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Abstract— A novel antenna concept for mobile terminals is
presented which achieves large bandwidth at negligible extra
volume by means of chassis mode tuning and optimally placed
inductive coupling elements. The approach is best suited for
folder-type (“clam-shell”), slider-type and similar device form
factors featuring two separate but electrically interconnected
chassis elements. The proposed antenna’s mode of operation is
discussed in terms of chassis mode resonances and equivalent cir-
cuits. Implementation and bandwidth over volume performance
are illustrated by simulation results for a dual-feed penta-band
antenna case study. As a practical application of high topical
interest, an add-on DVB-H antenna for a folder-type phone with
a measured return loss of at least 7 dB over the full UHF bands
IV and V at negligible extra volume is reported.

Index terms — Mobile antenna

I. INTRODUCTION

Antenna concepts for mobile terminals have undergone sig-

nificant change during the last decade. External stub antennas

have widely been replaced by internal antennas, mostly based

on the PIFA concept. Device miniaturization and the ongoing

introduction of additional frequency bands are meanwhile

pushing the PIFA concept to its limits. The small volume left

for the antenna, in particular the trend to very low profile

devices, result in insufficient matching bandwidth. Naturally,

this problem is most pronounced at lower frequencies, e.g. in

the GSM 450/850/900 bands and the DVB-H band.
Progress has been made in recent years in that an improved

understanding of the radiation mechanism of small mobile

terminals has come about. [1] has drawn attention to the role

of the chassis and clarified that the nominal antenna element

is in general, in particular at lower frequencies, operating

as a chassis mode coupler rather than as a radiator. The

use of a simple capacitive chassis mode coupler instead of

a conventional PIFA was suggested. Related design studies

were reported e.g. in [2]. Obviously, once the dominant role

of the chassis for the radiation properties of electrically small

mobile terminals is acknowledged, purposeful chassis design

and tuning of chassis modes comes into focus. Analysis in

terms of characteristic mode theory [3] was addressed e.g.

in [4]–[6]. An application oriented, hands-on method for

chassis mode analysis was proposed in [7] and techniques

for independently tuning bar-type phone chassis resonances in

different bands were presented. Such techniques allow for a

significant improvement of bandwidth and reduction of volume

over that of conventional PIFAs as illustrated for a dual-feed

GSM quad-band antenna on a bar-type chassis in [8].
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present contribution explores, to the authors knowledge

first time, the use of inductive chassis mode couplers,

icular for folder type, slider type and similar mobile

form factors in the open state. These form factors are

ys most popular due to allowance for larger keyboard

splay while preserving small in-pocket size. Their

geous electromagnetic properties suggest the use of

ed miniature “antennas” for open state operation.

II. CONCEPTS OF CHASSIS CENTRIC DESIGN

dominant role of the chassis for the radiation properties

rically small mobile terminals is a simple consequence

elative size of chassis and internal antennas. Assuming

dimensions, the Chu-limit on radiation quality factor,

s e.g. at 900 MHz by a factor of roughly 8 (4) smaller

open folder-type chassis (bar-type chassis) than for an

l PIFA itself [9]. Purposeful use of the chassis not only

rove bandwidth, which scales inversely with Qrad, but

iation efficiency, ηrad, according to

ηrad = Qdiss/(Qrad + Qdiss) (1)

Qdiss denotes the dissipation quality factor. Chassis

antenna design is involved with 3 main aspects:

or effective coupling between a small coupling element

nd a (relatively) large chassis, the latter must be de-

igned to expose resonant modes not to far from the

tended bands of operation.

hese resonant modes must be selected to give rise to a

izeable radiation vector F (see below).

he type of the coupling element (electric or magnetic)

nd its location on the chassis must be selected to

aximize the reaction between the resonant chassis

ode and the field of the coupler.

er aspect, not addressed in this paper, is near field

so as to minimize interaction with the user. It generally

s to a trade-off between bandwidth and SAR. For inves-

of aspects (A)–(C) a coupler (“antenna”) independent

h is asked for. The usual input impedance focused

and simulation approach is not apt to investigate chassis

esonances. By a resonant chassis mode we refer to

ce current density distribution on the union of the

tive parts of the device which is equiphase and, once

and left alone, behaves (assuming perfect conductors)

