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Abstract: GPS has become an attractive feature for geolocalization enabling asset tracking IoT devices.
GPS satellite antennas radiate RHCP (right-hand circularly polarized) electromagnetic waves; thus,
the typical antenna at the receiver is also RHCP. However, when the orientation of the receiving
device is random, linear polarization antennas operate better in terms of TTFF (time to first fix).
Through field measurements (urban and field) and considering different positions of the device in
a vehicle, an RHCP microstrip patch antenna and a linear non-resonant antenna element called an
antenna booster were compared. TTFF averaged for several positions was 7 s better for the linearly
polarized antenna booster than for the microstrip RHCP patch antenna. The results demonstrate that
the behavior of the linear polarization antenna booster technology is more robust in terms of TTFF to
the arbitrary position of the IoT device while keeping a small size and simplicity.sdf
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1. Introduction

Due to the latest innovations in electronic technology in IoT devices, GPS applications
are becoming a valuable asset for tracking devices. Keeping track of one’s assets is crucial
for many businesses and people. The benefit of knowing where your assets are is enormous.
For instance, keeping track of a fleet of vehicles to maintain control to get the most out
of their utilization to streamline routes and thus reduce CO, emissions. The location of
delivery or vehicles and similar use cases are also possible.

This study compared a traditional technology—the microstrip RHCP patch antennas—
with antenna booster technology based on electrically small antenna elements called an-
tenna boosters that can excite currents on the ground plane of the IoT device to become
the main actor in the radiation process [1,2]. Thanks to a matching network, the device
embedding an antenna booster can easily be tuned at GPS frequencies. This study will
enable alternative antennas to the traditional ones for various IoT devices.

The size and energy efficiency of IoT devices are crucial factors to consider. Making
these devices as small and efficient as feasible is therefore essential. Therefore, the size
of the antenna element is key. In this regard, the present study used a very compact
7 x 3 x 2 mm? antenna booster that is easy to integrate into an IoT device.

Different parameters were compared from both devices that have been considered
to realize this case: The carrier-to-noise ratio (CNo), the number of satellites found, the
dilution of precision (DOP), and the time to first fix (TTFF). Although antennas can be
compared in terms of SWR, gain, and efficiency, when dealing with battery-powered IoT
devices, the TTFF is the crucial parameter since it takes into account all antenna parameters
to finally determine how good the antenna is to capture enough satellites to determine the
position in a short period of time.
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The time from when a GPS receiver is turned on until a navigation solution is generated
within a specific performance range is considered by the TTFF performance metric [3].

In [4], the study demonstrates the benefits of embedding a GPS antenna in a mobile
phone with linear polarization rather than circular polarization in a multipath scenario.
This study was conducted in many places, but always statically. Our research covered
various dynamic environments within a car because IoT tracking devices frequently move.

To know in which position to place our devices to compare them, some information
can be found in the literature [5,6]. In [5], the experiment findings revealed that a GPS
antenna should be mounted on a vehicle’s roof or trunk lid to see the entire sky. IoT devices
are typically placed inside automobiles for tracking purposes. It is necessary to consider
this factor because [5] also states that installing the antenna inside the automobile will
reduce system performance due to the car body’s shielding effects. The positioning and
choice of a GPS antenna have also been demonstrated to impact how well the system
performs by altering the satellite coverage in the sky, modifying the system noise figure,
and adding measurement inaccuracies due to multipath.

For handheld GPS terminals, other experiments successfully created a low-profile
linearly polarized 3D PIFA antenna [7]. This antenna aims to cover the GPS L1 band, which
has a 1575 MHz central frequency and was the subject of this study. In [7], they developed
an antenna with a performance comparable to right-hand circularly polarized antennas.

Geometric coefficients (DOP) are vital elements that determine the precision of location
in the GPS, and the number of satellites was found to be significant in terms of accuracy [8].
It is crucial to keep this in mind when evaluating the data.

There is a good amount of reading on circularly polarized antennas [9-12]. In [9],
the antenna is a planar device composed of a single-sided printed circuit board that con-
currently emits the linear polarization of an RFID and a mobile phone band and the
circular polarization of a GPS band. Another proposal for a circular polarization antenna
aims to cover all Global Navigation Satellite Systems, including GPS in L1 and L2 bands,
GLONASS, Galileo, and BeiDou. It also has a highly effective structure for SDARS satel-
lite broadcasting [10]. This passive structure’s design, with its overall dimensions of
43 x 104 x 14.5 mm3, allows for simple integration into various mounting points in the
car. In [11], a single-feed GPS antenna was introduced with enhanced multipath rejection.
The antenna was built on a shorted annular elliptical patch.

A device with two different GNSS (Global Navigation Satellite Systems) antennas
was presented in [13]. The gadget has two antennas: a GNSS PCB (printed circuit board)
inverted-F antenna on top and a GNSS ceramic patch antenna on the device’s bottom. The
conclusions reached are that the patch is generally the best option if the device is static
and able to point to the sky. However, the inverted-F antenna in the device is preferred for
random orientations of the device.

