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ABSTRACT A penta-band inverted-F antenna (IFA) tuned by two high-voltage aperture tuning networks
is presented in the paper. The design is based on a singe, non-bended radiating arm IFA. Each of the two
aperture tuners comprises a high-voltage switchable RF capacitor IC in parallel with an off-chip inductor.
The antenna can be tuned to any of the 5 bands of sub-4 GHz cellular spectrum between 690 MHz and
3800 MHz with return loss exceeding 6 dB at the feed over more that 95% of the total frequency range.
A systematic design and analysis of the penta-band IFA based on transmission line model is provided,
tuning approach for carrier aggregation enablement over two bands at a time is discussed. A nonlinear
performance of the designed antenna with RF capacitors fabricated in bulk-CMOS RF-switch technology
is demonstrated.

INDEX TERMS Antenna tuning, aperture tuning, C-tuner, carrier aggregation, cellular user equipment,
harmonics, high-voltage RF switch, inverted-F antenna, mobile handset, RF switch, switchable capacitor,
user terminal.

I. INTRODUCTION

CAPACITIVELY loaded inverted-F antennas (IFAs) for
mobile telephone handsets have been introduced more

than two decades ago [1]. Capacitive loading reduces the
resonance length of antenna providing reasonable radiation
efficiency at low cellular frequency band even for compact
structures. Recent advances in highly-linear, high-voltage
tunable RF components enabled variable capacitive load-
ing of the IFAs. Matching and radiation efficiency of such
antennas could be fine-tuned to the specific frequency band
while sustaining low level of nonlinear distortions required
for co-existence of modern radio techniques, for example,
carrier aggregation [2].
The sub-4 GHz cellular frequency spectrum, offering a

good tradeoff between the coverage and capacity for cellular
services [3], can be divided into 5 frequency ranges (bands):
690 MHz – 960 MHz (LB), 1420 MHz – 1520 MHz (LMB),
1710 MHz – 2200 MHz (MB), 2300 MHz – 2690 MHz (HB),
3300 MHz – 3800 MHz (UHB). For efficient space usage in
a mobile phone operating in modern cellular networks it is

desirable that a tunable inverted-F antenna covers multiple
or all ranges, not necessarily at the same time.
In this work we focus primarily on single, non-bended

radiating arm IFA topologies tuned by RF capacitors, as
they are the most basic and practically applicable structures
in cellular mobile devices [4]. In [5], two antenna demon-
strators, each covering only one band – LB or HB – are
reported. The antennas are aperture-tuned by a single RF-
MEMS-based capacitor. Another IFA tuned within MB by
means of a silicon varactor placed along a single radiating
arm is presented in [6].
In one of the previous works the authors demonstrated a

dual-band IFA tuned by an LC network based on a single RF
capacitor [7]. The feed was matched at LB and MB. Shifting
the same network further towards an open-end of the IFA
would provide coverage of LB and HB (instead of MB).
Addressing all three bands LB, MB and HB with a single
aperture tuning capacitor seemed to be infeasible. The same
tuning concept based on a digitally-controlled capacitor and
a shunt inductor attached to the open end of a bended IFA
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FIGURE 1. Proposed penta-band tunable inverted-F antenna.

arm over a compact ground plane is published in [8], where
the antenna was covering LB frequency range.
A tuning topology reported in [9] besides a high-voltage

switchable RF capacitor has additionally incorporated an
RF switch at the feed, which allowed covering three bands,
meaning LB, LMB and MB. A triple-band antenna integrated
in a metallic back cover mobile phone mock-up presented
in [4] is tuned by three MEMS-based aperture tuning capac-
itors. Each of the three capacitors is responsible for tuning
the respective frequency band LB, MB or HB. Finally, an
adjustable single-arm IFA covering three bands – LB, MB
and HB – and tuned by a single switchable capacitor is
presented in [10]. However, the radiating element of the IFA
incorporates two section, the long one for exciting resonant
modes at LB and HB, and the short one radiating at MB.
In this paper we propose a single-arm tunable IFA covering

