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ABSTRACT The increase inthe 10T (Internet of Things), such as trackers and sensors, puts pressure on device
dimensions and performance. This is translated to the antenna system since it has to be both efficient and
provide operation across different frequency bands. However, these antennas must also be small enough to
fit into the limited space available in wireless devices. To address this challenge, a reconfigurable architecture
with a single SPAT (Single-Pole 4-Throw) operating at 698 MHz — 960 MHz and 1710 MHz — 2170 MHz is
proposed, designed, and built embedding a 30 mm x 3 mm x 1 mm (0.071) non-resonant element called an
antenna booster element. This approach does not require antennas with complex geometric shapes to achieve
multiband behavior. Instead, they rely on a multiband matching network to achieve efficient operation across
multiple frequency bands. This design approach is easier, faster, and simpler than creating a new antenna for
every device. Additionally, the reconfigurable matching network allows an easy configuration and
optimization of frequency bands. The analysis shows the advantages of the reconfigurable solution compared
to a non-reconfigurable one for a 75 mm x 60 mm printed circuit board (PCB).

INDEX TERMS Small, multiband, and reconfigurable antennas, matching networks, and antenna boosters.

I. INTRODUCTION Various methodologies have been employed in the design

Using complex geometries to design small and multiband
antennas is one of the most common methods. The frequency
bands of operation depend on the resonant modes of such
antenna [1]-[8]. To simplify the design, antenna boosters
were proposed [9]-[14], where the frequency bands of
operation are controlled by the design of a matching network,
which is easier and faster than designing an antenna based
on complex geometries. Essentially, an antenna booster
features a non-resonant impedance, typically at the lowest
frequency bands. The frequency bands of operation can then
be tuned by designing a proper matching network.

In specific scenarios where a small ground plane is necessary
(~0.1A in length at the lowest frequency of operation),
employing an antenna booster and a passive matching
network might not be sufficient to satisfy the required
bandwidth. Hence, a reconfigurable antenna booster solution
is proposed to solve this issue. This proposal is convenient
for 10T devices where the size of the device is small or the
number of frequency bands is large, which makes this
situation difficult for a passive antenna system.
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of reconfigurable antenna systems [15]-[38], Among thesg,
PIN diodes are the most prevalent, utilized in 58% of cases,
followed by digital tunable capacitors (DTC) at 25%, and RF
MEMS switches at 29%. PIN diodes, due to their ON and
OFF states, are more suitable for providing multiband
operation rather than a smooth, tunable solution, as is the
case with MEMS switches and DTC due to the larger number
of states.

In [17], a 25x25 mm? resonant antenna is reported. The
reconfigurable design is achieved by three PIN diodes using
four states, and the combinations of these diodes enable
operation at 3.82 GHz, 4.11 GHz, 4.48 GHz, 4.90 GHz, and
6.04 GHz. The antenna presents a size of 0.3 at the lowest
frequency of operation.

The work proposed in [18] is a 35x25 mm? antenna with
two PIN diodes, using three states, and the frequency bands
are 1.98 —2.51 GHz, 2.52 — 6.02 GHz, 3.97 — 7.87 GHz, and
7.1 — 10.7 GHz. In this case, the antenna is 0.23% at the
lowest frequency of operation.

In [19], a reconfigurable antenna with a size of 135x83
mm? and two PIN diodes, four states, is proposed operating
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in 1.57 — 2.15 GHz, 2.13 — 3.0 GHz, 3.17-3.43 GHz, 5.2 —
5.8 GHz, 6.3 -6.78 GHz, 8.31 —8.90 GHz, 9.04 — 9.58 GHz,
and 12.03-13.14 GHz bands. In this case, the antenna is 0.71
at the lowest frequency of operation.

The antenna proposed in [20] features 37.5x21 mm? and
uses one PIN diode and two states; the operating bands are
1.2-1.4GHz, 1.6 — 1.9 GHz, 2.3 -2.8 GHz, 2.6 — 3.6 GHz,
and 4.5 — 5 GHz. In this case, the antenna is 0.15 at the
lowest frequency of operation.

In [21], a reconfigurable resonant antenna 30x60 mm? size,
0.36X, with four PIN diodes, using five states, the operating
frequencies are 1.8 GHz, 2.4 GHz, 3.5 GHz, and 5.2 GHz, is
analyzed. In [22], two designs based on antenna boosters are
proposed. First, a solution using digitally tunable capacitors
and eight lumped components (capacitors and inductors),
with four states in use, covering 698 — 960 MHz and 1710 —
2690 MHz in a 131x60 mm?2PCB. Secondly, a solution with
two SP8T switches and nine lumped components, six states
in use, covering 698 —960 MHz, 1710—2170 MHz, and GPS
1575 MHz, in a 50x50 mm?PCB and a 12x40 mm?clearance
area. In [23], a reconfigurable antenna is obtained by
introducing two parasitic inverted-L grounded strips and a
PIN diode, two states, into a 130x67 mm? PCB. The
clearance area is 14x67 mm? and the frequency range is 824
—960 MHz and 1710 — 2690 MHz.