However, there was little discussion compared to [4], and the common belief is that
an RHCP antenna for an IoT device is always the best choice. However, what happens
when the IoT device with an embedded antenna is not pointing to the sky? What happens
if the device is on a seat of a vehicle? What is the performance of both the RHCP patch
antenna and antenna booster if the device is upside-down? Does the radiation pattern
of a microstrip patch antenna, typically directive, become worse than a quasi-isotropic
linearly polarized antenna booster when the orientation of the device is not known, or even
worse, cannot be controlled? Consequently, a comparison of circularly polarized microstrip
patch antennas and linear-polarized antenna boosters was conducted to determine the
performance, depending on the position and orientation of the IoT device inside a vehicle.

There are different antenna designs when creating a GPS microstrip patch antenna [14-20].
Some consist of a single layer patch antenna, one or two feeding points as well as modifying
the geometry to generate two degenerated out-of-phase orthogonal modes to radiate an RHCP
electromagnetic wave.

The rest of this paper is divided as follows. Section 2 describes all the resources used
to conduct the research. Section 3 describes the steps taken to gather all data required for
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the study. Section 4 demonstrates the results of the procedure. Section 5 discusses some
representative cases of IoT devices. Section 6 presents the conclusions.

2. Components for the Testing
2.1. Antennas under Study

An RHCP microstrip patch antenna and a linearly polarized antenna booster were
used for the analysis (Table 1).

Table 1. Linearly polarized antenna and circularly polarized antenna specifications.

Parameter Antenna Booster Microstrip Antenna
Frequency 1575 MHz 1575.42 + 1.023 MHz
Dimensions 7.0 x 3.0 x 2.0 mm3 17.0 x 17.0 x 4.0 mm31!
Peak Gain —2.1dBi Typ. @ Zenit —1.0 dBi Typ. @ Zenit
Polarization Linear RHCP
Radiation pattern Omnidirectional NE
Impedance 50 0 50 O

1 Only the ceramic patch was included in this measurement; the patch size was 17.0 x 17.0 x 6.1 mm?.

2.1.1. Linearly Polarized Antenna Booster

The antenna booster for the linear polarization device had the dimensions of
7.0 x 3.0 x 2.0 mm3 and was centered at a frequency of 1575 MHz (Table 1). This ra-
diates evenly because of its omnidirectional emission pattern. The peak gain for this
antenna was 1.8 dBi. Figure 1 depicts the 53 x 53 mm? device and the GPS antenna booster
positioned at the top left corner of the PCB [21].

GPS PORT
Grs e 2, z  Z L=15nH,Q=108.6
matching Antenna — _
e b e Z: L=91nH,Q=1177
Antenna Antenna
Booster Booster Z; 75 L=22nH Q =114.1
. , .
L. e 3 CELLULAR PORT
£ > RF . =
st Cellul Z, Z, = i -
transition GronndlPhne m;tcl}lu?\rg i:i‘:l:xu Z1L=4 I'IH, lel’l('ﬁ‘)sMHz) 64
network Booster 7 L=65 nH, len(698MHz)=
GPS LNA 2
57.7
Z,
Zs 0Q

Figure 1. A 53 x 53 mm? PCB with a linearly polarized GPS antenna booster. A ground plane
was printed over the FR4 substrate (1 mm thick, ¢, = 4.15, tand = 0.017). The chip antenna booster
component on the right operated at 698-960 MHz and 1710-2170 MHz. The GPS antenna booster
was 7 X 3 x 2mm?. [S] represents the Sq; for each antenna booster without a matching network.

The LNA used for these measurements was an external LNA attached to the device
with SMA transitions, which introduces losses. This LNA had a gain of 16.5 dB, a noise
figure of 1.03 dB, and was centered at 1575 MHz (Table 2).

Table 2. LNA (low noise amplifier) is used in both devices.

Parameter Antenna Booster Microstrip Antenna
Frequency 1575.42 MHz 1575.42 MHz
Gain 165dB! 16dB!
Noise figure 1.03 dB 2.5dB

1 Two RF transitions used for the antenna booster setup had insertion losses of 0.15 dB. This justifies the 0.5 dB
extra gain in the LNA.



Energies 2022, 15, 9623

4 0f 20

Additionally, to model a more realistic scenario, an antenna booster-based chip com-
ponent was placed at the right corner of the PCB, operating at cellular frequency bands
comprising 698-960 MHz and 1710-2170 MHz. The objective was to consider a real situa-
tion, such as a tracking device having cellular connectivity (ex. LTE-M) and GPS (Figure 1).

