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Thermal Loss Becomes an Issue for
Narrow-band Tunable Antennas in 4G Handsets
Samantha Caporal Del Barrio, Art Morris and Gert F. Pedersen

Abstract
Antenna tuning is a very promising technique to cope with the expansion of the mobile communication
frequency spectrum. Tunable antennas can address a wide range of operating frequencies, while being
highly integrated. In particular, high-Q antennas (also named narrow-band antennas) are very compact,
thus are good candidates to be embedded on 4G handsets. This paper focuses on high-Q tunable antennas
and contributes with a characterization of their loss mechanism, which is a major parameter in link-budget
calculations. The paper shows through an example, that the tuner loss is not sufficient to explain the total
loss of tunable antennas. It is found that, thermal loss - due to the metal conductivity of the antenna
itself - plays a major role in the loss mechanism of narrow-band tunable antennas. The investigated
high-Q PIFA designs exhibit a significant thermal loss; at 1400 MHz nearly 2 dB are lost solely due to
the copper conductivity. Thermal loss poses a limitation to achievable performance of tunable antennas
and to antenna miniaturization.

Index terms—4G mobile communication, Antenna measurements, Reconfigurable architectures, Tunable circuits and devices.

1

Introduction

The user demand for ever increasing data rates has driven the development of the 4th Generation (4G)
of mobile communication standards. This new generation poses major challenges on the requirements for
handset antennas. On the one hand the number of bands to support has increased to 26 bands ranging
from 700 MHz to 2.69 GHz [1], on the other hand the volume dedicated to the antenna has shrunk in order
to fit several antennas, add more cameras and enlarge the battery, among others. However, fundamental
limitations relate the antenna efficiency, size and bandwidth at a given frequency [2]. Indeed, passive designs
need to increase the antenna volume, in order to simultaneously increase its bandwidth and maintain its
efficiency. Oppositely, Frequency-Reconfigurable Antennas (FRA) can operate in a wide range of frequencies,
without modifying their geometry. Integrated active components modify the antenna reactance, consequently
shifting the resonance frequency. Frequency-reconfigurability can be achieved with the integration of switches,
variable capacitors, phase shifters or tunable substrates in the antenna structure. Most commonly, FRA’s use
PIN diodes [3,4], varactor diodes [5,6], Micro-Electro-Mechanical Systems (MEMS) switches [7,8], or MEMS
tunable capacitors [9–11]. As detailed in [12], switched capacitors - e.g. field effect transistors (FET) - lead to
an intrinsically low breakdown voltage and power handling, thus limiting its application for 4G handsets [13].
PIN diodes can handle more power; though, they exhibit a higher insertion loss, a smaller tuning range, and
a higher power consumption [14]. Tunable substrates are an alternative to switches, revealing a higher Q.
However, they use barium strontium titanate (BST), which causes issues with linearity. MEMS tunable
capacitors are the most promising tuning technology. They exhibit beams that are actuated by electrostatic
forces. Each beam can have two states, down (i.e., on) or up (i.e., off). When the beam is down, only dielectric
separates it from the metal trace below it. When the beam is up, an additional air gap separates the beam
from the metal trace [13]. Because the RF path is a metal trace, MEMS capacitors offer significantly higher
performance, than previous solutions. MEMS tunable solutions are state-of-the-art in terms of insertion loss,
Samantha Caporal Del Barrio and Gert F. Pedersen are with the Section of Antennas, Propagation and Radio Networking (APNet), Department of Electronic Systems, Faculty of Engineering and Science, Aalborg University, DK-9220, {scdb,
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Figure 1: A front-end architecture using narrow-band FRA’s [9].
voltage handling, linearity and power consumption, hence this paper uses MEMS tunable capacitors. With
frequency-reconfigurability, the antenna element can be both small and able to cover a large bandwidth. The
element is small because of its high natural resonance frequency and its narrow instantaneous bandwidth.
The geometry is unchanged as the antenna is operating at lower frequencies. FRA’s have a huge potential
for the implementation of current and future mobile communications standards on a small platform.
The properties of FRA’s are fully exploited when one considers a system, where the antenna only needs
to cover a channel, as opposed to a full band. In the Long Term Evolution (LTE) standard [1], channel
bandwidths vary from 1.4 MHz to 20 MHz. The antenna − only needing to cover a narrow bandwidth −
exhibits a high Q and can be designed with a very low profile. Additionally, limiting the antenna instantaneous
bandwidth to channel bandwidths implies having a novel architecture that supports separate antennas for
Transmitting (Tx) and Receiving (Rx) signals, i.e. the number of antennas must be doubled. Such an
architecture was first conceptualized in [15] and investigated in [9, 10, 16, 17] according to the patent [18].
The major strength of such architecture is to avoid the use of duplex filters, hence avoiding component
duplication, which will reduce space, cost and battery consumption. Fig. 1 represents the front-end of such
a system for a mobile phone. Removing the duplex filter from the front-end architecture also requires to
get the necessary Tx-Rx isolation from the tunable antennas and from the tunable filters. One of the main
challenges of the proposed architecture is to obtain the required antenna isolation on a small platform, e.g.
mobile phones. Previous work has mainly been focusing on that aspect [16, 17, 19]. This work focuses on
another critical aspect of the proposed architecture: the efficiency of reconfigurable high-Q antennas. These
low-profile antennas are very attractive for today’s phone market, given their small volume. However, they
exhibit a large Q, which results in high fields confined around the antenna structure and in the tuner. FRA’s
have a large Q, that increases considerably as their resonance frequency is tuned further away from its initial
value. Along with this increase in Q comes a dramatic radiation efficiency drop, e.g. 3 dB were reported
in [20] for 100 MHz tuning.
This paper aims at identifying and characterizing the sources of loss in narrow-band reconfigurable antennas. The novelty of this study lies in investigating high-Q antennas, that are frequency-reconfigurable with
MEMS tunable capacitors and for mobile phone application. The study focuses on the low-bands of the 4G
spectrum, as they are the toughest to address with small antennas, given the large wavelengths. Specifically,
the cause of efficiency degradation throughout tuning is investigated. Section II investigates the loss due
to the tuner while Section III addresses the loss due to the conductivity of the metal. Finally, Section IV
discloses the conclusions on the loss mechanism of narrow-band FRA’s for handsets.

