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Extremely Low-Profile Tunable Multiport
Handset Antenna

Rasmus Luomaniemi

Abstract—This article presents an extremely low-profile tun-
able antenna design for smartphones with height of only 0.75 mm.
The proposed antenna is integrated into the back cover of
the device to utilize the existing gap between the battery and
the back cover as efficiently as possible. By utilizing both
tunable components and adjustable feeding weights, the designed
multiport antenna system covers 3300-4200 MHz frequency
range with 100 MHz instantaneous bands. In addition to just
frequency tuning, these tunable elements can be utilized to adapt
the antenna for different operation environments, such as changes
in the structure of the device or the user effect. We show that
the proposed antenna can be extended for two- and four-element
multiple-input multiple-output (MIMO) operation. The proposed
design is manufactured and measured, and the results confirm
good antenna performance with average total efficiencies of 35%
and 25% in free space and with a hand phantom, respectively.

Index Terms— Antennas, low-profile antennas,
antennas, reconfigurable antennas, tunable antennas.

multiport

I. INTRODUCTION

OBILE antenna designers are facing major challenges

in reaching the increasingly difficult goals set by both
new mobile communication system standards as well as cur-
rent trends in esthetic design of the device. Although the
millimeter-wave frequencies, e.g., in the 20-30 GHz band,
have attracted a lot of attention lately, the lower sub-6 GHz
frequencies continue to have an important role in the current
and future smartphones due to the good compromise between
the coverage area and the high data rates that they offer [1].
As the 700960 MHz low band and the 1700-2700 MHz
middle-high band antennas normally occupy the metal rim
of the device [2]-[6], the space available for additional
3500 MHz antennas is very limited. Although a large number
of designs for 4, 8, 10, or even higher order multiple-input
multiple-output (MIMO) systems have been published lately
[7]1-[15], combining all the antennas into a realistic device
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model is very challenging due to the total volume required
and the challenges in integrating all of the antennas with the
metal rim.

Since the metal rim is already fully occupied, new types of
antennas placed elsewhere in the device are needed. One of the
most attractive options is the back cover area and especially the
region on top of the battery. However, the volume is extremely
limited with height less than 1 mm so very low-profile
antennas which can be integrated into the device are needed.

Different types of low-profile antennas have been pub-
lished, e.g., in [16]-[24]. Even these antennas have several
weaknesses that make them unsuitable for the purpose. The
impedance surfaces used by many designs require the utiliza-
tion of the entire area of the device which makes it difficult
to integrate with other components, such as the cameras.
Although many of these designs have been considered as
low-profile antennas, their sizes are still too large for the
modern smartphones where only places with heights less than
1 mm are available. Also, the operation bands often do not
cover the whole 3300-4200 MHz band.

Decreasing the height of the antenna inevitably increases the
Q-factor and as a consequence, either the achievable efficiency
level or the bandwidth is reduced [25], [26]. One way to
improve the performance while making the antenna smaller
is to introduce tunable components in the matching networks
or as aperture matching components to cover only part of
the band instantaneously. Traditional tuning methods include
tunable capacitors or varactor diodes: [27]-[29], switches
and PIN diodes [3], [30], [31], and switches connected to
fixed inductors and capacitors [32]-[34]. In addition to these,
the frequency tuning can also be realized with multiport
antennas using the injection matching technique [35], [36] or
the antenna cluster technique [37], [38].

In this work, we design an extremely low-profile antenna
that uses both tunable matching components and multiport
feeding arrangement utilizing tunable feeding weights. A main
radiator is built on top of the battery in the back cover and non-
contacting elements are used for excitation. Thus, the effective
height of the antenna can be increased, and the existing volume
is utilized more efficiently than with traditional solutions.
Two exciter elements can excite new resonances compared
to using only a single feed making it possible to cover the
whole 3300-4200 MHz band with 100 MHz instantaneous
bandwidth. The tunable elements make it possible to adapt the
antenna operation to changing operation environment, such as
changes in the battery height and the user effect. The proposed
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Fig. 1. (a) Traditional patch antenna and (b) concept of the proposed antenna.

Fig. 2. Simplified model of the proposed multifeed antenna. All dimensions
in mm.

antenna design and its operation are experimentally verified
with results showing good performance.