Since the 7 x 3 x 2 mm? GPS antenna booster is non-resonant at the frequency bands
of operation, a matching network with lumped components (SMD 0402) was designed [1].
Due to the narrow bandwidth needed for GPS (1.5%), the matching network was simple,
comprising only three lumped components, a series, and a shunt inductor (Figure 1). The
measured total efficiency (¢ =n-(1 — | S11)? — 151 12) takes into account all losses of the
antenna system (antenna booster, FR4 of the PCB, feeding line, and matching network), the
matching at the GPS port (S11), and the coupling between the GPS and cellular port (Sy1).
This total efficiency was measured using 3D-pattern integration with an MVG Star-Lab
anechoic chamber resulting in a total efficiency of 75% at 1575 MHz. Note that antenna
booster technology can also operate for other radio protocols from a single frequency band
to multiband operation [1,2]. For multiband operation, a multiband matching network
was designed that can be easily addressed through matching network synthesis [1]. For
example, operation across 824-960 MHz and 1710-2690 MHz can be achieved with a tiny
antenna booster of only A/30 at 824 MHz.

2.1.2. Circularly Polarized Microstrip Patch Antenna

The specifications of the circularly polarized antenna are listed in Table 1. This was
a17.0 x 17.0 x 4.0 mm? microstrip patch centered at 1575.42 MHz. At its zenith, this
antenna’s gain was —1.0 dBi. Figure 2 illustrates the 80 mm by 60 mm device’s ground
plane, with the microstrip patch positioned close to the left corner of the device, being a
typical position.

A
v

b ﬁ Patch antenna’

Figure 2. An 80 x 60 mm? PCB with a circularly polarized microstrip patch antenna was employed
for the study. The battery was used to feed the embedded LNA under the patch antenna.

As for the LNA, this was integrated into the patch antenna. The specifications of this
antenna are given in Table 2. Only the ceramic patch was included in this measurement;
the actual antenna size was 17.0 x 17.0 x 6.1 mm°.

This was centered at a frequency of 1575.42 MHz and has a gain of 16 dB. The noise

value introduced by this LNA was 2.5 dB.

2.2. GNSS Evaluation Kit

To make the comparisons as equitable as possible, two u-blox devices were used as
receivers at the same time, which was the EVK-8, an evaluation kit that evaluates the
performance of the positioning technology.

Both devices were connected to each of the PCBs simultaneously, and software signed
by u-blox was used to evaluate the performance of the devices to compare them. With this
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software, the NMEA frames, which are the data and electrical standard that combines for
communication between electronic devices, can be obtained. With such data, an exhaustive
analysis was carried out thanks to a program developed with MATLAB. This provides
different information, such as the signal-to-noise ratio, the number of satellites in use at
any given moment, the dilution of precision, and the TTFF.

3. Testing Procedures
3.1. Static Setup

The first procedure is a measurement called static measurement. In this measurement,
data were collected during 30-min periods inside a building. In the first test, both devices
were placed next to the window. Once the 30 min had elapsed, the measurement was
repeated, placing the devices away from the window toward the inside of the building.
The purpose of this was to check how each device was affected by being more conditioned
inside the building in order to simulate whether the geolocation could be obtained within
the building. For this measurement, the average of the CNo, the average of the satellites
used during this period, and the average of the accuracy were used, as illustrated next.

3.2. Dynamic Setup

The second group of measurements is called dynamic because these measurements are
carried out in motion by placing both devices in different positions inside a car, as shown
in Figure 3. Within this group of measurements, different tests were carried out to evaluate
the performance of both technologies, the circularly polarized microstrip patch antenna
and the linearly polarized antenna booster.

Figure 3. Different positions and orientations in which the devices were arranged inside the vehicle.
For (g h), the seat covered the device. For illustrative purposes, the seat was moved to the back to show
both devices. (a) Front Dashboard-Face Up; (b) Front Dashboard-Upside down; (c¢) Front Dashboard-
Face forward; (d) Front Dashboard-Face backward; (e) Rear Dashboard; (f) Rear Dashboard-Upside
down; (g) Under the seat; (h) Under the seat-Upside down; (i) Over the seat; (j) Over the seat—Face
forward; (k) Over the seat-Upside down.
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The first set of dynamic measurements that were performed was a continuous mea-
surement in which, when a fix is obtained, the route is covered by a car in which the data
are captured in different environments. These environments are categorized as highway,
in which there is a more open space without buildings or trees that can interfere with the
signal; then the city environment, in which the vehicle goes between wide and narrow
streets; and finally, forest, which is an intermediate between the highway and city.

In the second campaign of measurements, the same route was followed as in the
previous one, but the aim was to obtain another type of data. In this case, cold starts
are performed during the route, the time to first fix is measured, and then an average
is obtained. The purpose of this measure is to check how long it takes each device to
find the location of the vehicle in the different positions of the device. This measurement
is fundamental because it provides how fast both antenna technologies can determine
the position.

The last of the tests performed within the dynamic measurements were to run the
same procedure as in the previous case, but in this case, instead of performing a cold start,
a warm start is carried out. The data on the almanac (information about the time and status
of the entire satellite constellation) and the ephemeris (data used to calculate the position of
each satellite in orbit) were wiped to run the cold start simulation, which mimics a device
that has just been activated for the first time without a previous fix. For the warm start,
however, the ephemeris is eliminated to imitate a device that has lost its units temporarily
while the almanac is known [3]. By doing this, we can make a case as similar as possible to
the behavior obtained from an IoT geolocation device, which obtains the position of the
vehicle in every certain period to optimize the battery. Therefore, this measure is significant
because it seeks the minimum possible time to obtain a location so that the battery lasts the
maximum time.

