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Abstract

Today, more and more mobile services are emerging: GSM 850, GSM 900,
PCS 1800, DCS 1900, UMTS, DVB-H, WLAN, etc. The mobile antennas are
required to support an increasing number of bands. On the other hand, due
to the trend towards miniaturization, the available space inside the mobile
phones for the antennas decreases. As the attainable antenna bandwidth is
subjected to the physical limit depending on the size of the mobile terminal,
it becomes impractical for a mobile antenna to cover all the bands with
satisfactory reflection magnitude.

The high-efficiency tunable antenna which covers a large bandwidth with
low return loss is a promising solution to this problem. Limitations of the
tunable antennas are their loss and non-linearity introduced by the tuning
devices.

The physical limit on the attainable bandwidth of the mobile terminal
is shown first. This limit is applied to the DVB-H standard, which is a
broadband application. The result shows that the non-tunable antenna can
not cover the whole DVB-H band with satisfactory reflection magnitude.
Solution approaches for the tunable mobile antenna design are proposed in
detail, including the designing procedure, device selection, low-loss tuning
circuit design and harmonics suppression. New measurement set-ups for
tunable antennas are proposed. The demonstrators are shown in the end.
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Chapter 1

Introduction

1.1 Background

Today and even more in the future, the number of the mobile services is
constantly increasing. A selection of the mobile bands currently in use are
listed in Tab. 1.1. Future mobile antennas will be required to cover all those
bands with low return loss, high efficiency and sufficiently small nonlinearity.

The attainable antenna bandwidth is limited physically depending on the
size of the mobile phone [1][2][3]. Due to the trend towards miniaturization,
the size of the mobile phones as well as the space available for the mobile
antenna are shrinking. The antenna designer has to consider on the design
goals of the mobile phone, its shape, the arrangement of the components
and the available space and possible position of the antenna. As a result,
it is difficult to build a mobile antenna to cover all the required bands with
good impedance match. The most challenging task comes in the lowband
applications, e.g. DVB-H, GSM 850 and GSM 900, where the operating
wavelength in air considerably exceeds the size of the whole mobile phone.

Tunable antenna is a promising solution to this problem. By introducing
tuning devices and circuits into the antenna, the resonance frequency of the
antenna can be electrically tuned. Past research on the tunable antenna
for mobile phone was taken by different groups, including Auckland and
Aberle [4][5][6], Kivekäs and Ollikainen[7], Karmakar[8][9], our group[10]
and Suzuki[11].

Critical issues of mobile tunable antennas are size, efficiency and linear-
ity.

1.2 Objectives

The main aim of this thesis is to propose a systematic design procedure for
the tunable mobile antenna. As the mobile antenna engineers have limited
degrees of freedom to choose the radiating structure of the antenna, this

9



10 CHAPTER 1. INTRODUCTION

Name Operating band (MHz) Bandwidth (MHz)
DVB-H 470 · · · 862 392

GSM 850 824 · · · 894 70
EGSM 900 880 · · · 960 80
DCS 1800 1710 · · · 1785 75
PCS 1900 1850 · · · 1910 60

UMTS (Europe) 1885 · · · 2025 40
2110 · · · 2200 90

Bluetooth & Wi-Fi 2400 · · · 2485 85
& Wireless LAN

WiMax around 500

Table 1.1: A selection of the mobile communication services and the corre-
sponding frequency bands.

work will mainly focus on the development of tuning mechanisms including
selection of the tuning devices, design of the tuning circuits, suppression and
compensation of the nonlinear effects, etc. In addition, new measurement
set-ups for the tunable antennas are proposed.

1.3 Organization of the thesis

This thesis is organized in the following way. Chapter 2 gives the physical
upper limit on the attainable bandwidth of the mobile antenna. The limit
shows that it is impractical for a non-tunable antenna to cover all the bands
with satisfactory return loss. And the existing solutions for this problem are
listed. Chapter 3 proposes the tunable antenna design procedure, includ-
ing designing non-tunable prototype antenna, estimating number of tuning
states, introducing and selecting tuning devices. Chapter 4 proposes the
tunable antenna measurement set-ups and procedures. Chapter 5 presents
the demonstrators. The conclusion is given in Chapter 6. The Appendix
presents the standardized requirements on mobile phones and the basics of
TLM method, which is used for the antenna modeling.



Chapter 2

State of the Art

2.1 Physical limitation on the attainable bandwidth

Due to the small size of the mobile phone, the mobile antenna is an electri-
cally small antenna, whose geometrical dimensions are small compared to
the wavelengths of the radiated electromagnetic fields. More specifically, the
electrically small antenna is any antenna which fits inside a sphere of radius
a = λ/2π where λ is the operating wavelength in air. The radiation proper-
ties of the electrically small antennas were first investigated by Wheeler [12].
Later, a very comprehensive theory was published by Chu [1] in which the
minimum radiation quality factor Q of a linear polarized antenna, which
fits inside a sphere of an given radius, was derived. Harrington extended
this theory to include circular polarized antennas [13]. Collin [14] and later
Fante [15] published an exact theory based on calculating the evanescent
energy stored around the antenna. The most recent result was published by
McLean [2] as a re-examination of the fundamental limit.

The quality factor Q of an electrical network at resonance is defined as

Q =
ωWstore

P
, (2.1)

where ω is the operating frequency, Wstore is the time-average energy stored
in the network and P is the power dissipated in the networks. When the
network is not at resonance, the input impedance is proportional to P +
2jω(Wm−We), where Wm and We are the time-average magnetic and electric
energy stored in the network. To make the input impedance resistive, some
additional energy storage must be added so that the net reactive energy
vanishes. If it is assumed that the network is operated with an additional
ideal lossless reactive element so that the input impedance is real, the Q of
the resultant network is

Q =
2ωW
P

, (2.2)

with W the larger of Wm and We.

11



12 CHAPTER 2. STATE OF THE ART

Considering an antenna enclosed in a sphere of radius a, the field for
r > a may be expressed in terms of an expansion in orthogonal TEnm and
TMnm modes, where n is the order of the spherical Bessel functions, and
m is the azimuthal variation [14]. Since these modes are orthogonal, the
radiated power and stored reactive energy is the sum of those contributed
by each mode. The Q of a TEnm mode is independent of the azimuthal
mode index m, and hence it is sufficient to evaluate it for m = 0 only [14].
The TMnm mode is the dual of the TEnm mode, it has the same Q but with
the stored electric energy greater than the stored magnetic energy [14].

The field components for a TMn0 mode are [14]

Eθ =
−k0 sin θ

jωε0r
P ′n(cos θ)[k0rhn(k0r)]′, (2.3)

Er =
1

jωε0
n(n+ 1)

r2
Pn(cos θ)[k0rhn(k0r)], (2.4)

Hφ =
sin θ
r
P ′n(cos θ)[k0rhn(k0r)], (2.5)

where the prime denotes differentiation with respect to the argument, Pn
is the Legendre polynomial, and hn is the spherical Hankel function of the
second kind.

Integration of the complex Poynting vector over the sphere r = a yields
[14]

1
2

∫ 2π

0

∫ π

0
EθH

∗
φa

2 sin θ dφ dθ

= Pr + 2jω(Wm −We)

=
k0π

ωε0

2n(n+ 1)
2n+ 1

+ j
k0

ωε0

2n(n+ 1)
2n+ 1

· {jn(k0r)[k0rjn(k0r)]′ − yn(k0r)[k0ryn(k0r)]′}|r=a,

(2.6)

where Pr is the total radiated power, Wm−We is the net reactive energy
stored in the field, jn and yn are the spherical Bessel functions of the first
and second kinds. After integration over θ and φ, the total time-average
stored energy in the field is [14]

Wm +We =
µ0π

2
2n(n+ 1)

2n+ 1

∫ ∞
a

{[
1 +

n(n+ 1)
k2

0r
2

]
· (k0r)2hn(k0r)h∗n(k0r)

+ [k0rhn(k0r)]′[k0rh
∗
n(k0r)]′

}
dr.

(2.7)

Since this expression includes the energy in the evanescent field and also
that in the radiated field, to obtain the energy stored in the evanescent field,
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the energy density associated with the radiation field must be subtracted
[14]. The energy associated with the radiation field is the real part of the
radial component of the complex Poynting vector divided by the velocity of
energy flow [14]. After integration over θ and φ from Eq. 2.6, this is [14]

(µ0ε0)1/2Pr =
k0π

ωε0
(µ0ε0)1/2 2n(n+ 1)

2n+ 1
. (2.8)

Thus, the energy stored in the evanescent field is [14]

(Wm +We)e =
n(n+ 1)
2n+ 1

µ0π

k0

· {2k0a− (k0a)3[j2
n + y2

n − jn−1jn+1

− yn−1yn+1]− (k0a)2[jnj′n + yny
′
n]

− k0a[j2
n + y2

n]},

(2.9)

where the Bessel functions are all evaluated at ρ = k0a.
The quality factor of the TMn0 mode, denoted by Qn is [14]

Qn =
2ω(We)e

Pr

=k0a−
(
k0a

2
+
n+ 1
k0a

)
(C2

n +D2
n)

+
(
n+

3
2

)
(CnDn+1 −DnCn+1)

− (k0a)2

2
(C2

n+1 +D2
n+1),

(2.10)

where

Cn =
2m≤n∑
m=0

(−1)m(n+ 2m)!
(2m)!(n− 2m)!22m(k0a)2m

,

Dn =
2m≤n−1∑
m=0

(−1)m(n+ 2m+ 1)!
(2m+ 1)!(n− 2m− 1)!22m+1(k0a)2m+1

.

(2.11)

TM10 mode has the lowest quality factor [1][14], which is

Q1 =
1
k0a

+
1

(k0a)3
. (2.12)

This is the minimum radiation quality factor of the linear antenna which
can be enclosed in a sphere with radius a [2].

The upper limit on the attainable fractional impedance bandwidth (b =
fmax−fmin√
fmaxfmin

) of the antenna can be found from Q1 and maximum allowed
reflection factor S by [16]
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40 60 80 100 120
0

0.2

0.4

0.6

0.8

fc · ` / MHz ·m −→

b
−→

DVB-H

Figure 2.1: The upper limit on 7 dB fractional impedance bandwidth de-
pending on the electrical length of the electrically small antenna. The dashed
line denotes the fractional bandwidth of DVB-H (470 - 702 MHz).

b =
1
Q1

S − 1√
S
. (2.13)

For 7 dB bandwidth, which is normal for mobile antenna, Eq. 2.13 can
be written as

b =
1
Q1

. (2.14)

The upper limit on the 7 dB fractional impedance bandwidth depending
on the electrical length (product of the physical length and the center fre-
quency) of the electrically small antenna is shown in Fig. 2.1. The dashed
line denotes the fractional bandwidth of DVB-H (470 - 702 MHz [17]).
Considering the centre frequency of 570 MHz, the antenna should be over
150 mm long in dimension to cover the DVB-H band with maximum −7 dB
reflection factor.

Due to the neglection of the energy stored inside the sphere enclosing
the antenna, the radiation quality factor is underestimated. The mobile
antenna bandwidths achieved in practice are much smaller than what is
shown in Fig. 2.1, especially when the operating wavelength in air is much
longer than the length of the mobile terminal (lowband).

2.2 Existing solutions

Due to the limited size of the mobile terminal, restricted size and shape of
the mobile antenna, the obtained antenna bandwidth is small. The existing
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solutions are stated in the following.
Wideband coverage can be achieved also by a small antenna if it is

mounted on a large printed circuit board. An inductive coupler for the
folded type mobile phone which shows over 10 dB return loss in the 470 to
702 MHz range is reported [18]. The whole size of the printed circuit board
was 150 mm×45 mm.

Antenna bandwidth can be made larger by a matching circuit [16]. A
DVB-H antenna mounted on a 130 mm×75 mm printed circuit board was
matched to the 50 Ω port by a matching circuit [19]. The measured maxi-
mum return loss in DVB-H band was −1.5 dB.

Electrically tunable antennas mounted on small printed circuit boards
can cover wide band with good impedance match. To the knowledge of
the author, the first tunable antenna for the mobile phones in public liter-
ature was a tunable planar inverted F antenna (PIFA) which is tunable
between GSM 850 (824 to 896 MHz) and GSM 900 (890 to 960 MHz)
[4] [5] [6] with PIN diodes as the tuning devices. It was fabricated on a
100 mm×40 mm printed circuit board. This antenna exhibits a relatively
large size of 25 mm×19 mm×6 mm.

An antenna which was tunable between GSM 850 to GSM 900 with
over 7 dB return loss is reported [7]. The antenna was fabricated on a
110 mm×40 mm printed circuit board and has the size of 16 mm×38 mm×8 mm.
The tuning device is a single-pole-double-throw switch.

A tunable stacked patch PIFA with RF PIN switch array was designed
[8] [9]. It was constructed on a 100 mm×50 mm printed circuit board and
has a large volume of 56 mm×30 mm×11 mm. This antenna is tunable in
the range from 640 to 1900 MHz, with the maximum return loss of 8 dB.

The DVB-H application imposes a high requirement on the mobile an-
tenna design, due to the low operating frequency and the big fractional
bandwidth. Three tunable antennas built up on a long printed circuit board
for the folded type mobile phone were constructed with a single-pole-multi-
throw RF switch [11]. They were tunable in the range from 470 to 770 MHz.
The maximum return loss in the whole frequency range was −4.5 dB.