2

Tuner Loss

The tuner specifications investigated in the following are taken from a commercially available MEMS tunable
capacitor. It is able to deliver a variable capacitance ranging from 1 pF to 8 pF, with steps of 125 fF [21].

2.1

Simulations parameters

The following simulations aim at comparing the impact of the tuner loss on the efficiency of a high-Q and
a low-Q FRA. Comparisons are made for several positions of the capacitor (Cpos ) and tuned frequencies of
the antennas. More precisely, this section investigates the impact of the tuner insertion loss on the antenna,
depending on the antenna Q. The loss of the tuner is due to its Equivalent Series Resistance (ESR), which
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Figure 2: Antenna design (A1: h=8 mm, A2: h=2 mm) [12].
Table 1: Capacitance and ESR for the low-Q antenna

900
850
800
750
700

MHz
MHz
MHz
MHz
MHz

Cpos =5
pF/Ω
1.125/0.405
1.750/0.179
2.250/0.125
2.875/0.119
3.500/0.114

Cpos =10
pF/Ω
0.500/0.405
0.875/0.249
1.375/0.182
1.875/0.150
2.375/0.126

Cpos =20
pF/Ω
0.125/1.369
0.375/0.478
0.625/0.279
1.000/0.198
1.375/0.203

Cpos =30
pF/Ω
0.125/1.369
0.250/1.071
0.500/0.438
0.750/0.403
1.000/0.202

Table 2: Capacitance and ESR for the high-Q antenna

900
850
800
750
700

MHz
MHz
MHz
MHz
MHz

Cpos =5
pF/Ω
3.125/0.119
5.125/0.090
6.875/0.101
8.625/0.081
10.500/0.093

Cpos =10
pF/Ω
1.500/0.106
2.625/0.127
3.875/0.125
5.125/0.089
6.375/0.097

Cpos =20
pF/Ω
0.625/0.285
1.125/0.105
1.750/0.148
2.500/0.127
3.375/0.114

Cpos =30
pF/Ω
0.375/0.457
0.875/0.385
1.250/0.195
1.875/0.150
2.500/0.127

is intrinsic to its manufacturing. In order to quantify the tuner loss, its contribution to the total efficiency is
isolated, i.e. the antenna element and the Ground Plane (GP) are simulated as Perfect Electric Conductor
(PEC). The simulations are conducted with the transient solver of CST [22]. Both high-Q and low-Q antennas
are designed for 960 MHz, and are tuned until 700 MHz. In order to fairly compare the impact of the ESR
loss in the different tuning stages and locations, identical power needs to be transferred between the source
and the antenna port. Consequently, the tuned antennas must be perfectly matched to the source impedance.
In order to isolate the contribution of the ESR of the tuning capacitor, the matching to the source impedance
is done with lossless components. All the following results are normalized to 1 W input power.
The low-Q and the high-Q PIFA designs only differ by the height of the antenna element over the GP.
The design and dimensions of the antennas are presented in Fig. 2. The low-Q antenna (A1) is placed 8 mm
over the GP whereas the high-Q antenna (A2) is placed only 2 mm over the GP. The GP has the dimensions
120 x 55 mm2 in order to fit modern phone designs. The tuning capacitor is placed between the antenna
element and the GP connecting the two plates. Cpos represents the position of the tuning capacitor in mm
from the source position.

2.2

Simulation results

Due to the inaccessibility of the exact data on the ESR values of this tuning capacitor for all its settings, the
ESR values have been taken from the low-ESR GJM 15 data bank of 0402 Murata fixed components [23].
These fixed capacitors have been chosen because they exhibit similar Q at maximum capacitance of the
MEMS at 1 GHz. The data for the tuning capacitor simulated on the low-Q antenna is shown in Table. 1