In [24], a U-shape slot of 1mm wide is designed in a PCB
of 143x74 mm? without clearance area and connected to an
SPAT switch, four states, that is grounded. It uses eight
lumped components, and the frequency ranges are 690 — 960
MHz and 1700 — 2700 MHz.

Other single-band tunable solutions with DTC are
investigated [25], [26], and there is a comparison between
the ones with the same operational bands in the discussion
section V. As observed from the prior art, either the antenna
size and PCB is large, or the number of switches and lumped
components is significant. As shown in all previous cases,
antenna size is comparable to the wavelength.

To further increase the simplicity of the solution, a new
architecture featuring a compact 30 x 3 x 1 mm?3, 0.07x
antenna booster element, an SP4T, and only five lumped
components on a small 75 mm x 60 mm PCB is presented.
Such architecture can provide operation at 698 MHz — 960
MHz and 1710 MHz — 2170 MHz, which is widely used for
0T applications [39].

The paper, which is a detailed extension of the conference
paper in [40], is structured as follows: about the non-resonant
impedance on the antenna booster element is presented in
section I1; the proposed design of the reconfigurable antenna
architecture using one SPAT from the simulation domain is
described in section IlI; the hardware implementation is
explained in section IV; the discussion comparing a passive
solution with the new reconfigurable solution is in section V;
finally, conclusions are drawn in section VI.

II.  ABOUT THE ANTENNA BOOSTER ELEMENT

In contrast to conventional antenna design, which typically
involves creating a A/4 monopole to resonate at the desired
frequency, the booster antenna element employs a distinctive
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approach. This element, fashioned as an FR4 fixed component
measuring A/14, incorporates a designed matching network
featuring lumped components like inductors and capacitors.
This network can be tuned to cover from 400 MHz to 8000
MHz, depending on the specific tuning parameters.

Reference [41] illustrates the distinctions between a
complex geometry antenna and an antenna booster. The
complex geometry antenna, being resonant, exhibits multiple
resonances. Consequently, in regions where resonance is not
achieved, there is a significant loss of efficiency. In contrast,
antenna boosters are non-resonant, allowing for matching to
the frequency of interest by modifying the matching network.
This adaptability ensures that no losses are incurred. A more
detailed comparison is included in [41].

In this case, a 30 mm x 3 mm x 1 mm (height) non-resonant
antenna booster element is used (Figure 1) for achieving
multiband performance from 698 MHz — 960 MHz up to 1710
MHz — 2170 MHz. This element comprises two ports, the RF
port and Port 1, introducing a level of flexibility into the
design. It allows for the incorporation of an additional
component (e.g., inductor, capacitor, open or short) at Port 1,
as explained next.

The recommended operation is as follows: for single-band
operation below 1GHz, port 1 is short-circuited, and a
matching network is added in the RF port. For multi-band
operation, as in the present case, port 1 includes an LC filter.
Details on how to optimize the filter at port 1 are detailed next.

— RF

Port 1 |Tx/Rx|

Port 1
RF

FIGURE 1. A 30 mm x 3 mm x 1 mm antenna booster element
[13].

RF source

FIGURE 2. A 30 mm x 3 mm x 1 mm (height) antenna booster
element. The 70mm x 65mm x 1mm PCB comprises an FR4
substrate 1 mm thick (£:=4.15, tan5=0.02) with a 15mm x 45mm
clearance area.
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The antenna booster element is integrated into a 70 mm x 65
mm PCB and a 15 mm x 45 mm ground clearance (Figure 2).
Said antenna booster element is in charge of exciting radiating
modes in the ground plane, which becomes the relevant part
of the radiation process [9]-[14].

When port 1 is shorted with 0Q, the impedance at the low-
frequency region (698 MHz — 960 MHz) is in the capacitive
region. Conversely, the impedance at the high-frequency
region is high (~200Q2) due to a second-order mode (Figure 3).

——1 o096 chz
-4~ S, Short circuit r 14.9 Ohm T :9731 :?gﬁm

e X 49.5 Ohm 3 2.17 GHz
+ Sy, Filter in port 1 X133 0hm | | =00 Ohm

...... SWR =3 x 246 Ohm

2.17 GHz
r 125 Ohm
x 30.2 Ohm

{171 GHz
#|r75.20hm
| x-121 Ohm

0.7 GHz
r5.69 Ohm
x-173 Ohm

0.96 GHz
r11.4 Ohm
x -65.8 Ohm

FIGURE 3. Input impedance of the antenna booster shown in
Figure 1 with, in dashed pink, short-circuited at ports 1, and in
blue, port 1 with filter L=15nH, C=0.3pF (frotch=2.37GHz).

However, this behavior can be changed with an LC filter at
port 1 to make the high-frequency region impedance locus
closer to the center of the Smith chart.