5 bands mentioned above using two high-voltage switchable
RF capacitors for aperture tuning. The UHB coverage is
achieved by utilizing a short section of the radiating element,
similarly to the MB resonant mode demonstrated in [10]. The
final configuration of the proposed tunable antenna is shown
in Fig. 1.
Among the novel aspects presented in the paper are:

• a systematic design and analysis of a tunable, single-arm
IFA based on transmission line model is provided;

• tuning approach for independent and simultaneous
coverage of two bands at a time is discussed;

• nonlinear performance of the designed antenna with two
switchable RF capacitors in bulk-CMOS technology is
demonstrated.

II. DESIGN OF PENTA-BAND TUNABLE IFA
We start the design by analysing how to tune a basic
inverted-F antenna to each of the target bands separately,
then we combine the findings to construct an antenna with
five-band coverage. The layout of the basic single-arm IFA
and an aperture tuning network directly coupled between the
radiating element and ground plane are shown in Fig. 2(a).
The radiating element and the ground plane are designed in
a single 35-μm thick copper layer on a 1-mm FR4 substrate.
The outer dimensions of the structure are 70mm×134mm,
which represents the size of a typical smartphone (only an

FIGURE 2. (a) – layout of the tuned single-arm IFA and (b) – its equivalent circuit
based on the transmission line model of IFA.

upper part of the 129mm long ground plane is shown in the
figure).
The aperture tuning network is constructed as a paral-

lel LC tanc, where CT is a 5-bit switchable RF capacitor
tuned between 450 fF and 2.7 pF with a uniform step size
of 72 fF and LT is a 27 nH SMD high-Q inductor. The rea-
son for adding a parallel inductor to the aperture tuner is
twofold:

• it can resonate out the shunt capacitance at LB
frequencies, thus relaxing the requirements for the
minimum capacitance of CT ;

• it protects the integrated circuit CT from the damage
during system-level ESD stress.

For the following analysis of tuning behavior of the
antenna we use a transmission line model of a single-arm
IFA [1], shown in Fig. 2(b). The model consists of three
individual transmission lines TLFS, TLTF and TLTO repre-
senting the respective sections of the radiating arm near
the ground plane, the resistance RRO modeling the radia-
tion and loss resistance of the antenna [14], and the shunt
impedance ZT representing the aperture tuning network. The
model is valid for estimating impedances along the radiating
element of antenna, thus providing a simple tool for sys-
tematic design and analysis of the antenna tuning concept.
The parameters of the model listed in Table 1 are extracted
from a 3D-EM simulation of the planar antenna dimen-
sioned as shown in Fig. 1. The reader is referred to authors’
previous paper [14], where the extraction method is described
in detail.
The impedance at the feed ZF can be derived from

the transmission line model using the following set of
equations [11]:

ZF = ZFS‖ZFO, (1)

ZFS = jZ0 tan βlFS, (2)

ZFO = Z0
ZTO‖T + jZ0 tan βlTF
Z0 + jZTO‖T tan βlTF

, (3)
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TABLE 1. Parameters of the transmission line model in Fig. 2(b).

ZTO‖T = ZTO‖ZT , (4)

ZTO = Z0
RRO + jZ0 tan βlTO
Z0 + jRRO tan βlTO

. (5)

ZT represents the impedance of the aperture tuning
network LT–CT :

ZT = jωLT
1 − ω2LTCT

(6)

Note that the radiation resistance RRO is the only resis-
tive element in the transmission line model, meaning that if
there is no impedance mismatch at the feed, all the power
is dissipated at RRO and antenna operates at its maximum
efficiency.
We further visualize the impedance transformation (1)–(6)

on the Smith Charts to demonstrate how the position of the
tuner defines the frequency range that antenna is able to
cover. Note, that since ZT represents the tuner impedance
and can take on different values, a single curve on the Smith
Chart splits into multiple curves once reaching the point
where ZT is attached to.

