-B, CoB , A'-B' , and C'-B' .

pattern is similar to that of the 2.4 GHz omnidirectional wrapped microstrip antenna. The decreased radiation in the broadside forward and broadside backward directions (0 0 and 1800 in the
horizontal pattern) is caused by the cancellation of horizontal Efield components (notice the left-right symmetry of current
distribution in the E-shaped sections, Figure 4c). The far-field
radiation pattern in the 5.2 GHz band reminds one of the pattern of
a vertical dipole , which is optimum for wireless communications
(the maximum radiation lays at angles close to the horizontal
plane, corresponding to maximum distances between the mobile
unit and the access point) . The 2.4/5 .2 GHz back-to-beck E-shaped
antenna design will be used in the antenna-housing (Section 3) and
the human-interaction studies (Section 4).

3. Antenna Integration Aspects
In Section 2, microstrip antenna elements for laptops were
described. In addition, some typical commercial laptop-antenna
solutions are addressed in Appendix 1. Their characteristics namely, their radiation pattern and radiation efficiency - however,
depend on the radiator's location in the laptop [10, 25], and on the
antenna's position with respect to the surrounding dielectric and
metal structures [10, 26]. The overall built-in system performance
is also affected by the distance between the RF front end and the
antenna: a 0.5 m section of miniaturized coaxial cable operating at
5 GHz may introduce a 3 dB loss. The antenna's location therefore
plays a critical role in the laptop's wireless interface performance,
and has to be designed with special care. Moreover, for some
antennas, the input matching may depend on the antenna's location: the element may therefore have to be tuned after integration
into the laptop . In this section, the characteristics of typical antenna
locations for plug-in and built-in interfaces are discussed. The most
common locations are depicted in Figure 6.

The ease of antenna tuning deserves particular attention. It
has been demonstrated [21] that for a fixed external dimensions of
the antenna patch (often limited by other design constraints), two
resonant frequencies can be tuned almost independently in a fairly
broad range, hifi E [1.2,3.5], by modification of only the slot
lengths and the connecting-strip width. This feature may be also
used in the future to fabricate reconfigurable antennas with MEMS
switches [23].
The design and testing of a 2.4/5 .2 GHz antenna was
described in detail in [24]. The antenna's input matched bands
( Sll < -6 dB) covered, with margins, the ISM 2.4 GHz and the
UNIT 5.2 GHz bands (Figure 5), popularly used in WLANs .
Despite the relatively large ground plane , the antenna has fairly
omnidirectional horizontal-plane total gain patterns in both operating bands (Figure 2). In the 2.4 GHz band, the three-dimensional
16

Figure 6. Common locations and corresponding applicable
antenna types in a laptop. External antennas: lA, 18: plug-in
interface: sleeve dipole, monopole, inverted-F antenna (IFA),
planar Inverted-F antenna (PIFA), chip antenna. Internal
antennas: 2: base-mounted antenna: PIFA, chip antenna; 3:
screen back side: microstrip patch antenna; 4A-C: screen rim:
IFA, Oat-plate antenna, miniaturized monopoles, wrapped
patch antenna, chip antenna.
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Figure 5. Keyboard effects on the measured input reflection
coefficient of a middle-top mounted back-to-back E-shaped
patch antenna.
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Figure 7. The surface-current distribution in the laptop's
metallic elements at 2.44 GHz.
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Figure 8. The surface-current distribution in the laptop's
metallic elements at 5.25 GHz.
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3.1 Laptop Housing Effects:
Internal Antennas
The integration of internal laptop antennas gives the designer
a much wider choice of element locations than in the case of antennas for plug-in interfaces. The designer may also have access to
details of the entire laptop structure. Housing effects can therefore
be better predicted and taken into account. Early studies evaluated
possible antenna locations, independently of the antenna's element
type, with the aid of the electromagnetic visibility study (EVS)
technique [25] . This method is based on illuminating the laptop
structure with a plane wave, incident from a variable angle, and
monitoring the excited surface-current density at the points of
interest. The best antenna locations are those where the surfacecurrent density is the highest, and are less dependent on the
illuminating-wave's incident angle. The best results were obtained
for location 4A (see Figure 6). Next in the ranking were locations
4B, 4C, and 3 [25, 27]. Locations lA, 1B (housing of external
antennas will be discussed in Section 3.2), and 2 were classified
low in the electromagnetic visibility study ranking.
The electromagnetic visibility study results showed that the
locations on top of the display lead to an antenna performance that
is almost similar to free space [27] . For those positions, the influence of the laptop's structure on integrated antenna's operation is
minimized, but not eliminated. The mechanisms affecting the
performance of built-in antennas are discussed below, for the
2.4/5.2 GHz back-to-back E-shaped antenna.
The analysis presented in Section 2 assumed an integration of
the laptop antenna in the middle top edge (location 4A in Figure 6)
of a 14 in metal plate, which mimicked the TFT panel. In practical
applications, the laptop's screen is mounted over a keyboard base,
which breaks the front-to-back symmetry. Due to other design constraints, the laptop antenna may have to be integrated in other locations . The influence of the laptop's structure on the back-to-back
E-shaped antenna's performance will be discussed below for
representative screen antenna locations (4A, 4B, and 4C in Figure 6), and for different laptop-screen opening angles . The results
of the numerical simulations will be compared with measured data
(using a real laptop model). Details of antenna prototyping and
measurement can be found in Appendix 2.