In practical terms, incorporating an LC filter with a notch at
the second frequency region (~2.37GHz) transforms the
impedance into a configuration resembling that of a first-order
mode, as confirmed by the potential bandwidth calculations. It
is noteworthy that achieving an impedance nearly inside an
SWR<3 (S11<-6dB) circle at the Smith chart simplifies the
overall impedance matching (Figure 3). In the context of loT
devices, SWR<3 (S11<-6dB) is considered a reference for
bandwidth computations. Failing to achieve an SWR of less
than 3 results in a notable decrease in transmitted power. At
SWR=3, the delivered power to the antenna system is 75%,
with the remaining 25% reflected. Contrastingly, at SWR=4,
the delivered power diminishes to 64%, which is 0.7dB less.

0=y | 2, iy

dw
f,—f, SWR-1 @
2] _ -
BW="="%"= Q,VSWR @)
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The bandwidth potential can estimate the obtainable
bandwidth given the input impedance of the antenna system
[38]. There are different methods to calculate this bandwidth
potential; one is with the (1) and (2), where R(w) and X(w) are
the simulated input impedances of the antenna. Another viable
approach is to design an impedance matching in the antenna
system at a given frequency using one or two lumped
components. This process can be obtained with Optenni-Lab.
It's worth noting that both methods yield comparable results
(Figure 4), notably below 2.2 GHz, both methods exhibit a
strong agreement. However, in the frequency region between
2.2 GHz and 2.7 GHz, the BW potential obtained with Eq. (1)-
(2) diverges.
60

= BW Potential with impedance

I

[]
olentias N
matching [42] 7
!

50

=== BW Potential Eq. (1)-(2)

.
=]

BW (%, SWR<3)
=

Frequency (GHz)

FIGURE 4. Obtained bandwidth for a PCB of 70x65 mm? with a
clearance area of 15x45 mm?2 with antenna booster shown in Fig.
1. With afilter in port 1 of 0.3pF and 15nH.

This is due to impedance loops that make derivatives in Eq.
(1) diverge, as explained in [42]. Nevertheless, despite these
occasional discrepancies, Eq. (1) is also simple, fast, and helps
understand how much bandwidth can be obtained.
Furthermore, in regions where the results diverge, it indicates
that a significant bandwidth can be obtained. Consequently, in
such cases, exploring more precise methods, like those
involving impedance matching with one or two lumped
components, becomes imperative to ascertain the actual
bandwidth potential.

In (Figure 5), the effects of the filter in port 1 of the antenna
booster element are discussed. When no filter is present, there
is no impact in the low-frequency region. However, even
though the requirement of 23.7% bandwidth is achieved in the
high-frequency region, the bandwidth is higher with a filter.
In (Figure 5 a), it's important to note that only the inductor is
altered while keeping the capacitor constant, so the central
frequency differs in each case. Given the need for a 23.7%
bandwidth in the high-frequency region, the filter with the
central frequency at 2.65GHz does not pass this target. On the
other hand, the filter with the central frequency at 2.16 GHz
decreases the bandwidth at 900MHz.

In (Figure 5 b), all three filters share a common central
frequency of 2.37GHz. When the inductor is reduced to 11nH
and the capacitor is increased to 0.4pF, it fails to achieve the
desired 23.7% bandwidth. Conversely, in the case of a higher
inductor value of 22nH and a lower capacitor value of 0.2pF,
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the bandwidth decreases at 900 MHz. In both scenarios, the
filter of 0.3pF and 15nH does not decrease the bandwidth at
the low-frequency region and passes the 23.7% bandwidth at
the high band, with a central frequency of 2.37GHz. Thus, this
filter configuration is selected as the most suitable option.
Furthermore, even though the average bandwidth potential
remains similar to the case without a filter, the introduction of
the filter results in the input impedance aligning closer to the
center of the Smith chart (Figure 3). As a result, the filter is the
preferred option.

60| |==BW Potential Short circuit
mmm BW Potential Filter 0.3pF
15nH (f, = 2.37GHz)
====BW Potential Filter 0.3pF I.
18nH (f, = 2.16GHz) .
==BW Potential Filter 0.3pF H
12nH (f, = 2.65GHz) 4
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FIGURE 5. Relative bandwidth potential obtained by Optenni
Lab [42] at SWR=3 of the PCB with antenna booster shown in
Fig. 1. The red dashed line is with port 1 short-circuited, and the
others are with port 1 with a filter. fo corresponds to the notch
filter. a) filters with different resonant frequencies; b) with the
filter with fo=2.37 GHz but with different LC pairs.

In conclusion, with a passive matching network, it is not
possible to have an SWR<3 across the entire low and high-
frequency regions, so it is not feasible to match since the
potential bandwidth is 5%, whereas the requested bandwidth
is 31.6%. Thus, a reconfigurable architecture is proposed to
achieve performance in the low-frequency region 698 MHz —
960 MHz, needing seven different matching networks to
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operate correctly (Table I). Hence, the introduction of a
reconfigurable architecture becomes imperative.