A. LB TUNING
The untuned IFA produces a quarter-wavelength resonant
mode at around 730 MHz with return loss of above 10 dB at
the feed point. The frequency of the quarter-wave resonance
is primarily defined by the length of the radiating arm, which
is chosen to represent the size of a typical smartphone. An
LC aperture tuning network, which is configured to exhibit
a parallel resonance within LB, varies the effective electrical
length of the radiating stripe, thus shifting the match at the
feed depending on the capacitor settings. The tuner can be
placed almost anywhere between the feed and open end. The
exact position, however, impacts the tuning sensitivity and
the return loss at the feed, as will be demonstrated next.
Fig. 3 shows the impedance transformation in the trans-

mission line model for two different positions of the tuner:
20mm and 30mm away from the feed point (lTF = 20mm
and lTF = 30mm respectively). For convenience of graphical
representation of impedance transformation by the transmis-
sion lines, the reference impedance for all Smith Charts is
set to the characteristic impedance of the transmission lines
in the model, meaning to Z0 = 121 �. Only one quarter of
the complete LB frequency range is shown on the Chart to
avoid crowding of the curves.
The TLTO section moves the impedance ZTO to the south

of the Chart, which is then spread over the capacitive region

FIGURE 3. Impedance transformation in LB-tuned IFA when the tuner is attached to
radiating element (a) – 20 mm away from feed and (b) – 30 mm away from feed.
Reference impedance for the Smith Charts is Z0 = 121 �.

as the capacitor in the tuner is swept between 450 fF and
2.7 pF with the step of 72 fF (in total 32 curves corresponding
to impedance ZTO‖T are shown on the Charts). The spread is
larger in Fig. 3(b), where the aperture tuner is placed closer
to the open end of the IFA, resulting in a higher tuning
sensitivity when the tuner is placed at the high-impedance
region of the IFA. This finding has been experimentally
proven in [12].
The transmission line TLTF moves the 32 curves clockwise

towards the low-impedance capacitive region of the Chart
ZFO. Finally, the inductive impedance ZFS resonates out the
capacitive part of ZFO, bringing the impedance at the feed
point into the 6 dB return loss region marked by a green
circle around 50� point of the Smith Chart.
From Fig. 3 the following can be concluded:
• placing the tuner at either one of the points, 20mm or
30mm away from feed, allows achieving target return
loss of at least 6 dB at the feed;

• placing the tuner closer to the open end of the IFA
results in higher tuning sensitivity.

B. LMB AND MB TUNING
At mid-band the tuner is placed 20mm away from the feed,
at the point where impedance ZTO looking into the open end
is inductive, see Fig. 4(a). The aperture tuner at LMB and
MB operates predominantly above the parallel resonance,
resulting in capacitive impedances ZT , which transform the
impedance ZTO downwards the Chart along the imaginary
axes, generating a set of curves ZTO‖T . After a quarter-
wavelength transformation by the transmission line TLTF ,
the impedance ZFO is combined in parallel with ZFS, which
appears at the high-ohmic inductive region of the Smith
Chart. The resultant reflection coefficient curves at the feed
cross the green RLF circle, indicating a match to 50� at
the demonstrated frequency range between 1880 MHz and
2000 MHz.

C. HB TUNING
The optimal position of the tuner for MB, meaning
20mm away from feed, unfortunately does not allow to
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FIGURE 4. Impedance transformation (a) – in MB-tuned IFA when the tuner is
attached to radiating element 20 mm away from feed and (b) – in HB-tuned IFA when
the tuner is attached to radiating element 30 mm away from feed. Reference
impedance for the Smith Charts is Z0 = 121 �.

accommodate for high-band tuning. In order to address this
band the tuner shall be moved closer to the open end, so that
TLTF could shift the RRO by the same or even smaller phase
angle than it does in MB case. Numerical evaluation of (1)
reveals that lTF = 30mm is the optimal physical distance
between the feed and the aperture tuner for covering HB.
The Smith Chart in Fig. 4(b) demonstrates the HB tuning
case within the frequency range of 2450 MHz – 2550 MHz.

