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Abstract

This paper investigates the advantages and drawbacks of using the amplitude monopulse technique to estimate
the Direction of Arrival (DoA). The experimental setup consists of two-panel antennas and is utilized with three
distinct tilting configurations to examine the effect on accuracy in estimating DoA. Experiments are done in an
analog domain inside an anechoic chamber, and noise is applied to the results to simulate the effects of the real
environment.
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1. Introduction

Localization is a critical aspect of IoT (Internet of Things) technology, as it enables devices to accurately
determine their physical location in the world. This information is essential for a wide range of IoT
applications, from healthcare [1] and asset tracking [2, 3] to agriculture [4]. In the field of wireless
localization, the amplitude monopulse technique stands as one of the methods for direction finding
[5, 6, 7]. This technique involves the utilization of two-panel antennas in the analog domain to generate
multiple steering beams aimed at mirrored spatial angles. By employing separate antennas, the amplitude
monopulse approach aims to achieve optimal conditions where these beams intersect perpendicularly
at their Half-Power Beam Width (HPBW) point [8, 9, 10]. The amplitude monopulse technique has
been widely investigated in recent years and integrated with several communication protocols for IoT
applications, such as Bluetooth Low Energy (BLE) [11], Wi-Fi 2.4 GHz (7, 10, 12, 13] and Wi-Fi 5 GHz
(8], RFID [9].

However, no one has dealt with the impact of different antenna tilting. It causes different beams
crossover, which affects the accuracy of the amplitude monopulse technique for estimating the Direction
of Arrival (DoA). In this paper, we investigate the impact of different antenna tilting and signal-to-noise
ratio on direction-finding accuracy using the amplitude monopulse technique in the analog domain.

2. Amplitude-monopulse setup configuration
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To analyze optimum design for monopulse antenna system, three distinct tilting angles are utilized.
The setup of antennas is illustrated in Figure 1. Figure 1a shows tilting antenna under an angle oo = 1°.
It corresponds to a cutoff point between two radiation patterns at perpendicular angle § = 0°. The
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Figure 1: Two panel antennas in amplitude monopulse configuration with different tilting angles: a) a = 1°, b)
a=06°c)a=12°

second scenario is shown in Figure 1b. The tilted angle of the antenna is o = 6° and the crossover level
of the main beams is -3 dB which is typically used for monopulse antenna systems [8, 9, 10, 14, 15]. The
last scenario can be seen in Figure 2c. It is tilted under an angle o = 12° which produces a cutoff point
at perpendicular angle at -6 dB. For our experiments, we used two-panel antenna of size 20cm x 20cm
with 14 dBi peak gain. Because we want to study how our three scenarios will behave in the WiFi 2.4
GHz analog domain, a frequency of 2437 MHz, which corresponds to channel 6, was chosen.

The concept of a monopulse array utilizing two antennas is a configuration where two separate
antennas are employed to generate two steering beams pointing in mirrored spatial directions. The
beams are typically designed to intersect at a specific angle, such as the Half-Power Beam Width
(HPBW) point, to optimize the accuracy of the direction estimation [8, 9, 10, 14, 15]. It corresponds to a
cutoff point of -3 dB in the perpendicular angle § = 0°.

To obtain amplitude monopulse function from our measured amplitude of both beams in the whole
angle = [—90°,90°] we used formula [8, 9]

_ Ap(0) _ P41(0) — Kp - P42(0)
Ep(@) PA1(9)+KD'PA2(9)’
where P41 and P, is the received power of antenna Al and antenna A2. Because antennas are not

perfect, the gain patterns can be unbalanced, and it have to be corrected by correction factor Kp
calculated as follows

MF

(1)

. PAI (0 = 90)
N PA2(9 = 90)

Analog measurements have been performed in the anechoic chamber at a radial distance of 3 m
between transmitter and receiver, corresponding to the far-field region [14].

Kp — Kp(dB) = Py (6°) — Pas(6°)(dB). 2)

3. Analog measurements

The block diagram of the analog measurement setup is shown in Figure 2a. It consists of two-panel
antennas and one reference antenna connected via coaxial cable to a vector network analyzer (VNA).
Since VNA has only two ports, one is connected to a reference antenna, and only one of the two-panel
antennas is measured at a time. So, measurements must be repeated for the second antenna of the
two-panel antennas with the same conditions to obtain the monopulse pattern. VNA and turn table
were connected to a PC with Matlab, which contains a script to control these devices. The whole setup
is shown in Figure 2b. The purpose of analog measurement in the anechoic chamber is to determine
how the radio signal behaves in optimal conditions (no reflection and multipath) and calibrate the
radiation patterns for the amplitude-monopulse comparison technique [9].