antenna designer: in the antenna-matching procedure, the laptop
base does not need to be modeled. This may drastically reduce the
simulation complexity. Moreover, it has been found that the input
matching of the omn idirectional wrapped-microstrip antenna and
the back-to-back E-shaped antenna almost does not depend on the
antenna's location, even when one radiator edge approaches the
screen's comer [29].
The three-dimensional simulated and measured total gain farfield radiation patterns are shown in Figure 9 (at 2.44 GHz) and in
Figure 10 (at 5.25 GHz) . In addition, principal-plane cuts are presented, to facilitate the quantitative interpretation of the results .
Very good agreement was obtained between numerical simulations
and measured results, which validated the simple PEC box model
of a laptop (see Appendix 2).
The first rows of Figure 9 and Figure 10 show the far-field
radiation patterns of the antenna attached to the laptop's screen
(represented here as a metal plate), without the keyboard base (Figure 11a). According to Section 2.2, in the lower frequency band
(Figure 9), the antenna radiates almost omnidirectionally, while in
the higher band it has a dipole-like pattern (Figure 10). The
introduction of the keyboard significantly affects the radiation pattern. This effect is more pronounced in the front screen hemisphere, where the wave radiated directly from the antenna interferes with the wave reflected in the keyboard. The elevation locations of maxima and minima depend on the laptop's opening angle
(compare rows 2 and 3 in the figures) . The antenna's location
influences the horizontal pattern (see rows 2 and 4). The keyboard
effect in the back screen hemisphere is small. In the higher frequency band, the keyboard effect is less pronounced, because the
back-to-back E-shaped antenna radiation towards the keyboard is
relatively low (compare the patterns for 2.4 GHz and 5.2 GHz in
row 1).

In the microwave frequency range, the laptop's keyboard base
behaves as a metallic box [13, 14], and can be treated as an expansion of the laptop antenna's ground plane . It significantly affects
the antenna's performance, due to shielding and reflection of the
electromagnetic waves radiated by the antenna. The simulated current distributions in the laptop body's metallic elements are presented in Figure 7 (at 2.44 GHz) and Figure 8 (at 5.25 GHz). It can
be observed that significant surface currents are induced in the
entire screen and keyboard base, and the whole laptop body therefore acts as an antenna.
The measured antenna-input reflection coefficient for the
middle top (4A) antenna location and for different screen-opening
angles is presented in Figure 5. As can be seen, the antenna's
matching properties were practically independent of the screeninclination angle (all solid curves overlapped), unless the lid was
completely closed (the dashed curve) . A similar study was performed numerically and experimentally for the omnidirectional
wrapped-microstrip antenna [13], back-to-back E-shaped and
inverted-F (IFA) antennas, for all screen locations 4A-4C, and the
same conclusion was obtained. This feature is very useful for the
18

Figure 11. The antenna-measurement setup in the UCLA
spherical near-field facility: a) the standalone antenna, b) the
antenna attached to a real laptop keyboard base.
IEEE Antennasand Propagation Magazine, Vol. 51, No.4, August2009
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Figure 9. The far-field gain patterns of an E-shaped back-to-back antenna integrated into
a laptop for different antenna locations and screen-opening angles at 2.44 GHz (the first
row shows the antenna's performance without the keyboard, for comparison).

For all the considered top-edge screen locations, the antenna
showed a quasi-omnidirectional horizontal-plane total gain pattern,
which is generally required for mobile communication applications. When the antenna was mounted over a side screen edge, the
omnidirectional behavior was lost, especially in the higher frequency band. The same radiation-pattern study has been performed
for screen-integrated omnidirectional wrapped-microstrip antenna
[13] and inverted-F antenna elements, and similar conclusions have
been derived.
The analysis assumed integration of the microstrip antenna
with a metal plate that mimicked the TFT panel. In a more-realistic
scenario, the radiator vicinity has a more complex form, and also
affects the antenna's operation. The plastic cover layers modify the
effective permittivity of the antenna's neighborhood, and therefore
affect the antenna's physical size. Moreover, the dielectric losses in
the plastic cover decrease the radiation efficiency. When the laptop
case consists of a very lossy material (for instance, carbon-fiberreinforced plastic, CRFP) it may even be necessary to design a special "RF window" for the antenna [11].

3.2 Laptop Housing Effects:
External Antennas
External antennas are usually integrated in plug-in platforms,
which expand the functionality of laptops. Initial implementations
- still very popular - used PCMCIA-card expansion slots, whereas
recent radio interfaces are integrated inside miniature USB dongles. In these platforms, the antenna-location choice is very limited, and it does not allow laptop-independent performance. The
antenna is usually integrated in the most-distant location of the
card section, protruding from the laptop, in order to reduce the
effect of the laptop itself on the communication link's performance.
Typical plug-in interface locations include lA and IB (Figure 6), for both PCMCIA and USB dongle housings. For those
representative locations, numerical analyses of a PCMCIA-housed
ISM 2.4 GHz sleeve-dipole antenna and inverted-F antenna element (see Appendix 1) were performed. As a reference, the
performance of a freestanding-antenna-plus-PCMCIA setup was
evaluated [30]. In those examples, the laptop's opening angle was
I.j/ = 90 0 • It was noted that the antenna's input matching was
affected by the laptop's body (see Figure 12), because the body disturbed the electromagnetic fields in the very close vicinity of the
radiator. As the plug-in interface manufacturer has no detailed
information about the card's location, the manufacturer must
assure sufficient bandwidth margins to overcome potential detuning.
As shown in Figure 13, and in agreement with the
electromagnetic visibility study technique results (Section 3.1,
[25]), the antenna's radiation pattern is strongly dependent on the
antenna's location. The sleeve-dipole antenna possesses an
omnidirectional radiation pattern when mounted vertically on a
relatively small PCMCIA card (Figure 13, first row). When
attached to the laptop, the far-field radiation pattern is clearly
modified, and differs significantly from omnidirectional. The laptop-screen shielding effect is visible for azimuth angles between
90 0 and 180 0 • The reflection from the screen contributes to an
enhanced power radiation in the azimuth range of 00-900 • As the
distance between the antenna and the screen changes (the PCMCIA
card is moved from location lA to IB), the interference pattern
20