D. QUAD-BAND TUNING TOPOLOGY
The IFA tuned by a single LC-tanc attached to the radiating
element is capable of achieving up to triple-band coverage,
with either LB-LMB-MB or LB-HB band combinations.
It cannot, however, address MB and HB with the same
electrically-tuned antenna.
For this reason two identical, independently-controlled

tuners are placed at different points of antenna to achieve
quad-band frequency coverage, meaning LB-LMB-MB-HB.
The tuners can not be placed exactly at the locations iden-
tified in Sections II-B and II-C because of double loading
of the IFA. We have used a model of the quad-band tunable
IFA shown in Fig. 5(a) to obtain the appropriate locations
for the tuners.
ZT1 and ZT2 represent the impedances of the aperture

tuning networks defined as:

ZTi = jωLTi
1 − ω2LTiCTi

, (7)

where i ∈ {1, 2}, LTi = 27 nH, CT1 and CT2 are
independently-tuned in the range 450 fF – 2.7 pF with a uni-
form step of 72 fF. The shunt inductance LF is added to
account for the influence of an ESD protection element at
the feed required in a real IFA implementation.
In order to find the proper location for the aperture tuners

for best coverage of four bands defined above, we define
and solve a numerical optimization task for the circuit in
Fig. 5(a). The voltage standing wave ratio (VSWR) at the
feed can be analytically found using the mathematics from

FIGURE 5. (a) – model of the quad-band IFA and (b) – calculated return loss at the
feed for lTF = 12 mm and lTT = 10 mm (the values of other parameters of the model
are listed in Table 1).

Section II:

γF = 1 + |(ZF − Z0.FE)/(ZF + Z0.FE)|
1 − |(ZF − Z0.FE)/(ZF + Z0.FE)| , (8)

where Z0.FE is the reference impedance of the RF front-end
electronics interfacing the antenna feed, typically 50�.
In general, γF is a function of frequency, common trans-

mission line properties β and Z0, length of the individual
transmission lines (defining the positions of the tuners) and
states of the tuners (defining ZT1 and ZT2). In particular, we
have previously set the numerical values for all parameters,
with lTF and lTT remaining to be unknown. For any arbi-
trary frequency point and fixed lTF and lTT we define the
minimum VSWR at the feed over all possible tuning states:

min
CT1,CT2

{γF} (9)

We then integrate (9) over frequency bands of interest:

OF =
∫
Fb

min
CT1,CT2

{γF}df , (10)

where Fb = fLB ∪ fLMB ∪ fMB ∪ fHB is a union of specified
frequency intervals. The expression (10) quantifies the ability
of the tunable IFA to provide the impedance match at the feed
point over the target frequency bands. The lower the OF is,
the more beneficial is the tuning configuration. Therefore, we
use (10) as an objective function for numerical optimization
of the quad-band IFA model. The optimization problem is
set as:

min
lTF,lTT

{OF}, (11)

where lTF and lTT are the input arguments to be found, that
bring the objective function to its minimum.
It is worth noting, that from the three known scalar quan-

tities describing the mismatch power loss, namely, return
loss, scalar reflection coefficient and VSWR, the latter is
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FIGURE 6. (a) – equivalent circuit of the penta-band IFA, (b) – impedance
transformation in UHB.

the most appropriate for defining the objective function (10).
VSWR, being by definition a Möbius transformation of the
scalar reflection coefficient, nonlinearly grows the OF as the
reflection at the feed goes away from zero. Such behavior
of the VSWR function ensures that the OF does not mask
the strongly-mismatched points in the response of the tuned
IFA, discarding any inappropriate tuning configuration.
After solving the optimization problem (11) we have iden-

tified the optimal values for the input arguments: lTF =
12mm and lTT = 10mm. The resultant return loss curves
for these positions of the tuners are plotted in Fig. 5(b).
There are in total 25 · 25 = 1024 curves for all possible
states of the two 5-bit switchable capacitors.

