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A Capacitive Loading Method for Turning a
Single-Band Antenna Into Dual-Band for
Wireless Terminal Applications

Jiangwei Sui

Abstract—This letter proposes a simple method to turn a single-
band inverted-F antenna (IFA) or loop antenna into a dual-band
antenna with a small frequency ratio and similar radiation pat-
terns by simply adding a capacitor near the shorting end of a con-
ventional single-band IFA or a loop antenna. Two demonstration
examples imitating a mobile terminal application using IFA and
loop antenna are present. The measured results show that the IFA
and loop antenna with an added capacitor near the shorting end
have comparable radiation patterns and total efficiencies in the two
designed frequency bands compared with the antennas without the
capacitor. The measured frequency ratio of the two resonances is
1.15 (2.23 and 2.56 GHz) for IFA and 1.19 (2.19 and 2.61 GHz)
for loop antenna. And the two resonant frequencies can be easily
controlled by tuning the added capacitor so that this method can
be easily applied to frequency agility applications. To illustrate the
physical mechanism, a transmission line model is presented and
analyzed.

Index Terms—Capacitive load, dual-band, frequency agility,
IFA, loop antenna, radiation pattern, small frequency ratio.

I. INTRODUCTION

O MEET the needs of higher data rate and ubiquitous con-
T nection, dual-band antenna has been widely used in mobile
terminals due to the space, weight, and cost constraints. Among
various dual-band antennas, the dual-band antennas with small
frequency ratio are desired in many applications, such as carrier
aggregation (CA) (2.2 and 2.7 GHz, ratio as 1.23) [1], satellite
communication (21 and 26 GHz, ratio as 1.24) [2], radio fre-
quency identification (842.5 and 922.5 MHz, ratio as 1.1) [3],
and global positioning system scenarios (1.227 and 1.575 GHz,
ratio as 1.28) [4].

Among various internal antennas for mobile terminals,
inverted-F antenna (IFA) is one of the most popular antennas
due to its low profile, high design flexibility, and compactness
[5]. For dual-band IFA, the most straightforward method is us-
ing different radiating arms to generate multiple resonances [6].
Parasitic elements can also be used to generate an additional
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resonance [7]. Another method to realize a dual-band IFA is to
introduce an LC resonator on the radiating patch of the antenna
[8]. A twisted line can also be used to achieve a dual-band IFA
[9]. Modifying the ground plane is another effective technique
to achieve a dual-band antenna [10], [11].

Besides IFAs, loop antennas have also been widely used in
mobile terminals in the form of metal frame antennas on smart
phones [12], [13]. A dual-band loop antenna can be achieved
by utilizing the multimode characteristic of a loop itself [14]-
[17]. However, the frequency ratio of these multiple modes is
usually large so that it will be inapplicable for some applications
requiring small frequency ratio.

Incorporating lumped elements into antennas to tune the reso-
nance and impedance matching is widely used. Adding a capac-
itive load at the open end [18] or radiating arm [1] of the planar
IFA can effectively decrease the resonant frequency of the an-
tenna. In [19], a series resonator containing lumped elements is
added to the open end of an IFA to achieve two resonances at
2.45 and 5.8 GHz with a large frequency ratio of 2.36. In [20],
two stubs, each with a varactor diode, are incorporated to the
short end and open end of an IFA to control the first two res-
onant frequencies and the frequency ratio is around 2. In [21],
a shunt capacitor is added in parallel to the feed conductor to
solve the impedance mismatch problem at the high frequency
and the frequency ratio of the two resonances is as large as 2.24
(2.45 and 5.5 GHz).

In this letter, a simple but effective method is proposed for
turning a conventional single-band IFA or loop antenna into
a dual-band antenna with a small frequency ratio and similar
radiation patterns by adding a capacitor near the shorting end
of the antenna. Compared with prior works that use lumped
capacitors, the most attractive feature of the proposed method is
that it can generate a new resonance in addition to the original
resonance and these two resonances have a small frequency ratio
and similar radiation patterns. Although there is also a varactor
on the short end of the IFA in [20], it is only used to tune the
high resonant frequency. However, in our work, the capacitor
is used to generate a low resonant frequency apart from the
high resonant frequency. And this is why we can achieve two
resonances with a small frequency ratio (around 1.15), whereas
the frequency ratio is around 2 in [20].

The content of this letter is organized as follows: Section II
introduces a demonstration example of the proposed method
on IFA and presents a transmission line model to analyze the
physical mechanism. Section III presents an implementation of
the proposed method on loop antennas. Finally, a conclusion is
given in Section IV.
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Fig. 1. Configurations of IFAs. (a) Conventional IFA. (b) IFA with a capacitor.
(c) Dimensions. The shorting pin is indicated by a blue dot.