visible in this angular range also changes. This phenomenon can be
intuitively explained with the aid of a virtual antenna array, constituted by the sleeve dipole and its image, representing the reflection
from the screen. When the antenna's spacing increases (from
below a half-wavelength in lA to over two wavelengths in IB),
several lobes appear in the radiation pattern. The vertical radiation
pattern, although of less imp-ortance for laptop applications, is also
affected by the presence of the laptop's structure.
The horizontal-plane radiation pattern of an inverted-F
antenna element, integrated into a freestanding PCMCIA card, is
less omnidirectional than the pattern obtained for the sleeve dipole
(compare the first and fourth rows of Figure 13). However, the
inverted-F antenna element is more robust to the influence of the
laptop's structure. As the antenna is mounted in the keyboard's
base plane (below the screen), the display-panel shielding and
reflection effects are not so pronounced as for the sleeve dipole.
Other antenna types, integrated into the card's circuit board, such
as chip antennas, possess the same advantage. However, the effects
of the laptop's structure on the antenna's performance also depend
on the antenna's dominant polarization, and have to be evaluated
separately for each antenna type.
In the simulations, simplified laptop and PCMCIA card models composed of PEC boxes were assumed. In practical applications, the antenna's performance is particularly affected by the
lossy plastic case, and depends on the antenna's separation from
the laptop's body. An experimental study has shown that by
extending the default PCMCIA card protrusion by 6 mm, the
antenna's sensitivity may be improved by almost 6 dB, which
corresponds to an over 60% range expansion [10]. The radiation
efficiency of an antenna integrated inside the plug-in card also
strongly depends on the dielectric losses inside the printed-circuit
board and the device's plastic case.
The common disadvantage of on-card-mounted (locations
lA, 1B) and keyboard-base-mounted (location 2) antennas is the
influence of the external environment, such as a metal desk and/or
the user, on the antenna's performance [27]. A metal desk may
significantly shift the tuning of the antenna, and create unwanted
reflections that change the radiation pattern. The absorption of
electromagnetic energy by the user's hands and lap can have a dramatic effect on the antenna's gain, as described in Section 4.4 and
in [10]. These effects are much less pronounced for antennas integrated inside the laptop screen (see Section 3.1), which pre-select
those as the most-beneficial antenna locations [27].

4. User Interaction with Laptop Antennas
The electromagnetic (EM) interaction between humans and
wireless-terminal antennas has been an important topic in the last
fifteen years. Initially, the problem was studied for handsets, where
the effects are very pronounced [30] due to the very small size
terminal placed in the nearest vicinity of the operator. Nowadays,
the human-terminal interaction has to be studied in a wide range of
scenarios, due to three main factors: (i) the variety of portable units
is expanding, (ii) the high wireless-link performance requirements
force an accurate description of in-situ operation, and (iii) the public awareness of human exposure to electromagnetic radiation has
grown.
As the distance between laptop antennas and the user is typically several wavelengths, this interaction seems intuitively of less
importance than in handsets. However, it should be noted that
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Figure 10. The far-field gain patterns of an E-shaped back-to-back antenna integrated into
a laptop for different antenna locations and screen-opening angles at 5.25 GHz (the first
row shows the antenna's performance without the keyboard, for comparison).

according to Section 3, the entire laptop's structure participates in
the radiation mechanism, and the human belongs to the near-field
zone of such a defined antenna-plus-laptop radiator. A typing user
places his or her arms just above the metallic-keyboard layers,
where significant currents are excited (see Figures 7 and 8). Moreover, the user's palms may closely approach antenna elements integrated in plug-in cards. As different antenna locations and screenopening angles affect the radiation properties (Section 3), they will
also affect the way the radiator interacts with the user.
In this section, the electromagnetic-human interaction with
laptop antennas is analyzed in three steps, as shown in Figure 14.
In Step 1 (Figure 14, column 1), the human interaction with a backto-back E-shaped antenna (Section 2.2) is analyzed in detail for

Step 1:
Back-ta-back E-shaped
ante nna for different
screen locations and Ip

different element locations (4A, 4B, and 4C of Figure 6) [32] and
for different screen-opening angles [33]. In Step 2 (Figure 14, column 2), results for different antenna element are compared [34]. In
Step 3 (Figure 14, column 3), the interactions between the user and
both an internal screen-mounted antenna and an external PCMCIAcard antenna (locations lA and IB) [35] are compared. In this step,
an inverted-F antenna element is used, as it is commonly used in
both external and internal designs. The comparisons between the
antenna 's freestanding and in-situ performance (measured in terms
of input matching, far-field radiation pattern, and radiation efficiency) for each scenario, demonstrate the human's effect on the
antenna 's operation. The exposure of human biological tissues to
electromagnetic radiation is analyzed in terms of Specific Absorption Rate (SAR).