E. PENTA-BAND TUNING TOPOLOGY
The impedance ZFO of the radiating stripe at the feed point
looking into the open end of the IFA is predominantly induc-
tive and high-ohmic at the UHB frequencies and can not be
matched to achieve reasonable power transfer to the feed.
This is demonstrated in Fig. 6(b), where the reflection coeffi-
cient curves corresponding to ZFO at 3500 MHz – 3600 MHz
are plotted along the north periphery of the Smith Chart.
It is worth mentioning, that the transmission line model
is expected to be less accurate at UHB than at low-GHz
frequencies.
In order to cover UHB, the section TLFS of the IFA radiat-

ing arm is utilized – an approach similar to the one reported
in [10], where the short section of the IFA was used to
excite the quarter-wavelength resonant mode at 1800 MHz.
In the quad-band topology one side of the TLFS is shorted
to ground. A parallel LC resonant tank has been attached to
TLFS instead of the short to sustain the quad-band coverage
and complement it with the UHB. The circuit diagram is

FIGURE 7. Calculated return loss at the feed of the circuit in Fig. 6(a).

shown in Fig. 1, where said LC tank is denoted as “UHB
open”, with LS = 1.8 nH and CS = 0.8 pF. The tank exhibits
low reactive impedance at frequencies below 2700 MHz and
approaches parallel resonance at UHB.
The equivalent circuit diagram of the penta-band IFA is

shown in Fig. 6(a). Here, ZUHB = jωLS/(1−ω2LSCS) is the
impedance of the LC tank, RRS = 400 � is the radiation
and loss resistance of the IFA short section, analogous to
RRO. The numerical value for RRS has been extracted from
the 3D-EM simulated model of the IFA at 3.5 GHz. The
numerical values for all other elements of the model remain
identical to quad-band configuration.
At 3500 MHz the impedance ZS is inductive and the

electrical length of the section TLFS is 1.4λ
4 , which bring

the impedance ZFS into the RLF = 6 dB circle. As men-
tioned previously, ZFO and jωLF are high-ohmic inductive
impedances in parallel to ZS, resulting in feed impedance
ZF which is mostly inside the target 6 dB return loss circle,
see Fig. 6(b).
The return loss at the feed of the designed penta-band

IFA for all 1024 tuning states is demonstrated in Fig. 7. The
response is similar to quad-band structure up to 3 GHz and
at UHB the design exhibits 6 dB return loss over most of
the target frequency band.
It is worth noting, that the considered model of the IFA

in Fig. 6(a) does not contain any lossy elements besides
radiation resistances RRO and RRS, therefore return loss trend
in Fig. 7 shall match with the antenna radiation efficiency.

F. ANTENNA CONTROL FOR CARRIER AGGREGATION
The penta-band antenna can be fine-tuned to at least one
frequency within the five bands. In order to accommodate
for carrier aggregation (CA) usage, multiple frequency bands
shall be covered at the same time [13]. It is not straight-
forward to predict at which frequency combinations the
impedance match at the feed can be achieved for the designed
penta-band antenna without the complete numerical sweep
over all tuner combinations. The following analysis is aimed
at providing an estimation at which bands the simultaneous
impedance match at the feed can potentially be expected.
Once the mechanical configuration of the tuned IFA is

defined and fixed, the VSWR at the feed is transformed
(simplified) into a function of two variables, CT1 and CT2,
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TABLE 2. Normalized numerical aperture tuning sensitivity values according to (15)
for the IFA model in Fig. 6(a).

and frequency:

γF(CT, f ), (12)

where CT = (CT1,CT2) is a vector of arguments repre-
senting the capacitance of the tuners. Within the specified
frequency band the best impedance match at the feed is
achieved at a frequency point, where VSWR reaches its
minimum:

fm(CT) = argmin
f

{γF(CT, f )} (13)

We assume that (13) is defined only if fm does not
lie on the boundary of the frequency interval representing
the respective band, meaning that fm belongs to the open
frequency interval.
We introduce a scalar aperture tuning sensitivity func-

tion defined as a directional derivative of the best-match
frequency point along a vector c:

S(CT) = ∇cfm(CT) (14)