II. OPERATION PRINCIPLE OF THE PROPOSED ANTENNA
A. Prestudy of the Antenna Structure

Fig. 1 shows the side views of a traditional patch-type
antenna on top of a battery and the new concept of the
proposed antenna structure integrated into the glass back
cover. Due to manufacturing tolerances and to enable the
expansion of the battery without braking any of the other
components or structures, there has to be a gap between the
battery/antenna and the bottom of the back cover. By inte-
grating the main radiator into the back cover and exciting it
with noncontacting elements from the outside, we can increase
the effective height of the antenna. If we assume that the
traditional patch has a height of #; = 0.5 mm and a gap of
hy = 0.25 mm is required, the proposed antenna can have
an effective height of eh = hy + h, = 0.75 mm in the
same structure. Given this extremely small antenna height,
even small differences can have large effect on the efficiency.
The 0.25 mm increase for the 0.5 mm height increases the
antenna volume by 50% meaning significant improvements
in the antenna performance. In addition, the exciter elements
with their feeding structures and matching circuits can be
placed on the same main printed circuit board (PCB) with
the components of other systems in the device without the
need for any additional PCBs just for the antennas.

Fig. 2 shows a simulation model of the antenna where
the device body and battery are modeled with aluminum and
the back cover with glass (¢, = 6). The antenna and the
exciter elements are modeled with copper with conductivity
o = 5.8 x 10° S/m used for realistic representation of
losses. The exciter elements use Preperm PPE260 RF-plastic
as supporting structures. The exciter elements are inverted-F
antennas (IFAs) with the grounding strip and the feeding line
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Fig. 3. Scattering parameters for one-port and two-port antennas.

placed close to each other at the end of the element. The
characteristic mode analysis shows that the main radiator with
dimensions of 35.5 x 25.0 mm? has only one mode, with
currents mainly along the longer dimension of the radiator,
in resonance in the 3300—4200 MHz frequency range. There-
fore, the exciter elements are initially placed to excite this
mode with currents mainly along the longer dimension of the
radiator.

Scattering parameters for the two-port structure of Fig. 2 and
the same structure with only one exciter element are shown
in Fig. 3. Using two feeds, an additional resonance is excited
between the two resonances of the single feed case. We can
also notice that the coupling between the ports is relatively
high, from —9 to about —3 dB, but that can be beneficial when
the antenna cluster technique is used as will be explained later
in Section II-B.

To study the generated resonances and the effect of the size
of the slot in the main radiator, Fig. 4 shows the surface
currents for three different dual feed structures and also
for the single-feed case for comparison. The corresponding
S-parameters are presented in Fig. 5. First, these results
demonstrate the benefits of the two feeds. With a single feed,
the currents are mainly along the longer edges of the patch
in the whole frequency band. When the second feed is intro-
duced, a new resonance with a diagonal current distribution is
excited as a result of the interaction between the two feeds.
With this new resonance, the required frequency band can be
covered more efficiently, demonstrating one of the benefits of
multiport antennas in this case. Second, the slot can be used
to tune the frequencies of these resonances by affecting them
differently depending on the dimensions of the slot. As Fig. 5
shows, when the length of the slot is increased, only the middle
resonance is shifted lower in frequency while the first and third
are practically unaffected. This is due to the slot length making
the diagonal current path longer while the path along the long
edges is not changed. Making the slot wider, on the other hand,
lowers the first and third resonance frequencies while having
no effect on the second resonance. Wider slot increases the
length of the current path along the edges of the patch while
the diagonal currents are not significantly changed.

B. Study of the Tunable Operation

To utilize the multiple feeds as an antenna cluster,
we shortly introduce the required theory here. The key element
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Fig. 4. Surface currents for dual-feed antennas at different resonances with three different slot sizes and a single-feed reference antenna.
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Fig. 5. Scattering parameters for different length of the slot (top) and different
width of the slot (bottom).

in utilizing multiple feeds is to properly choose the amplitudes
and phases of the feeding signals [37]. With proper feeding
arrangement, the reflected signals partly cancel each other
leading to increased radiated power and higher efficiency.
Optimal feeding weights for a certain antenna structure are
obtained as the magnitudes and phases of the complex eigen-
vector corresponding to the largest eigenvalue of the radiation
matrix (calculated either from the scattering parameters or the
far-field patterns). For more details, see [38] and [39].