Step 2:

Step 3:

Different antenna
elements for location 4A

IFA for PCMCIA (1A, 1B)
and screen (4A) locations

Ip =90

Ip =90

4A , Ip = 90°

Sleeve
Dipole

1B

4A, Ip = 120°

IFA

0

0

48 , Ip = 90°

4C, lJ.I = 90°

Back-to-Back
E-Shaped

Figure 14. The organization of the EM human-interaction scenarios.
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Figure 16. The effect of the laptop's user on the input reflection
coefficient of an inverted-F antenna (IFA) mounted in the front
keyboard location lB.
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4.1 Physical Modeling
The laptop-human interaction study was based on full-wave
simulations performed with the CST Microwave Studio software
tool, which implements a Finite Integration Technique (FIT) [36].
The antenna elements were integrated into the simplified laptop
model, consisting of PEC display and keyboard setup, which has
proven to be a good approximation to a real laptop housing (see
Section 3). A human phantom, based on an anatomical mannequin
corresponding to a male of height 177 em and weight 72 kg, generated by the Poser software tool, was used in the numerical simulations. Typical typing and non-typing postures (Figure 15) were
considered. Since only the external shape and size were used, the
generated model was homogeneous. A dielectric material with a
relative permittivity of By = 45.6, a dielectric loss tangent of
tan 8 = 0.23, and a mass density of p =1000 kg/m- was used to
simulate the human biological tissue at 2.44 GHz. These values
corresponded to averaged properties of 85% muscle and 15% fat,
which may be representative of a healthy male [37]. Due to the
large electrical size of the model, simulations were carried out only
in the ISM 2.4 GHz band.

4.2 User Effects on Input Matching
The antenna's input impedance is a function of the field
distribution in the nearest vicinity of the antenna's feeding point. It
therefore is affected only when the currents excited in that area are
disturbed, e.g., by the human's presence. The analysis of the
antenna's input reflection coefficient has shown that for all the analyzed scenarios, the influence of the operator on the antenna's
matching was negligible. In Step 1 (see Figure 14, column 1) it was
observed that independently of the screen-integrated antenna's
location [32] and of the lid-opening angle, qJ [33], there was no
effect of the laptop's operator on the antenna's input reflection
coefficient. This observation was also confirmed for all the different antenna elements analyzed in Step 2 [34] (see Figure 14, column 2). Finally, in spite of the small distance between the
PCMCIA inverted-F antenna in locations lA and IB and the typing
user's arm (less than 4 em, which is about a third of the free-space
wavelength), the PCMCIA antenna's input matching was not
affected by the human's presence [35], as presented in Figure 16.

4.3 User Effects on Radiation Pattern
Contrary to the antenna's input impedance (defined in the
feeding point), the far-field pattern is an integral function of currents in the entire body of the laptop. As the laptop's user is located
in the antenna's near-field zone, he/she will not only block and
reflect the antenna's radiation (which could be accounted for in a
Geometrical Optics approach), but will also disturb the current
distribution in the antenna-and-Iaptop structure. The antenna, the
laptop, and the user therefore need to be analyzed as a whole.
A comparison of far-field total gain patterns for all the
scenarios of Step 1, Step 2, and Step 3 are presented in Figures 17,
18, and 19, respectively. As it has been noted that the posture (typing/non-typing) of the operator does not have an influence on the
EM interaction with screen-integrated antennas (Step 1 and
Step 2), Figures 17 and 18 present results only for the typing position.
24

The effects of the human operator on the 2.44 GHz far-field
gain pattern of a back-to-back E-shaped antenna for different patch
locations and different laptop-opening angles (Step 1) are shown in
Figure 17. According to Figure 9, the radiation pattern of a
freestanding laptop arrangement depends on the antenna's location
and on the screen-opening angle. First, for qJ = 90°, the two top
screen edge locations were analyzed. As shown in Figure 9, moving the patch along the top screen edge changed the contribution of
the wave reflected from the keyboard structure, which mainly
moved the direction of maximum radiation in the azimuth plane
(visible in the three-dimensional ''without user" patterns, Figure 17). For the center-top screen location (4A), the human body
caused shadowing of up to 15 dB in the approximate azimuth range
of 30° to 30° and the elevation range of -100° to 70°, independently of the screen inclination angle, \f' . For the left-comer location (4B), the shadowed area moved in azimuth to 30° to 50°. In
this scenario, the radiator was out of the structure's symmetry
plane, and shadowing by the user's head was much less pronounced in the vertical-plane pattern (the shadowed region
decreased to 100° to 40°). For the center-left screen location (4C),
the laptop setup freestanding pattern was significantly different
from the top screen location case (4A, 4B). However, the comparison of freestanding and in-situ patterns showed similar humanblocking effects as for the left-comer top screen edge location
(4B). The main difference was a further expansion of the horizontal shadow zone to 30° to 60°. Due to the lowering of the illumination source, the shadow of the user's right arm was more pronounced in the horizontal-plane pattern.
In Step 2, the radiation-pattern degradation of middle-screen
top-mounted antennas were compared for different ISM 2.4 GHz
radiating elements [34]: the sleeve dipole, inverted-F antenna, simple patch, omnidirectional wrapped-microstrip antenna, and backto-back E-shaped patch (see Figure 18). As could be observed (Figure 18, column 1), except for the simple patch, all antennas operating without the user had reasonably uniform horizontal-plane
coverage. The sleeve dipole and the omnidirectional wrappedmicrostrip antenna were closer to omnidirectional. As previously
shown in Section 3.1, the freestanding radiation patterns of all the
top-screen-mounted laptop antennas (see Figure 9 for comparison)
were significantly affected by the keyboard. The keyboard-blocking effect was clearly visible in the elevation (V-plane) range of
-90° to 0°, whereas the power reflected from the keyboard surface
created an interference pattern in the elevation range of 0° to 90°.
The far-field radiation pattern of a simple patch was almost not
affected by the keyboard, due to the very small amount of energy
radiated to the front-screen hemisphere.