3.2.1. Device Positions

To perform the dynamic measurements, both devices were placed at different positions
of the vehicle to test their behavior and performance in different environments. Four
locations were proposed inside the car where the devices were placed. Then, in each of
these locations, the devices were placed at different orientations to analyze how the position
and orientation impact the performance of the GPS parameters under study.

The four positions inside the car are the front dashboard (a—d), rear dashboard (e—f),
under the seat (g,h), and over the seat (i-k), as can be seen in Figure 3.

These different positions simulate the other places where a person can drop an IoT
geolocation device, so how each technology behaves concerning these positions can be
compared. All of these positions and orientations are interesting because an IoT device
will not always be facing the sky but in any orientation since the device may be dropped
randomly. Therefore, when placing the device in these locations in the car, there are other
ways of facing the device, such as the device facing the sky, facing downward, facing the
front of the vehicle, or facing the rear of the car (Figure 3).

3.2.2. Route

As observed in Figure 4, a 50 km route was selected to perform the averages and
compare the two antenna technologies in as many environments as possible. The route was
divided into three sections: highway, city, and forest.

A highway is an environment with open spaces, without buildings or trees that can
interfere with the signal. The city environment runs between wide and narrow streets, and
finally, the forest, with trees and irregular topography with mountains.
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Figure 4. The route followed by the car. First, the highway, which was 24.4 km long (red), followed
by the city (Barcelona), which was 9 km long (blue), and the forest, which was 16.7 km long (yellow)
to finish.

4. Results
4.1. Static Results

This section shows the results for both antenna technologies when the devices were in
a static position, such as close to a window or in a car.

4.1.1. Cno

The static signal-to-noise ratio measurement was performed inside a building with
large glass windows. As the testing procedure section mentioned, measures were taken
at various distances from the window. As seen in Figure 5, these are the results of the
measurement from the window up to 2 m into the building. As observed in the graph,
the measurement made with both devices right at the window, the circularly polarized
antenna, showed better results, with a difference of approximately 3 dB. This position
closely resembles the clear view and, therefore, is optimum for circular polarization.

50 T T

T
[ELinearly polarized antenna booster
C—JcCircularly polarized microstrip antenna

CNo (dB)

L 1 L
By the window 1 meters from the window 2 meters from the window

Figure 5. Cno results were obtained in a static position inside a building with large windows. The
position of this device has been moved toward the interior of the building.
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The second measurement shown in Figure 5 was performed with both devices at a distance
of 1-m inward of the building. As can be seen, the circularly polarized antenna still had a better
signal-to-noise ratio, but in this case, the difference dropped to approximately 1.5 dB.

The last measurement was made with the devices at a distance of 2 m from the interior
of the building. In this case, since the circularly polarized antenna did not have a direct view
of the sky, it lost more signal-to-noise ratio. However, we observed that the performance of
the linearly polarized antenna, although with a lower Cno than in the previous case, was
better. This is because the device was less conditioned by the environment. The difference
in this scenario was 0.7 dB better.

4.1.2. Number of Satellites

In order to measure the number of satellites that could be seen for each of the devices,
measurements were carried out as mentioned in the testing procedure. As seen in Figure 6,
the number of satellites that the device could see with linear technology obtained a higher
number of satellites in all cases.

11 T T T

[Linearly polarized antenna booster
10k C—circularly polarized microstrip antenna |_|
9tk -
8 - -
A ]
&
o
T 6 .
n
.
o
5 S .
o
E
2 4F 4
3F 4
2F -
1+ -
0 1 1 1
By the window 1 meters from the window 2 meters from the window

Figure 6. Average of the satellites used by each device in a static position inside a building with large
windows. The position of this device was moved toward the interior of the building.

Concerning the circular polarization case, the average number of satellites on those
closer to the window was 4.2, which is very close to the minimum number of satellites
required to obtain the geolocation. A value of 4 is needed to obtain the geolocation. The
average satellite value significantly increased as soon as the device was brought within the
structure, but it never reached the levels attained by the device using linear polarization.

In the case of the linear polarization device (Figure 6), it followed the same tendency
as the circular polarization device to have a higher average value in positions farther
away from the window. Additionally, it should be taken into account that this was 6.5,
a mean value significantly higher than 4, in the position where it had the worst average,
demonstrating a higher level of robustness.

4.1.3. Dilution of Precision

The dilution of precision is a term used in geomatics engineering and satellite naviga-
tion to describe the mathematical impact of the geometry of navigation satellites on the
accuracy of positional measurements. Figure 7 displays this situation and demonstrates
how the precision of the linearly polarized devices performed better in all scenarios. DOP
is an approximation of the ratio between the accuracy of measurements and positioning.
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Figure 7 displays the position DOP (PDOP), which depicts the influence of satellite geome-
try on position estimates while accounting for the precision attained both horizontally and
vertically (in height). A smaller number implies a more exact accuracy value, hence the
lower the DOP (in this instance PDOP), the better, as it is a variable that determines the
accuracy of a device in obtaining geolocation.