To be able to utilize the multiple actively fed ports for an
efficient antenna cluster, a proper level of coupling between
the ports is required [40]. Because of this, the relatively high
coupling seen in Fig. 3 is not actually detrimental to the
operation of the antennas, but it can rather be beneficial. The
optimal amplitude and phase for each feed depends on the
frequency and by changing these weights, frequency tuning
can be achieved across wide frequency bands. In realistic
usage, the feeding weights cannot be freely modified for
arbitrary frequencies since the operation has to be fixed for
a certain bandwidth determined by communication system
requirements. Therefore, in this work, the weights are set
constant for 100 MHz bands to cover the whole 3300—
4200 MHz range.

Antenna elements

Y Y

Multi-channel tranceiver

A.L0: @

mwm
3.0nH

AL 1.9 nH

CTl

Fig. 6. Tunable matching circuit topology for the simplified two-port antenna
cluster.

The matching network components are optimized numer-
ically simultaneously with the complex feeding weights to
obtain be the optimal performance available from the multiport
system. To take into account both the losses of the materials
and the matching network components, the antenna perfor-
mance is calculated from the far-field patterns of the elements
and total efficiency is used as the optimization goal on every
step of the process.

With the matching network designs for antenna clusters,
it is important to take the feeding weights into account in the
design process. This is done by combining both the matching
component and the feeding signal optimization into the same
process. In this work, we use a numerical optimization method
similar to one presented in [41] to find both the fixed compo-
nents and the values for the tunable capacitors when also the
optimal feeding amplitudes and phases are taken into account.

Fig. 6 shows the schematic of the tunable elements with
the two-port antenna. The tunable matching circuits consist
of one fixed inductor and a tunable capacitor for each feed.
At this point, we model the tunable capacitors with an ideal
capacitor and the losses with a resistor whose value depends
on the Q-factor of the component. As values for these, we use
the capacitance in the range of Cr € [0.6, 3.2] pF and
Q € [20, 10], which are similar to real components available
in this frequency range.

The amplitudes and phases of the feeding signals and
the tunable capacitor values are shown in Fig. 7 and the
resulting S-parameters in Fig. 8. Instead of the S-parameters,
the multifeed operation is better described with total active
reflection coefficient (TARC) [42], corresponding to the reflec-
tion coefficient of traditional single-feed antennas. TARC for
ideal capacitors and total efficiency for both ideal and lossy
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Fig. 8. S-parameters of the simplified two-port antenna cluster tuned for
100 MHz subbands from 3.3 to 4.2 GHz.

tunable capacitors are shown in Fig. 9. The results show
that using two feeds and the tunable elements, the three
resonances of the antenna structure can be used to cover the
whole band with 100 MHz instantaneous bandwidth. TARC
is better than —7 dB in the whole band and total efficiency
with ideal capacitors is better than 40%. The more realistic
lossy capacitors have only a small effect in the efficiency and
better than 35% total efficiency is achieved even in this case,
demonstrating that the proposed method is not too sensitive
for losses of the matching networks.

C. Study of Adaptivity for Changes in the Structure

As the antenna structure is placed above the battery, changes
in the structure can affect the antenna operation. The most
probable change is small increase in the battery height, e.g.,
due to swelling. Since this effectively decreases the distance
between the main radiator and the antenna ground, it is likely
to affect to the antenna performance and decrease perfor-
mance. However, as we have now several tunable elements
in the design, these can be used to compensate these changes
and adapt the operation for changing environment.

AV,

¢

TARC (dB)
5

NG
N
—

30+ 4
-40
33 34 35 36 37 38 39 4.2
Frequency (GHz)
(@)
370 Fo ! ! ! ! |
A AN I AAAAYN
=R A A A G S A G
E30r ! 1 ! 1 ! 1 ' 1 ' 1 :
2 F 0 [Fldealc 1
] ' H ' H ' H T
E 10 i i i i i i . C; \INith Q—Ibased }OSSES'
33 34 35 3.6 37 38 3. 4 41 42
Frequency (GHz)
(b)
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Fig. 10. Tunable elements for two different battery heights.