For each antenna element considered, the presence of the laptop user caused backward-radiation blocking (up to 25 dB for the
sleeve dipole, and up to 15 dB for the other antennas), visible in
the azimuth (H-plane) range of -30 0 to 30°, and in the elevation
range of -100° to 70°. For the sleeve dipole, the azimuth span
shadowed by the user was slightly smaller than for the other
antenna types, because this design had the highest antenna location
(at the height of the user's neck).
In Step 3, the effects of the human's presence were compared
for internal and externally mounted inverted-F antennas (Figure 19). The far-field gain pattern of the laptop setup (without the
user) for the antenna in the front keyboard position (IB) is presented in the first row of the figure. The screen-shadowing effect is
visible in the horizontal cut in the azimuth range of 90° to 1500 •
The enhanced radiation in the direction of the user's right ann (see
the three-dimensional plot) was caused by the comer reflector
IEEEAntennasand Propagation Magazine, Vol. 51, No.4, August 2009
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Figure 17. The effects of the laptop's user on the 2.44 GHz far-field gain patterns of a backto-back E-shaped antenna for different patch locations and laptop-opening angles (Step 1
of the analysis).

formed by the screen and keyboard, as presented in Section 3.2,
Figure 13. The presence of the typing user drastically changed the
radiation from the antenna (second column). The upward radiation
was blocked by the user's wrist (which, in this antenna location,
was over the antenna element) by as much as 10 dB (see the Vplane cut). A strong blocking effect by the torso (up to -15 dB)
was visible in the -10° to 50° azimuth range. In the non-typing
position (third column), there was no blocking effect of the upward
radiation (the hand did not cover the antenna), but the blocking of
backward radiation slightly increased (as the arms were relaxed
along the trunk).
The computational results for the antenna located at the back
keyboard position (IA) are shown in Figure 19, second row.
Effects similar to (IB) were observed, with the only major difference being in the upward radiation blockage. For this antenna position, the user's hand did not cover the inverted-F antenna element;
therefore, in the typing position, it caused almost no upward
shadowing.
The comparison between scenarios for the PCMCIA integrated antenna (Figure 19, rows 1 and 2) and the screen-integrated
antenna (rows 3, already analyzed in Step 2) clearly showed a
significantly stronger user interaction for the external antennas.
This also resulted in lower radiation efficiencies (Section 4.4), and
significantly higher SAR values for the PCMCIA antennas (Section 4.5). Moreover, contrary to the case for the screen-integrated
antennas, the user's posture had a strong influence on the EM
interaction with PCMCIA-mounted radiators (compare the second
and third columns of Figure 19).
In all the analyzed scenarios (Steps 1, 2, and 3), the human
tissue partially reflected and partially absorbed the incident electromagnetic waves. The reflected component contributed to the farfield radiation pattern, and due to interference with the primary
source (defined here as the entire laptop structure), was visible in
the form of ripple. The absorbed component led to reduction of the
antenna-user setup radiation efficiency, as discussed in Section 4.4.

the patch was the smallest. In this case, the radiation efficiency
dropped down to 87.9%, which (as will be shown later) was still
10% higher than the highest efficiency of a PCMCIA-cardmounted inverted-F antenna.
The comparison between different antennas located in the
middle top screen (Step 2 of the analysis) is presented in Figure 21.
lt can be seen that the radiation efficiency of the back-to-back Eshaped antenna was the second highest (94.2%, after 99.3% for the
simple patch, which practically did not radiate towards the user's
body). The lowest radiation efficiency (86.7%) was obtained for
the sleeve dipole, which, in spite of very low peak SAR (see Section 4.5), illuminated the human face, torso, and arms most unifonnly, leading to higher energy loss.
Results for PCMCIA-mounted and internal inverted-F
antenna elements (Step 3) are presented in Figure 22. Contrary to
screen-mounted antennas, in the PCMCIA-card antennas, the
user's posture had a key effect on the EM human interaction. It was
clear that the worst radiation efficiency was obtained for the
antenna in the front keyboard location (IB), when the user was in
the typing position. In this case, where the user's wrist covered the
inverted-F antenna element, the human tissue absorbed 55.8% of
the energy. The amount of energy absorbed by the operator was
significantly reduced when the hands were taken away from the
keyboard (a non-typing user absorbed 16.2%). In spite of the
comparably small minimum distance between the antenna and the
arm in the back keyboard location (IA compared with IB), the
energy absorption was only 23% (compared with 56% for the front
keyboard scenario). The improved antenna efficiency was caused
by placement of the user's hand over the antenna's ground plane
(constituted by the keyboard), where near fields were much less
intense than over the inverted-F antenna slot.
The highest PCMCIA-card-mounted antenna efficiency
obtained for user typing positions was 10% lower than the lowest
radiation efficiency of the screen-integrated antennas, analyzed in
Step 1 (Figure 20) and Step 2 (Figure 21).

4.4 User Effects on Radiation Efficiency

4.5 Antenna Effects on the User (SAR)

In the numerical simulations, the structures of the antenna
element and laptop housing were modeled as composed solely of
PECs and lossless dielectrics. The entire power absorbed by the
system, Pabs ' therefore corresponded to the human body, only. The
radiation efficiency of the laptop-user system is defined as

Electromagnetic energy absorbed by the human body can
potentially present a health risk, and there has been a generalized
and persistent public concern about it. Therefore, it is necessary to
quantify, if not minimize, this phenomenon. The maximum exposure of human tissue to electromagnetic fields has been defined in
terms of Specific Absorption Rate (SAR). In Europe, the maximum
allowable SAR (averaged over 10 g of tissue) is 2 W/kg [38]. The
laptop user's SAR, for all the investigated scenarios, was evaluated
by considering an antenna-accepted power of Pace = 1 W (peak).
Figures 20, 21, and 22 present the 109 averaged SAR distributions
on the human body's surface, and the peak three-dimensional SAR
values.