The function (14) may be undefined for some intervals
or subsets of CT from the complete aperture tuning (AT)
space for the reason that fm may not be always defined as
mentioned earlier.
We define the integral sensitivity over the complete

aperture tuning space (AT ) as:

Sint = 1

AT
·
∫
AT
S(CT)d2CT. (15)

The function (15) has been numerically evaluated for the
designed penta-band tunable antenna in Fig. 6(a). The sen-
sitivity for each of the four bands (except UHB, which is
not tuned by the RF capacitors) has been calculated and
normalized to the sensitivity in low-band for the ease of
comparison. The derivatives have been calculated along the
four different directional vectors c, as listed in the Table 2.
For example, the sensitivity for c = (1,−1) means the rate
of change in best-match frequency when the first capacitor
CT1 is tuned up in the value and second capacitor CT2 is
tuned down.
The following can be observed and concluded:

• c = (1, 1): increase of the values of both tuning capac-
itors at the same time shifts the matching frequency at
all bands in the same direction but with different speed
(faster for high frequencies, as expected). Such tuning
scenario alone does not provide enough flexibility for

achieving wide CA coverage due to correlation in the
shift of matching frequency;

• c = (1,−1): changing the capacitance values for the
tuners in different directions exhibits negative sensitiv-
ity in LMB and MB with respect to LB. This means,
that it is possible to shift the match at LMB and MB
towards higher frequencies, while moving the LB match
to the lower frequencies. Such tuning scenario, together
with c = (1, 1), provides a high degree of freedom
for a simultaneous and arbitrary match at LB–MLB
or LB-MB, enabling CA usage for mentioned band
combinations;

• CA in HB and LB can unlikely be efficiently addressed
by the design for the same reason mentioned in the first
bullet point.

The UHB is not included in the analysis for its low
sensitivity to the aperture tuning. The suitability of the
designed penta-band tunable antenna for CA support will
be demonstrated in the following section.

III. EXPERIMENTAL RESULTS
The designed single-arm IFA tuned by two high-voltage
switchable capacitors has been implemented in hardware.
The photograph of the prototype is shown in Fig. 8. The
demonstrator is based on a mechanically-reconfigurable
inverted-F antenna, which has been described by the authors
in detail in one of the previous publications [14]. In addition
to penta-band antenna we have also assembled a quad-band
modification (not shown in the figure), which comprises a
metal short instead of the LS − CS UHB open.

The 5-bit switchable RF capacitors CT1 and CT2 have
been designed and fabricated in Infineon 130 nm bulk-
CMOS switch process. The capacitors can be tuned in the
range of Cmin/�C/Cmax = 450 fF / 72 fF / 2.7 pF at low-band
frequencies, with the Q-factor between 20 and 30 depending
on the state at said band. The parts are designed for max-
imum 80V RF voltage handling capabilities. Such voltage
handling provides sufficient margin for practical large-signal
operation – the maximum RF voltages against ground at the
mounting points of the aperture tuners are expected not to
exceed 70V [14]. The circuit design of the RF capacitors
is outside the scope of the paper, therefore the reader is
referred to [15] for detailed description of a similar IC.
The two identical aperture tuning networks based on the

switchable RF capacitor, as well as the UHB LC network, are
mechanically attached to the carrier board. The capacitors
are individually controlled from a shared two-wire interface,
the total amount of tuning states is 25+5 = 1024, where 5
denotes the resolution of each capacitor in bits. The SMD
RF inductors LT1 = LT2 = 27 nH and LF = 12 nH of the
type LQW15AN have been used in the demonstrator.

A. SMALL-SIGNAL MEASUREMENT RESULTS
Both quad-band and penta-band prototypes have been mea-
sured in free space, the s-parameters for all tuning states have
been recorded. The measured 1024 return loss curves at the
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FIGURE 8. Photograph of the assembled hardware demonstrator.