To study the effect of different battery heights, total effi-
ciencies are compared for two different values of the gap
between the top of the battery and the main radiator: the
original 0.75 mm and a smaller 0.55 mm. For the smaller
gap, the feeding weights and the tunable capacitor values are
reoptimized with the new values presented in Fig. 10 along
with the original ones for comparison. The results in Fig. 11
clearly show that the tunability can be used to compensate the
degradation in efficiency due to changes in the structure.

With the original tunable elements, the minimum effi-
ciency drops down to 16% because the resonances shift to
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Fig. 12.  Final antenna structure and close-ups of the IFA-type exciter
elements. All dimensions in mm.

higher frequencies. With the reoptimized tunable elements,
especially the tunable capacitors, the frequency shifts can
be compensated, and better than 30% efficiency is retained.
Because changes in the battery height can be assumed to
be relatively slow in normal usage, this adaptivity could
be realized, e.g., by monitoring received power levels and
adjusting the values of the tunable elements accordingly to
calibrate the antenna if needed. More detailed realization of
this is out of the scope of this article.

III. FULL ANTENNA STRUCTURE AND
SIMULATION RESULTS

A. Final Antenna Structure

Based on the results from Section II, the proposed mul-
tiport antenna concept is elaborated into a full realizable
antenna design. First, for easier manufacturability of antenna

Varactor
(@
7.3 pF Feed2 Feedl 3.2 pF
Y §_J- "05H F AZ&Z Al& SZH FH J-E Y
Sp 2p
1.2nH _iCTz C-“i_ 7.0 nH

(b)

Fig. 13. (a) Varactor diode circuit model and (b) tunable matching circuits
for the full antenna structure.

prototypes in later stages, the back cover is made from Rogers
RO3006 substrate which has permittivity ¢, = 6.5 close to that
of glass materials used in real devices. This material is used so
that the main radiator in the back cover can be manufactured
with standard PCB processes.

The final antenna structure and both of the feeding ele-
ments with detailed dimensions are shown in Fig. 12. Some
modifications compared to the simplified model of Section II
are required to guarantee reliable manufacturing of the pro-
totype. Note especially the short circuiting strips between the
feeding lines and the grounding pads of the IFA-type exciter
elements, as shown in Fig. 12. Addition of these strips makes
it possible to increase the distance between the feeding lines
and the grounding pads without affecting the operation, thus
improving the manufacturing tolerance of the design.

Next, PCB for the antenna elements and matching networks
are designed. Rogers RO4350B substrate material is used
for this PCB. Matching networks with three fixed elements
and one tunable element for each feed are used. To realize
the tunable capacitors, varactor diodes are chosen because
the physical components and simulation models are widely
available, and they can be controlled with dc-voltages without
the need for any additional digital circuitry. To realize the
exciter elements, the copper patterns are manufactured on a
flexible PCB made from 25 xm thick DuPont material which is
then glued to the supporting plastic structure. These elements
are then attached to the main PCB by soldering the feeding
and grounding strips to the corresponding pads.

B. Single Antenna Results

The used circuit model for the varactor diode is shown
in Fig. 13(a). The diode finally chosen for the design is
Skyworks SMV2020-079LF with the following parameters:
Ls =0.7nH, Rg = 2.5 Q, and Cp = 0 pF. The capacitance
Cr can be tuned from 0.35 to 3.20 pF. The S-parameters of the
antenna structure without any matching components are shown
in Fig. 14(a). Fig. 14(b) shows the tuned S-parameters when
the matching networks of Fig. 13(b) are applied. The results
show that before applying the tunable matching, both ports
have three resonances similar to the simplified model studied
in Section II. With the matching networks, these resonances
can be tuned to cover the whole 3.3-4.2 GHz band with
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100 MHz instantaneous bandwidths as the tuned S-parameters
show.