1]
r

=

~ad

~ad + ~bs

= _~a_d
~cc

,

(1)

where P"ad is the power radiated to the far-field region, Pace is the
antenna-accepted power, and Pabs is the power absorbed by the
human body. As defined, this parameter does not take into account
the antenna input-mismatch loss.
The back-to-back E-shaped antenna's radiation efficiency,
calculated according to Equation (1), for all Step 1 scenarios, is
presented in Figure 20. For the top-edge locations, the total power
absorbed by the typing human was practically the same, and never
exceeded 7% of the antenna-accepted power. The highest amount
of energy absorbed by the human tissues was obtained for the sidemounted antenna, where the distance between the user's hand and
26

Results of the Step 1 analysis are presented in Figure 20. The
distribution of SAR in the human body depends on the antenna's
location. For all the investigated typing-user scenarios, the highest
peak SAR values occurred in the user's hands, and reached a maximum of 0.4 W/kg for the side patch location. Changing the patch
from the center to the left-comer top screen edge caused a shift in
the azimuth of the freestanding laptop maximum radiation (as
stated in Section 3.1, Figure 9). This affected the human illumination: for the left-comer location, the area of maximum SAR in the
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Figure 18. The effects of the laptop's user on the 2.44 GHz far-field gain patterns of
different laptop antennas mounted in the top screen location (Step 2 of the analysis).

torso was shifted towards the right arm. For the side-antenna location, the keyboard did not protect the legs from the antenna's
illumination, which led to high SAR values in the knees. It can also
be seen that the SAR distribution was a function of the screenopening angle. As the location of minima and maxima in the laptop
freestanding far-field radiation pattern were strongly dependent on
'¥ (Section 3.1, Figure 9), the location of the areas with higher and
lower absorption also changed with the screen position. Bending
the screen backward increased the illumination of the user's knees,
not covered by the keyboard for '¥ > 90° .
The results of the Step 2 analysis are presented in Figure 21.
It can be seen that the SAR distribution varied for different antenna

types, reaching the lowest values for the simple patch (which
practically did not radiate in the front screen hemisphere). For the
sleeve dipole, the SAR in the user's upper-body part had the most
uniform distribution, leading to the highest total absorbed power
(as mentioned in Section 4.4). Due to the radiator's proximity, the
peak SAR values occurred in the user's palms for all the antennas.
However, even for the worst scenario (the E-shaped back-to-back
antenna), they were almost 20 times lower than the 2 W/kg safety
limit defined by the guidelines [38].
Results of the last (Step 3) analysis are presented in Figure 22. As expected, the highest SAR values occurred in tissues
near the antenna element: the hands of the typing user. The maximum three-dimensional SAR of 2.74 W/kg occurred in the wrist
covering the inverted-F antenna in the front keyboard location
(lB), which was almost seven times higher than the corresponding
peak SAR for screen-integrated antennas (see Steps 1 and 2).
Lower values of hand SAR were obtained in the typing position for
the back card antenna location (lA). Significant SAR values
appeared on the user's legs under the antenna for the keyboard
locations considered. It was interesting to note that the leg
illumination was higher in the typing position, as part of the energy
was reflected by the arm and redirected to the leg. For the screen
top location (4A), the illumination of the legs was very low as
compared to the PCMCIA locations, due to keyboard shielding. It
is also worth mentioning that for the antenna keyboard locations,
the illumination of the face was reduced in the typing position, as
the hands partially blocked the upward radiation.

It should be noted that all given values of SAR were normalized to 1 W peak antenna output power, while typically a WLAN
antenna radiates only about 10mW. In a real operating system, the
maximum value of 0.027 W/kg SAR (user typing position,
PCMCIA antenna in 1B location) is therefore expected, which is
almost a hundred times below the European standard safety limit
[38]. However, it should be noted that other wireless laptop interfaces, such as cellular modems or WiMAX radios, can work with
much higher power levels; also, tissue properties are frequency
dependent [37]. Modem laptop computers may integrate several
antenna elements (see Appendix 3), which, during simultaneous
operation, may lead to higher SAR levels. Finally, the simplified
homogenous human model does not take into account the different
electromagnetic properties of different human tissues, and provides
only an estimation of the absorbed energy.

5. Conclusions
This feature article has presented an overview of all the
important steps of a successful laptop-antenna subsystem development: radiator design, integration issues, and a discussion of
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electromagnetic human interaction. The first main contribution was
a comprehensive and unified summary of wrapped microstrip
antennas for laptops, recently developed at the Instituto de
Telecomunicacoes/Instituto Superior Tecnico, Portugal, in
cooperation with the ARAM Laboratory, UCLA. Single- and dualband antennas designed according to a new proposed concept were
conformably wrapped around the laptop's screen edge, and, in spite
of integration into the laptop's electrically large metallic structure,
they presented a quasi-omnidirectional (horizontal-plane) radiation
pattern. In addition to the new design concept introduced - an
omnidirectional wrapped-microstrip antenna (OWMA) - the most
common commercially available internal and external laptopantenna structures have been analyzed, giving a broader overview
of laptop-antenna design approaches.
The second part of the paper extensively discussed laptopantenna housing aspects. The integration effects were analyzed
both for omnidirectional wrapped-microstrip antenna elements, as
well as for representative examples of internal and external
commercially available antennas. Several laptop-antenna locations
and screen-opening angles were considered. It has been shown that
the laptop's housing and the antenna's location play key roles in
the antenna's performance,
The last major contribution was a general analysis of
electromagnetic human interaction with laptop antennas, from the
viewpoint of antenna-perfonnance degradation and human-tissue
illumination. This study was performed in a systematic fashion for
various classes of internal and external antenna elements, several
antenna locations, and for several screen-opening angles.
The results clearly showed that the antenna's performance is
affected by the laptop's structure and by the user's presence. Therefore, in a rigorous approach, antenna, laptop, and user have to be
analyzed as a whole.
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7. Appendix 1:
Commercial (External and Internal)
Laptop Antennas
The initial implementations integrating wireless subsystems
into laptops used PC cards inserted into slots. The retractable or
internal antenna was located in the extreme part of the card
(PCMCIA or USB dongle), protruding from the side of the portable computer (locations 1A and 1B in Figure 6). With the use of
wireless cards, users can easily add functionality to their laptops,
which make those solutions still very popular. As wireless technology becomes prevalent and less expensive, manufacturers are moving away from PC cards, in favor of integrated implementations
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[10] . This trend goes with a general tendency of making portable
computers more compact and sleek: all the external and protruding
components are being eliminated, in order to facilitate the laptop 's
use and to reduce the risk of physical breakage .
In this appendix, the most-common antenna configurations
used for laptop plug-in and build-in interfaces are described. In
many practical applications, the outlined structures are modified
according to particular design constraints. The characteristics of an
antenna integrated into a laptop system, both in the case of a plugin card and of an internal antenna, depend strongly on its location,
the distance to nearby components, and materials covering the
device, as described in Section 3. The representative locations of
different laptop antenna types are listed in Figure 6. For simplicity,
and due to physical symmetry, only left-side locations are shown .