An antenna tuned by electrical devices like varactor diodes is in principle
non-linear. The high-power signal from the GSM transmitter in the mobile
phone will be distorted non-linearly due to the tuning devices and harmonics
will be generated. The linearity of the tunable antenna is a key requirement
in design.
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Chapter 3

Tunable Antenna Design

3.1 Non-tunable prototype antenna design

The multi-layer printed circuit board of a mobile phone consists of ground
planes with the same size of the printed circuit board. The top and bot-
tom layers of the printed circuit board consist of continuous metal sheets for
electromagnetic compatibility shielding. Metal plates are put on the printed
circuit board as shown in Fig. 3.1 to provide further shielding. The combina-
tion of the ground planes, metal sheets for shielding and the metal plates can
be modeled as a solid metal antenna chassis [20]. The effect of the antenna
chassis on the whole radiating structure including the antenna chassis and
the antenna has been studied for years [21]. The dominant characteristic
modes of the surface current on the chassis have major contribution on the
radiation of the whole radiating structure. In [22], [21], it was reported that
at 900 MHz in a typical mobile phone with 10% fractional bandwidth, the
small antenna radiates around 10% of the total radiated power, with most
of the power radiated by the half-wave dipole-type current distribution on
the chassis, (see e.g. Fig. 3.2) [20]. The numerical analysis of the character-
istic modes of the mobile antenna chassis is given in [23]. The characteristic
modes of the chassis can be tuned by changing the chassis geometry [24].
In this work, a 110 mm×55 mm rectangular printed circuit board is used as
the chassis.

The antenna induces surface currents in the chassis. The most commonly
used PIFA in the mobile phones, which is a self-resonant antenna, can not
induce the surface current efficiently [20]. A non-resonant antenna element
can achieve an efficient chassis mode coupling with a very small volume
[22], [26], [18]. An efficient coupling to the chassis mode can be achieved
by locating the electric field maximum of the antenna near the electric field
maximum of the chassis [20]. An analysis of the interaction between the
exciting field generated by the antenna and the characteristic surface current
modes on the chassis is done in [23] which states that a very small vertical

17
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a

b

c

Figure 3.1: Photo of the internal part of one mobile phone, with a)
antenna, b) a metal plate for electromagnetic shielding, c) printed
circuit board.

Figure 3.2: Surface current distribution for a half-wave dipole
type characteristic mode which resonates at 1.33 GHz for a
100 mm×40 mm rectangular printed circuit board by [25].
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↑
h
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↓
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dielectric layer
↓

printed circuit board (chassis)

printed circuit board (chassis)

Figure 3.3: Structure of the capacitive coupler, w and h the width
and height of the vertical board respectively , and d the distance
between the vertical board and the printed circuit board.

board put in front of the short edge of the chassis (shown in Fig. 3.3) will
achieve the most efficient coupling with the smallest volume consumption.
This structure is called the capacitive coupler. The larger the size of the
vertical board w×h and the longer the distance between the vertical board
and the edge of the chassis d, the higher the coupling efficiency.

3.2 TLM model of the capacitive coupler

Fig. 3.4 gives the dimensions of the modeled capacitive coupler. The chassis
is chosen as a 110 mm×56 mm printed circuit board, with the dielectric
material of FR4 with εr = 4.6 in the operating band of interest. FR4 is a
common material in the mobile phone applications. The thickness of the
dielectric layer is 0.4 mm. The size of the vertical board is 56 mm wide
and 10 mm high. The distance between the printed circuit board and the
vertical board is 8 mm.

The modeling is done by MEFiSTo-3D Pro provided by Faustus Scien-
tific Corporation, which is based on the Transmission Line Matrix method
(TLM). The 50 Ω port is realized by a section of 25 mm long 50 Ω microstrip
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110 mm

56 mm

8 mm

10 mm

10 mm
0.4 mm

0.7 mm

feed↓

feed↓

feed↓

dielectric layer
↓

printed circuit board

printed circuit board

Figure 3.4: The dimensions definition of the modeled capacitive coupler.

line on the printed circuit board. One end of the line section is connected
to a source, and the other end is connected to the coupler. A probe is put
in the middle of the microstrip line. To extract the scattering parameters,
a reference microstrip line section is constructed, with one end connected
to a reference source and the other terminated by a perfect absorber. A
reference probe is put at the same distance from the reference source as
that between the probe and the source in the original structure. Both the
antenna structure and the reference microstrip line section are excited with
the same pulse. The incident wave is taken as the voltage measured by
the probe in the reference microstrip line section, and the reflected wave is
taken as the difference between the voltages measured by the two probes.
To subtract the phase shift due to the microstrip line between the probe
and the end of the coupler part, the deembedding is done by Matlab.

The input impedance of the capacitive coupler simulated by MEFiSTO is
plotted in the Smith chart and shown in Fig. 3.5. The reference impedance of
the Smith chart is 50 Ω. The real and imaginary part of the input impedance
are plotted in Fig. 3.6 and Fig. 3.7 respectively. As a comparison, the same
structure is modeled by CST Microwave Studio which is based on Finite-
Difference Time-Domain method (FDTD), the result is plotted in Fig. 3.5,
Fig. 3.6 and Fig. 3.7 too. The results from the TLM method and the FDTD
method are close to each other.
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Figure 3.5: Comparison of the input impedance from 400 MHz to
1 GHz of the DVB-H capacitive coupler simulated by MEFiSTO
(solid line) and CST Microwave Studio (dashed line). The reference
impedance is 50 Ω.
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Figure 3.6: Comparison of the real part of the input impedance
from 400 MHz to 1 GHz of the DVB-H capacitive coupler simulated
by MEFiSTO (solid line) and CST Microwave Studio (dashed line).
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Figure 3.7: Comparison of the imaginary part of the input
impedance from 400 MHz to 1 GHz of the DVB-H capacitive cou-
pler simulated by MEFiSTO (solid line) and CST Microwave Studio
(dashed line).

3.3 Matching circuit design

3.3.1 Theoretical limit

Fig. 3.5 shows that below 1 GHz the coupler is capacitive. At 570 MHz,
the center frequency of the DVB-H band, the simulated input impedance of
the capacitive coupler is 5.66− j86.9 Ω, which corresponds to the equivalent
unloaded quality factor Q of 15.4 calculated as the ratio of the reactance to
the resistance. A matching circuit can be used to match this coupler to the
50 Ω port.

The theoretical upper limit of the maximum attainable fractional band-
width Bn with n matching stages for narrow band application given the qual-
ity factor Q of the load and the maximum permissible reflection magnitude
R is given by Fano [27] and later reviewed by Lopez [28]. The theoretical
upper limit of the product of Q and Bn is

QBn =
1

bn sinh
[

1
an

ln
(

1
R

)]
+ 1−bn

an
ln
(

1
R

) [28] (3.1)

with the parameters an and bn listed in Tab. 3.1. Tab. 3.2 gives the up-
per limit on the attainable 7 dB bandwidth with the center frequency of
570 MHz.
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n an bn
1 1 1
2 2 1
3 2.413 0.678
4 2.628 0.474
5 2.755 0.347
6 2.838 0.264
7 2.896 0.209
8 2.937 0.160
∞ π 0

Table 3.1: The parameters an bn used in Equ. 3.1 to calculate the theoretical
upper limit on the fractional attainable bandwidth, by [28].

n 1 2 3 4 5 6 ∞
Bn 0.07 0.16 0.19 0.21 0.22 0.23 0.25

Attainable 7 dB 41 89 109 119 126 130 144
bandwidth / MHz

Table 3.2: The theoretical upper limit on the attainable bandwidth for the
capacitive coupler shown in Fig. 3.4, with nth order matching. Bn denotes
the upper limit on the attainable fractional bandwidth.

3.3.2 Matching circuit implementing technologies

There are basically three technologies to implement the matching circuits:

• microstrip lines,

• lumped elements,

• integrated circuits: SAW, LTCC, etc.

The dielectric material used in the printed circuit board for mobile
phones is FR4. In DVB-H band, it exhibits the permittivity εr of 4.5, the
loss tangent around 0.015. The operating wavelength of the microstrip line
fabricated on FR4 is over 240 mm. In a 100 mm×40 mm mobile phone
for instance, the area available for the matching circuit is smaller than
40 mm×20 mm. The microstrip line matching circuit is not feasible.

Integrated matching circuits exhibit the smallest size and low loss. How-
ever, the integration technology of the tuning devices with SAW or LTCC
circuits is not yet mature. The matching circuit for the capacitive coupler
is constructed by the high-Q lumped elements.
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50 Ω port
L1

L2

ground

coupler

Figure 3.8: Schematic of the matching circuit for the non-tunable
prototype DVB-H antenna.

3.3.3 Matching circuit topologies

The upper limit on the attainable bandwidth listed in Tab. 3.2 can be ap-
proached by a Chebychev matching network, which is presented in [27],
[29]. The drawback of the Chebychev matching network, however, is the
requirement of the transformers, which yield losses.

To minimize the losses of the lumped elements especially the inductors,
the matching circuit should comprise as few component as possible. As the
input impedance of the capacitive coupler shown in Fig. 3.7 is capacitive, a
series inductor L1 is needed to compensate the capacitance. As the real part
of input impedance of the coupler is smaller than 50 Ω, either a capacitor
C2 or an inductor L2 connected in parallel to the 50 Ω feed can be used. A
smaller value of L1 is required when L2 is used, which leads to lower parasitic
resistance and lower loss caused by L1. Fig. 3.8 shows the schematic of the
matching circuit

As the matching circuit is constructed on the printed circuit board and
away from the board edges, a full-wave analysis on the matching circuit
is not necessary. The matching circuit can be modeled on the basis of a
lumped element model. The simulation is done with ADS. The optimal
values of L1 and L2 are listed in Tab. 3.3 together with the lower and upper
boundary frequencies fLower, fUpper of the maximum attainable 7 dB bands.
The optimal value of L1 decreases from 32 nH to 11 nH while L2 remains
almost unchanged. At least 9 tuning stages are needed to cover the DVB-H
bands. The attainable instantaneous bandwidth increases with the increase
of the center frequency, because the coupling between the capacitive coupler
and the printed circuit board becomes more efficient when the operating
frequency approaches the resonance frequency of the printed circuit board
which is around 1 GHz [21].
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L1 / nH L2 / nH fLower / MHz fUpper / MHz
32 5 470 483
30 5 482 496
28 5 493 511
26 5 505 528
23 5 527 554
20 5 553 583
17 5.5 578 612
14 5.5 609 650
11 6.5 635 710

Table 3.3: The optimal values of L1 and L2 of the matching circuit (shown
in Fig. 3.8) to match the capacitive coupler to the 50 Ω port in DVB-H
band. fLower and fUpper are the lower and upper boundary frequencies of
the attainable 7 dB band.

3.4 Tunable antenna modeling

The modeling of the tunable antenna requires the modeling of the capacitive
coupler and the tunable matching circuit. As many devices are introduced
into the antenna, especially those that can not be characterized as L, R,
C’s, e.g. semiconductor switches, commercial antenna simulation softwares
are insufficient.

On the other hand, for the capacitive coupler, as the tunable matching
circuit is constructed on the printed circuit board, e.g. Fig. 3.10, due to the
thin dielectric layer of the printed circuit board, the electromagnetic field
of tunable matching circuit is concentrated within the printed circuit board
and the radiation effect of this part is negligible.

The mobile antenna can thus be divided into two parts, the radiator,
which consists of the coupler and the printed circuit board, and the tunable
matching circuit which is constructed on printed circuit board and where
electrical devices are placed. The radiator can be modeled by the TLM
(Transmission Line Matrix) method, the FDTD (Finite Difference Time
Domain) method, etc. And the tunable matching circuit can be modeled on
the basis of a lumped element model.

At first, the structure of the radiator is simulated by CST Microwave
Studio which is based on FDTD. The reflection coefficients at the port is
exported to SnP files, imported to Agilent Design System (ADS) and con-
nected to the tunable matching circuit.
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3.4.1 The modeled reflection magnitude at the port

Fig. 3.9 shows the comparison between the reflection magnitude over fre-
quency from the modeling (solid lines) and the measurement (dashed line)
of the tunable DVB-H antenna with EGSM coupler on the same printed
circuit board, which is shown in Fig. 3.14, for tuning voltage in the range
from 0.5 to 4 V. Good agreement between the results from the modeling and
the measurement is shown.

3.4.2 Modeling of the antenna efficiency

The loss of the tunable antenna can be classified into two parts, one is the
conductive and dielectric loss in the radiator, due to the finite conductivity of
the metal and the finite loss tangent of the dielectric material. The software
IE3D based on the Method of Moment provided by Zealand can calculate
the radiation efficiency ηradiator of this part.

The other part is the loss of the tunable matching circuit part caused by
the lossy electrical devices and the transmission lines. As shown in Fig. 3.11,
the input impedance of the radiator which is the load of this matching circuit
is not 50 Ω, the efficiency of the circuit part does not equal to its insertion
loss measured by attaching two 50 Ω ports at both ends. The efficiency of
the circuit part ηcircuit is defined by

ηcircuit =
Re{Vout · I∗out}
Re
{
Vin · I∗in

} . (3.2)

For different tuning states, the calculated ηcircuit at each center frequen-
cies fc together with the corresponding ηradiator simulated by IE3D are listed
in Table 3.4. The radiation efficiency ηrad of the antenna should be

ηrad = ηcircuit · ηradiator. (3.3)

The antenna efficiency ηant of the antenna takes the loss of power due to
the mismatch at the input into account, which can be written as

ηant = ηrad · (1− |Γ|2), (3.4)

with Γ the reflection factor at the antenna port.
A tunable antenna with the tuning circuit shown in Fig. 3.12 is con-

structed (shown in Fig. 3.10). The radiation efficiency of this antenna is
measured by the method of Wheeler cap following [30]. The antenna effi-
ciency is calculated by Eq. 3.4 with the measured radiation efficiency and
the measured reflection factor at the antenna port. Fig. 3.13 compares the
ηant from the modeling and the measurement. They agree with each other
quite good, especially in the upper half of the band when the control-FET
is “on”.