and the data for the tuning capacitor simulated on the high-Q antenna is shown in Table. 2.
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Figure 3: Q of A1 and A2 throughout tuning.
−8

4

x 10

High-Q, Cpos =5
High-Q, Cpos =10
High-Q, Cpos =20
High-Q, Cpos =30
Low-Q, Cpos =5
Low-Q, Cpos =10
Low-Q, Cpos =20
Low-Q, Cpos =30

3
2
1
0
700

750

800
Frequency [MHz]

850

900

Figure 4: Energy stored in the tuning capacitor throughout tuning.
2.2.1

Antenna Q

The Quality factor (Q) of the antenna is a measure of the stored energy in the radiating structure [24]. The
Perfectly Matched Q (QP M ) is calculated according to [24] and further detailed in Section III. The Q of the
antennas at their natural resonance are 5 and 32, for the low-Q and the high-Q antennas respectively. The
low height of A2 results in a Q that is 6 times larger and the bandwidths at -6 dB (BW−6dB ) are 222 MHz
and 35 MHz, for the low-Q and the high-Q antennas respectively. The low height of A2 results in an increase
in QP M of 540 %.
Fig. 3 shows the increase in QP M of the high-Q and the low-Q FRA as the frequency is tuned further
away from the natural resonance. The increment in QP M is clearly steeper for the high-Q antenna, and its
value at 700 MHz is more than three times larger than for the low-Q antenna. One can notice that the QP M
is not constant across frequency, nor is the increasing factor across frequency. These factors are also different
from the low-Q to the high-Q antennas. Additionally the position of the tuning capacitor does not seem to
have a large effect on the QP M . The QP M value seems to be driven by the frequency of operation, compared
to the natural resonance frequency of the design.
2.2.2

Efficiency

The reactive energy in the capacitor is a measure of the energy that is stored in the capacitor in order to
force the antenna resonance into a different frequency. This energy is not radiated by the antenna and is
independent of the ESR. It is plotted in Fig. 4 for the high-Q and the low-Q antennas. It can be observed
that the energy that is stored in the capacitor in order to tune the high-Q antenna is considerably higher than
the energy that is needed to tune the low-Q antenna. This phenomenon happens because the capacitance
values that are required to tune the high-Q antenna are considerably higher than the values required for the
low-Q antenna, given its narrow bandwdith.
The dissipated power in the ESR is plotted in Fig. 5. The high fields of the high-Q antenna impact
significantly the tuner loss, compared to the low-Q antenna case. Additionally, the placement of the tuner
4
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Figure 5: Dissipated power due to the ESR of the tuner.
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Figure 6: Voltages across the tuner.
affects the capacitance needed for tuning, the currents to the capacitor, its stored energy and therefore the
power dissipated by the ESR. The loss due to the ESR of the capacitor is proportional to the square of the
currents delivered to it. In the case where the capacitor is located the closest to the source on the high-Q
antenna, the ESR is responsible for up to 3 dB of loss. From an efficiency point of view, narrow-band antennas
should have the tuner placed as far as possible from the source location. The furthest possible location of
the tuner is limited by its voltage breakdown value. Voltages across the tuning capacitor are shown in Fig.
6.
2.2.3