RF feed of tuned IFAs are plotted in Fig. 9. 6 dB is set as
a commonly adopted return loss target at the feed of anten-
nas integrated into the chassis of cellular phones. As can be
observed from the measurements, the proposed tuned IFAs
achieve the target return loss for all four frequency bands
with fine tuning steps. Only at UHB the return loss over-
shoots the 6 dB limit at the border of the frequency band.
At all bands except HB the curves are merged into a grey
shaded area due to their high density.
The curves in Fig. 10 demonstrate the measured versus

calculated return loss of the penta-band IFA for two states of
the tuning networks. A reasonably good hardware-to-model
correlation can be observed, proving the appropriateness
of transmission line IFA model at frequencies below one
wavelength for the total length of the radiating arm [14].
The discrepancy between the measurements and model
prediction at high frequencies is additionally caused by the
frequency-dependent electrical parameters of the inductors
and switchable capacitors (e.g., increasing capacitance over
frequency, finite Q-factor), which were assumed to be ideal
in the transmission line model.
In order to demonstrate the capabilities of proposed solu-

tion to accommodate for CA application, we have extracted

FIGURE 9. Measured return loss of the (a) – quad-band and (b) – penta-band
demonstrators in free-space.

FIGURE 10. Hardware-to-model correlation for penta-band antenna for two tuner
states.

tuner settings suitable for addressing 4 inter-band CA con-
figurations defined in 3GPP Release 11 [13], all located
within LB and MB: B8/B3, B5/B3, B5/B1 and B17/B2.
Fig. 11 demonstrates the measured return loss curves for
aforementioned CA cases with the respective tuner settings.
This fits the prediction for simultaneous dual-band coverage
capabilities of designed tunable antenna (see Section II-F).
We have not extensively analyzed other CA combinations

beyond the presented example due to the high number of
band configurations defined in the latest 3GPP releases.
However, we believe that if the required CA cases are
explicitly specified, the aperture tuning topology (includ-
ing inductor LF at the feed) can be optimized to cover all
required combinations falling into LB and LMB/MB.
In spite of the strong abstraction and simplicity of the

tuned IFA model in Fig. 5(a) and Fig. 6(a), the measurements
demonstrate a reasonable hardware-to-model correlation for
the return loss at the feed. This proves that the model, in
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FIGURE 11. Measured return loss of the penta-band antenna for LB-MB carrier
aggregation use-cases.

FIGURE 12. Simulated return loss and total antenna efficiency for Band 5 + Band 3
carrier aggregation case (tuner settings CT1 = 1170 fF, CT2 = 738 fF).

general, correctly describes the impedance transformation in
the antenna and can be used for rapid first-order design of
a tunable IFA. The final fine-tuning shall be done on the
hardware level, possibly with the help of full-featured EM
simulation.
The total antenna efficiency for one state has been simu-

lated in Ansys HFSS. The measured responses of the tuning
networks in states CT1 = 1170 fF, CT2 = 738 fF as well as
the UHB open network have been included into the sim-
ulation model. The result is demonstrated in Fig. 12. The
total efficiency of the antenna is very high at UHB, reach-
ing the peak of over 80%. At this frequency the antenna
tuning networks exhibit very low power losses of below
1% from the power applied to the feed. This is achieved
due to the strong mismatch between the impedance of the
aperture tuning networks (which is high at 3.5 GHz) and
impedance of the IFA looking into the aperture tuning point
(low at 3.5 GHz). For example, the RF voltage magnitudes
at tuner 1 and tuner 2 when fed by 1W signal at 3.5 GHz
are 0.43V and 0.55V, resulting in power losses of 8mW and
10mW respectively. Most of the power is lost on UHB open
network, specifically 12% of the fed power. The efficiency
at 900 MHz and 2 GHz is limited to large extent by the
power losses in aperture tuning networks operating at high
RF voltages, particularly by the first tuner at 2 GHz and
by the second one at 900 MHz. It is worth noting, that the
total antenna efficiency in the real cellular phone might be
lower, especially at UHB, because of many lossy elements
and materials in the housing of the device. The radiation
patterns at the frequencies corresponding to efficiency peaks
are demonstrated in Fig. 13.