7 T T T
[ Linearly polarized antenna booster
[—JcCircularly polarized microstrip antenna
6 4
Moderate
SR et D e -
&
4+ 4
Q.
(@]
o
[«
3+ -
Good
2 ———————— - b - -] —— b b o - b - - - —
Excellent
Ideal
0 | 1 1
By the window 1 meters from the window 2 meters from the window

Figure 7. Average dilution of precision or DOP for each device in a static position inside a building
with large windows. The position of this device was moved toward the interior of the building. The
lower the DOP, the better.

To quantify the quality of the results, it can be observed that results between 1 and 2
were deemed excellent, those between 2 and 5 were considered good, those between 5 and
10 were deemed moderate, and outcomes over 10 were deemed fair or poor [22]. It was
also possible to note a correlation between geolocation accuracy and window distance with
the previous results; the accuracy increased with increasing distance from the window.

4.1.4. TTFF in an Ideal Position in a Vehicle

The last static measurement was an average of 10 TTFF measurements performed
at the front of the car, specifically at the front dashboard—Face up position, as shown in
Figure 3a. In this case, we decided to conduct the TTFF measurements for the static position
inside the car when it was parked in an open area because it would provide a preview of
the results when conducting the dynamic measurements. The TTFF test was not deemed
applicable inside the building since IoT devices are often operated outside. As shown in
Figure 8, although both results were very similar, the average of the linearly polarized
antenna was slightly better than the average obtained with the circularly polarized antenna.
Regarding the maximum time it takes to obtain the fix, both devices showed similar
performance, but the linearly polarized antenna was 0.9 s better (lest seconds to connect).
The last comparison in Figure 8 shows the minimum time it takes to perform the fix, as
we can see, both devices behaved identically, with a slight difference of fewer than 0.2 s in
favor of the linear polarization.
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TTFF (seconds)
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Linearly polarized Circularly polarized
antenna booster microstrip antenna

Figure 8. TTFF results were obtained in the front dashboard location of a car, with the vehicle parked

in a place with open space.

4.2. Dynamic Setup

This section shows the results for both antenna technologies when the devices were in
a dynamic position. In contrast to the previous section, this section gathers the results for

both antenna technologies when the devices were in different positions inside a vehicle.

4.2.1. CNo

The findings for the signal-to-noise ratio are displayed in Figure 9, and they were
collected to achieve the results with a moving vehicle.

55 T T T T T
[E=Linearly polarized antenna booster
50} [C—Icircularly polarized microstrip antenna| |
45+
=4 )
s s 2
40 o
¥ o
i s ¢ 2|38 ¢ @l
% ) @ 4 o 2 c
a S @ S o & z
) w g il L o 2 £ - 8
-] 2 @ 3 ° 2
2 w b=t o a 3 S o
Bl 2| 8 v &g g& =
=] - = T2 -3
] ga 5
a
=)
Front dashboard Rear Under the Over the seat
dashboard seat

Figure 9. Result of the signal-to-noise ratio obtained at different locations of the car on a route,
including highway, city, and forest, following the path in Figure 4.

In four of the 11 scenarios evaluated, the circularly polarized devices performed
better. On the other hand, five out of the 11 test scenarios showed better performance from
the devices using linear polarization. The two remaining scenarios showed a virtually
comparable performance from both devices, with the linearly polarized devices performing
0.1 dB better.
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4.2.2. Number of Satellites
In this scenario, Figure 10 shows the average number of satellites obtained during the
measurements carried out while the vehicle was moving.

12 T T T T T T T T T T T
[ Linearly polarized antenna booster
° » [C—Jcircularly polarized microstrip antenna
s § ¢
©
=]
s & 2 < 5
10 © 7 =] 2 3
o 3 2 a
T g a| o A o
a =% L 3 2 v (@] T
5 = © v = ) ‘B
w o 7 (=% c|lo o
o ' =% s 2 o
o - =) % 3|ld 2 © =
© L Q o|lw = H
8 % g 20 4
o E
3 i
= o
- Q
2 &
[}
s 6 1
.
@
2
€
]
z
4t 1
2+ 4
0 L L L] L)
Front dashboard Rear Under the | Over the seat
dashboard seat

Figure 10. Results of the average of satellites used in different positions of the car on a route including
highway, city, and forest following the path in Figure 4.

Both devices performed nearly identically, with a slight advantage over the device
with a linearly polarized antenna booster.

4.2.3. Dilution of Precision
In this instance, Figure 11 illustrates the average DOP obtained by observations carried
out while driving.