The feeding amplitudes and phases and the optimized
tunable capacitances are shown in Fig. 15. These results
demonstrate the benefits of the cluster technique. For example,
the feeding amplitudes and the tuned S-parameters show that

Port 5 Port 6 Port2 Port 1
[o] / \>~ — [
ol ‘ 14 mm
-~ - 1 4x4 MIMO
$7.5 mm E===12x2 MIMO
j‘ — — } =sIs0
[o] \ / [
Port7 Port8 " Portd Port3
Fig. 17. Examples of the possible MIMO configurations of the proposed

antenna design.

in addition to choosing optimal phase difference, also the
power balance between the two feeds can be tuned so that
the resulting efficiency is maximized. Fig. 16 shows the
corresponding simulated total efficiencies. Better than 30%
efficiency is achieved on the whole band confirming that
the proposed method and antenna design can be used to
realize antennas with good performance in the extremely small
volume available for antennas between the back cover and the
battery.

C. MIMO Operation

The proposed antenna design can be extended to enable
MIMO operation. Depending on the wanted MIMO configu-
ration and space available, two-element or even four-element
MIMO system can be realized. Fig. 17 shows the MIMO
antenna structures studied in this article. For the 2 x 2
results, only the two antennas (ports 1-4) are included in the
simulation model and 4 x 4 results have the full structure.
To evaluate the MIMO performance, we calculate the ergodic
capacity from the simulated far-field patterns using the method
presented in [43].

Fig. 18 shows the coupling parameters between all the
eight ports for the four-element configuration with the tun-
able matching networks applied. Because the radiation modes
(Fig. 4) have strong currents primarily on the main radiator in
the back cover, the coupling between different MIMO antennas
is low. The results show that coupling is from —80 to —20 dB
thus sufficing for MIMO operation. The envelope correlation
coefficients (ECCs), calculated from the far-field patterns, are
presented in Fig. 19. The ECCs are mainly below 0.05 and
always below 0.15 meaning that the effect of the correlation on
the MIMO performance is small [43]. Finally, Fig. 20 shows
the single-input single-output (SISO), 2 x 2 MIMO, and 4 x 4
MIMO capacities. For comparison, also the ideal maximum
capacities for each case are shown. These results confirm that
good MIMO performance is achieved. All three of the studied
cases achieve about 78% of the corresponding ideal capacity.

D. User Effect

The user effect, i.e., how the antenna performance is
changed in the presence of the user, can have a large impact on
the antenna’s operation. To study this, the antenna performance
is simulated with a hand phantom as shown in Fig. 21 using
the two-element MIMO antenna configuration. The hand is
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holding the device so that the index finger is placed on the
back cover roughly on top of the antenna main radiators on
the bottom side.

An important factor with the antenna clusters and the user
effect is the way how the feeding signals and their recon-
figurability is used. By properly adapting the feeding signals
for the changing environment, it is possible to reduce the user
effect [44]. In this work, in addition to the feeding signals, also
the tunable capacitor values are reconfigured to the case where
the user’s hand is holding the device. Therefore, two different
results for both of the antennas in Fig. 21 are simulated.

—— Antenna |
Port 1 + Port 2

—— Antenna 2
Port 3 + Port 4

Fig. 21.  Simulation model for the user holding the device.
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Fig. 22.  Tunable elements reoptimized for the user effect.
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Fig. 23.  Simulated total efficiencies with the user’s hand.

First, the same tunable elements as in free-space conditions
(Fig. 15) are applied, and second, the tunable elements are
reoptimized to give maximum total efficiency with the user.
Figs. 22 and 23 show the user-optimal tunable elements and
the corresponding simulated total efficiencies both with the
optimal as well as the original tunable elements. The reopti-
mization of the tunable elements improves the efficiency on
some frequency bands and the reoptimized tunable elements
clearly differ for the two antennas. The largest improvements
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Fig. 24. Radiation efficiencies and TARCs with the user and in free space.

(b)

Fig. 25. (a) Prototype with the back cover removed. (b) Hand phantom used
in the measurements and the location of the antenna shown with dashed line.

for antennas 1 and 2 are about 50% and 40%, respectively,
compared to operation with the free-space tunable elements.
Even without the reoptimization, both of the antennas have
reasonable performance.