JS(r′, t) = JS,i(r′) exp (j ωit − ωit/(2Qrad,i)) (2)
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where subscript i refers to the i-th mode with resonance

frequency ωi and radiation quality factor Qrad,i. The cur-

rent densities JS,i are the zero eigenvalue solutions of the

eigenvalue problem for the characteristic modes on conducting

bodies derived in [3]. Unfortunately, the solution of open

boundary eigenvalue problems is generally not supported in

a useful way in commercial field solvers. From an application

point of view, however, the subset of resonant modes which

couples to plane waves is of dominant interest. Coupler

independent analysis of this subset is possible by using the

generally available plane wave excitation feature and then

post-processing calculated surface current density JS(r′) to

identify chassis mode resonances. A most useful quantity in

this context is the radiation vector

F (k) :=
∫

r′∈S

JS(r′) e j kr′
dS. (3)

k denotes the wave vector with orientation towards the obser-

vation point and S the surface of the conductive chassis. For

an electrically small chassis it is well approximated by its first

two moments

F0 :=
∫

r′∈S

JS(r′) dS = jωp, (4)

F1(k) := j
∫

r′∈S

(kr′)JS(r′) dS = jm × k − ω

2
Qk. (5)

p, m and Q denote the electric and magnetic dipole moment

and quadrupole tensor, respectively, of JS. Resonant chassis

modes which correspond to one of these moments are iden-

tified as maxima of the magnitude of the respective moment,

over frequency, under plane wave excitation. Since the far field

can be written in terms of the radiation vector as

H(r) = − j
e− j kr

4πr
k × F (k), E(r) =

−1
ωε0

k × H(r) (6)

and hence radiated power density in the k direction as

S(k) =
Z0

32π2r2
|k × F (k)|2 , (7)

the resonant modes thus identified also are good radiators.

Resonance frequencies ωi and the associated Qrad,i are found

from, e.g. the |F0| over ω curve (see Fig. 2), by fitting the

generic resonator model

|F0| ≈ Ai

1 + jQrad,i

(
ω
ωi

− ωi

ω

) . (8)

The software IE3D was used for all simulations below.

III. FOLDER TYPE PHONE CHASSIS

Common to folder type, slider type and similar mobile

phone form factors is the presence of two major separate chas-

sis elements (e.g. base part and flip part) and a comparatively

narrow interconnection, usually a shielded flex-PCB. The first

two useful modes on a generic folder type chassis, i.e. the λ/2
and the 3λ/2 resonance are briefly reviewed. Current densities

are dep
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icted in Fig. 1. The magnitude of F0 after (4) and of

0−〈JS,1,JS〉/ ‖JS,1‖2
F0,1, the component of F0 due

urrent density orthogonal to that of the first resonance,

e given in Fig. 2. The first resonance is essentially that

acitively and inductively loaded dipole and hence has a

hat increased radiation quality factor, e.g. Qrad,1 = 4.4
680 MHz in the example as opposed to 2.6 for an

ize plate. A useful range for tuning by design of the

nnection’s length and width exists. More interesting

exist for the 3λ/2 resonance. As evident from Fig. 1b,

sible to absorb the centre half-wavelength into the slots

n base and flip part. The current densities on the base

parts are then co-oriented and add constructively to F0

s the counter-oriented currents in the slot region mostly

with respect to radiation. Effective length is thereby

ed and the radiation pattern, though flattened, preserves

e like shape. The 3λ/2 mode can be used over a very

andwidth as indicated by the very broad maximum of

he 1.6 . . . 2 GHz region in Fig. 2. Both, the λ/2 and

2 resonance expose a current density maximum on the

nnection. It is therefore suggestive to place inductive

s in the hinge region to exploit these modes.

����

6mm wide strip between
two 35 × 2mm2 slots

45mm
85

mm

70
mm

Fig. 1. Current density of resonant modes
on a folder type chassis (a) first mode at
900MHz and (b) third mode at 2GHz.
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2. Magnitude of the first moment of the radiation vector F0

(4) for the structure of Fig. 1 under broadside, long axis polarized
wave illumination (solid line). F ′

0 (dashed line) is due to the
nt density component J′

S only, defined by 〈JS,1, J′
S〉 = 0.
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Fig. 3. Schematic construction and qualitative equivalent circuit
of inductive couplers on folder type chassis: (a,c) parallel resonant
coupler, (b,d) series resonant coupler.

IV. INDUCTIVE COUPLERS

The two basic types of hinge located inductive couplers

are schematically shown in Figs. 3a,b. The interconnection

between base and flip part is represented by the wide strip.

The coupler is simply another line with a series capacitor for

resonance tuning. Fig. 3a displays the parallel resonant type,

where either end is connected to its respective PCB ground and

a tap is foreseen for the feed terminal. The dual, series resonant

type, is shown in Fig. 3b. Qualitative equivalent circuits of the

chassis – coupler combinations are shown in Fig. 3c,d. Li, Ci

and Ri are introduced to model the i-th chassis mode near

resonance without including the additional inductance Lflex

of the interconnecting strip and the capacitance Cslot between

base and flip part at the hinge which are separately considered.