[ Linearly polarized antenna booster
45 [C—Jcircularly polarized microstrip antenna
2
4 © 1
s g £
© O
b &2
35} : 4
c
g
£ 3
= [=)
e s s g > E
g & ¥ &§| . o | g 8
[o] z 2 5 v B o ®
25 @ ° o °
Q 2 e 3 ] ] 8 b
m % 3 8 2 2
-3 @ D & ) =)
00 2 2 S
2 Eaun -

15

05t

Front dashboard Rear Under the Over the seat
dashboard seat

Figure 11. Average dilution of precision (DOP) results for the different positions of the car on a route
including highway, city, and forest following the path of Figure 4. For DOP, the lower the value,
the better.
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In only one of the 11 studied scenarios, the device with circular polarization performed
better. The device using the linearly polarized antenna booster functioned better in the
remaining scenarios (10/11). Although the accuracy was higher in the linear polarization
scenarios in this instance, the outcomes were relatively comparable.

4.2.4. TTFF Results by Device Positioning

The time it takes for a GPS device to gather satellite signals and navigational data to
determine its position or fix is known as the time to first fix. Before a GPS device offers the
correct position data, it needs three types of data: GPS satellite signals, almanac data, and
ephemeris data.

This measure is significant because it generally encompasses the measures observed
above, such as the signal-to-noise ratio (Cno), the number of satellites, and the accuracy.
The less time it takes to perform a fix, the faster the reception of all the necessary values to
obtain the position, and thus, the lower the battery consumption since the device can go to
sleep mode once the position (fix) is determined. In the following results, it is important to
emphasize that for TTFF values, the lower the values, the better, as it is the time it takes to
find the geolocation.

The warm start startup mode was used for this TTFF measurement. A warm or
normal start requires the GPS device to have the following features: timing precision of
20 s, positioning accuracy of 100 km, velocity accuracy of 25 m per second, and correct
almanac data. To gather orbital information during a warm start, the device must receive
a signal from each relevant satellite [3]. This startup mode was chosen because it most
closely replicates the behaviors of an IoT device.

e  Front Dashboard

Figure 12 illustrates the results for the TTFF in the locations where the device was on
the front dashboard. As seen, the measurement results carried out with the device facing
up were relatively similar, with the device with the circularly polarized patch antenna
achieving a marginally superior result. This is because this was in a position in which this
technology functions more effectively.

Face up Upside down

100 100

» 80 w» 80
o] °
c c

8 60 8 60
@ (- d O
- &

E 40 E 40

20 H 20

0 0

Average City average Average City average
[E——JLinearly polarized antenna booster
[___JCircularly polarized microstrip patch
Face forward Face backwards

100 100

“» 80 “» 80
° o
c c
5 S

° 60 o 60
2 2

E 40 E 40

20 20

0 0

Average City average Average City average

Figure 12. TTFF results of all device orientations placed on the front dashboard of the vehicle when
moving following the path in Figure 4. For TTFF, the lower the value, the better.
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On the other hand, we could also observe similar results for the face forward orienta-
tion, where the linearly polarized antenna booster benefits from this position. The linear
polarization devices performed better in both the upside-down and backward positions.
This leads to the conclusion that a linearly polarized antenna booster produces better results
for the random orientation of a wireless device.

e  Rear Dashboard

Figure 13, in this case, displays the outcomes for the rear dashboard position. The
results from the route depicted in Section 3.2.2 were averaged. The average result observed
for face-up orientation was slightly better for the device using circular polarization (2.3 s
better). In the same position, but observing only the city average, it could be observed
that the linear polarization device was improved (2.3 s better), which may be due to the
negative impact of multi-path for circular polarization. As can be observed, in the other
cases, the device with the linearly polarized antenna booster featured better behavior since
it took less time to perform the fix (average and city averages were 3.7 and 9.9 s better,
respectively). As before, the linearly polarized antenna booster was more robust to random
orientations of the device.

Face up Upside down
100 100
Linearly polarized
90 1 90 Eantenna booster
Circularly polarized
80 1 80 [:lmlcrostrlp patch
70 1 70 ]
0 @ 0
2 60 T 60 — —
O o —
O N e Q
@ Sor - 2 so
E a0} E 40
30t 1 30
20 1 20
10 1 10
0 0 '
Average City average Average City average

Figure 13. TTFF results of all device orientations placed on the rear dashboard of the vehicle when
moving following the path in Figure 4. For TTFF, the lower the value, the better.

e  Over the Seat

Figure 14 for the over-seat scenario shows that the results obtained by the linearly
polarized antenna booster were better (7.8 s less in total average), as the performance was
better in five out of the six averages shown. The results of the Face-Up position show that
the linearly polarized antenna booster worked better in both scenarios (4.1 and 6.6 s less in
the average and city average, respectively). In the case of Upside down orientation, as can
be observed, the linearly polarized antenna booster worked better (6.4 s less) on average,
however, when we simply considered the city, the results, in this case, favored the circularly
polarized microstrip patch (4.7 s less). In the case of Face Forward, there was a difference of
27 s in the city average and 11 s in the overall average, which favored the linearly polarized
antenna booster in both circumstances. Therefore, we can conclude that the results were
better for the device with the linearly polarized antenna booster.
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Figure 14. TTFF results of all device orientations placed over the front seat of the vehicle when
moving following the path in Figure 4. For TTFF, the lower the value, the better.

e  Under the Seat

The data in Figure 15 represent the under-the-seat measurement results. In this
scenario, if we focus on the Face-Up position, it can be observed that the linearly polarized
antenna booster had a much better performance in both the total average and in the city
average, with a difference in TTFF of 38.2 s and 73.7 s, respectively.