Metal conductivity

The impact of varying the conductivity of the antenna and the GP on the power dissipated by the varactor
is investigated. The results are shown for the high-Q antenna, as it exhibits the highest loss, and for
Cpos =10mm. Several materials are investigated. Their conductivity (σ) and wavelength (λ) are summarized
in Table 3. Results are shown in Fig. 7. Negligible differences are observed between the copper and the
silver simulations, as conductivity values are very similar. Moreover, for early stages of tuning, the power
dissipated by the tuning capacitor does not vary depending on the conductivity of the metal. However, as
the antenna is tuned further away from its original resonance frequency and as its Q increases, the power
dissipated by the tuner is dependent on the metal conductivity of the antenna. More specifically, the power
dissipated by the tuner decreases as the conductivity decreases, for high Q values, highlighting loss in the
metal itself. Tuning stages that force the antenna to resonate at a frequency far form its original frequency,
increase the antenna Q. For Q values high enough, the conductivity of the metal itself becomes a source of
loss. Conductive loss in high-Q antennas are further investigated in the next section.
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Table 3: Conductivity of the simulated materials

Dissipated power in ESR [W]

σ [S/m]
λ 900M Hz [m]
λ 700M Hz [m]

Copper annealed
5.80 *107
1.38 *10−5
1.57 *10−5

Silver
6.30 *107
1.33 *10−5
1.51 *10−5

0.3

Tin
8.70 *106
3.57 *10−5
4.05 *10−5

PEC, Cpos =10
Copper, Cpos =10
Silver, Cpos =10
Tin, Cpos =10

0.2

0.1

0
700

750

800
Frequency [MHz]

850

900

Figure 7: Power dissipated in the ESR of the tuner of the high-Q antenna A2, made out of different materials.

3

Conductive loss

Narrow-band FRA’s have the potential to cover a large bandwidth while exhibiting a low profile. However,
the drawback of this design is its dramatically increasing Q as the resonance frequency of the antenna is tuned
away from the natural resonance frequency of the design [24], i.e. the antenna is becoming electrically smaller,
when operating at a lower resonance frequency than its natural resonance frequency. High-Q structures
exhibit high-fields, hence a significant source of loss is the resistive loss of tuner. However, this loss alone
cannot explain the measured total efficiency of FRA’s [20,25]. This section investigates the existence of metal
loss due to good conductors.

3.1

Theory

The radiation efficiency of an antenna is a quantity that is difficult and resource-consuming to compute, as
long simulations due to high discretization of the domain are necessary for Finite-Difference Time-Domain
(FDTD) methods. Therefore in most cases the radiation efficiency is measured. However the radiation efficiency can be analytically computed for simple structures - as thin dipoles - and depends on the radiation
resistance (Rr ) and the loss resistance (RL ). RL is due to the conductivity of the metal and varies predominantly as the square root of frequency, as expressed below, for a uniform current distribution on a thin
dipole [26]:
l
RL =
p

r

ωµ0
,
2σ

where l is the length of the dipole, p is the perimeter of the wire (p = 2πr for a wire of radius r), ω is the
angular frequency, µ0 is the permeability of free-space and σ is the conductivity. In order to demonstrate that
conductive loss plays a role in high-Q antennas, the efficiency of different√mock-ups, scaled with frequency,
will be measured. When the frequency is doubled, the RL is multiplied by 2 and the efficiency is multiplied
√ L , hence the efficiency drops as the frequency increases, due to conductive loss in the antenna.
by RR+r +R
2R
r

3.2

L

Measurements

Given the frequency dependence of RL , the existence of metal loss in narrow-band antennas is assessed using
two resonance frequencies and 4 mock-ups. The antenna design, detailed in Fig. 8, is placed 2 mm above a
120 mm × 56 mm PCB. Mock-ups are shown in Fig. 9. Firstly two pure copper mock-ups are built. The
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Figure 8: PIFA Geometry (dimensions in mm for M1 and M3).

Figure 9: Pure copper (left) and tuned (right) mock-ups.
mock-up M1 resonates at 700 MHz and the mock-up M2 is a scaled version of M1 by a factor 1/2, thus it
resonates at 1.4 GHz. M1 and M2 are made out of only copper and minimum tin is used in order to isolate
the loss due to the copper alone. In particular the short of the PIFA is made out of the same copper plate as
the ground to avoid soldering in high-current locations. Secondly the mock-ups M3 and M4 are built similarly
to M1 and M2, except for the antenna element that is shorter (cut at the distance d) and the addition of a
capacitor (at the position Cpos). As a result, the natural resonance frequencies of M3 and M4 are several
100 MHz higher than the ones of M1 and M2. The capacitor placed between the antenna and the ground
plate tunes the mock-ups back to 700 MHz and 1.4 GHz for M3 and M4 respectively, using capacitor values
of 5.1 pF and 3.0 pF.