The effect of the user is clearly different for the two
antennas. Antenna 1 achieves an average efficiency of 22%
while antenna 2 has an average efficiency of 35%. This
difference can be studied using the radiation efficiencies and
TARCs shown in Fig. 24. The results show that there is smaller
difference in the radiation efficiencies of antennas 1 and 2 than
there is in TARCs. This suggests that the difference in total
efficiency is more due to deteriorated impedance matching
than degraded radiation efficiency. As the large Q-factor is
known to be a limiting factor for the operation of antennas
with small height [25], [26], the presence of the lossy material
of the user’s hand can actually be beneficial by lowering the
Q-factor. Antenna 1 has similar TARC with the user as in free
space, leading to lower total efficiency due to lower radiation
efficiency. Antenna 2, on the other hand, has better TARC with
the user than in free space, and can therefore achieve better
total efficiency than antenna 1. Despite the lower radiation
efficiency, almost equal performance compared to free-space
operation in many frequency bands is achieved due to the
improved matching.

Naturally, the previous results apply directly only to the
studied case with the standardized hand model used. In real
use, every user can hold the device differently, and, for exam-
ple, the location of the fingers with respect to the antennas
under the back cover could vary. However, the studied case
with two differently placed antennas demonstrates well the
differences that can be expected from various hand gestures.
The user’s hand causes more significant changes in the match-
ing levels and less changes in radiation efficiency. Reasonable
performance can be expected, especially with MIMO config-
urations, for different hand grips.

IV. PROTOTYPE AND MEASUREMENT RESULTS

A prototype of the proposed antenna is manufactured and
measured. As explained in Section III-A, the back cover is
made from a PCB material with similar electrical properties
as glass that would be used in real products The prototype
with open back cover is shown in Fig. 25(a) and with the hand
phantom in Fig. 25(b). The measurement process is as follows.
First, the initial values for the varactor diode control voltages
are found based on measured S-parameters. Next, the far-field
patterns of both feeds are measured individually while the
other is terminated with 50 Q load. Then the optimal feeding
amplitudes and phase are calculated from the far-field pat-
terns and the total efficiency is calculated numerically. When
required, this process is repeated to fine-tune the antenna to
operate with maximum efficiency over each subband. Similar
to the simulated user effect results in Section III-D, the tunable
elements are also tuned separately for operation with the hand
phantom.

The tunable elements for free-space operation and operation
with the hand phantom are presented in Fig. 26 and the
efficiencies in free space and with the user in Fig. 27. The
differences in the tunable elements, especially the capaci-
tances, for free space and with hand phantom are relatively
small. Due to the somewhat cumbersome measurement process
including measurement of each far-field pattern several times,
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Fig. 26. Tunable elements for the measured prototype in free space and with
the hand phantom.
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Fig. 27. Measured total efficiencies of the prototype in free space and with
the hand phantom.

it is possible that the best settings have not been found.
For a more practical way to realize the optimization of the
tunable elements for different usage scenarios, a real-time
over-the-air (OTA) throughput or received power based mea-
surement setup, such as one presented in [45], could be studied
in the future. Fig. 27 shows that the measured efficiencies
correspond well with the simulated ones. About 35% total
efficiency is achieved on average in free space and about 25%
with the hand phantom and optimal tunable elements. With the
extremely small height of only 0.75 mm for the antenna in the
difficult environment of modern smartphone, these results can
be considered very good.

V. CONCLUSION

This article presented an extremely low-profile antenna
design for smartphone applications. The main radiator of the
antenna is integrated into the back cover of the device on top
of the battery and noncontacting exciter elements are placed
on the main PCB. This allows us to effectively utilize the gap

between the battery and the back cover for the antenna and
increase the effective volume of the antenna compared to tra-
ditional designs. Using multifeed techniques, a new resonance
is created which enables us to cover the whole 3.3-4.2 GHz
band with 100 MHz tunable subbands. The frequency tuning is
realized with a combination of tunable matching networks and
tunable feeding amplitudes and phases. We showed that the
antenna retains good performance also with the user holding
the device or in case that swelling of the battery decreases the
antenna volume. The proposed design can also be extended
to MIMO operation with two or four elements for increased
data transfer rates. The measured prototype results confirm
that good performance can be achieved despite the difficult
design platform, with average efficiencies of 35% in free
space and 25% with hand phantom. With the proposed design
method, very small volumes and challenging locations inside
smartphones can be utilized by future antennas.
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