TABLE |
BANDWIDTH POTENTIAL DIVIDED INTO 7 STATES
fMin (MHz) fMax (MHz) fCentraI (MHz) BW potential
698 733 7155 5%
733 770 751.5 5%
770 809 789.5 5%
809 850 829.5 5%
850 893 871.5 5%
893 938 915.5 5%
938 962 950 3%
15nH 1.9pF 8.2nH

[S] ~wF I ! I ——g

Pl EIZnH ﬁlgnH I 1.8pF

@
2.3nH 2.3pF

[S] ®F — T <

pi 18.4nH 1.4pF {10nH

L [
0.3pF: 15nH
(b)

FIGURE 6. Matching networks to match 698 MHz — 960 MHz and
1710 MHz - 2170 MHz for the antenna system shown in Fig. 1.
[S] represents the impedance of the antenna system in Fig. 2
without any matching network. “a” is with port 1 short-circuited,
and “b” is with the filter obtained before in port 1.

TABLE II
WORST QUALITY FACTOR Q IN THE FREQUENCY RANGE OF INTEREST
(698 — 2170 MHZ) oF THE COMPONENTS IN FIG. 6.

19nH  15nH 12nH 10nH 8.4nH 8.2nH 2.3nH

75 79 80 84 85 72 66
2.3pF 1.9pF 1.8pF 1.4pF 0.3pF
173 168 179 221 570

To compare the benefit of the filter at port 1 of the antenna
booster element (Figure 1), a passive matching network to
match from 698 MHz to 960 MHz and from 1710 MHz to
2170 MHz is designed with a matching network synthesizer
[42] (Figure 6). The synthesis process considers real SMD
(Surface Mounted Devices) inductors and capacitors from
Murata. SMDs are used because they are small components
(Zmm x 0.5 mm) with a high-quality factor (Q). In Table II,
the worst Q for each component used in (Figure 6) can be
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observed. It is noticeable that the inductors exhibit
significantly lower Q values compared to the capacitors.

In Figure 6a, the best matching network is displayed,
considering port 1 short-circuited, while Figure 6b considers
the previously studied filter with values of 0.3pF and 15nH at
port 1.

The Si; simulations illustrate that the passive matching
network falls short of achieving adequate matching,
particularly in covering the low-frequency region (Figure 7).
A noticeable disparity is observed when comparing the
performance with Port 1 short-circuited to that with the filter
in place, the filter allows covering all the high-frequency
bands with a good S;i. Moreover, it improves the low-
frequency band. However, it remains insufficient to provide
complete coverage in the low-frequency region.

Consequently, a reconfigurable solution is essential to
address the challenge of covering the low-frequency band
(698 MHz — 960 MHz). Despite the initial prediction of a 5%
bandwidth potential at 800 MHz, the necessity to also match
the high-frequency region results in inadequate matching in
the low band, failing to reach the desired -6dB. This reaffirms
the necessity for a reconfigurable architecture, addressed in
the next section.

-10 7}~ === Short circuit at P1

| e Filter 0.3pF 15nH at P1
-12 A B T
06 0.8 1 1.2 14 16 1.8 2 2.2

Frequency (GHz)

FIGURE 7. Simulated reflection coefficient of the antenna
booster system shown in Fig. 1 with the passive matching
network shown in Fig. 4.

Ill.  RECONFIGURABLE ARCHITECTURE

A reconfigurable system embedding the antenna booster
element explained before is designed with a 70mm x 65mm
PCB, an SP4T switch, and a matching network to obtain an
S11<-6dB across 698 MHz — 960 MHz and 1710 MHz — 2170
MHz. Although the Si1 is a good figure of merit, it is not
enough to validate the electromagnetic performance of the
wireless device. In this regard, total efficiency (n:), which
takes into account S;1 and radiation efficiency (ny), is used:
neENe (1-/SuP). The question s if there is a minimum level of
efficiency that can be used as a target.

In the realm of 10T devices, many devices must be certified
in terms of TRP/TIS [43]. The TRP (Total Radiated Power)
required for NB-loT in free space for small form-factor
devices under 107mm in the longest direction are in the low
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band 698 MHz — 960 MHz, 10dBm, and in the high-frequency
band 1710 MHz — 2170 MHz, 12dBm. That means that with
an estimated RF module output power of 23dBm, the total
efficiency needed is 5% in the low-frequency band and 8% in
the high-frequency band.

The objective is to attain a total efficiency exceeding 5% and

8%, respectively, to account for potential losses introduced by
additional plastic materials in the final device. It is important
to note that the measured [S] parameters of the SPAT are
included in the electromagnetic simulation (FIGURE 8).
The design consists of four lumped components (capacitors
and inductors) between the antenna booster element and the
SPAT switch and a shunt inductor on the common input/output
of the SPAT [15].