Face up Upside down
200 200
Linearly polarized
180r -antenna booster T 180 1
‘ Circularly polarized
160} |:|microstrip patch 1 160 1
140} ] 140 1
7 7
2120t 2120 1
o [}
o (8]
§ 100 — ;g, 100 1
E 80 | E 80 — 1
60 60 1
401 40 1
201 20 y
0 . . 0
Average City average Average City average

Figure 15. TTFF results of all of the device orientations placed under the front seat of the vehicle
when moving following the path of Figure 4. For TTFF, the lower the value, the better.

On the other hand, for the Upside Down position, the data obtained showed very
similar results for both technologies. Another fact is that compared to the device with the
circularly polarized patch antenna, results with the antenna booster fluctuated significantly
less between positions. Therefore, the performance with the linearly polarized antenna
booster was robust to the position of the wireless device.
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e  TTFF Warm Star Summary by position

Figure 16 shows the results obtained from the TTFFs performed depending on the
position of the devices inside the vehicle. The data collected in each location where the
device was installed in each position of the vehicle were averaged.
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Figure 16. Summary of all the results of TTFF measured with the warm start method when moving
following the path in Figure 4. For TTFF, the lower the value, the better.

For this section, the four scores obtained from time-to-fix were better in the linear
polarization technology. Obtaining the lowest possible values is crucial in an IoT environ-
ment where battery longevity is critical. An IoT device does not obtain the geolocation
continuously but receives the position every certain period to optimize the battery as much
as possible. Every time a device tries to obtain its position, it must perform a fix, so the less
time it takes, the less time the device is active; therefore, it consumes less battery. Therefore,
since the linear polarization technology obtains the fix faster, we can say that it can make
the device more energy efficient.

4.2.5. TTFF Cold Start

Among the last results obtained during this study was the TTFF, in this case, performed
using the cold start startup mode. When a cold start is performed, the information that
the receiver may have stored is considered erroneous: current position, visibility of any of
the GPS satellites, velocity, and time. As a result, the receiver is required to look for any
satellites [3]. After receiving a signal from a satellite, the device can begin calculating the
approximate location of the other satellites.

Figure 17 illustrates the results obtained from the TTFFs performed depending on the
position of the two devices inside the vehicle. The data obtained in each of the various
positions in which the device was arranged in every location of the vehicle were averaged.
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Figure 17. Summary of all the results of TTFF measured with the cold start method when moving
following the path in Figure 4. For TTFF, the lower the value, the better.

As can be seen, for each of the positions, discrimination was made between the
average of the city and the total average of all the data obtained. The general result
shown in Figure 17 is that, in all positions, the linearly polarized antenna showed better
results, both in general and in a city environment. This proves the robustness of the linear
polarization technology since it takes less time to perform a fix.

5. Discussion

The size of an antenna used in Internet of Things (IoT) devices is relevant since these
devices are commonly compact and low-profile. The antenna booster, in this instance, was up
to ~42 times smaller in volume than the microstrip antenna. The difference was ~13.8 times
larger than the antenna booster when measured in the area they occupied (Table 3).

Table 3. Comparison of the microstrip patch antenna with antenna booster technology. Schemes of
the microstrip patch antenna and antenna booster have the same scale.

Circular Pol.: Microstrip

Patch Antenna

Linear Pol.: Antenna Booster

v

Volume of the antenna part 17.0 x 17.0 x 6.1 mm?>

7.0 x 3.0 x 2.0 mm?

Automatic pick and place No Yes
TTFF average 1n a static ideal 295 795
position
TTFF total average 64.9s 57.8s
Omnidirectional radiation No Yes
pattern

Ceramic patch, LNA, coaxial
BoM line, and receptacles at the
microstrip antenna and PCB

Antenna booster, LNA, and a

matching network are all
placed on the PCB
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In terms of the ideal TTFF measured in the front dashboard position, with the car
stopped away from any obstructions such as trees or buildings, we can see in Table 3 that
the antenna booster performed 1.1 s faster.

According to the bill of materials, the matching network for the antenna booster
technology requires lumped SMD components, an LNA, and an antenna booster. On the
other hand, a ceramic patch, LNA, coaxial cable, and receptacles at the microstrip antenna
are necessary for the microstrip patch antenna.