3.4. TUNABLE ANTENNA MODELING 27

1

400 500 600 700 800
−30

−20

−10

0

frequency / MHz −→

re
fl

ec
ti

on
co

effi
ci

en
t

/
d

B
−→

(a) Control voltage: 0.5 V

1

400 500 600 700 800
−30

−20

−10

0

frequency / MHz −→

re
fl

ec
ti

on
co

effi
ci

en
t

/
d

B
−→

(b) Control voltage: 1.0 V

1

400 500 600 700 800
−30

−20

−10

0

frequency / MHz −→

re
fl

ec
ti

on
co

effi
ci

en
t

/
d

B
−→

(c) Control voltage: 1.5 V
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(h) Control voltage: 4.0 V

Figure 3.9: Comparison of the reflection coefficient over frequency
from the modeling (solid lines) and the measurement (dashed line)
of the tunable DVB-H antenna with EGSM coupler on the same
printed circuit board for tuning voltage in the range from 0.5 to 4 V.
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Figure 3.10: Photo of a low-profile DVB-H tunable antenna (ver-
sion 1), with its tuning circuit constructed by an ASVP (anti-series
varactor pair) and a control-FET shown in Fig. 3.12.

fc / MHz 455.5 461 489.5 513.5 539.5 587.5
ηcircuit / % 23.5 24.1 26.3 27.8 28.7 28.7
ηradiator / % 77.7 78.5 82.2 84.8 87.2 90.8
ηrad / % 18.3 18.9 21.6 23.6 25.0 26.1
|Γ| / dB −17 −17 −14 −13 −12 −13
ηant / % 17.9 18.5 20.8 22.4 23.5 24.8
fc / MHz 591.5 610 623 640 675.5 714
ηcircuit / % 56.7 57.3 60.0 61.2 64.6 67.7
ηradiator / % 91.0 92.1 92.7 93.5 94.9 96.0
ηrad / % 51.6 52.8 55.6 57.2 61.3 65.0
|Γ| / dB −13 −13 −14 −14 −17 −21
ηant / % 49.0 50.1 53.4 54.9 60.1 64.5

Table 3.4: The calculated values of the efficiency of the circuit part ηcircuit,
the simulated values of the radiation efficiency of the coupler part ηradiator by
IE3D, the calculated radiation efficiency ηrad based on Eq. 3.3, the modelled
magnitude of reflection factor |Γ| in dB at the antenna port and the modeled
antenna efficiency ηant based on Eq. 3.4, when the instantaneous band is
tuned to different center frequencies fc. The modelled antenna is the DVB-
H tunable antenna constructed by an anti-series varactor pair (ASVP) and
a control-FET, shown in Fig. 3.10.
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Figure 3.11: Simulated input impedance of the coupler part of a
DVB-H tunable antenna (shown in Fig. 3.10) constructed by an anti-
series varactor pair (ASVP) and a control-FET from 400 MHz up to
1 GHz.

Control-FET

20 nH
MA4ST2300CK

couplerfeed
7.5 nH

39 nH3.3 pF

Figure 3.12: Schematic of the tunable matching circuit for a DVB-H
tunable antenna (shown in Fig. 3.10) constructed by an anti-series
varactor pair (ASVP) and a control-FET.
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Figure 3.13: The measured antenna efficiency ηant of the DVB-H
tunable antenna constructed by an anti-series varactor pair (ASVP)
and a control-FET, shown in Fig. 3.10 at different operating center
frequency fc by the Wheeler cap measurement (plottd in dots) and
the estimated antenna efficiency (plotted in line) by Tab. 3.4, Eq. 3.3,
Eq. 3.4.
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3.4.3 Modeling of the harmonics radiation

The most critical non-linearity issue for the tunable antennas is the harmon-
ics radiation. For all the applications with GSM, the harmonics radiation
should not exceed −30 dBm, in the presence of 33 dBm uplink power [31].

The non-linearity of the tunable antennas can be modeled in either the
time domain or the frequency domain. The time domain simulation method
requires long simulated time to reach the steady state. The simulated time
can be estimated by the following way. Considering that in modeling, the
tunable antenna is excited by a sinusoidal wave at frequency f0 with the
average power of P0, and the simulated time in the time-domain simulator
is ∆T . The excited signal can be viewed as a product of an ideal sinusoidal
signal and a rectangle signal with the width of ∆T . The spectrum of the
excited signal is

S(f) =
√
P0

∆T√
2π

sinc ((f − f0)∆T ) e−j2π∆T
2

(f−f0). (3.5)

In simulation, to detect the harmonics generated by the non-linear circuit
with the power of Phar at n·f0, the ratio |S(n·f0)|2

|S(f0)|2 of the exciting signal should

be smaller than the ratio Phar
P0

, i.e.

|S(n · f0)|2
|S(f0)|2 = sinc2((n− 1)f0∆T ) ≤ 1

((n− 1)f0∆T )2
≤ Phar

P0
(3.6)

with n = 2, 3, 4 · · · . As for the second harmonics frequency 2f0, 1
((n−1)f0∆T )2

has the largest value, thus

∆T ≥
√
P0/Phar

f0
. (3.7)

For example, if P0 = 33 dBm, Phar = −30 dBm, f0 = 900MHz, ∆T
should be over 1.57 µs. On the other hand, due to the fine meshing required
for the mobile antenna, ∆t, the resolution in time is smaller than 1 ps, which
leads to an unfeasibly large number of time steps. So the frequency domain
harmonic balance method is used to model the harmonics radiation.

The radiator is modeled with finite-difference time-domain method (FDTD)
by CST Microwave Studio, and the circuit part is modeled by harmonic bal-
ance by ADS. The harmonics voltages Uhar at the input ports of the coupler
part can be found by the harmonic balance. The harmonics currents Ihar at
the input ports of the coupler part can be calculated by

Ihar = YUhar, (3.8)

with Y the admittance matrix of the coupler part.
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Figure 3.14: Photo of the tunable DVB-H antenna to test the model
of harmonics radiation, together with an EGSM antenna attached
to a 110 mm×55 mm PCB. Its tunable matching circuit is shown
in Fig. 3.15.

The harmonics power Phar entering into the coupler part is

Phar =
1
2
UharI

†
har, (3.9)

with †, the complex transverse operator on the vector.
In practice, the harmonics are not radiated isotropically. In the harmon-

ics radiation measurement in the electromagnetic compatibility chamber, a
receiving antenna is used to measure the radiated harmonics field in some
distance, the total harmonics radiation is calculated based on the assump-
tion that the harmonics are radiated isotropically. The maximum value of
the harmonics is taken after several measurements with different positions
of the antenna under test. Thus, it is logical to multiply Phar with the
directivity of the radiator at the harmonics frequency.

Tab. 3.5 gives the comparison of the result from the model and the
measurement for the tunable DVB-H antenna shown in Fig. 3.14. An EGSM
coupler is constructed on the same printed circuit board. The tuning circuit
of the DVB-H antenna is shown in Fig. 3.15. In measurement, a 33 dBm
continuous wave signal is fed into the EGSM port, with the DVB-H port
terminated with 50 Ω load.

Good agreements are only at some tuning voltages. The main reason
is the inaccurate SPICE model of the varactor diode. For the nonlinear
property of the varactor diode, a highly critical parameter is the junction
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Figure 3.15: Schematic of the tunable matching circuit for the tun-
able DVB-H antenna shown in Fig. 3.14.

bias voltage / V 0.5 1.6 2.5 3.0 3.5
center frequency / MHz 470 550 650 680 710

measured 2nd harmonic / dBm −55.1 −36.4 −30.3 −29.1 −28.6
modeled 2nd harmonic / dBm −77.5 −54.6 −39.2 −33.1 −28.8
measured 3rd harmonic / dBm −53.7 −31.1 −33.2 −43.1 −35.1
modeled 3rd harmonic / dBm −59.3 −27.3 −11.1 −6.2 −3.1

Table 3.5: The comparison of the measured harmonics radiation
levels for the tunable DVB-H antenna together with EGSM antenna
on a 110 mm×55 mm PCB (shown in Fig. 3.14) and the estimated
harmonics radiation level from the model.

grading coefficient, which is modeled as a value independent of the control
voltage in SPICE. However, in reality the value of the junction grading
coefficient changes with the control voltage ([32], page 121).

3.5 Design of the tunable matching circuits

3.5.1 Estimating the number of tuning states

The design of a tunable antenna starts with designing a non-tunable proto-
type antenna, which should fulfill all the mechanical requirements: volume,
size and shape of the printed circuit board, port definition, etc. The an-
tenna should cover part of the target band with required maximum return
loss and efficiency. The bandwidth of the non-tunable prototype antenna is
denoted as Bnt. All the applications define the lower limit of the instanta-
neous bandwidth Binst of the tunable antenna. For GSM and DVB-H, Binst
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should be larger than the bandwidth of one channel. Smaller Binst leads to
more tuning states which results in lossier, more non-linear and more com-
plicated tuning circuit. It should also be kept in mind that, all the practical
tuning devices are lossy. RF current flows through the tuning elements and
causes loss, (otherwise the tuning elements are isolated, and the antenna is
not tunable). In principle, the efficiency of the antenna goes down.

The instantaneous bandwidth Binst of the tunable antenna in most cases
is not larger than the bandwidth of non-tunable prototype antenna Bnt at
the same center frequency, due to parasitics of the tuning devices. The
minimum number of tuning states N required to cover the total bandwidth
Btotal can be estimated by

N =
Btotal

Bnt
. (3.10)

If the tunable antenna is constructed by a switch, the switch should be
Single-Pole-N -Throw or Double-Pole-(N/2)-Throw.

It should be noted that, in practice Bnt often varies with the center
frequency, e.g. Tab. 3.3. For the mobile antenna in lowbands (e.g. DVB-H,
GSM 850 and GSM 900), the higher the operating frequency is, the higher
coupling efficiency between the printed circuit board and the coupler is, and
the larger the attainable bandwidth can be achieved.

From Tab. 3.3, a DVB-H tunable antenna based on the non-tunable
prototype antenna shown in Fig. 3.4 with the matching circuit shown in
Fig. 3.8 should have N ≥ 9 tuning states.

If the tunable antenna is implemented by one varactor diode, From the
equation of the resonance frequency of L-C circuit

fr =
1

2π
√
L · C

, (3.11)

the capacitance ratio rc of the varactor diode should be

rc ≥
(
fc,high

fc,low

)2

, (3.12)

with fc,high and fc,low the center frequencies of the highest and lowest in-
stantaneous band respectively. For DVB-H, rc ≥ 2.3.

3.5.2 Ways of introducing tuning devices

After the design of the non-tunable prototype antenna, tuning devices should
be introduced to make the antenna electrically tunable. Introducing tuning
devices is the key part of the tunable antenna design. The introduced tuning
devices should make the attainable band shift over frequency. The instan-
taneous bandwidth (Binst) should be kept close to that of the non-tunable
prototype antenna Bnt at the same center frequency.
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In designing the non-tunable prototype antenna, especially during the
process to control the center frequency fc of the attainable band, some parts
of the antenna whose changes affect (almost) only fc can be found. The most
commonly used tuning devices are varactor diodes, switches, control-FETs,
etc. The control-FET (e.g. AF002C4-39 and AF002C1-39 from Skyworks
Solutions, Inc.) are different from the normal semiconductor switches like
the single-pole-single-throw switches. The control-FET have three pins, one
control pin, two signal pins corresponding to the signal path, like an ideal
switch. The impedance between the two signal pins can be described with
a resistance when it is “on”, and a capacitance when it is “off”. For the
semiconductor switches, they have at least six pins, and the output pin is
normally either grounded or connected to an internal 50 Ω load to improve
the isolation when this pin is not selected. They are normally described by
their S-parameters.

The electrical tunability of the antenna components can be implemented
by the following ways:

• Changing the electrical length of the transmission line can be imple-
mented by using a control-FET to shunt part of the transmission line
(Fig. 3.16a), or using two switches to select among the transmission
lines of different lengths (Fig. 3.16b). It can also be approximated by
inserting varactor diode(s) in the transmission line (Fig. 3.16c). Here
we can distinguish three ways of solution.

– Using a control-FET can achieve a very large frequency tuning
range. Its disadvantage is that when the control-FET is in the
“off” state, due to the “off”-state capacitance between the two
signal pins of the control-FET, the loop formed by the shunted
transmission line and the control-FET may resonate in or near
the operating band, which causes big loss.

– Using two switches has the advantages of a very large frequency
tuning range, the best linearity among all the three ways. Its
disadvantages are the most complicated layout and the large re-
quired printed circuit board area due to the transmission lines of
various lengths.

– Inserting varactor diode(s) has the advantage of continuous tun-
ability and simple circuitry. Its disadvantage is the limited fre-
quency tuning range due to the finite capacitance ratio of the
available varactor diodes.

• To change the capacitive coupling between the coupler and the printed
circuit board which is related to the distance between them, varactor
diode(s) can be inserted between the coupler and the printed circuit
board.
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• The tunability of an inductive reactance with the maximum of Xmax

to achieve the operating band centered at ω1, and the minimum of
Xmin for ω2 can be achieved by three different ways.

– An inductor L0 > Xmax/ω1 is connected in series of a varactor
diode with the maximum and minimum capacitance Cmax, Cmin

shown in Fig. 3.17a. From the circuit equations, the values of L0,
Cmax and Cmin should fulfill

ω1L0 −
1

ω1Cmax
= Xmax (3.13)

ω2L0 −
1

ω2Cmin
= Xmin. (3.14)

This method has the advantage of the continuous tunability and a
simple circuitry. Its disadvantage is the limited frequency tuning
range due to the finite capacitance ratio of the available varactor
diodes.

– Two inductors L1 and L2 are connected in series with L2 shunted
by a control-FET. The values of L1 and L2 are

L1 =
Xmin

ω2
(3.15)

L2 =
Xmax

ω1
− Xmin

ω2
. (3.16)

More tuning states can be achieved by a series of several inductors
which are shunted by control-FETs, shown in Fig. 3.17b. The
drawback of this solution is similar to that of the circuit shown
in Fig. 3.16a since the loop formed by the shunted inductor and
the control-FET may resonate in or near the operating band.
This yield a considerable loss.

– As shown in Fig. 3.17c, inductors of various values are selected via
two switches. This structure has the advantages of very large fre-
quency tuning range, the highest linearity among all these three
solutions. Its disadvantages are the complicated layout and large
required printed circuit board area for the inductors.

• A tunable capacitor can be implemented by varactor diode(s) or by
capacitors in combination with switches or control-FETs.