Antenna booster element

[ [ (5] 0
Y Y A | L NN
L] L]
° ° ° ° 1Smm P1
. . . . le 45mm
)
v Ground Clearance
-] o ° a 9 o ° o a o o
Reconfigurable _
s |l =2 @ 2 5 LT =
matcﬁmg network R
o lle = o o s o = © © o o a
o o ° -] -] o © o o L] © ° a
70mm
(-] L o a -] © L] a L] (] © o a
Ground Plane
o e o o z e e = 5 © o © o
alle 2 @ 5 8 e oz 5 © o e o
o o a o o © a a o © ° L] a
_ 65mm -
Sl = =< =+ o ¢ o e o o o £
© L] L] o -] < L] o -] < % o
Vias
=l s 5 & = @ @ 5 5 = o o o
e Yo o o ° o o o ° ° o o a

FIGURE 8. 70 mm x 65mm x 1mm PCB (top layer), with a 15 mm
x 45 mm clearance area. The antenna booster element is
situated on the top right, and the SP4T switch QM13345 is
situated after the antenna feeding line. The yellow represents
the ground plane, the green represents the ground clearance
area, and the red represents the antenna booster chip
component. The substrate (in green color and extending
between the top and bottom layer) is 1mm thick, &=4.15, and
tand=0.02.

The electromagnetic simulation considers the entire layout,
including the transmission lines for the matching network,
pads for allocating the switch, and vias to the bottom, later
hosting the common matching network. The antenna booster
element, the switch, and the four lumped components
connected to RF1, RF2, RF3, and RF4 of the switch are
located on the top layer. The common matching network
connected to the common input/output port of the switch is
placed on the bottom layer. Both ground layers of the top and
bottom layers are connected through 0.25mm diameter vias
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and separated from one another by 5mm (~A/27 at the highest
frequency of operation, 2.17 GHz).

To maximize the total efficiency, all components are high-
Q, considering multilayer ceramic capacitors and the inductors
with a minimum Q of 60 within the frequency band of
operation. The components’ sizes are 0402 (1 mm x 0.5 mm)
and 0603 (1.6 mm x 0.8 mm), making them well-suited for
placement on small PCBs such as those found in loT devices
(Figure 8).

The RF switch in use, QM13345, is an SPAT and has a
Mobile Industry Processor Interface (MIPI), the insertion loss
is 0.13dB in 780 MHz and 0.22dB in 1940 MHz. Internally,
this SP4T incorporates 8 switches, enabling a total of 28
possible combinations, so 256 states. Specifically, it utilizes 4
switches in series and 4 others grounded, as shown in (Figure
9). Notably, not all these states are usable in practice. Certain
conditions must be met to ensure proper functionality, for
instance, it's imperative to have at least one serial switch
(SW1S, SW2S, SW3S, SW4S) connected, as leaving all serial
switches open would result in an open circuit in RFC. An
example of an incorrect connection would be having SW1S,
SW2S, SW3S, and SWA4S all in the OFF position while having
SW1P and SW3P in the ON position. Moreover, it is not
practical to have the same serial and ground switch number
connected at the same time because this would effectively
short-circuit the RFC.

;

sw:r_é

:

Swap -é

S\\-‘4P_|£

FIGURE 9. RF SP4T Switch design with all matching networks.

TABLE Il
VALUES OF THE MATCHING NETWORK IN FIG. 8
Z1 Z2 Z3 Z4 Z5 Z6 zi

2.1pF 6pF 0Q 3.7nH 0Q 3.7nH 0Q

For instance, having SW1S, SW2S, SW3S, and SWA4S all in
the OFF position while having SW1P and SW3P in the ON
position or having SW1S and SW4S ON while having SW1P
and SW3P ON would be incorrect. However, some valid
combinations can be related to (Figure 9), including:

e SW2S, SW3S, SW1P ON and the rest OFF, as a result,
Z1 would be shunted and Z2 and Z3 would be in parallel.

e SW1S ON and the rest OFF, as a result, Z1 would be in
series.

e SW4S, SW2P, SW3P ON and the rest OFF, as a result,
Z2 and Z3 would be shunted and Z4 would be in serial.
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It turns out that the number of combinations with the SPAT is
65, which means 65 different matching networks (15
considering series components and 50 considering shunt and
series components).

The layout design incorporates four electrically short
transmission lines, which notably impact all matching
networks. Such transmission lines are needed to connect the
feeding line to each of the four ports of the switch (Figure 10).
Since those transmission lines are electrically short, they
behave as inductances L1, L2, L3, and L4.

It is important to note that the matching networks used on
the PCB for measurement remain consistent with those
originally derived from the electromagnetic simulation design
(CST). The employed matching networks are displayed in
(Figure 11). The values of Z1, Z2, Z3, Z4, Z5, Z6, and Z7 are
found considering the impedance in each RF output and
tunning each matching network. First, the impedance at 698
MHz — 730 MHz is moved from the capacitive zone of the
Smith chart to inside the SWR<3 circle (Figure 3) by adding a
series (Z4) and shunt (Z6) inductor (Figure 11 a).