(6 r > 7 ) with an embedded meandering metal line. In many practical implementations, low-temperature co-fired ceramic (LTCC)
technology is used : conducting strips are printed on different
ceramic layers, and are connected by metal via posts , forming a
continuous three-dimensional path. The path's shape depends on
the application and required miniaturization, and may have the
form ofa helix [47], a meander [47], or a spiral [48]. Thanks to the
very small size and the ability to be surface mounted, chip antennas
are used in laptop wireless interfaces, both in external plug-in
devices and as built-in antennas. Due to the high permittivity of the
ceramic substrates, the electromagnetic field is concentrated in this

coaxial line
inner conductor

The sleeve dipole (Figure 23a) has been used in the initial
implementations of laptop wireless cards. Its radiating structure is
an asymmetric dipole made of conductors of different diameters
and slightly different lengths. The thinner conductor - typically, the
extension of the coaxial-feeding inner conductor - must have an
appropriate length to achieve a good antenna impedance match in
the band of operation. The large-diameter conductor sleeve must
provide effective choking of the RF currents at its own open end,
and also at one-half of the radiating dipole [39]. An ISM 2.4 GHz
coaxial-sleeve dipole was used in this paper for the laptop housing
study (Section 3.2) and for the electromagnetic human-interaction
study (Section 4). A sleeve dipole can be realized in a planar structure as a strip sleeve dipole . Multi-band strip sleeve dipoles have
been reported in [6] and [40].

An inverted-F antenna (IFA) structure is shown in Figure 23b. The quarter-wavelength arm is parallel to the groundplane's edge, which makes the inverted-F antenna easy to integrate
within a limited space . Essentially, it is half of the traditional ),/2
slot antenna, and their mechanisms of operation are analogous. By
moving the feeding stub from the shorting stub to the open-slot
end, the inverted-F antenna's input impedance changes from very
low to very high values. The feeding point is selected in order to
obtain an impedance match to the 50 0 line. The slot height is
calculated according to the antenna's required frequency band [41].
For a 3.4% wide ISM 2.4 GHz band, the slot height ranges between
five and six millimeters. The inverted-F antenna can be printed on
the protruding part of the PCMCIA board [42], and fed by a coplanar waveguide (locations IA and IB, Figure 6). The inverted-F
antenna element is also widely used as an internal antenna, integrated along the laptop's screen edge [10]. A screen-integrated
ISM 2.4 GHz inverted-F antenna was used in this paper for the laptop-housing study (Section 3.2). The single-band flat-plate antenna
[43] has a configuration similar to the inverted-F antenna. It can
also be cut from a thin metal sheet, and fed by a miniaturized coaxial cable. The dual-band flat-plate antenna's arm may have a more
convoluted shape : two examples of integration into a laptop screen
rim were described in [44] and [45].

metal sleeve

coaxial feed line

Figure 23a . A representative example of a commercially available laptop antenna: a sleeve dipole.
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Figure 23b . A representative example of a commercially available laptop antenna: an inverted-F antenna (lFA).

The slot antenna can be considered to be a loaded version of
the inverted-F antenna, where the load is a quarter-wavelength
stub. Since the quarter-wavelength stub itself is a narrowband system, the slot antenna has a narrow bandwidth [10]. Classical slot
antennas , due to bigger dimensions than inverted-F antennas, are
implemented as internal laptop antennas [11]. In wireless plug-in
interfaces, tapered meander-slot antennas can be used [46].
The chip antenna is a very compact surface-mountable device
(Figure 23c). It comprises a high-permittivity dielectric body
30

Figure 23c. A representative example of a commercially available laptop antenna: a chip antenna.
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Figure 20. The absorption of electromagnetic energy in human tissue: the resulting antenna radiation efficiencies and SARs in the
operator's body at 2.44 GHz for different screen-integrated antenna locations and screen-opening angles.
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low-loss part of the radiator. A chip antenna can therefore achieve
an acceptable radiation efficiency even when mounted on a highloss circuit board .

8. Appendix 2:
Fabrication and Measurement of Wrapped
Microstrip Laptop Antennas
All the simulations of microstrip antennas and commercial
internal and external radiators presented used a simplified laptop
model , consisting of:
A keyboard base : a 295x260x25 [mm-] PEC box;

Figure 24a. The antenna prototype: the antenna element's
front side (a US penny was used as a reference) .