• To switch between different sets of circuit, e.g. two matching networks
for two frequency bands, two switches can be used to select the signal
flow-path.
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(a) by a control-FET shunt (b) by two switches

(c) by inserting varactor diode

Figure 3.16: Realizations of variable length transmission lines.

(a) by inserting varactor diode (b) by control-FETs shunt

(c) by two switches

Figure 3.17: Realizations of variable inductive reactances.

• To change the position of the junction, e.g. to change the position
of the feed point, one switch can be used. It should be noted that,
for most switches, the output pin is either grounded (reflective type)
or connected to a 50 Ω internal load (non-reflective type) when it is
“off”. Only a few switches present open pins, e.g. the single-pole-
double-throw switch HMC226/226E available from Hittite Microwave
Corporation.

• Electromechanical solutions can be realized by using MEMS devices
[33], micromotors, piezo element, or devices based on electroactive
polymers or electrodynamic materials.

3.5.3 Devices selection

Basic considerations

After choosing the way of introducing tuning devices, the next step is select-
ing the proper devices from those available in the market. At this point, the
basic requirements on the devices are known: the number of states of the
switches, the Cmax and Cmin of the varactor diodes, the number of control-
FETs, etc. Apart from that, other important requirements are
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• Control voltage: Switches controlled by a higher control voltage can
handle higher power and show better linearity. For varactor diodes,
higher maximum bias voltage leads to larger capacitance ratio. On
the other hand, to obtain a control voltage over 3 V in a mobile phone
is difficult.

• Tuning speed: Some applications do not require high tuning speed. For
example, as GSM 850 and EGSM 900 exist in different countries, the
tunable antenna which is tunable between GSM 850 and EGSM 900
does not need high tuning speed. The tuning time can be milliseconds,
or seconds. On the contrary, for channel-to-channel tuning, e.g. for
DVB-H tunable antenna, the tuning speed should be in the range of
microsecond. In this case, mechanical ways including MEMS are not
preferred.

• Device lifetime: Some applications require tuning frequently, e.g. DVB-
H channel-to-channel tuning, the lifetime should be over one hundred
thousand. On the contrary, for some applications of infrequent tuning
like those between GSM 850 and GSM 900, the device with a lifetime
of thousands is acceptable.

• DC (bias) power consumption: In mobile applications, one important
issue is the power consumption. As the DC power consumed by the
tuning devices is provided by the battery with limited stored energy,
low DC power consumption is required for a long operating time. That
is the reason why switches based on PIN diode are not preferred.

• Discrete or continuous tuning: The discrete tuning stages provided by
switch and control-FET have higher accuracy over that of the varactor
diodes. However, in some cases, continuous tuning is preferred.

• Layout complexity and mounting: The layouts of switches are more
complicated than those of the varactor diodes and the control-FETs.
Mounting techniques are different for different packages which should
be taken into account.

• Price.

Solid state devices

The RF properties of solid state devices are referenced in [34] [35]. This
section is a summary of the properties of the tuning devices applicable in
mobile applications.
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Cj

Rj

Rs

Figure 3.18: The equivalent circuit model for a varactor diode.

Varactor diodes [34]

A varactor diode is a semiconductor device with variable RF capacitance.
Its variable-capacitance characteristics comes from the change of the diode
depletion layer capacitance with the applied DC voltage.

The equivalent circuit model for a varactor diode is shown in Fig. 3.18,
Cj and Rj are the depletion layer capacitance and junction resistance re-
spectively, and Rs denotes the series resistance of the diode.

The depletion layer capacitance is

Cj =
C0

(1− V/V0)γ
, (3.17)

with γ the exponent related to the doping profile, C0 the zero-bias capac-
itance and V0 the contact potential determined by the doping concentra-
tions. For reverse bias the junction resistance Rj is generally high (e.g., tens
of megaohms) and can be ignored. As an indicator of the efficiency, the
quality factor of the varactor is defined by

QV =
ωCjRj

1 + ω2C2
j RjRs

≈ 1
ωCjRs

(3.18)

Generally, GaAs varactors have higher QV values than Si devices and are
preferred in many high-efficiency and low-noise applications. An exception
is in the low-phase-noise applications. The GaAs devices suffer from high
baseband 1/f noise due to surface states, deep levels and other trapping
effects. The Si devices, however, have the advantage of native oxide passi-
vation that significantly reduces the low-frequency 1/f noise. In general, Si
devices have a 1/f spectrum that is about 10∼20 dB lower in magnitude
compared to that from GaAs devices. The 1/f corner frequencies where the
1/f effects can no longer be seen are in the hundreds of kilohertz range for
Si devices and in the hundreds of megahertz for GaAs devices.

The capacitance variation of the varactor with the DC voltage as indi-
cated in Equ. 3.17 depends on the exponent γ. For devices with abrupt
doping profiles γ = 1

2 , for those with linearly graded profiles γ = 1
3 , and for

hyperabrupt profiles γ = 1 ∼ 5.
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For a varactor diode, a series capacitor is often connected to increase the
power efficiency as shown in Fig. 3.19, the quality factor of the series of a
varactor and a capacitor

Q′S = QV
rc − 1
r′c − 1

(3.19)

should be compared, with rc the capacitance ratio of the varactor diode, r′c
the required capacitance ratio in the tunable antenna design, and QV the
quality factor of the varactor diode in the operating band. The varactor
diode with the highest Q′S is selected. Connecting the varactor diode in
parallel with a capacitor shown in Fig 3.20 can increase the efficiency too,
however, higher quality factor can be achieved by the series structure, which
is discussed later.

Semiconductor switches [34]

For the design of control circuits, GaAs MESFETs are operated under two
different modes: active and passive. In the active mode, single- or double-
gate MESFETs are used as three-terminal active devices. In the passive
mode of operation, MESFETs are used as passive two-terminal devices,
with the gate terminal acting as a port for the control. The RF connections
are made to the drain and the source terminals only, and the gate terminal
looks into an open circuit for the RF signal. The RF impedance between
the drain and the source terminals depends on the DC control voltage at
the gate terminal. For switching applications, low-impedance and high-
impedance states are obtained by making the gate voltage equal to zero and
by using a gate voltage greater than the pinchoff voltage, respectively.

In the low-impedance state, the channel presents a resistive path to the
RF current between the drain and the source. The typical value of Ron for
a 1×1000µm2 gate MESFET suitable for X-band operation is about 2.5 Ω
at around 10 GHz. Use self-aligned gate technology to reduce the value of
Ron have been reported [36].

For the high-impedance state of MESFETs operating in the passive
mode, as the channel is now pinched off, the capacitance of the depletion
layer(Cg) appears in series between the source and drain terminals. Also in
this case, the capacitance Csd (and the leakage resistance rd) between the
source and the drain terminals needs to be incorporated in the equivalent
circuit. For a 1×1000µm2 gate MESFET operating at 10 GHz, typical val-
ues of the various elements are Csd ≈ 0.25 pF, rd ≈ 3 kΩ, and Cg ≈ 0.2 pF.
As rg is much smaller than the reactance of Cg, the equivalent circuit can
be simplified into Roff in parallel with Coff , where

Coff = Csd +
Cg

2

Roff =
2rd

2 + rdω2C2
grg

.
(3.20)
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Typical values for Coff and Roff for 1× 1000µm2 gate devices at 10 GHz
about 0.2 pF and 2 kΩ, respectively. It may be noted that Roff is now a
function of the operating frequency ω.

In the tunable antenna applications, this Coff may introduced unwanted
resonance. A rule of thumb is making the resonance frequency far from our
operating frequency.

YIG resonators [34]

The YIG resonator is a ferrite resonator with high quality factor that can
be tuned over a wide frequency range by varying the biasing DC magnetic
field. Its high performance and convenient size make it an excellent choice in
a large number of commercial and military applications. A YIG resonator
makes use of the ferromagnetic resonance that occurs when a small mag-
netic microwave field is applied perpendicular to a static magnetic field.[34]
Depending on the material composition, size and applied field, resonance
frequencies between 500 MHz and 50 GHz can be achieved [37].

Design of the magnetic circuit forms an important aspect of any YIG
device design due to the fact that it is the value of the magnetic field that
determines the resonance frequency of the YIG resonator. The YIG mag-
netic tuning circuits dissipate large DC power. Typically it is about 5 W at
12 GHz and the tuning sensitivity lies between 15 and 25 MHz/mA [34]. In
addition to the standard magnetic structure, permanent magnetic structures
are also used in some applications. Permanent magnets requires smaller DC
power which is commonly used for narrow-band applications offering signif-
icant reduction of size and power dissipation [34].

MEMS [34]

A microelectromechanical system (MEMS) integrates electrical and mechan-
ical functions in a single component using microfabrication and microma-
chining technology similar to the semiconductor integrated circuit process-
ing. MEMS technology enables the integration of microelectronics with
the actuation, sensing and control capabilities of microsensors and microac-
tuators. Typical sizes for MEMS components range from micrometers to
millimeters. [34]

MEMS devices employed in radio-frequency applications are termed RF
MEMS. They feature low insertion loss, high isolation, high quality factor,
small size and low power consumption.[34]

Details about MEMS devices fabrication and assembly are available in
literatures [34] [35] [38].

For tunable antenna application, two type of MEMS devices are of most
interest: RF MEMS variable capacitor (Varicap) and RF MEMS switch.
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Performance Electromag- Semiconductor Switches RF MEMS
and characteristics netic Relays RF Microwave Switches
Insertion loss Low Moderate High Low
Isolation High High Moderate High
Switching speed Low High High Low
DC Power High Moderate Moderate Low
Linearity High Low Low High
Operating temp- High Low Low High
erature range
Device Density Low High High High
Reliability High High Moderate Moderate
Cost High Low Moderate Low
Ease of integration Low Moderate Moderate Moderate

Table 3.6: Comparison of MEMS switches with other switches, from [34].

MEMS switches

An RF MEMS switch consists of RF electrodes that can be actuated to
short or open an RF transmission line. The RF MEMS switches have the
advantages of low insertion loss, high isolation and linearity. A qualitative
comparison of MEMS switches with other switches is given in [34], and listed
in Tab. 3.6.

For example, TT712-68CSP is a Single-Pole-Double-Throw MEMS switch
by TeraVicta, which features the following:

• Control voltage: 68 V

• Maximum insertion loss: 0.4 dB in the range from DC to 7 GHz

• Input IP3: 65 dBm

• Output 1 dB compression point: 47 dBm

• Switching speed: 70 µs

• RF hot life cycles: 100 millions

MEMS varicaps

The MEMS varicaps are widely used for their tuning functionality in RF
communication circuit applications. In MEMS varicaps, the capacitance is
changed by adjusting the physical dimensions of the device. In these capac-
itors, the dielectric layer used is usually air, which eliminates the majority
of the dielectric losses and results in high quality factors. The MEMS var-
actors have been designed for analog and digital capacitance variations. In
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analog designs, the capacitance value can be changed continuously, whereas
in digital designs, the capacitance value is changed stepwise.

For example, WSC001L is a tunable low-voltage RF MEMS varicap with
digital design provided by wiSpry. It features the follow:

• Minimum capacitance: 0.1 pF

• Maximum capacitance: 0.975 pF

• Quality factor: 100 at 2 GHz at the state of 0.975 pF

• Maximum RF power: 1.25 W

• Switching time: 50 µs

Mechanical tuning methods

Mechanical ways by using piezo elements, electroactive polymers and elec-
trodynamic materials offer large tuning range and high linearity. Normally,
they feature low speed, and short life cycle.

Trade-offs between the tuning range and efficiency

In reality, all the tuning elements are lossy due to the finite channel con-
ductance of the FETs, the junction resistance of the varactor diodes, the
parasitics of the packages, etc. If the antenna is required to be tunable, part
of the current must flow through the tuning elements and loss is generated.

In practice, there exists a trade-off between the obtained large tuning
range and the low antenna efficiency degradation. If the tunable antenna is
constructed based on switches and control-FETs, the introduced loss can be
estimated by their insertion loss stated in the data sheets. In most cases, the
more states a switch has, the higher its insertion loss is. For a control-FET,
as it has only two states, achieving large tuning range will require more
control-FET introduced in the antenna, thus more loss is generated.

As an example, Tab. 3.7 lists the insertion loss of some switches for
planar circuits available in the market. The switches based on PIN diode
are not included due to the high bias current which is impractical in mobile
applications. It should be noted that, in chip selection, more specifications
than those in Tab. 3.7 should be taken into account, e.g. frequency range,
maximum input RF power, state of the pin when it is “off”, etc.

The loss of a varactor diode can be characterized by its junction capac-
itance and quality factor. Connecting varactor in series or parallel with a
capacitor can reduce the generated loss by dividing the RF current or volt-
age, with the sacrifice of the tuning range. The reduction of the tuning
range can be estimated in the following.
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part number company description insertion loss package
(dB)

MASW-007107-0 M/A-COM pHEMT SPDT 0.5 at 2 GHz PQFN
MASW-007221-0 M/A-COM GaAs SPDT 0.35 at 1 GHz SC-70
MASW-007587-0 M/A-COM pHEMT DPDT 0.6 at 1 GHz PQFN
MASW-007588-0 M/A-COM pHEMT SPDT 0.7 at 2.4 GHz PQFN
MASW-007813-0 M/A-COM pHEMT SP4T 0.7 at 1 GHz PQFN
MASW-007935-0 M/A-COM pHEMT SPDT 0.5 at 1 GHz SOT-26
MASW-008330-0 M/A-COM pHEMT SP3T 0.3 at 1 GHz PDFN
MASW-008566-0 M/A-COM pHEMT SP4T 0.65 at 1 GHz PQFN
MASWCC0006 M/A-COM pHEMT SP6T 1.5 at 1 GHz PQFN
MASWSS0028 M/A-COM pHEMT SP3T 0.3 at 1 GHz PQFN
MASWSS0118 M/A-COM pHEMT SP4T 0.65 at 1 GHz PQFN

Table 3.7: Insertion loss of some switches available in the market.