The radiation patterns of the three different monopulse configurations are shown in Figure 3. The
minimum tilting angle « is set to 1°, which creates a crossover value between the two tilted beams of
only -1 dB, as shown in Figure 1a. In such monopulse configurations, the closer the beams are, the
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Figure 2: Analog measurements in anechoic chamber, a) schematic, b) real scenario.

higher the resulting Field of View (FoV), as demonstrated in Figure 4. Figure 3b presents the measured
beams of the second tilted array configuration (see Figure 1b). In this case, the optimal monopulse
configuration with -3 dB crossover level between adjacent beams -HPBW point according to (1)-, is
obtained for a mechanical tilting angle of & = 6°. Finally, Figure 3¢ shows the radiation pattern of
the third tilted array configuration with the higher separation between beams (see Figure 1c). For this
monopulse configuration, the beams intersect at a crossover level of -6 dB, which is the minimum
overlapping as a result of the higher separation between beams. As it will be shown next, this reduces
the FoV. The consequences of different tilting angles and associated crossover points can be evaluated by
inspecting the monopulse functions MF (1), shown in Figure 4 for the three studied cases. As explained
in [8], [9], the angular FoV without ambiguity is defined as the angular region in which the MF has a
monotonous linear response, so that a unique DoA can be associated with any given value of the MF. In
Figure 4, we can see how, for the configuration in which the beams are closer together (-1 dB crossover
level), the slope of the linear MF is less steep, and therefore, an increment of the FoV is obtained. This
can be seen in the red curve in Fig. 4, observing a wide FoV from —31° to 31° for this tilting angle of
a = 1°. On the contrary, when the beams of the monopulse pattern intersect at lower crossover values,
the slope of the MF is steeper, and the FoV is narrower. The lowest FoV from —17° to 20° is achieved
with the maximum tilting angle o = 12° corresponding to a crossover level of -6 dB (plotted with blue
line).

At this point, one could think that the optimum monopulse antenna design is the one with the
maximum FoV. However, if the slope of the MF is less steep, as it happens for the red MF in Figure 4,
lower angular sensitivity for angle estimation is obtained. This will imply lower DoA accuracy, as will
be shown with experiments.



[1(A) 0° [f1(A)

e T

flia) o°  f1A)
-30° | =5

C) _900'E

'90°
0dB

Figure 3: Analog measured radiation patterns in anechoic chamber for three amplitude monopulse configurations
a)a=1°b)a=6°c)a=12°
4. Direction finding estimation

Since the analog measurements were performed in an anechoic chamber (ideal environment), no noise
or multipath effects were presented. To better evaluate the DoA estimation accuracy, the noise was
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Figure 4: Analog-measured monopulse functions of the three antenna designs.



added to our measurements based on [16] for three signal-to-noise ratio (SNR) scenarios: 54, 64, and 74
dB. We create 100 samples of received power per degree for each tilted configuration and SNR. Then,
the DoA was estimated using the same procedure described in [9]. The monopulse function for each
antenna design shown in Figure 4 is used. Later, degree sample with noise is used for calculating
monopulse value MV (6) by the following formula

_ Pa1— KpPa

MV(0) = —F——F—, 3
©) Pa1+ KpPa ®
afterwards the amplitude pseudospectrum APS(#) is obtained by
APS(0) = —10 -1 ! (4)
- e\ MV (9) - MF|)"

The highest peak of APS(0) inside FoV is estimated DoA. For the purpose of evaluate the performance,
the DoA was calculated for each degree, antenna configuration, and SNR. Figure 5 shows the angular
DoA estimation error for each SNR and tilted array configuration. Because FoV is a zone without
ambiguities, the angle error outside of FoV increases. So, only angular error inside FoV was taken into
account. As we can see, the DoA estimated error increases with lower SNR and decreases with higher
SNR. This is due to the greater noise at lower SNR. As expected, the tilted array configuration with
crossover -1 dB gains a higher error in DoA estimation than the configuration with a cutoff point of -6
dB. Due to less step in MF, little changes in received signal make a more varying highest peak in APS.
The results of DoA estimation performance are summarized in Table 1. It compares different FoV with
three SNR scenarios. The best results, a smaller DoA estimation error, are obtained with the tilted array
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Figure 5: Analog DoA estimation error using amplitude monopulse technique for each tilted array configuration
with SNR: a) 54 dB, b) 64 dB, c) 74 dB.



configuration of crossover point at -6 dB and the highest SNR 74 dB. The worst DoA estimation error
was obtained with a tilted array configuration of -1 dB and the lowest SNR 54 dB. It is clearly visible in
Figure 5.

5. Conclusions

This paper studied the impact of different tilting antenna array configurations for DoA estimation using
the analog monopulse technique. Experiments were performed in an anechoic chamber to calibrate the
system and obtain monopulse function. Subsequently, noise based on three different SNRs was applied
to the measured data to simulate real environment signal changes. The results show that with a higher
angle o we obtain a smaller FoV but the estimation of DoA is more accurate. On the other hand, with
a lower angle «, the FoV is greater at the cost of lower precision in DoA estimation. SNR also has a
significant impact on the accuracy of DoA estimation. The results are more accurate with higher SNR.
Future work will focus on extending the study to real environment measurement, including the digital
domain.
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