Second, the 900 MHz — 960 MHz impedance is moved from
the inductive zone of the Smith chart to inside the SWR<3
circle (Figure 3) by adding a series (Z1) capacitor and the
common Z6 inductor (Figure 11 f).

FIGURE 10. SPAT layout design showing the transmission lines.
Zi represents a lumped component (Table Ill): Z1-Z4 are the
components connected between the SP4T and the antenna
booster element, and the series Z5, shunt Z6, and series Z7 are
the components for the common matching network for fine-
tuning purposes. The final proto uses Z5=27=0Q and only Z6 is
used with 3.7nH.

Next, the high-frequency region (1710 MHz — 2170 MHz) is
matched using a higher series capacitance than the Z1

6
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capacitor, as the impedance is closer to the SWR<3 circle than
previously, and the same Z6 shunt inductor, Z2, is found
(Figure 10 g).

Finally, the rest of the lower-frequency region is matched by
combining Z1, Z2, and Z4 components (Figure 11 b, ¢, d &e).
The specific design values are outlined in Table IIl, and the
different matching networks are presented in (Figure 11).

To illustrate the switching, an example of one of the seven
different matching networks is presented in (Figure 12),
representing the matching network from Figure 11 d.

3.7nH L4 00 L3
3.7nH 3.7nH
(a) SW4S ON (b) SW3S ON
698 MHz —730 MHz 730 MHz —-780 MHz
2.1pF [

(c) SW3S and SW4S ON
780 MHz ~840 MHz

(d) SW1S, SW2S and SW4S ON
810 MHz —-880 MHz

2.1pF L1 2.1pF L1
3.7nH 3.7nH
L3 L4
00, 3.7nH

(f) SW1S and SW4P ON
900 MHz — 960 MHz

(e) SW1S and SW3P ON
880 MHz — 910 MHz

6pF L2
3.7nH
L4
3.7nH
(g) SW2S and SW4P ON

1710 MHz - 2170 MHz

FIGURE 11. The seven matching networks created by changing
the SPAT states, each one adapts a different frequency range.
Note that the transmission lines L1-L4 correspond to those
given in Fig. 10.
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To the antenna

W ~ —

ffi
| |

07 08 09 1 11 12 13 14 15 16 1.7 18 19 2 21 22
Frequency | GHz SWas ON
—— SWIS, SW2S and SW45 ON —— SW1S and SW4P ON —

— SW1S and SW3P ON —— SW2S and SW4P ON —— 5WA45 ON

dB
&

XN

X
.

-10

-12

FIGURE 13. The simulated Si: for the seven used states of the
SPA4T.

As a result of this design, the simulated S;1 achieves a -6dB at
the frequency regions of interest 698 MHz — 960 MHz and
1710 MHz — 2170 MHz (Figure 13). This solution requires
only six states to cover all frequency bands, aligning well with
the predictions outlined in Section Il, Table-I. For other loT
applications with different frequency bands, the design
process will require the same steps explained to achieve the
desired matching performance.

IV. HARDWARE IMPLEMENTATION

The implemented PCB has the same characteristics as the
simulated, 70 mm x 65 mm, with a 15 mm x 45 mm clearance
area (Figure 14). To ensure a stable voltage supply to the
switch, a DCDC converter is connected to a standard 3V

7
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battery, providing the necessary 1.8V required for the SPAT
switch.

This solution includes an SPAT from Qorvo (QM13345) with
a MIPI interface. The SPAT is controlled by an interface
connected to a laptop. Once a particular state is set, the
interface is removed so as not to interfere with the Si; and
efficiency measurements. To keep the SP4T activated, a built-
in battery is embedded in the PCB (Figure 14 b).

As a result of these measurements, an S11<-6dB has been
achieved at the frequency regions of interest 698 MHz — 960
MHz and 1710 MHz — 2170 MHz (Figure 15), considering the
components used in the simulation scenario.

Antenna booster element

Ground Clearance | 15mm!

F i :
15mm| Ground Clearance

Pin strip 2x4

Ground Plane

Ground Plane

@ ()

FIGURE 14. Prototype of the 70mm x 65mm x 1Imm FR4 (g=4.15,
and tan$=0.02) PCB, with a 15mm x 45mm clearance area. “a” is
the top layer, and “b” is the bottom layer.

S11 (dB)
[s)]

07 08 09 1 1.1 12 13 14 15 16 1.7 18 18 2 21 22
Frequency (GHz)

9-0B(S(1,1) OBS(1. 1)
SW2S and SW4F ON SW3S and SW4S ON

F0BS(1,11) ~-DBS(1.1))
SW1S SW2S and SW4S ON SW3S ON

& DB(S(1, 1))

SW1S and SW3P ON
Bosgso.mn

SW1S and SW4F ON

~+<DB(IS(1, 1))
SWiS ON

FIGURE 15. Measured Si1 of the states in use of the RF switch in
the PCB prototype.