Fig. 3.19 shows a varactor connected with an ideal series capacitor Cs.
The varactor diode is modeled as a series connection of an ideal varactor CV

and resistor Rs. The quality factor QV of the varactor diode at frequency ω
is

QV =
1

ωCVRs
. (3.21)

The varactor diode has the capacitance ratio of rc = Cmax/Cmin. The quality
factor of the whole circuit is

Q′S =
Cs + CV

ωCsCVRs
, (3.22)

and the capacitance ratio

r′c =
CsCmax
Cs+Cmax

CsCmin
Cs+Cmin

=
rc − 1

1 + Cmax
Cs

+ 1. (3.23)

QV, Q′S, rc and r′c can be related by

Q′S
QV

=
rc − 1
r′c − 1

. (3.24)

For parallel connection of varactor and capacitor CP shown in Fig. 3.20,
the relation is

Q′‖

QV
=
r′c
rc

(
rc − 1
r′c − 1

). (3.25)

Both Equ. 3.24 and 3.25 reach infinity when r′c = 1, corresponding to
Cs = 0 or CP = +∞; and 1 when r′c = rc. For the same r′c/rc ratio,
Q′S/Q

′
‖ = rc/r

′
c ≥ 1, so series structure is preferred to the parallel one.



3.5. DESIGN OF THE TUNABLE MATCHING CIRCUITS 45

varactor

Rs CV Cs

Figure 3.19: Schematic of the series of a varactor and a capacitor.

varactor

Rs CV

CP

Figure 3.20: Schematic of the parallel varactor and capacitor.

Trade-offs between the tuning range and linearity

The switches with high values of IP2 and IP3 are preferred. As an example,
Tab. 3.8 listed the IP3 values of some switches available in the market.
Higher value of IP3 can be achieved sometimes by increasing the control
voltage.

Theoretically, anti-series varactor pair (ASVP) constructed by two iden-
tical varactors can fully get rid of the even-order intermodulation and second-
order harmonics distortion. Some device companies provide ASVPs in single
chip packages, e.g. MA4ST2300CK by M/A-COM. [39] concluded that the
third-order intermodulation and the third-order harmonics distortions of
the ASVP can be greatly suppressed without dependence on the bias volt-
age when two single varactors in the ASVP have ideal abrupt p-n junctions
with γ = 0.5, or its C-V characteristics fulfills the following relation

CV(V ) =
A√
B − V , (3.26)

where A and B are arbitrary constants.
In reality, γ changes with the bias voltage of the varactor [32], and some-

times the hyperabrupt varactors are chosen for their large capacitance ratio.
Methods to suppress the harmonics are proposed in the following section.
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part number company description linearity package
MASW-007107-0 M/A-COM pHEMT SPDT IP3=57 dBm PQFN

2.4 GHz, 3 V
MASW-007221-0 M/A-COM GaAs SPDT IP3=52 dBm SC-70

900 MHz, 3 V
MASW-007587-0 M/A-COM pHEMT DPDT IP3=57.5 dBm PQFN

2.4 GHz, 3 V
MASW-007588-0 M/A-COM pHEMT SPDT IP3=57 dBm PQFN

2.4 GHz, 3 V
MASW-007813-0 M/A-COM pHEMT SP4T IP3=58 dBm PQFN

2.75 V
MASW-007935-0 M/A-COM pHEMT SPDT IP3=50 dBm SOT-26

900 MHz, 2.7 V
MASW-008330-0 M/A-COM pHEMT SP3T IP3=50 dBm PDFN

2.5 V
MASW-008566-0 M/A-COM pHEMT SP4T IP3=57 dBm PQFN

2.5 V
MASWCC0006 M/A-COM pHEMT SP6T IP3=40 dBm PQFN
MASWSS0028 M/A-COM pHEMT SP3T IP3=50 dBm PQFN

2.5 V
MASWSS0118 M/A-COM pHEMT SP4T IP3=57 dBm PQFN

2.5 V

Table 3.8: Linearity comparison of some switches available in the market.
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3.6 Approaches to improve the isolation

3.6.1 Low-band ports isolation

In practice, mobile services with their operating band close to each other are
required to be supported by one single mobile. A multiplexer constructed
with filters is put between the transceivers and the antenna(s) to separate the
signals of different services. For example, due to the narrow intermediate
band between EGSM 900 (880 MHz - 960 MHz) and DVB-H (470 MHz
- 702 MHz), the multiplexer should be constructed by high-order filters to
provide enough suppression on the EGSM transmitter (uplink) signal before
it enters the DVB-H receiver. Thus, the insertion loss of the multiplexer is
quite high.

It is preferred that the antenna(s) can provide some separation between
the signals before they enter the multiplexer. A multi-port antenna with
each port corresponding to one individual service band can provide signal
separation to some extent.

For the capacitive coupler working in lowband, as stated before, the
coupler need to be put in front of the short edge of the printed circuit
board. To suppress the direct coupling between the two couplers, the two
couplers need to be put at the opposite ends of the printed circuit board.
Thus, the signal A from port A couples first from the corresponding coupler
to the printed circuit board, then couples to coupler B from the printed
circuit board [21]. These two coupling processes provide attenuation of the
signal A before it enters port B.

Fig. 3.21 shows a two-port mobile antenna. An EGSM 900 coupler and a
tunable DVB-H coupler are put at the opposite ends of the 110 mm×55 mm
printed circuit board. The length of the printed circuit board is shorter
than a half wavelength. Both the DVB-H port and GSM port are matched
to 50 Ω with the maximum |Γ| of −7 dB. Despite the fact that EGSM and
DVB-H bands are close in frequency, the achieved isolation in EGSM band
between the ports is over 16 dB, shown in Fig. 3.22.

For lowband applications, e.g. GSM 850, 900 and DVB-H, as they all
utilize the chassis mode with current flowing along the longer side of the
printed circuit board to achieve small reflection magnitude, the infinite iso-
lation between the ports can not be obtained.

3.6.2 Isolate the tuning device from the nearby TX signal

In some applications, e.g. DVB-H, the high-power transmitting (TX) signals
from the transmitters in the mobile terminals cause non-linear distortions
and intermodulations on the tuning devices. For lowband applications, con-
sidering an EGSM TX signal with the peak power of 33 dBm, and a port-
to-port isolation of roughly 10 to 20 dB, approximately another 20 dB TX
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Figure 3.21: Photo of the tunable DVB-H antenna, together with
an EGSM antenna attached to a 110 mm×55 mm printed circuit
board.
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Figure 3.22: Measured isolation between the DVB-H and EGSM
ports of the antenna shown in Fig. 3.21 over frequency for the tuning
voltage in the range from 0 to 5 V.
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tuning
device

TX

a)

b)

c)

•

Figure 3.23: The schematic of possible modules to isolate the tuning
device from the TX signal, with a) the module to block the TX, b)
the module to shunt TX current, c) the module to divert the TX
current to ground.

suppression is needed for the tuning devices. Possible modules which sup-
press the TX-signal are shown in Fig. 3.23, with

• Module a) the module to block the TX.

• Module b) the module to shunt TX current.

• Module c) the module to divert the TX current to ground.

The module a) b) and c) are constructed by inductors and capacitors.
For narrow band TX signals, they can be a simple resonant LC circuit, and
for broadband TX signals, they can be realized by filters.

Fig. 3.24 shows a mobile terminal with two couplers. One EGSM 900
coupler and a DVB-H tunable coupler. A third-order bandstop filter with
the attenuation of more than 40 dB in EGSM-TX is placed between the
DVB-H coupler and the tuning varactor diodes to block the EGSM-TX.

3.7 Approaches to suppress the harmonics

The harmonics of the tunable antenna can be suppressed by introducing
“open”s or “short”s at the tuning devices at the harmonics frequency, which
block or shunt the harmonics current. “Short” and “open” can be realized by
resonant series and parallel LC circuits respectively. If a series LC resonates
at the harmonics frequency, it is capacitive at the fundamental frequency.
If a parallel LC resonates at the harmonics frequency, it is inductive at
the fundamental. And these capacitive or inductive parts may reduce the
antenna tuning range. Structures which are “invisible” at the fundamental
are preferred.
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Figure 3.24: Photo of the tunable DVB-H antenna, together with
an EGSM antenna attached to a 110 mm×55 mm printed circuit
board. A bandstop filter(BSF) is put between the tuning circuit and
the coupler to isolate the tuning devices from the EGSM TX signal.

C1

L1

L2

Figure 3.25: Schematic of the type 1 harmonics suppression circuit.

In this section, two types of passive circuit structures are developed. The
circuit type 1 presents “open” at the fundamental frequency ω0, and “short”
at the higher frequency (harmonics frequency). The circuit type 2 presents
“short” at fundamental frequency, and “open” at higher frequency.

The circuit type 1

The circuit type 1 shown in Fig. 3.25 presents
@ ω0 open
@ t · ω0 short

at its terminal, with t > 1. Procedure to achieve the values of L1, C1 and
L2 is given below.

The impedance presents at the terminal is,
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C1

L1

C2

Figure 3.26: Schematic of the type 2 harmonics suppression circuit.

Z =jωL2 +
jωL1 · 1

jωC1

jωL1 + 1
jωC1

=jω · L2 + L1 − ω2L1L2C1

1− ω2L1C1

(3.27)

If C1, L1 and L2 fulfill the following requirements,

1
L1C1

= ω2
0 (3.28)

L2 =
L1

t2 − 1
, (3.29)

Z = j · ∞ (open) at ω0 and Z = 0 (short) at t · ω0.

The circuit type 2

The circuit type 2 given in Fig. 3.26 presents
@ ω0 short
@ t · ω0 open

at its terminal, with t > 1. Procedure to achieve the values of C1, L1 and
C2 is given below.

The impedance is,

Z =
1

jωC2
+

jωL1 · 1
jωC1

jωL1 + 1
jωC1

=
1

jωC2
+

jωL1

1− ω2L1C1

=− j
( 1
ωC2

− ωL1

1− ω2L1C1

)
=− j

(1− ω2L1C1 − ω2L1C2

ωC2(1− ω2L1C1)

)
.

(3.30)

If L1, C1 and C2 fulfill
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1
L1C1

= (t · ω0)2 (3.31)

C2 = C1(t2 − 1), (3.32)

Z = 0 at ω0 (short), and Z = j · ∞ at t · ω0(open).



Chapter 4

Performance Metrics and
Measurement Procedures

4.1 Limitations of the standardized measurement
methods

The standardized non-linearity measurement methods of the mobile RF fron-
tend assume that the antenna is linear and the non-linear effects are caused
by the transmitter and the power amplifier. The non-linearities are mea-
sured at the output port of the power amplifier.

This assumption is true for all the non-tunable passive antennas. For
the tunable antennas, as the non-linear tuning devices are introduced, the
antenna becomes non-linear. The high-power signal from the power amplifier
will be distorted by the tunable antenna and radiated. Due to the neglect of
the tunable antennas’ non-linearity, the standardized measurement methods
are inaccurate.

4.2 Measurements of the radiated spectrum

Emission mask and intermodulation measurements

Both the emission mask measurement and the third-order intermodulation
measurement are performed in the baseband.

The emission mask measurement set-up is shown in Fig. 4.1. A continuous-
wave (CW) standardized signal (e.g. EGSM TX) is generated by a signal
generator and amplified by a power amplifier (PA). A bandpass filter (BPF)
or a lowpass filter (LPF) is inserted between the antenna under test (AUT)
and the power amplifier to suppress the harmonics generated by the power
amplifier. The antenna under test is connected to the output port of the
filter. The incident power of the antenna under test should be calibrated to
the level specified in the standards, e.g. 33 dBm for EGSM 900.

53
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c)

BPF PAa)

b)

d)

Figure 4.1: The experiment set-up for the emission mask measurement,
with a) receiving antenna, b) antenna under test, c) spectrum analyzer, d)
signal generator.

The spectrum of the radiated signal of the antenna under test is mea-
sured by a receiving antenna. This spectrum should be compared with the
emission mask defined in the standard and the input spectrum of the an-
tenna under test.

For the third-order intermodulation, two sinusoidal continuous-wave sig-
nals with their frequency close to each other are fed into the antenna under
test. It should be noted that, the intermodulation of these two sinusoidal
continuous-wave signals should not take place before they enter the antenna
under test.

Spurious emission measurement

The measurement setup for the spurious emission is shown in Fig. 4.2. The
signal is generated by a signal generator, amplified by a PA, filtered by
a BPF or a LPF and fed into the antenna under test. The harmonics
from the PA are suppressed by the BPF or LPF before the signal enters
the antenna under test. The incident power of the antenna under test is
calibrated to the specified value given in the standards. The radiated signals
including baseband and harmonics are received by the receiving antenna.
A bandstop filter (BSF or notch filter) is put after the receiving antenna
to attenuate the baseband signal so as to improve the sensitivity of this
measurement. The received harmonics are amplified by a low-noise amplifier
(LNA) and measured by an EMI receiver. The total radiated harmonics
power is calculated based on the assumption that the harmonics is radiated
isotropically.
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Figure 4.2: The experiment set-up for the spurious emission measurement,
with a) receiving antenna, b) antenna under test, c) EMI receiver, d) signal
generator.

4.3 Blocker resilience measurement

Background

Consider a tunable antenna connected to a transceiver, in the presence of a
high-power TX (uplink) signal and an out-of-band RF interference (blocker)
incident on the antenna from the air, their third-order intermodulation prod-
uct (IM3) may drop in the receiving band of the antenna. As an example,
Fig. 4.3 shows the measured spectrum at the port of a tunable DVB-H an-
tenna with an EGSM coupler on the same printed circuit board shown in
Fig. 5.7. In the presence of a 142 dBµV/m UHF blocker at 800 MHz, and a
33 dBm EGSM TX signal at 900 MHz, there is an −60 dBm IM3 component
at 700 MHz which is in the DVB-H band.

In order not to interfer with the DVB-H signal reception, the level of
the mixing product should be lower than the noise floor or several dB lower
than the sensitivity of the receiver.