3.3

Results

The frequency responses of the mock-ups are displayed in Fig. 10. The bandwidths of M1, M2, M3 and M4
are 10, 21, 9 and 20 MHz respectively. The difference in bandwidth between M1 and M2 corresponds to the
scaling factor. The bandwidths of M3 and M4 are narrower than M1 and M2, inferring that the capacitively
loaded antennas exhibit a higher Q, for the same frequency. Measured Q are plotted in Fig. 11. Bandwidth
(BW) and Q relate to the Voltage-Standing-Wave Ratio (VSWR) inversely proportionally [24]:
√
p
s−1
2 β
, β= √ ,
Q(ω) =
F BWV (ω)
2 s
where F BWV is the matched VSWR fractional bandwidth and s is a specific value of the VSWR.
The loss due to the ESR of the tuner can be determined in simulations (CST) and taken out of the
measured efficiency. For 1 W input power, the loss due to the ESR is summarized in Table 4. The radiation
efficiency was measured in anechoic chamber and computed with 3D integration pattern. The results are
summarized in Table 5.
Firstly, the loss of the mock-ups including a capacitor is significantly larger than the mock-ups only made
out of pure copper. Secondly, the results show that the loss at 700 MHz is 0.8 dB and the loss at 1.4 GHz
is 1.8 dB for M1 and M2, where the only source of loss is copper. These results exhibit an increasing loss
Table 4: Low-ESR capacitors
Mock-up
M3
M4

C [pF]
5.1
3.0

f [MHz]
700
1400

ESR [Ω]
0.258
0.302
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I [A]
1.773
1.890

Loss [dB]
2.26
3.37
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j50

j100

j25

M2
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M3
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Figure 10: Measured frequency responses of M1 - M4.
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Table 5: Radiation efficiency

fr [MHz]
er [dB]

M1
700
-0.8

M3
700
-3.2

M2
1400
-1.8

M4
1400
-5.3

with frequency, confirming the existence of conductive loss in high-Q antennas. Finally, one can subtract
the estimated loss due to the ESR from the measured efficiency of M3 and conclude on its conductive loss.
That is to say, the measured efficiency of M3 being −3.2 dB and the simulated ESR loss being 2.26 dB,
the conductive loss is estimated to be 0.9 dB. This value is in good agreement with the measured efficiency
of the pure copper mock-up M1 at the same frequency, −0.8 dB. Similarly the conductive loss of M4 is
estimated to be 1.9 dB (−5.3+3.37=1.9), which fits the measured efficiency of M2, −1.8 dB. Differences
between estimations and measurements is within the chamber accuracy.
The loss of M1 and M2 is the copper loss for a mock-up exhibiting a similar Q and resonance frequency. The
measured loss of M3 and M4 is consistent with the addition of copper loss (M1 and M2) and simulated ESR
loss. These measurements show the existence and the significance of conductive loss in narrow-band FRA’s,
in addition to tuner loss.

4

Conclusion

Tunable technologies are getting mature enough to be integrated into phones. Antenna tuning can enable
new front-end architectures addressing the bandwidth issue of 4G. Using narrow-band and tunable antennas
allows for designs exhibiting a very low profile. However, the dramatically increasing Q of narrow-band
antennas, as it is tuned, leads to thermal loss in the antenna structure itself [27]. The results presented in
this paper show that the tuning loss is of two kinds: the loss due to the ESR of the tuner and the loss due to the
metal conductivity. The thermal loss due to conductivity as not been an issue in typical wide-band handset
antenna designs, as they exhibit a low-Q. However, novel architectures using high-Q antennas, experience
a limit in achievable efficiency, due to thermal loss. If the tuner loss can be minimized with optimizing its
location and future manufacturing improvements, the loss due to the metal conductivity is intrinsic to the
antenna manufacturing. As the antenna is tuned towards lower frequencies, it becomes electrically smaller
and higher Q, thus the conductive loss becomes significant [27]. This loss impacts directly the total efficiency
of the system, therefore the feasibility of manufacturing such a design. The existence of conductive loss for
narrow-band antennas is a limitation to antenna miniaturization.
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