TABLE IV
DEVIATION BETWEEN SIMULATED AND MEASURED S;; PARAMETERS
State Simulated Measured Deviation
fcentral (MH2) fcentral (MH2)
SW4S ON 726 722 3%
SW3S ON 788.5 775 4%
SW3S and SW4S ON 825 824 2%
SW1S, SW2S and SW4S ON 857 862 1%
SW1S and SW3P ON 917.5 928 1%
SW1S and SW4P ON 949 967 1%
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In particular, this solution only requires seven states to cover
all the frequency bands, aligning with the predictions
presented in Section Il-Table 1. When comparing the
simulated Sy (Figure 13) with the measured Si1 (Figure 15),
Table 1V is generated, highlighting the deviation of each state.
It is evident from this comparison that the maximum deviation
is 4%, which falls well within an acceptable range.

A tolerance analysis is carried for the SW3S ON state
(Figure 16) involving 2000 circuit evaluations, considering the
components tolerance, typically 2% with normal distribution.
This result highlights the robustness of this solution.

1 (dB)
o
:

-10

0.8 1 1.2 1.4 1.6 1.8 2 22
Frequency (GHz)
FIGURE 16. Tolerance analysis of the SW3S ON state (840 — 880
MHz).
100

g9 == Simulated efficiency

80 = === Measured efficiency

70
60
50

Efficiency (%)

698
731
748
2
847

Frequency (MHz)

FIGURE 17. Comparison between the simulated total efficiency
and the measured total efficiency.

The average total efficiency across all states in use (Figure 17)
is 32.4% at 698 MHz — 960 MHz and 58.4% at 1710 MHz —
2170 MHz. The slight differences between the simulated and
measured total efficiency are 1.1dB for the low-frequency
region and 0.7dB for the high-frequency region, falling within
the anechoic chamber specifications.

Total efficiency m: is measured in an anechoic chamber
(MVG Star-Lab 18) (Figure 18). It includes losses of the PCB,
the antenna element, the matching network, the SP4T and the
UFL cable, this UFL has 0.1dB losses. The average difference
between the simulated and the measured efficiency in the low-
frequency band is 0.9dB, and in the high-frequency band is 0.4
dB.

8
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On the other hand, the radiation pattern of the antenna system
is shown in (Figure 19) and (Figure 20), showing a quasi-
isotropic pattern with directivity about 3dBi, useful in loT
devices since the direction of the incoming signal or the
orientation of the device is random, which is a common
situation in loT communication.

7w Total Gain
= Phi Gain

A w— Total Gain

= Phi Gain

L. . mmm Theta Gain msss Theta Gain
FIGURE_ 18. Measurement set-up for total efficiency in the (@ ¢=0°at 800 MHz ) (b) ©=90°at 800 MHz
anechoic chamber :
dB g
-10 x ) o ‘
el CH ,7, » : ;l;;:a(l.‘gim — Total Gain
-15 ' s Theta Gain B : ?ll:'cga(l:;m
(¢) @=0°at2000 MHz (d)  @=90°at 2000 MHz
20
FIGURE 21. Gain measured in MVG Star-Lab 18 of the PCB for
two different frequencies. (a) @ = 0 at the frequency of 800 MHz;
25 (b) @ = 90 at the frequency of 800 MHz; (c) ¢ = 0 at the frequency
of 2000 MHz; (d) ¢ = 90 at the frequency of 2000 MHz.
-30 In (Figure 21), the isotropic behavior of the antenna system is

FIGURE 19. Measured 3D radiation pattern showing the antenna

shown. For example, at ¢=0°, the radiation cuts are mainly
omnidirectional with Ge predominating over G, and this, the

realized gain at 800MHz. polarisation is mainly linear aligned with the X-axis.

dB However, polarization is less relevant than total efficiency for

10T devices since their orientation is random. Thus, it is not as
. critical as point-to-point antennas where polarisation
alignment becomes relevant to avoid polarization mismatch.
Additionally, the realized gain at various frequencies has been
measured being -3.9 dB at 700 MHz, -1.4 dB at 800 MHz, -
1.2dB at 900 MHz, 1.8 dB at 1700 MHz, 2.5 dB at 1800 MHz,
1.9 dB at 1900 MHz, 2.2 dB at 2000 MHz and 2.4 dB at 2200
MHz; that is useful for link-budget calculations.

[
"

V. DISCUSSION

-20 This section highlights the advantages of employing the
reconfigurable architecture over a passive solution featuring
-25 six components. The passive solution exhibits lower total
efficiency, primarily because it struggles to achieve effective
30 impedance matching across the entire frequency range, as

demonstrated in (Figure 22).
Conversely, the current solution, utilizing one SP4T-Switch

FIGURE 20. Measured 3D radiation pattern showing the antenna and five lumped components, outperforms for the whole
realized gain at 2GHz. frequency range, ensuring more range and battery life.
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rro-2170 vtz | .
= (

880-960 MHz — 51 3.5dB
g sasoavt: [ —
2 2.2dB
=
g 4‘
g rorsovm: [ — 1248

. 32
698-748 MHz e 2 3.6dB
20 40 60 0 100

Total Efficiency (%)

M Passive Matching Network B Tunnable Matching Network

FIGURE 22. Comparison between the simulated total efficiency
with a passive network and the simulated total efficiency with
the reconfigurable solution.