M denotes the mutual inductance between coupling strip

and interconnection. The resonant couplers (at the top of the

schematics) are strongly coupled to the chassis mode and thus

strongly damped by the radiation resistance Ri of the chassis

mode. Despite the miniature size of these “antennas” quality

factors are therefore low and large bandwidth can be achieved.

Since the electric field strength in the vicinity of such coupler

is relatively small, the required keep-out volume around it

is also small. Mechanically, a large variety of alternative

realizations exists. The couplers can be placed broadside on

the interconnection (see Section V) or be placed lateral to

the latter (see Section VI), e.g. in form of a separate flexible

connection or integrated with the anyway present flex-PCB.

V. PENTA-BAND ANTENNA CASE STUDY

To illustrate the implementation and performance of in-

ductive couplers the conceptual design of a dual-feed penta-

band antenna (GSM850/900, DCS, PCS, UMTS band) on a

generously simplified geometry is investigated by simulation

(Fig. 4). The interconnection is shaped in principle as in Fig. 1
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. Simulation model for a dual-feed, penta-band antenna concept
: (a) chassis, (b) view on S-shaped interconnection with inductive
lers, flip removed. Strips are 3mm wide and at 2mm distance.

5. Simulated scattering parameters for the dual-port antenna of
. Port 1 and 2 are the low-band and high-band ports, respectively.

htly moved inwards on the base part to increase the

ce frequency of the first mode. Two parallel resonant

e couplers are placed broadside on the base–flip inter-

tion, one on either side. Each coupler is a short section

-line parallel to the interconnection, grounded to the

t one end and capacitively terminated at the other. A

tap is placed in-between. The coupler on the rear side

4 is tuned to low-band (GSM850/900), the other to

nd (DCS/PCS/UMTS). The couplers occupy a volume

0.11 cm3 and 0.08 cm3, respectively.

lated scattering parameters for the dual-port design

4 are shown in Fig. 5. s11 refers to the low-band

d s22 to the high-band port. The low-band covers the

960 MHz range with 8 dB return loss. The high-band

tly displaced from the target DCS/PCS/UMTS band

. . 2170 MHz) but exposes a sufficiently large 10 dB
dth (> 480 MHz). Isolation is better than 12 dB in low-

d 10 dB in high-band.

VI. MINIATURE DVB-H ANTENNA

tal video broadcast for handhelds (DVB-H) is currently

of large interest. Due to the low frequency range

d for this service (470 . . . 702(862)MHz) and its large
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Fig. 6. DVB-H antenna
on folder type chassis:
(a) photo, (b) simula-
tion model, (c) simu-
lated current density at
500MHz.

40 % (60 %) fractional bandwidth, design of internal antennas

is considered difficult. Large external flap type constructs have

been used in early devices. As illustrated below for an open

state folder type phone, chassis centric design and use of

inductive couplers permits much more effective solutions.

A mockup photo is given in Fig. 6a and the simulation

model in Fig. 6b. Base and flip part are made from single

side cladded 1.5 mm FR4 boards. The interconnection between

base and flip part is a flexible foil of 4 mm width and 54 mm
total length with via connections to PCB ground at either end.

The bare chassis exposes its first (dipole mode) resonance at

530 MHz. Realization of the DVB-H antenna is accomplished

by merely adding a series resonant type inductive coupler after

Figs. 3b,d. Conductor and capacitor are integrated with the

hinge construction. The 2.3 pF capacitor is of rotary type,

realized by two opposing ring shaped patches centered about

the hinge axis. Instead an SMD capacitor could equally well

be used in combination with a flexible connection. The flip

part end of the line is connected to PCB ground. The base

part end connects to a backside SMA connector. The extra

device volume required for this “antenna” is essentially zero.

Measured input reflection magnitudes at 150◦ (mechanical

limit) and 90◦ opening angle between flip and base part are

shown in Fig. 7. When fully open (150◦) a return loss of

7 dB is observed over the full UHF band IV/V and more than

10 dB in the 470 . . . 702 MHz range. In the latter range some

absorption via the external feed cable (with ferrite rings) must

be accounted for. Simulation results (Fig. 7), however, confirm

the viability of a free space 10 dB bandwidth of 275 MHz.
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VII. CONCLUSION

vel approach to the realization of wide-band mobile

antennas with extremely small occupied extra volume,

on chassis tuning and inductive couplers has been

ed and verified by simulation and measurement. Al-

limited to the open state of folder type, slider type and

form factors, the excellent properties and the small

suggest the use of this concept for dedicated open

tennas.
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※ 易迪拓培训官网：http://www.edatop.com 

※ 微波 EDA 网：http://www.mweda.com 

※ 官方淘宝店：http://shop36920890.taobao.com 

 
 

专注于微波、射频、天线设计人才的培养 
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