Measurement set-up

Fig. 4.4 shows the set-up for the blocker resilience measurement. The local
TX signal is generated by a signal generator, amplified by a PA, filtered
by a BPF to suppress the harmonics generated by PA and fed into the
antenna under test through a multiplexer (MUX). The out-of-band interfer-
ence (blocker) is generated by a second signal generator, amplified, filtered,
and radiated by a transmitting antenna in the chamber. The IM3 from the
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Figure 4.3: The output spectrum of one DVB-H tunable antenna with an
EGSM coupler on the same printed circuit board shown in Fig. 5.7, in the
presence of a 142 dBµV/m UHF blocker at 800 MHz and a 33 dBm EGSM
TX (uplink) signal at 900 MHz.

antenna under test goes through the BSF and measured by the spectrum
analyzer.

The purpose of the BSF put before the spectrum analyzer is to attenuate
TX power leaked from the MUX. BSF is preferred to BPF due to the broad-
band IM3 when both the local TX signal and the blocker are not sinusoidal.
For example, in practice, the IM3 of the local GSM TX and the out-of-band
digital TV (with 8 MHz bandwidth) has the bandwidth over 15 MHz.

Proposed lower limit on the UHF blocker resilience

The main interference in UHF (Ultra High Frequency) band is DVB-T. The
specification [17] assumes a maximum allowed input power to the DVB-T
receiver of −18 dBm. We assume that the corresponding field strength of the
incident signal also presents a limit for any UHF blocker signal which occurs
in practical applications. An estimate for the field strength can be obtained
by approximating the antenna factor of our tunable antenna by that of a
100 mm long dipole. According to [40], page 158, a value of 26.5dB/m
for the antenna factor at 800 MHz is used. This approximation yields a
maximum expected blocker field strength of 115.5 dBµV/m. To leave some
tolerance margin, a minimum blocker strength of 120 dBµV/m was chosen
as the criterion for the blocker resilience measurement.
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Figure 4.4: The experiment set-up for the blocker resilience measurement,
with a) transmitting antenna, b) antenna under test (AUT), c) spectrum
analyzer, d) signal generator.
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Chapter 5

Demonstrator: DVB-H
Tunable Antennas

5.1 Design consideration

The DVB-H radio access interface specifications are given in [17]. For a
mobile phone supporting EGSM 900, the DVB-H antenna is required to
cover the band from 470 MHz to 702 MHz (fractional bandwidth of 40%).
The attainable bandwidth is limited physically depending on the size of
mobile phone [2]. A somewhat tighter, more realistic limit was derived in
[3]. For a DVB-H antenna mounted on a 110 mm×55 mm printed circuit
board, which is typical for a bar-type mobile phone, it predicts an upper
bound on the fractional bandwidth of 34 % (for maximum 7 dB return
loss). Since this bound is still optimistic compared to the practical results,
use of a tunable antenna is an obvious choice to overcome the bandwidth
limitation without adding volume. It should be noted that the instantaneous
bandwidth of the tunable antenna must be larger than 8 MHz, which is the
channel bandwidth of DVB-H.

A further issue for the DVB-H application in a mobile phone is the
coexistence with EGSM. To attenuate the noise tail of the GSM transmitter
in DVB-H band, a bandpass filter (BPF) is inserted instead of the usual
lowpass filter between the EGSM transceiver and the antenna. Another
BPF is placed before the DVB-H receiver to attenuate the leaking-in EGSM
TX (880 - 915 MHz) signal below −25 dBm, which is the maximum allowed
out-of-band unwanted signal level [17].

5.2 Non-tunable prototype antenna for DVB-H band

The non-tunable prototype antenna should fulfill all the mechanical require-
ments. In this work, a 110 mm×55 mm rectangular printed circuit board is
used as the chassis where the antenna is mounted. The antenna is designed

59
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Figure 5.1: Simulated input impedance of the DVB-H coupler
mounted on a 110 mm×55 mm printed circuit board from 400 MHz
to 1 GHz, by IE3D.

as a capacitive coupler in front of the short edge of the printed circuit board
as shown in Fig. 3.3, with the width w and height h of the vertical board 55
mm and 10 mm respectively , and d the distance between the vertical board
and the printed circuit board 8 mm. The simulated input impedance of the
DVB-H coupler from 400 MHz to 1 GHz by IE3D is shown in Fig. 5.1.

Fig. 5.2 shows the schematic of the matching circuit used in the non-
tunable prototype antenna to match the input impedance of the DVB-H
coupler (Fig. 5.1) to a 50 Ω feed, with L2 = 7 nH and L1 from 40 nH to
10 nH to tune the resonance frequency fc of the antenna from 470 MHz
to 702 MHz. The optimum 7 dB bandwidth attained by the non-tunable
prototype antenna is around 25 MHz with fc of 470 MHz, and 60 MHz
with fc of 702 MHz. The bandwidth becomes larger when fc approaches
the resonance frequency of the printed circuit board (about 1 GHz) [21]
[3]. It is estimated by the non-tunable prototype antenna that at least 7
tuning states are needed to cover the whole DVB-H band. In designing the
non-tunable prototype antenna, L1 is found to affect (almost) only fc of the
attainable band. The next task is to implement the tunable inductor.

5.3 Tunable DVB-H antenna

5.3.1 Antenna design

The structure with two single-pole-7-throw switches and 7 different inductors
in between shown in Fig. 3.17c is not preferred, due to the high insertion
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Figure 5.2: Schematic of the matching circuit for the non-tunable
prototype DVB-H antenna.
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Figure 5.3: Schematic of the tunable matching circuit for the tunable
DVB-H antenna.

loss introduced by the two switches (over 0.7 dB each) and complicated
layout. The structure with series of inductors shunted by control-FETs
shown in Fig. 3.17b in this application has the short-coming of introducing
a resonance near DVB-H band due to the open-state capacitance of the
control-FET and the shunted inductor.

The structure of one varactor diode in series with an inductor Fig. 3.17a
is chosen to approximate the tunable inductor, the inductance L0 of the
inductor and Cmax, Cmin of the varactor diode should fulfill Equ. 3.13. As L0

should be larger than 40 nH, it is chosen to be 48 nH to leave some tolerance
margin. ω1 and ω2 are 470 and 702 MHz respectively. Cmax = 14.3 pF and
Cmin = 1.35 pF. An ASVP (anti-series varactor pair, MA4ST2300-CK by
M/A-Com) with the total capacitance from around 1 to 17 pF is chosen.
Fig. 5.3 shows the schematic of the tunable matching circuit. The top and
the bottom layers of the printed circuit board are connected by vias for
unique definition of the ground plane. The demonstrator is shown in Fig. 5.4.
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Figure 5.4: Photo of the DVB-H tunable antenna.

5.3.2 Measured impedance bandwidth

This attainable 7 dB band of the antenna is from 409 to 734 MHz for tuning
voltages on the varactor diodes in the range from 0 to 5 V. The instantaneous
bands at different tuning voltages are shown in Fig. 5.5 and listed in Tab. 5.1.

5.3.3 Antenna efficiency

The antenna efficiency is measured by Wheeler cap following the steps by
[41] [42], and the efficiency in DVB-H band is above 27%, listed in Tab. 5.2.

5.4 Tunable DVB-H antenna together with EGSM
900 coupler

5.4.1 Antenna design

To avoid the exposure of the non-linear tuning devices to the EGSM TX
signal, a two-port antenna structure is selected. The EGSM TX signal
will first couple from the EGSM coupler to the printed circuit board, then
couple to the DVB-H coupler from the printed circuit board [21]. These two
coupling processes provide attenuation of the EGSM TX before it enters
the tuning circuit. To maximize this effect while maintaining good coupling
between each coupler and the printed circuit board, the DVB-H and the
EGSM couplers are put at the opposite edges of the printed circuit board.

The matching circuit for the EGSM coupler is realized by two sections of
microstrip lines on the printed circuit board. The schematic of the tunable
matching circuit for DVB-H is shown in Fig. 5.6. Fig. 5.7 is the photo of
the fabricated antenna.



5.4. TUNABLE DVB-H ANTENNA TOGETHER WITH EGSM 900 COUPLER63

4 4.5 5 5.5 6 6.5 7 7.5 8
x 10

8

−35

−30

−25

−20

−15

−10

−5

0

frequency / Hz −→

|Γ
|/

dB
−→

0.0

2.0 2.5

5.0−→VV / V

Figure 5.5: Measured reflection magnitude over frequency of the
DVB-H tunable antenna for tuning voltages VV in the range from 0
to 5 V.

Tuning voltage / V 7 dB band / MHz bandwidth / MHz
0.0 409 - 427 18
0.1 411 - 430 19
0.3 415 - 434 19
0.5 419 - 438 19
1.0 432 - 453 21
1.5 471 - 494 23
2.0 548 - 574 26
2.5 601 - 633 32
3.0 632 - 672 40
3.5 654 - 700 46
4.0 670 - 716 46
4.5 679 - 728 49
5.0 685 - 734 51

Table 5.1: The obtained 7 dB instantaneous bands of the DVB-H tunable
antenna for the tuning voltages in the range from 0 to 5 V.
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VV / V frequency / MHz efficiency / %
0.0 418.6 2.8
0.1 420.0 0.7
0.3 423.0 3.75
0.5 427.4 2.08
1.0 442.6 13.3
1.5 482.3 27.8
2.0 560.3 48.5
4.0 690.9 64.9
4.5 701.4 66.3
5.0 707.4 65.9

Table 5.2: The measured antenna efficiency of DVB-H antenna by Wheel
cap.

feed

10 kΩ10 kΩ

39 nH

10 nH

MA4ST2300

coupler

bias

Figure 5.6: Schematic of the tunable matching circuit for the DVB-
H antenna shown in Fig. 5.7. An EGSM coupler is fabricated on the
same printed circuit board.
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Figure 5.7: Photo of the tunable DVB-H antenna, together with
an EGSM antenna attached to a 110 mm×55 mm printed circuit
board.

5.4.2 Measured impedance bandwidth

The measured band performance of DVB-H coupler at the tuning voltage
from 0 to 5 V are listed in Tab. 5.3 and plotted in Fig. 5.8. The obtained
7 dB band is from 442 to 758 MHz.

The impact of DVB-H antenna tuning on the magnitude of the input
reflection coefficient of the EGSM antenna is shown in Fig. 5.9. Graphs for
14 different values of the tuning voltages in the range from 0 V to 5 V are
superimposed in the diagram. It can be observed that the dependency on
the tuning voltage is little.

The isolation between the ports of the two antennas at different tuning
voltages is shown in Fig. 5.10. The isolation in EGSM TX band is over
16 dB.

5.4.3 Non-linearity measurement results

Fig. 5.11 shows the result of the EGSM emission mask measurement. 33 dBm
EGSM signal centered at 880 MHz was generated by signal generator, am-
plified by PA (power amplifier), and fed into the EGSM port of the tunable
antenna. The spectrum of the radiated signal was measured by a receiving
antenna. The (original) signal from PA was also measured after certain at-
tenuation and normalization. Both of them are plotted in Fig. 5.11 together
with emission mask defined in the standard [43] for comparison. And the
distortion is slight.
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Control Voltage / V 7 dB band / MHz
0.0 442 - 468
0.1 444 - 471
0.2 446 - 473
0.3 448 - 475
0.5 454 - 480
1.0 470 - 498
1.5 514 - 546
2.0 581 - 627
2.5 629 - 685
3.0 661 - 715
3.5 681 - 734
4.0 693 - 745
4.5 703 - 752
5.0 708 - 758

Table 5.3: The measured 7 dB bandwidth of the DVB-H tunable antenna
with EGSM coupler for tuning voltages in the range from 0 to 5 V.
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Figure 5.8: Measured reflection magnitude over frequency of the
DVB-H coupler of the tunable antenna with EGSM exciter for tuning
voltage in the range from 0 to 5 V. The dashed line denotes the target
7 dB return loss in the DVB-H band.
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Figure 5.9: Measured reflection magnitude over frequency of the
EGSM coupler of the tunable antenna with EGSM exciter for tuning
voltages in the range from 0 to 5 V.
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Figure 5.10: The measured isolation between the EGSM port and
DVB-H port for tuning voltages in the range from 0 to 5 V.
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Figure 5.11: EGSM radiation distortion measurement in presence of tunable
DVB-H antenna. (a) denotes the radiated signal by the EGSM coupler. (b)
denotes the original signal from the power amplifier. (c) denotes the EGSM
emission mask defined in standard.

The set-up for the blocker resilience measurement is shown in Fig. 5.12:
a continuous-wave signal centered at 800 MHz is transmitted by a peri-
odic logarithmic (peri-log) antenna, which imitates the UHF interferences
in the environment, 33 dBm continuous wave signal centered at 900 MHz
is fed into the EGSM port of the tunable DVB-H antenna to imitate the
on-phone EGSM TX. The tuning voltage is set to 2.3 V. The mixing prod-
uct at 700 MHz is measured at the DVB-H port after a BSF centered at
900 MHz. The measurement shows blocker resilience of 125 dBµV/m, which
corresponds to over −8 dBm received power by a 100 mm dipole.

More stringent requirement is the spurious emission. 33 dBm continuous-
wave signal was fed to the EGSM port. The harmonics generated by the

BPF
BPF

BSF
PA

PA
a)

b)
c)

d)

d)

Figure 5.12: The experiment set-up for the blocker resilience measure-
ment of the DVB-H tunable antenna, with a) peri-log antenna, b) terminal
equipped with EGSM and tunable DVB-H antennas, c) spectrum analyzer,
d) signal generator.
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bias voltage / V 0.5 1.6 2.5 3.0 3.5
center frequency / MHz 470 550 650 680 710

2nd harmonic / dBm −55.1 −36.4 −30.3 −29.1 −28.6
3rd harmonic / dBm −53.7 −31.1 −33.2 −43.1 −35.1

Table 5.4: The harmonic radiation levels with different bias voltages,
for the tunable DVB-H antenna together with EGSM antenna on a
110 mm×55 mm printed circuit board.

antenna was measured by the receiving antenna, the total harmonics power
was calculated based on the assumption that the antenna radiates the har-
monics isotropically. Table 5.4 gives values of total harmonics power at
different tuning voltages. At low tuning voltage (low operation band fre-
quency), as higher isolation between the ports is achieved, lower harmonic
radiation is observed. As the operation band tuned to higher frequency, 2nd
harmonic level exceeds the standardized upper limit by less than 1.5 dB.