FIGURE 13. Normalized simulated radiation patterns of the penta-band antenna for
tuner settings CT1 = 1170 fF and CT2 = 738 fF.

FIGURE 14. Measured harmonics power over applied RF signal at the feed at
900 MHz (tuner settings CT1 = 1170 fF, CT2 = 738 fF).

B. LARGE-SIGNAL MEASUREMENT RESULTS
The aperture tuning networks generate nonlinear distortion
(e.g., harmonics) when excited by the RF voltage at the
IFA. The harmonics power is then radiated by the antenna,
coupled back to the IFA feed and dissipated on the lossy
elements of the tuning networks and intrinsic IFA.
The measured second and third harmonics at the feed

point when driven by the 900 MHz RF signal are plotted in
Fig. 14. The peak level of –42 dBm is reached by the second
harmonic at 1800 MHz at the feed power of 33 dBm. At this
input power level the RF voltage magnitude at the first and
second tuners are 45V and 60V respectively, meaning that
the main generator of the nonlinear distortion in the IFA is
the second aperture tuning network.
The radiated harmonics must satisfy the maximum out of

band spurious emission requirements of −36 dBm defined
by the 3GPP [16] and can be measured over-the-air in dedi-
cated anechoic chamber. Alternatively, they can be estimated
by measuring the harmonics at the feed point and scaling
the result by the ratio between radiated power and power
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FIGURE 15. Ratio between the radiated harmonic power and harmonic power
coupled back to the feed point (tuner settings CT1 = 1170 fF, CT2 = 738 fF).

TABLE 3. Comparison of the proposed penta-band IFA with similar tunable
single-arm antennas.

dissipated on the feed. The ratio can be obtained from the
transmission line model in Fig. 5(a) by applying the volt-
age at respective aperture tuning point and calculating the
amount of power dissipated on the two resistive elements of
the circuit RRO and RRFFE [14], with RRFFE = 50 � being
the source resistance of the RF feed:

10 log

[
PT1→rad

PT1→feed

]
= 10 log

[
|ZT1F|2
|ZT1O|2 · �{ZT1O}

�{ZT1F}

]
(16)

10 log

[
PT2→rad

PT2→feed

]
= 10 log

[
|ZT2F|2
|ZT2O|2 · �{ZT2O}

�{ZT2F}

]
(17)

The equations can also be applied to the penta-band
antenna as long as the harmonic frequency is below UHB
(which is the case for the second and third harmonic of
the LB signal). Numerical evaluation of (16) and (17) for
the tuner states CT1 = 1170 fF, CT2 = 738 fF is shown
in Fig. 15. At the frequency of 1800 MHz the difference
between the radiated and fed back power of the second har-
monic from the 2-nd aperture tuner is 0 dB, meaning that
the maximum radiated harmonic power is −42 dBm, which

is well below the 3GPP out of band spurious emission limit.
Note that for lower frequency of the second harmonic the
radiated power may become closer to the emission limit,
however, for this case the harmonics measurements at the
feed point as well as the numerical evaluation of the ratio
between the radiated and fed back harmonic power shall be
redone for different state of the aperture tuning networks.

IV. CONCLUSION
The aperture tuning concept based on high-voltage switch-
able RF capacitors applied to the single-arm IFA is presented
in the paper. The IFA can be tuned to any frequency within
the five cellular bands in sub-4 GHz range, providing return
loss of at least 6 dB at the feed point. The hardware prototype
has demonstrated the ability to cover two frequency points at
different bands simultaneously. The nonlinear performance
fulfills the requirements of the 3GPP for maximum out
of band spurious emission, making the proposed concept
suitable for practical use.
The comparison of the demonstrated concept with similar

tunable IFAs is provided in Table 3. It is worth emphasizing,
that the comparison is limited to generic single-arm antenna
topologies and does not include solutions based on complex
IFA layouts. To authors’ knowledge, the proposed penta-
band tunable IFA for handheld mobile devices together with
the analysis based on the transmission line model is among
the simplest solutions reported to date.
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