A lid: a 245x260x5 [mm-] PEC box, inclined by \Il to
the keyboard base;
A PCMCIA card: a 102x50x5 [mm-] PEC box (for
simulation of external antennas).
Wrapped microstrip antenna elements use the metal1ic display layers as a natural ground plane. For the sake of prototyping, a
14 in TFT panel has been modeled as a [295x225xl] mm!
(WxHxT) brass plate. Front and back patch sections were printed
on 62 mils thick Rogers DuroidTM 5880 (E r = 2.2) dielectric substrates. Additionally, thin air gaps were introduced between layers,
in order to increase the (impedance) bandwidth and to facilitate the
feeding of the antenna. As an example, the 2.4/5.2 GHz back-toback E-shaped antenna layers are shown in Figure 24a. The patch
connecting section was made from a thin metal plate, and welded
to the structure. The antenna prototype was fed by a microstrip
inverted line, printed on the internal side of the back dielectric substrate. The feeding line is shown in Figure 24b. To assure sufficient
proximity coupling, the line went underneath the back patch section . The antenna input impedance could be tuned by adjusting the
length of the buried line underneath the patch ; a short tuning stub
assured good matching in both operating bands.
In a commercial implementation, a wrapped microstrip patch
can be printed on the backside of the screen's plastic casing and
fed by a miniature coaxial cable , instead of using additional substrates.

Figure 24b. The antenna prototype: the microstrip inverted
line with the tuning stub, printed on the internal side of the
back substrate.

which is of less importance for a typical wireless scenario. It was
found that due to the relatively large electrical size of the radiating
structure, the laptop setup's feeding cable practically did not disturb the measurements; therefore, there was no need for using
choking ferrites. Parts of the measurements in the 2.4 GHz band
were repeated in the far-field range of the Instituto Superior
Tecnico, Lisbon, Portugal. Excellent agreement was obtained.

During the antenna-housing effects measurements, the
antenna prototypes were attached to a real Toshiba Satellite 4200
PRO keyboard chassis (see Figure l lb), The very good agreement
obtained between simulation and measurement results (see Section 3.1) validated the simplified laptop model used in the numerical simulations.

9. Appendix 3:
Multi-Antenna System for
MIMO-Enabled Laptops

Antenna input matching was measured with a network analyzer. Due to the relatively large electrical size of the laptop , the
radiation-pattern measurements were performed in the near-field
region. The antenna prototypes were measured in UCLA's spherical near-field rang,e, as shown in Figure 11. The distance between
the antenna under test and the probe was 1.52 m, and the anechoic
chamber measured 6.1 x2.7 x2.6 m 3 • NSI2000 software was used to
evaluate the far-field radiation pattern in the entire angular range.
The antenna setup was attached to the positioner by the keyboardbase 's bottom side (Figure lib). The highest measurement error
caused by the shadowing of the positioner for the antenna under
test occurred for angles corresponding to the laptop's bottom side,

The growing demands of high spectrum efficiency and wireless-link reliability call for recent achievements in diversity [49],
smart antennas, and multiple-input multiple-output (MlMO) techniques [50]. Integrated multiple-element antenna arrangements are
therefore highly beneficial in laptop applications, and are expected
to become a standard in the near future. The optimization of these
arrangements incorporates aspects of antenna-element design (see
Section 2 and Appendix 1) and integration (see Section 3), as well
as multi-antenna topology design issues. The multi-antenna design
paradigm differs for the diversity, smart-antenna, and MIMO concepts [51]. This section briefly overviews mult i-antenna arrangements for MIMO-enabled laptops.
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From the wireless-system-operation point of view, the design
of a MIMO mobile unit is evaluated according to system-level performance measures, e.g., capacity and signal-to-noise ratio (SNR).
The MIMO array interfaces with the MIMO channel. Its antennalevel parameters (namely, input matching, mutual coupling, radiation efficiency, and radiation patterns) should therefore be chosen
in order to maximize the achievable system-level performance by
maximum utilization of the multipath. It has been suggested [51]
that an optimal MIMO array should consist of omnidirectional elements with high radiation efficiency and low mutual coupling
between ports. Moreover, recent experimental work has confirmed
that an array of omnidirectional elements outperforms a sector
array in a wide range of indoor scenarios [52].
This observation has encouraged authors to design novel
MIMO arrays for laptops based on omnidirectional wrapped-

dual band back-to-back
E-shaped patch

Base Statio n

Positioner Robo t

Figure 26a. The MIMO experimental setup, showing the base
station and the MIMO laptop prototype.

microstrip feeding network
integrated on display panel back side
simple patch element

Figure 26b. The MIMO experimental setup, showing the
MIMOradio.
microstrip antennas [53, 54] and back-to-back E-shaped elements
[16]. These elements are inherently quasi-omnidirectional, and due
to low profiles, posses low mutual coupling. In [16], the design and
laptop integration of two linear four-element laptop integrated
MIMO arrays was described: (i) a linear array of 2.4/5.2 GHz backto-back E-shaped elements, and (ii) a linear array of simple
2.4 GHz patch elements (see Figure 25). In the ISM 2.4 GHz band,
those arrays are characterized by a very similar scattering matrix
and similar radiation efficiencies, while having significantly different element radiation patterns (for a comparison of the radiation
patterns, see Figure 2). The system-level performance of those two
arrays was evaluated with the aid of a true MIMO test-bed (Figure 26) in a wide range of line-of-sight and non-line-of-sight
indoor scenarios [55]. It was shown that in spite of the laptop's
housing effects (see Section 3), the array of back-to-back E-shaped
elements outperformed the classical array in terms of MIMO
capacity.

laptop keyboard base
Figure 25. Four-element linear arrays attached to a commerciallaptop chassis: a back-to-back E-shaped patch array (top)
and a simple patch array (bottom).
34

Design and system-level measurements of very compact twoand four-element arrays of a triple-band PIFA (planar inverted-F
antenna), to be integrated into a laptop PCMCIA card, were
reported in [51]. However, this study did not take into account a
realistic laptop housing model.
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