5.5 Harmonics suppression methods for DVB-H
tunable antennas

As shown in Fig. 3.23, to isolate the anti-series varactor pair (ASVP) from
the EGSM TX signal, passive modules can be added in the tunable matching
circuit, which are

• module a) the module presenting “open” in EGSM TX band to block
the TX,

• module b) the module presenting “short” in EGSM TX band to shunt
TX current,

• module c) the module presenting “short” in EGSM TX band to divert
the TX current to ground.

5.5.1 Modules presenting “short” in EGSM TX

The impedance between the two terminals of an L-C series circuit is 0
(“short”) at its resonance frequency. Consider a series of an inductor L1

and a capacitor C1 which resonates at ωTX, the center frequency of the
GSM TX, the impedance of the series of L1 and C1 is

jX =jωL1 +
1

jωC1

=jZ1

( ω

ωTX
− ωTX

ω

)
,

(5.1)
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L1 (nH) C1 (pF) CP @ 702 MHz (pF)
10 3.15 8.1
20 1.57 4.1
50 0.63 1.6
100 0.32 0.81

Table 5.5: Selected combinations of L1 C1 to present “short” in EGSM 900
TX, and the maximum equivalent capacitance in DVB-H band of series L-C
circuits.

with Z1 =
√

L1
C1

. The series of L1 and C1 presents a short at ωTX, at the
boundary of the TX band

jXboundary = ±jZ1bTX, (5.2)

with bTX < 0.04 the fractional bandwidth of GSM TX.

In DVB-H band, the L-C circuit shows capacitive whose equivalent ca-
pacitance CP increases with the frequency. Selected combinations of L1, C1

and the equivalent parallel capacitances CP = 1
ωX at ω = 2π · 702 MHz are

listed in Tab. 5.5. Surface mounted inductors with inductance higher than
100 nH are not preferrable in mobile phone applications due to its large
parasitic resistance. And surface mounted capacitors with capactance lower
than 0.5 pF are few in the market.

5.5.2 Modules presenting “open” in EGSM TX

The impedance between the two terminals of a parallel of an L2 and C2

shown in Fig. 5.13 is infinite (“open”) at its resonance frequency which is
ωTX. This circuit is inductive in DVB-H band, with the admittance of

jB =jωC2 +
1

jωL2

=jY
( ω

ωTX
− ωTX

ω

)
,

(5.3)

with Y =
√

C2
L2

. The parallel L2 and C2 structure presents an “open”
in EGSM TX and is inductive in DVB-H, with the equivalent inductance
increasing with frequency. The equivalent inductances LS = B

ω at 702 MHz
for different combinations of L2 and C2 are listed in Tab. 5.6.
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C2

L2

Figure 5.13: Structure of parallel L2 and C2 presenting “open” in
EGSM TX band.

L2 (nH) C2 (pF) LS @ 702 MHz (pF)
0.5 63.0 1.3
1 31.5 2.6
2 15.7 5.2
5 6.3 12.9
10 3.2 25.8
20 1.6 51.6
50 0.63 129

Table 5.6: Selected combinations of L2 C2 for the parallel L-C circuit shown
in Fig. 5.13 which resonates at the center frequency of the EGSM 900 TX
band, and the maximum equivalent inductance LS in DVB-H band.

5.6 Tunable DVB-H antenna with EGSM 900 TX
signal block

5.6.1 Tunable matching circuit

To isolate the varactors from the leak-in EGSM TX power, module a) shown
in Fig. 3.23 is used to attenuate the EGSM TX before it reaches the varac-
tors. To achieve high attenuation in the whole EGSM TX band, this module
is implemented as a third-order Chebychev bandstop filter (BSF) with its
stopband centered at EGSM TX. The schematic of the BSF is shown in
Fig. 5.14. The simulated magnitude of transmission coefficient |S21| of this
BSF considering the finite quality factors of the discrete devices is shown in
Fig. 5.15. This BSF has over 48 dB attenuation in the EGSM 900 TX band.

The tunable matching circuit is shown in Fig. 5.16. The fabricated an-
tenna is shown in Fig. 5.17.

5.6.2 Measured impedance bandwidth

Fig. 5.18 shows that the tunable DVB-H antenna covers the frequency range
from 462 to 696 MHz (41% fractional bandwidth) with 7 dB return loss, for
tuning voltages in the range from 0 V to 2.2 V. The dashed line denotes the
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Figure 5.14: Schematic of the third-order bandstop filter used for
EGSM TX blocking module for DVB-H tunable antenna.
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Figure 5.15: Simulated magnitude of the transmission coefficient of
the 3rd-order BSF. The finite quality factors of the selected inductors
and capacitors are taken into account. The dashed lines denote the
DVB-H and EGSM TX bands.
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Figure 5.16: Schematic of the tunable matching circuit of tunable
DVB-H antenna with a BSF to block the EGSM TX signal.
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Figure 5.17: Photo of the tunable DVB-H antenna with EGSM
TX block, together with an EGSM antenna attached to a
110 mm×55 mm printed circuit board.
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Control −7 dB band Instantaneous
voltage / V / MHz bandwidth / MHz

0.0 462 - 492 30
0.1 466 - 495 31
0.3 473 - 502 29
0.5 481 - 511 30
0.8 496 - 525 29
1.0 510 - 539 29
1.2 530 - 558 28
1.5 574 - 604 30
1.8 625 - 657 32
2.0 656 - 682 28
2.2 683 - 696 13

Table 5.7: Measured 7 dB instantaneous band at different tuning voltages
of the tunable DVB-H antenna with EGSM TX block

target 7 dB return loss in the DVB-H band. Tab. 5.7 lists the measured 7 dB
instantaneous bandwidth at different tuning voltages. The instantaneous
bandwidth is larger than 10 MHz. By redesign of the BPF it would be
possible to increase the instantaneous bandwidth at 2.2 V tuning voltage
and to cover the full DVB-H band.

The antenna covers the EGSM band with the return loss of 9 dB, shown
in Fig 5.19. The change of the tuning voltage has little effect on the EGSM
port.

The isolation between the two ports at different tuning voltages is shown
in Fig. 5.20. The isolation in EGSM band is over 46 dB, which greatly
alleviates the design of the BPF before the DVB-H receiver. This BPF
can be designed with lower order which leads to lower insertion loss. Thus,
the loss introduced by the tuning circuit including BSF and ASVP can be
compensated by this BPF simplification.

5.6.3 Non-linearity measurement result

The in-band EGSM radiation spectrum is measured with 33 dBm EGSM
signal centered at 880 MHz. The spectra of radiated signal and the (original)
signal from the BPF after certain normalization are plotted in Fig. 5.21
together with emission mask defined in the standard [43] for comparison.
And the distortion is slight.

The spurious emission measurement shows that the measured harmonics
levels are over 16 dB below −30 dBm which is required by [43]. Table 5.8
gives values of maximum harmonics power at different tuning voltages.

For the blocker resilience measurement, as the isolation between the
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Figure 5.18: Measured reflection magnitude over frequency of the
tunable DVB-H antenna with EGSM TX block at tuning voltage in
the range from 0 to 2.3 V. The dashed line denotes the target 7-dB
return loss in the DVB-H band.
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Figure 5.19: Measured reflection magnitude over frequency of the
tunable DVB-H antenna with EGSM TX block for tuning voltage in
the range from 0 to 2.3 V.
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Figure 5.20: Measured isolation between the DVB-H and EGSM
ports over frequency of the tunable DVB-H antenna with EGSM
TX block for the tuning voltage in the range from 0 to 2.3 V.
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Figure 5.21: EGSM radiation distortion measurement in presence of the
tunable DVB-H antenna with EGSM TX block. (a) denotes the radiated
signal by the EGSM coupler. (b) denotes the original signal from the power
amplifier. (c) denotes the EGSM emission mask defined in standard.
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tuning voltage / V 0.0 0.5 1.0 1.5 2.0 2.3
2nd harmonic / dBm −56.6 −56.6 −57.0 −56.5 −57.1 −57.0
3rd harmonic / dBm −52.7 −51.8 −52.7 −52.8 −52.8 −53.0
4th harmonic / dbm −48.2 −47.9 −47.4 −48.8 −47.7 −48.6
5th harmonic / dbm −47.4 −47.1 −46.4 −46.8 −46.9 −47.6

Table 5.8: The harmonics radiation levels with different tuning
voltages of the tunable DVB-H antenna with EGSM TX block.

Incident E 125 130 135 140 142.5
/ dBµV/m
EGSM TX
33 dBm at NA −122.5 −117.5 −107.5 −102.5
900 MHz
30 dBm NA NA −120.5 −111.5 −105.5
27 dBm NA NA NA −112.5 −107.5
23 dbm NA NA NA −113.5 −109.5
20 dbm NA NA NA −114.5 −112.5

Table 5.9: The measured 3rd order intermodulation products at the
DVB-H port of the 800 MHz incident electrical field at different field
strength on the tunable DVB-H antenna with EGSM TX block and
different levels of 900 MHz continuous-wave at the EGSM port.

DVB-H and EGSM 900 ports is over 60 dB, EGSM TX signal out of the
DVB-H port is below −30 dBm. The notch filter between demonstrator and
spectrum analyzer is omitted. The measured result at the tuning voltage
of 2.3 V is listed in Tab. 5.9. The measurement shows excellent blocker
resilience of over 140 dBµV/m, which corresponds to over 7 dBm received
power by a 100 mm dipole.
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Chapter 6

Conclusion

Nowadays mobile communication services require the mobile antenna to
cover wider and wider band with satisfactory return loss. On the other
hand, the size of the mobile terminal and the space available for the mobile
antennas are shrinking. The attainable antenna bandwidth is subject to
the physical limit depending on the size of the terminals. The shrinking
available space and metal components like LCD and battery around make
the coupling between the mobile antenna and the printed circuit board less
efficient. As the result, it is hard to cover all the required band with good
match. Tunable antenna is a solution.

Chapter 2 gives the physical limit on the attainable bandwidth of the
mobile antennas. Tunable antenna is needed when the required bandwidth
exceeds this physical limit. This chapter presents the existing solutions for
the electrically small antennas to achieve wide band coverage.

Chapter 3 gives a systematic design procedure of the tunable antenna.
The models of the antenna efficiency and the harmonics radiation are pre-
sented. The criteria to select the tuning devices are given also.

Chapter 4 points out the limitations of the standardized antenna mea-
surement methods on the tunable antennas. New measurement set-ups and
procedures are proposed to measure the in-band radiation spectrum, out-of-
band spurious emission and the blocker resilience of the tunable antennas.
The linearity of the tunable antennas can be characterized by these mea-
surement methods.

Following the design procedure, in Chapter 5, a DVB-H tunable antenna
is designed and fabricated on a 110 mm×55 mm printed circuit board as a
demonstrator. It is estimated in Chapter 2 that any non-tunable antenna
constructed on this printed circuit board can not cover DVB-H band with
more than 7 dB return loss. A bandstop filter is used to suppress the isolate
the tuning elements from the EGSM TX signal. This antenna covers the
DVB-H band with better than 7 dB return loss. Despite the highly non-
linear varactor diodes used in the design, this antenna is highly linear.
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Chapter 7

Appendix

7.1 GSM application requirements

GSM 850, GSM 900, GSM 900 (including P-GSM and EGSM), DCS 1800
and PCS 1900 are the GSM bands used for today’s mobile applications.
GSM 900 and DCS 1800 are used in Europe and most Asian countries in-
cluding China. GSM 850 and PCS 1900 are used in USA and Latin America.

Specifications of GSM are given in [31] [43]. This section summarizes
the parts related to the mobile frontend.

Frequency band

The frequency bands for GSM 850, GSM 900, DCS 1800 and PCS 1900 are
listed in Tab. 7.1.

Mobile station (MS) output power

The requirement of the output power is given in terms of power levels at the
antenna connector of the equipment. The maximum output power of the
mobile station, according to its class, are defined in Tab. 7.2 7.3.

In practice, the maximum power level in mobile phone is 33 dBm. This
value is used throughout this thesis.

mobile transmit (TX) base transmit (RX)
GSM 850 824 - 849 MHz 869 - 894 MHz

P-GSM 900 890 - 915 MHz 935 - 960 MHz
EGSM 900 880 - 915 MHz 925 - 960 MHz
DCS 1800 1710 - 1785 MHz 1805 - 1880 MHz
PCS 1900 1850 -1910 MHz 1930 - 1990 MHz

Table 7.1: The frequency bands of GSM in mobile applications [43].
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Power class GSM850 GSM900 DCS1800 PCS1900
1 1 W(30 dBm) 1 W(30 dBm)
2 8 W(39 dBm) 0.25 W(24 dBm) 0.25 W(24 dBm)
3 5 W(37 dBm) 4 W(36 dBm) 2 W(33 dBm)
4 2 W(33 dBm)
5 0.8 W(29 dBm)

Table 7.2: The GSM power levels of the mobile station for GMSK modula-
tion for different power classes specified in [43].

Power class GSM850 GSM900 DCS1800 PCS1900
E1 33 dBm 30 dBm 30 dBm
E2 27 dBm 26 dBm 26 dBm
E3 23 dBm 22 dBm 22 dBm

Table 7.3: The GSM power levels of the mobile station for 8-PSK modulation
for different power classes specified in [43].

Output RF spectrum

The inband RF spectrum of GSM is specified in Tab. 7.4 7.5 7.6, in frequency-
hopping mode as well as in non-frequency-hopping mode. The measurement
conditions are given in section 4.2.1 in [43].

The mask representations of these specifications are shown in Fig. 7.1,
7.2, 7.3 and 7.4.

The exceptions listed in Tab. 7.7 shall apply if a requirement in Tab. 7.4
7.5 7.6 is tighter than the limit given in Tab. 7.7.