Figure 18 shows a general summary of all the TTFF averages performed with a warm
start. This was an average of the eleven results obtained in the different positions and
orientations of the devices (Figure 11). The middle line shows the average of all results, the
top line shows the maximum, and the bottom line indicates the minimum.
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100 | 100.4 4

90 89.3 T

80 1

70 F 4
64.9

sor 57.8

50

TTFF (seconds)

i 41.4

30

20+ ¢

10+

Circularly polarized 1

Linearly polarized y Y
microstrip antenna

antenna booster

1

0

Figure 18. A summary of all the TTFF averages performed with a warm start. Schemes of the
microstrip patch antenna and antenna booster have the same scale.

As can be seen, the linearly polarized antenna booster had a more robust behavior
since its deviation was lower than that of circularly polarized devices. The device with the
circularly polarized patch antenna had a deviation of 61.4 s, whereas those with a linearly
polarized antenna booster had a variation of 47.9 s, 13.5 s less.

Figure 18 further reveals that the overall average of all positions and orientations was
57.8 s for devices with linear polarization and 64.9 s for devices with circular polarization.
As seen in Section 3.2.1, these locations and orientations resulted in a total of 11 distinct
scenarios divided across the car into four locations. This demonstrates that the linearly
polarized antenna booster performed the fix 7.1 s faster on average across all scenarios.
If we assume a low-power GPS receiver where 50% of power consumption is due to the
position fix, this 7.1 s difference results in ~6% more battery life on average for the device
embedding linearly polarized antenna boosters.

If we examine the other results in Section 4.2, we can observe that the data obtained
exhibited a consistent pattern depending on where the devices were placed in the car. A
circularly polarized patch antenna performed better than a linearly polarized antenna
booster only when the device was mounted on the front dashboard of the car and pointed
skyward, which is the best location for this sort of antenna, given the radiation pattern.
However, the device behaved better in all the other positions within the car when using the
linearly polarized antenna booster. This is partly because of the omnidirectional radiation
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Average

pattern, which lessens the impact of the antenna orientation (Figure 19). A summary of the
results for each position is illustrated in Figure 20.
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60

Circularly polarized ¥
microstrip antenna

/ 90
Linearly polarized ; = -

antenna booster

Figure 19. Measured radiations pattern from both devices in the plane phi = 90° (YZ plane). The
microstrip patch antenna, the antenna booster, and the PCBs have the same scale.
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Figure 20. Average TTFF in seconds for the different positions for the circularly polarized microstrip
antenna and the linearly polarized antenna booster. These results were placed on a schematic design
of an automobile representing the position of the device. As shown in Figure 3, for each position,
the results were averaged considering the different orientations. (a) Rear dashboard (left) and Front
dashboard (right), (b) Over the seat (top) and Under the seat (bottom).

The radiation pattern in the phi = 90° plane is illustrated in Figure 19, where we
observed the differences between the circularly polarized and linearly polarized terminals.
The pattern created by the linearly polarized antenna was more omnidirectional than the
one created by the circularly polarized antenna, as seen in Figure 19. This is evident from
the behavior of both antennas at an angle of 0°, where the circular polarization had a minor
advantage. However, at angles other than 0°, we observed that the linear polarization acted
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more consistently. Regarding the front-to-back ratio or the difference between 0° and 180°,
we saw a difference of 2.9 dB for the antenna booster and 11.1 dB for the microstrip patch.
It is also important to note that the circular polarization’s difference between its lowest
and maximum was 18.7 dB, whereas the linear polarization’s difference was 4.9 dB, which
highlights the omnidirectionality of the antenna booster.

6. Conclusions

It has been shown that when the devices had a clear vision of the zenith, both the linear
polarized antenna boosters and circularly polarized patch antennas behaved similarly in
terms of TFFFE.

However, for other positions of the devices in a vehicle and several orientations (up,
upside down, vertical pointing to the front and back part of a car), the advantage of a
linear polarized antenna booster becomes clear with a reduced TTFF. For example, when
placing the tracking device on the seat of a vehicle, after averaging four orientations of
the device, the TTFF was 7.3 s better. These differences became even larger in an urban
environment. For example, in the same previous case, the TTFF was 15.7 s less for the
device with antenna boosters. Some challenging positions, such as the tracking device
under the seat for an urban scenario, increased these differences even more to 44.8 s less for
the antenna booster case.

Therefore, for unpredictable environments, the theoretical loss of 3 dB due to different
polarization than the incoming electromagnetic signal from the satellite is not at all relevant.
Other antenna parameters, such as the radiation patterns, become more important. This is
the case in the linear polarized antenna booster with quasi-isotropic radiation patterns that
allow the device to be robust to reception to any orientation of the device. However, for a
circularly polarized patch antenna, the reception is reduced when the device is not located
in the ideal position, pointing to the sky and with buildings modifying the polarization.
This situation can be extrapolated to other situations rather than vehicles. For example,
when the IoT device is on a vertical wall of a container and thus, the patch antenna is not
pointing to the sky, but to the horizon where received, the signals are weaker.

To sum up, for typical random positions and orientations of tracking devices, linear
polarized antenna boosters ensure a better TTFE. Not only does less TTFF imply more
battery life, but it also reduces the impact of CO, due to the longer battery duration.
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