In particular, a huge improvement of 3.8dB in 698 MHz — 748
MHz. At the high band, the reconfigurable solution is 1.2dB
worst, but still, the efficiency for the tunable solution is 68%
on average (Figure 22). In [22], a map of reconfigurable
antennas, including both the length and width of the antenna
dimensions, is conducted. The resulting average has a Length
of 53,Imm and a Width of 9.8mm, and it leads to the

conclusion that the antenna booster’s reconfiguration-based
solutions are in the best quadrant (L, W<average L, W).

Table V gathers different reconfigurable existing solutions
compared to the proposed in this paper. As can be appreciated,
the proposed solution features a small ground plane size, only
compared to the small solution presented [22]. However, in
the present case, efficiency in the low-frequency region (698
MHz — 960 MHz) is 3.7 dB above, plus the simplicity of using
only one SPAT switch. In contrast, the compared devices [23],
[24], [30] and [32] feature a larger ground plane in dimensions
(0.35%, 0.32A, 0.471 and 0.301) than the current solution
(0.16)), which implies a higher efficiency in the lower
frequency bands. Moreover, [23] and [24] incorporate a metal
frame, which is not viable for 10T devices due to cost. The
innovative aspect of the proposed solution lies in its utilization
of a single switch, with a more compact volume antenna
booster, whereas [24] stands out for having the smallest
clearance area despite incorporating a metal frame. As
observed, the antenna volume is only 90mm?2, which is less
than the metal frame structures in [23] and [24] and 26 times
less than the antennas in [30] and [32].

Furthermore, thanks to this architecture, which includes 65
states, operational bandwidth can be extended to other
frequency ranges, such as, for instance, those allocated in 600
to 700 MHz. For instance, for the proposed design, by having
SW3S and SW1P ON, an Si; below -6dB can be achieved.

TABLE V
COMPARISON WITH EXISTING RECONFIGURABLE ANTENNA SOLUTIONS. L IS THE MAXIMUM LENGTH OF THE PCB IN TERMS OF WAVELENGTH A AT THE
LOWEST FREQUENCY OF OPERATION. ANTENNA VOLUME IS THE SMALLEST PARALLELEPIPED INCLUDING THE ANTENNA

PCB Size Lrce Antenna Clearance Area ] - Total Efficiency (low
(mm?) ) Volume (mm?) (mm?) Frequency (MHz) Reconfigurability and high bands) (%)
digitally tunable
[22] 13160 030 12x3x24=864  11x60=660 08~ 9636%%" 1710— capacitors (DTC) and 7 535 and 62.8
lumped components
_ _ 698 — 960, 1575, and 2 SP8T switches and 11
[22] 5050 0.11 30x3x1 = 90 12x40 = 480 1710 2170 umped components 13.6 and 47.4
[23]  130x67 035  945x5=4725 945 824’96266‘;(? 1710- PIN Diode 45.0 and 60.0
[24]  143x74 032 146x5=730 146 690-960 and 1700 — SPAT switch and 8 705and 75
2700 lumped components
[30]  200x162 047  40x12x5=2400 12x200=2400 098 ~960and 1710 SPAT switch and 4 63 and 64
2690 lumped components
_ _ 698 — 960, 1710 — digitally tunable
[32] 130x70 030  40x10X6=2400  10x70=700 ot ol o capacitors (DTC) 33,63 and 63
NEW  70x65 0.16 30x3x1 = 90 15x45 =675 098~ 960,and 1710 - SPAT switch and 7 32.4 and 58.4

2170

lumped components

VI. CONCLUSIONS

A reconfigurable architecture embedding an antenna booster
element has been proposed. The architecture leverages a
compact antenna booster element (A/14 at 698MHz) in
combination with an SP4T switch, including a straightforward
matching network design. The key advantage of this
architecture lies in the versatility it offers, as the SPAT switch
enables the common port to be connected to various outputs,
increasing flexibility in the impedance-matching process, this
allows each band to be adapted separately, thereby achieving
greater efficiency compared to the passive solution. After the
proposed design process, the simulated total efficiency shows
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competitive efficiency values. The comparison between the
simulated and measured efficiency results yielded minimal
deviations, with a discrepancy of less than 0.9dB in the low-
frequency band and 0.4dB in the high-frequency band. In
practical testing, the implemented architecture achieved an
average measured total efficiency of 32.4% at 698 MHz — 960
MHz and 58.4% at 1710 MHz — 2170 MHz. Notably, the
proposed reconfigurable solution outperforms the passive
alternative by up to 3.8dB in efficiency within the low-
frequency range (698 MHz — 960 MHz). As a result, the
proposed reconfigurable architecture with an embedded
antenna booster element ensures operation across many
frequency bands for 10T wireless devices.
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