Spurious emissions

Measuring conditions

GSM 850 and GSM 900 MS
100 200 250 400 ≥ 600 ≥ 1800 ≥ 3000 ≥ 6000

< 1800 < 3000 < 6000
≥ 39 +0.5 −30 −33 −60 −66 −69 −71 −77
37 +0.5 −30 −33 −60 −64 −67 −69 −75
35 +0.5 −30 −33 −60 −62 −65 −67 −73
≤ 33 +0.5 −30 −33 −60∗ −60 −63 −65 −71
NOTE: ∗ For equipment supporting 8-PSK, the requirement is −54 dB

Table 7.4: The maximum allowed mobile station inband output RF power
level (in dBm) at different frequency offset (in kHz) from the carrier for
different peak power (in dBm), for GSM 850 and 900. [43]
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DCS1800 MS
100 200 250 400 ≥ 600 ≥ 1800 ≥ 6000

< 1800 < 6000
≥ 36 +0.5 −30 −33 −60 −60 −71 −79
34 +0.5 −30 −33 −60 −60 −69 −77
32 +0.5 −30 −33 −60 −60 −67 −75
30 +0.5 −30 −33 −60∗ −60 −65 −73
28 +0.5 −30 −33 −60∗ −60 −63 −71
26 +0.5 −30 −33 −60∗ −60 −61 −69
≤ 24 +0.5 −30 −33 −60∗ −60 −59 −67
NOTE: ∗ For equipment supporting 8-PSK, the requirement is −54 dB

Table 7.5: The maximum allowed mobile station inband output RF power
level (in dBm) at different frequency offset (in kHz) from the carrier for
different peak power (in dBm), for DCS 1800. [43]

PCS1900 MS
100 200 250 400 ≥ 600 ≥ 1200 ≥ 1800 ≥ 6000

< 1200 < 1800 < 6000
≥ 33 +0.5 −30 −33 −60 −60 −60 −68 −76
32 +0.5 −30 −33 −60 −60 −60 −67 −75
30 +0.5 −30 −33 −60∗ −60 −60 −65 −73
28 +0.5 −30 −33 −60∗ −60 −60 −63 −71
26 +0.5 −30 −33 −60∗ −60 −60 −61 −69
≤ 24 +0.5 −30 −33 −60∗ −60 −60 −59 −67
NOTE: ∗ For equipment supporting 8-PSK, the requirement is −54 dB

Table 7.6: The maximum allowed mobile station inband output RF power
level (in dBm) at different frequency offset (in kHz) from the carrier for
different peak power (in dBm), for PCS 1900. [43]

Frequency offset GSM 900 DCS 1800
from the carrier GSM 850 PCS 1900
<600 kHz −36 dBm −36 dBm

≥600 kHz, <1800 kHz −51 dBm −56 dBm
≥1800 kHz −46 dBm −51 dBm

Table 7.7: The exceptions of the inband power level at different frequency
offset from the carrier for GSM. [43]
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Figure 7.1: GSM 400, GSM 900, GSM 850 and GSM 700 mobile station
spectrum due to GMSK modulation, from [43].
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Figure 7.2: GSM 400, GSM 900, GSM 850 and GSM 700 mobile station
spectrum due to 8PSK modulation, from [43].
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Figure 7.3: DCS 1800 and PCS 1900 mobile station spectrum due to GMSK
modulation, from [43].



7.1. GSM APPLICATION REQUIREMENTS 87

Figure 7.4: DCS 1800 and PCS 1900 mobile station spectrum due to 8PSK
modulation, from [43].
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The spurious emissions are specified by measuring the peak power in
a given bandwidth at various frequencies. The measurement bandwidth is
increased as the frequency offset between the measurement frequency and
either the carrier or the edge of the MS transmit band, increases. The
measurement bandwidth is classified into two categories [43]:

category a:
Frequency offset Measurement

from carrier bandwidth
≥ 1.8 MHz 30 kHz
≥ 6 MHz 100 kHz

category b:
Band Frequency offset Measurement

bandwidth
100 kHz to 50 MHz 10 kHz
50 MHz to 500 MHz (offset from edge
outside the relevant of the relevant

transmit band transmit band)
≥ 2 MHz 30 kHz
≥ 5 MHz 100 kHz

above 500 MHz (offset from edge
outside the relevant of the relevant

transmit band transmit band)
≥ 2 MHz 30 kHz
≥ 5 MHz 100 kHz
≥ 10 MHz 300 kHz
≥ 20 MHz 1 MHz
≥ 30 MHz 3 MHz

GSM900 and DCS1800
The power measured in the conditions specified in category a for a MS

when allocated a channel, shall be no more than −36 dBm [43].
The power measured in the conditions specified in category b for a MS,

when allocated a channel, shall be no more than [43]:
250 nW (−36 dBm) in the frequency band 9 kHz to 1 GHz;
1 µW (−30 dBm) in the frequency band 1 GHz to 12,75 GHz.
The power measured in a 100 kHz bandwidth for a MS, when not allo-

cated a channel (idle mode), shall be no more than (see also note in subclause
4.3.1 above):

2 nW (−57 dBm) in the frequency bands 9 kHz to 1 000 MHz;
20 nW (−47 dBm) in the frequency bands 1 12.75 GHz,
with the following exceptions:
1.25 nW (−59 dBm) in the frequency band 880 MHz to 915 MHz;
1.25 nW (−59 dBm) in the frequency band 870 MHz to 915 MHz for

T-GSM 900;
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5 nW (−53 dBm) in the frequency band 1.71 GHz to 1.785 GHz;
−76 dBm in the frequency bands 1900 ∼ 1920 MHz, 1920 ∼ 1980 MHz,

2010 ∼ 2025 MHz, and 2210 ∼ 2170 MHz.
GSM850 and PCS 1900
The peak power measured in the conditions specified in category a, for

a MS when allocated a channel, shall be no more than −36 dBm [43].
The peak power measured in the conditions specified in category b, for

a MS, when allocated a channel, shall be no more than [43]:
−36 dBm in the frequency band 9 kHz to 1 GHz;
−30 dBm in all other frequency bands 1 GHz to 12,75 GHz.
The peak power measured in a 100 kHz bandwidth for a mobile, when

not allocated a channel (idle mode), shall be no more than:
−57 dBm in the frequency bands 9 kHz to 1000 MHz;
−53 dBm in the frequency band 1850 MHz to 1910 MHz;
−47 dBm in all other frequency bands 1 GHz to 12,75 GHz.
The power emitted by the MS in a 100 kHz bandwidth using the mea-

surement techniques for modulation and wide band noise (subclause 4.2.1)
shall not exceed:
−79 dBm in the frequency band 698 MHz to 710 MHz
−73 dBm in the frequency band 710 MHz to 716 MHz
−79 dBm in the frequency band 747 MHz to 757 MHz
−73 dBm in the frequency band 757 MHz to 762 MHz
−79 dBm in the frequency band 869 MHz to 894 MHz;
−71 dBm in the frequency band 1930 MHz to 1990 MHz.
A maximum of five exceptions with a level up to −36 dBm are permitted

in each of the band 698 MHz to 716 MHz, 747 MHz to 762 MHz, 869 MHz
to 894 MHz and 1930 MHz to 1990 MHz for each ARFCN used in the
measurements.

7.2 Mobile and portable DVB-T application re-
quirements

The specifications of the radio access interface of the mobile and portable
DVB-T are given in [17]. Those relative to the RF frontend are listed below.

Terminal categories

Three categories of the terminals are specified in [17]:

1. Integrated car terminals: DVB-T terminals is installed in a car and
the antenna is integral with the car.



90 CHAPTER 7. APPENDIX

2. Portable digital TV sets: Terminals are intended for receiving normal
MPEG-2 based digital TV services indoors and outdoors with attached
antennas. This category is divided to two sub-categories:

(a) The receiver screen size is typically greater than 25 cm and the
receiver may be battery or AC powered. Typically the terminal
is stationary during the reception. An example of the antenna
may be an adjustable telescope or wide-band design, either active
or passive , attached to the receiver.

(b) Pocketable digital TV-receiver. The terminal is battery operated
and can be moved during use. Usually the antenna is integral
with the terminal.

3. Hand-held portable convergence terminals: This category covers small
battery powered hand-held convergence terminals with build-in cellu-
lar radio like GSM, GPRS or UMTS. The terminals have the function-
ality of a mobile phone and can receive IP-based services over DVB-T.
The DVB-T antenna and the cellular antenna are both integral with
the terminal.

Frequencies and channel bandwidths

Channel frequencies

The channel frequencies of band III, IV and V are given below. 6, 7 and
8 MHz channel rasters are used in various countries. The centre frequencies
fc of the incoming DVB-T RF signals are:

VHF III

• For countries using 8 MHz channel raster
fc = 178 MHz+(N−6)×8 MHz+foffset, with N = {6, · · · , 12} (VHF
channel number).

• For countries using 7 MHz channel raster
fc = 177.5 MHz + (N − 5) × 7 MHz + foffset, with N = {5, · · · , 12}
(VHF channel number).

• For countries using 6 MHz channel raster
fc = 177.0 MHz + (N − 7) × 6 MHz + foffset, with N = {7, · · · , 13}
(VHF channel number).

In some countries offsets may be used, preferred offset is ±n × 1/6 MHz,
with n = {1, 2, · · · }.

UHF IV and V

• For countries using 8 MHz channel raster
fc = 474 MHz+(N−21)×8 MHz+foffset, with N = {21, · · · , 69} (UHF
channel number). The total band ranges from 470 MHz to 862 MHz.
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• For countries using 7 MHz channel raster
fc = 529.5 MHz + (N − 28)× 7 MHz + foffset, with N = {28, · · · , 67}
(UHF channel number). The total band ranges from 526 MHz to
806 MHz.

• For countries using 6 MHz channel raster
fc = 473 MHz+(N−14)×6 MHz+foffset, with N = {14, · · · , 83} (UHF
channel number). The total band ranges from 470 MHz to 890 MHz.

In some countries frequency offsets foffset may be used, preferred offset is
±n× 1/6 MHz, with n = {1, 2, · · · }. In UK n = 1.

Supported frequency ranges

The receivers in Terminal Categories 1 and 2a shall be able to receive all
the channels in the VHF band III and UHF bands IV and V. The receivers
in Terminal Category 2b shall be able to receive all channels in UHF bands
IV and V, VHF III is an option depending on the market area needs. The
receivers in Terminal Category 3 shall be able to receive all channels in UHF
band IV and V, if the terminal does not support GSM 900.

In case GSM 900 is used in a convergence terminal (category 3), the
usable frequency range is limited to channel 49 [698 MHz] due to the inter-
operability considerations.

Terminal category VHF III UHF IV UHF V
1 Integrated car terminals Yes Yes Yes
2a Portable digital TV-Sets Yes Yes Yes
2b Pocketable TV-Sets Optional Yes Yes
3 Convergence terminals No Yes Yes or up to ch. 49

See text above

Supported bandwidths

The receiver should support the 6,7 and 8 MHz bandwidths according
to the market area needs.

Minimum and maximum receiver signal input levels

Noise floor

The receiver shall have a noise figure better than 5 dB at the reference
point at sensitivity level of each DVB-T mode. The noise floor power levels
corresponding to different channel bandwidths are:

• Pn = −100.2 dBm, for 8 MHz channels, BW=7.61 MHz,

• Pn = −100.7 dBm, for 7 MHz channels, BW=6.66 MHz,

• Pn = −101.4 dBm, for 6 MHz channels, BW=5.71 MHz.
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Minimum input levels for the receiver

Detailed statement on minimum input levels for different DVB-T mode
and channel conditions is given in [17].

Total maximum power for wanted and unwanted signals

• For terminal category 1: The maximum total power from the wanted
and unwanted signals shall be less than −15 dBm.

• For terminal category 2: The maximum total power from the wanted
and unwanted signals shall be less than −25 dBm.

7.3 Basics of the TLM method

The transmission-line matrix (TLM) method is a space and time discretizing
method of electromagnetic field computation. It was introduced by Johns
[44]. The TLM method can be used to model complex electromagnetic
structures. Detail descriptions are given in [45] [46] [47] [48] [49] [50].

TLM method solves the Maxwell equations

∇× ~H = ~j +
∂ ~D

∂t
(7.1)

∇× ~E = −∂
~B

∂t
(7.2)

∇ · ~D = ρ (7.3)
∇ · ~B = 0 (7.4)

by mapping the electric and magnetic field in space to the voltage and
current in the transmission-line network. I summarize the basics of TLM
method following [51].

The space is discretized in cells. On every surface of the cell samples of
tangential electric and magnetic fields are taken. There are 12 electric field
samples and 12 magnetic samples per cell. The sampled field components
at (x = l∆l, y = m∆l, z = n∆l, t = k∆t) are summarized in 12-dimensional
vectors

kEl,m,n =

k[E1, E2, E3, E4, E5, E6, E7, E8, E9, E10, E11, E12]Tl,m,n, (7.5)

kHl,m,n =

k[H1, H2, H3, H4, H5, H6, H7, H8, H9, H10, H11, H12]Tl,m,n. (7.6)

Fig. 7.5 shows the symmetrical condensed node (SCN) or TLM cell. It
consists of 12 ports to represent 2 polarizations in each coordinate direction.
The scattering matrix of this 12-port network is [51]
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Figure 7.5: The condensed symmetric TLM node [51].

S =

 0 S0 ST0
ST0 0 S0

S0 ST0 0

 with S0 =
1
2


0 0 1 −1
0 0 −1 1
1 1 0 0
1 1 0 0

 . (7.7)

The wave amplitude vectors

kal,m,n = k[a1, a2, a3, a4, a5, a6, a7, a8, a9, a10, a11, a12]Tl,m,n, (7.8)

kbl,m,n = k[b1, b2, b3, b4, b5, b6, b7, b8, b9, b10, b11, b12]Tl,m,n (7.9)

gives the incident and scattered waves normal to the surfaces of the TLM
cell. The wave amplitudes and the field components are related via

kEl,m,n =
√
ZF (kal,m,n +k bl,m,n), (7.10)

kHl,m,n =
1√
ZF

(kal,m,n −k bl,m,n), (7.11)

with ZF =
√

µ
ε the field impedance.
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