TABLE I
DIMENSIONS OF PROPOSED IFA (UNIT: MM)

l() 100 l3 10 ls 3 Wo 65 w3 2
ll 21 l4 7 l7 2.5 wi 3.1 Wy 0.4
12 14 15 5 lg 2.4 Wwa 3 Ws 0.6

Pad Capacitor

(2) (b)

Fig. 2. Prototype of the dual-band IFA with a capacitor. (a) Top view.
(b) Bottom view.

II. DUAL-BAND IFA

A. Antenna Configuration

As shown in Fig. 1(a), a conventional IFA consists of a feed-
ing port, a shorting arm and a radiating arm. According to the
proposed method, as shown in Fig. 1(b), a grounding capaci-
tor is added on the shorting arm at a proper position near the
shorting end. For comparison purpose, a conventional IFA and
its counterpart with a capacitor are designed and measured. The
dimensions of the capacitor loaded IFA are marked in Fig. 1(c)
with specific values given in Table I. The substrate for the PCB
board is FR4 with thickness of 1.6 mm and relative permittiv-
ity of 4.3. Fig. 2 shows the prototype of the capacitor loaded
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Fig. 3. The matching of the IFAs with and without the capacitor.
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Fig. 4. Measured radiation patterns for the IFA with the capacitor at 2.23 and

2.56 GHz and the IFA without capacitor at 2.45 GHz. (a) x-o-y plane. (b) x-0-z
plane.

IFA and a zoom-in view of the soldered capacitor is shown in
Fig. 2(a).

As presented in Fig. 3, the conventional IFA without the
capacitor exhibits a single resonance at 2.45 GHz. By adding a
0.9 pF capacitor at the shorting arm, two resonances at 2.23 GHz
and 2.56 GHz are generated. The measured results agree well
with the simulated results.

The radiation performance for the IFAs with and without the
capacitor is also measured using the in-house SATIMO SG128
spherical near-field scanner in an ISO17025 accredited labora-
tory. The measured gain patterns for the IFA with the capacitor
at 2.23 GHz and 2.56 GHz and that of the conventional IFA at
2.45 GHz are compared in Fig. 4. It is seen that the antennas
have similar radiation patterns at these frequencies in both the
x-0-y plane and the x-0-z plane. The measured total efficiencies
and simulated radiation efficiency are presented in Fig. 5, show-
ing that the IFA with the capacitor achieves comparable total
efficiency in both bands compared to that of the conventional
IFA in its working band.

To understand the dual-resonance mechanism, the simulated
surface current distributions of the conventional IFA working at
2.45 GHz and the dual-band IFA at 2.23 and 2.56 GHz are plot-
ted in Fig. 6. The difference of the current distribution near the
capacitor results in different equivalent length of the shorting
arm at 2.23 and 2.56 GHz that determines the resonant fre-
quencies, whereas the similar radiation characteristics mainly
rely on the current distribution on the radiating arm of the IFA,
which are nearly the same. This also explains why there exist
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Fig. 5. Measured total efficiency and simulated radiation efficiency for the
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Fig. 6. Simulated current distributions. (a) Conventional IFA at 2.45 GHz. (b)
Capacitor loaded IFA at 2.23 GHz. (c) Capacitor loaded IFA at 2.56 GHz.
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Fig. 7. Simulated S of the IFA for different tapping positions with a 0.9 pF
capacitor.

two resonances in our antenna and the structure in [20] only
controls the high resonance. The position of the tapping point of
the capacitor is parametrically studied in Fig. 7. It can be seen
that with the same 0.9 pF capacitor, different tapping position
Ig will lead to different frequency ratio of the two resonances.

B. Transmission Line Model

To explain the dual-resonance mechanism, a simple trans-
mission line model is presented. As shown in Fig. 8(a), a con-
ventional IFA can be modeled as a shorted quarter wavelength
transmission line with an open end [1], [8]. It should be noted
that this model only concerns with the resonant frequency of
the antenna but not the input impedance at the feeding port as
the radiation resistance is not involved. It is known that for a
typical IFA, the antenna resonates when the sum of the admit-
tances looking toward both sides of an observation point, Yport
and Y,pen, is zero. The corresponding transmission line model
for the IFA with a capacitor is shown in Fig. 8(b), where the
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Fig. 8. Transmission line models. (a) Conventional IFA. (b) Proposed dual-
band IFA.
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Fig. 9. Comparison of the two resonant frequencies versus capacitance ob-

tained from the circuit model and the EM simulated result. Z; is estimated for
0.4 mm width, Zj for 3 mm width, L3 as 9 mm, and Lo as 3.1 mm.

observation point is chosen at the tapping position. The phys-
ical structures seen toward the shorting end and the open end
are modeled by the transmission lines of (Zy, Ly) and (Zy, A/4-
L), respectively. Here, A is the wavelength at the resonant fre-
quency of the conventional IFA without a capacitor. The short
high impedance stub is added on the shorting arm of the IFA and
is modeled by a short transmission line (Z;, L3 ). Assume Y5, Y,
and Y; are the input admittances seen toward the capacitor, the
open end and the shorting end, respectively. At the observation
point, the resonance occurs when

Y +Y. =0 (D
where
1
Yi=—j Z—COt(ﬁL2) +Y (2)
0
1
Y, = JZ—tan(ﬂLl) 3)
0
and
Y= 1 Zi 4+ Z=tan(8L3) @

- jZ_l = — Zitan(BL3)

Here, 3 is the propagation constant and w is the angular
frequency. It can be found from this model that the generation
of the two resonances lies in the fact that the admittance Y is
negative at fj, and positive at f;. This difference will lead to the
desired admittances of Y] at the two resonances f; and fj,, which
contributes to the final generation of two resonances with small
frequency ratio. This admittance difference coincides well with
the difference of current direction on the capacitive load at f;
and f;, as shown in Fig. 6. The two resonant frequencies (f;
and f) versus the capacitance obtained from the transmission
line model and the EM simulated results are compared in Fig. 9,
which coincide well with each other.
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Fig. 10. Measured Sq; of the IFA versus capacitor values.
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Fig. 11.  Configurations of the loop antennas. (a) Conventional loop antenna.
(b) Loop antenna with a capacitor. (c) Dimensions.

The effect of capacitor value is studied in Fig. 10. It can
be seen that both the high and low resonances decrease when
the capacitor value increases. However, the high resonance fre-
quency is always higher than the resonant frequency of the
original IFA, while the low resonant frequency can be easily
tuned far apart from that of the conventional IFA. In this case,
the high resonant frequency works at LTE band 41, whereas the
low resonant frequency can be easily tuned to many other LTE
bands, such as bands 1, 2, 3, and 4, which is quite attractive for
the CA application. Another important observation is that the
working frequency can be lowered from 2.45 to 1.8 GHz, which
is equivalent to a size reduction about 26.5%.

III. DUAL-BAND LOOP ANTENNA

The concept of adding a capacitor near the shorting end can
also be applied to a loop antenna for dual-band applications.

The configurations of the loop antennas without and with the
capacitor are shown in Fig. 11 and the substrate used for the
prototype is FR4 with thickness of 0.8 mm. The dimensions for
the dual-band loop antenna are marked in Fig. 11(c) and the
detailed values are listed in Table II.

As shownin Fig. 12(a), the conventional loop antenna exhibits
a single resonance at 2.35 GHz. By adding a 0.9 pF capacitor
near the shorting end, two resonances at 2.19 and 2.61 GHz

2477

TABLE II
DIMENSIONS OF PROPOSED LOOP ANTENNAS (UNIT: MM)
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lgz 8 155 1.8 Ws1 1 Ws4 0.6

=)
=)
=220 s . .
7] -+ Sim. with capacitor
-25 — -Mea. with capacitor
230 --=-Sim. wj/o capacitor
—Mea. w/o capacitor
235 . AR
I5 2 25 3 35
Frequency (GHz)
(a)
l: =71 ERams
|
08 | | |
z N
§O6 | | rﬁ\'
'S | | —i—With Cap | |
=04 | I Total Eff, | |
[£3] —=—Wo Cay
| | Tulaltl: | |
02 —a— Radiation I
| | pon | I
g Eobeald AN
21 2.2 2.3 2.4 2.5 2.6 2.7

Frequency (GHz)
(b)

Fig. 12.  Matching and efficiencies of the loop antennas. (a) Matching. (b)
Measured total efficiency and simulated radiation efficiency.

(frequency ratio as 1.19) can be obtained. The total efficiency
and radiation efficiency plotted in Fig. 12(b) shows that the loop
antenna with the capacitor can achieve a similar efficiency at
2.19 and 2.61 GHz with that of the conventional loop antenna
without a capacitor at 2.35 GHz.

One limitation should be discussed is that the bandwidths
of the two resonances depend on the bandwidth of the original
single resonance, as can be seen from Figs. 3 and 12(a). Another
observation is that the ground clearances in the two designs are
a little large regarding the trend of current full view display
for smart phones. In fact, this capacitive loading method is also
applicable to an antenna with small ground clearance as long
as it is an IFA or loop antenna, which can be verified from the
transmission line model shown in Fig. 8.

IV. CONCLUSION

In this letter, a simple but effective method is proposed for
turning a conventional single-band IFA or loop antenna into
a dual-band antenna with a small frequency ratio and similar
radiation patterns by adding a capacitor near the shorting end.
Two demonstration examples for IFA and loop antenna are de-
signed and measured. The results show that an IFA or a loop
antenna with a capacitor exhibits a similar radiation efficiency
and patterns in the dual designed frequency bands as those of the
single-band antenna. The attractive features of this method such
as simplicity and compactness make it a promising solution for
the dual-band antennas with a small frequency ratio in smart
phones and other mobile terminals.
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