
paper accepted for publication to Journal of Selected Topics in Signal Processing with code J-STSP-HADS-00158-2017 
 

1 

  
Abstract—We present a cost-effective hybrid analog digital 

system to estimate the Direction of Arrival (DoA) of WiFi signals. 
The processing in the analog domain is based on simple well-
known RADAR amplitude monopulse antenna techniques. Then, 
using the RSSI (Received Signal Strength Indicator) delivered by 
commercial MiMo WiFi cards, the DoA is estimated using the so-
called digital monopulse function. Due to the hybrid analog digital 
architecture, the digital processing is extremely simple, so that 
DoA estimation is performed without using IQ data from specific 
hardware. The simplicity and robustness of the proposed hybrid 
analog digital MiMo architecture is demonstrated for the ISM 
2.45GHz WiFi band. Also, the limitations with respect to 
multipath effects are studied in detail. As a proof of concept, an 
array of two MiMo WiFi DoA monopulse readers are distributed 
to localize the two-dimensional position of WiFi devices. This cost-
effective hybrid solution can be applied to all WiFi standards and 
other IoT narrowband radio protocols, such us Bluetooth Low 
Energy or Zigbee. 
 

Index Terms—Direction of Arrival, Monopulse Antenna, RSSI-
based localization, hybrid analog digital signal processing, MiMo. 

I. INTRODUCTION 
OCALIZATION of mobile devices is a key enabling 

technology for emerging location-based applications [1], 
[2], cognitive radio systems [3], the Internet of Things (IoT) [4], 
or for future 5G systems [5]. Wireless positioning systems are 
based on measuring properties of the received RF signal. 
Basically there are three classes of RF signal quantities which 
are useful for a location algorithm: Direction of Arrival (DoA), 
Time of Arrival (ToA), and Received Signal Strength Indicator 
(RSSI) [6], [7]. Nowadays most of the proposed location 
systems with commercial hardware are based on the RSSI 
measurements using fingerprint techniques [8]-[11]. 
Acquisition and digital signal processing (DSP) of RSSI data is 
a cost-effective solution in commodity narrowband 
communication standards such as WiFi, Bluetooth Low Energy 
(BLE), or Zigbee. On the contrary, ToA requires accurate 
timing synchronization which is not possible with commodity 
and low-cost hardware. 
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Fig. 1. Two topologies of distributed network of directive antennas for RSSI 
localization a) Fingerprinting technique b) HAD monopulse readers. 

On the other hand, DoA estimation approaches are based on 
arrays of antennas distributed in the localization area as 
sketched in Fig.1a [12], [13]. More complex antennas 
technologies, such as switched beam antennas or ESPAR 
(Electronically Steerable Passive Array Radiators), are often 
combined with complex signal processing algorithms like the 
well-known MUSIC [14], [15] or ESPRIT [16]. These 
processing techniques require specific hardware to get the 
amplitude and phase IQ data from the RF signals, and this is not 
available on commodity hardware, thus becoming expensive 
ad-hoc solutions.   

In this paper we explore a low-cost and efficient system for 
DoA estimation of WiFi mobile terminals based on RSSI, using 
a simple hybrid analog-digital (HAD) architecture. The analog 
signal processing (ASP) at RF frequencies is performed by pairs 
of tilted directive antennas following well-known amplitude-
monopulse RADAR techniques [17], [18], which are recently 
being proposed also for localization low-cost architectures [19]-
[21]. Also recent is the concept of MiMo monopulse radar [22]-
[24], in which a large amount of distributed monopulse 
antennas can be deployed as illustrated in Fig.1b. To avoid 
expensive dedicated hardware which performs the monopulse 
comparison in the RF analog signal processing (ASP) [17]-[20], 
and also expensive high-performance DSP circuitry to process 
IQ data [25], we propose non-coherent MiMo signal processing 
[26] in the digital domain using the RSSI baseband data 
obtained from commodity MiMo WiFi hardware. 
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The proposed MiMo WiFi hybrid analog digital (HAD) 
RSSI-based monopulse DoA architecture is novel, and its 
presents two important features: a) its simple and low digital 
signal processing (DSP) computational cost since only RSSI 
data is needed (no IQ data), b) its robustness with respect to 
RSSI variations under certain conditions. As it is well-known, 
the use of RSSI in fingerprint-based localization schemes [8]-
[11] suffer from RSSI variations due to the complex channel 
conditions (multipath and fading, mobility, temperature and 
humidity variations, inhomogeneous hardware, the relative 
orientation and height of the device [27]-[30]). As it will be 
shown, the proposed amplitude-monopulse DoA estimation 
technique absorbs some of the variations of RSSI, while 
reducing the complexity if compared to coherent DoA 
estimation which requires IQ data from specific hardware. 

The paper is divided as follows. Section II presents the parts 
of the proposed MiMo WiFi HAD monopulse DoA system 
architecture: Section II.A describes the amplitude-monopulse 
antenna which performs the 2.45GHz RF analog signal 
processing, while Section II.B describes the analog-to-digital 
transformation to derive the digital MiMo WiFi monopulse 
DoA functions. Section III summarizes the overall hybrid AD 
DoA estimation performance. Special emphasis is given to the 
robustness and computation simplicity of this architecture if 
compared to other WiFi RSSI localization techniques. Finally, 
Section IV presents experimental results demonstrating the 
capability to estimate the 2D position of a user carrying a WiFi 
smartphone, to finalize the paper with the Conclusion Section. 

 
 Fig. 2.  Scheme of the MiMo WiFi monopulse DoA system, illustrating the 
ASP (Analog Signal Processing) at 2.45GHz and the DSP (Digital Signal 
Processing) using RSSI data collected from commercial MiMo WiFi card. 

II. HYBRID ANALOG DIGITAL SIGNAL PROCESSING FOR DOA 
The general scheme of the proposed hybrid analog digital 

(HAD) architecture to estimate the Direction of Arrival (DoA) 
of WiFi signals is illustrated in Fig.2. The basic operations at 
the Reader are as follows: two commercial WiFi panel directive 
antennas [31] are arranged to permit monopulse analog signal 
processing (ASP) at RF 2.4GHz ISM band, as it will be 
described in detail in the next subsection II.A. A commercial 
2X2 MiMo WiFi card based on Atheros AR9380 chipset [32] 
receives the WiFi frames signals from the monopulse antenna 

array and sends this raw data to an embedded Linux PC. Then 
the WiFi MiMo monopulse reader sends the raw data to a server 
by means of an Ethernet wired connection, as shown in Fig.2. 
Finally, the server performs the monopulse digital signal 
processing which will be described in subsection II.B. 

A. Analog RF amplitude monopulse signal processing 
The measured 2.45GHz gain pattern of the commercial panel 

directive antennas [31] is plotted in Fig.3a for the horizontal H-
plane (XZ plane), and in Fig.3b for the vertical E-plane (YZ 
plane). The angle is measured with respect to the perpendicular 
direction of the antenna (z-axis in Fig.3). As it can be seen, this 
antenna provides 14 dBi gain with linearly polarized radiation 
(in our case vertically polarized as sketched in the inset of 
Fig.3). Since the maximum cross-pol level is at least 15dB 
below the co-pol component, only this main polarization 
component will be considered in the following results. The 
directive antenna presents a half-power beam width θHPBW=30º 
in both horizontal and vertical planes. 

 
Fig. 3.  Gain pattern for commercial WiFi panel antenna at 2.45GHz a) 
Horizontal plane b) Vertical plane. Angle θ is defined w.r.t. the z-axis. 

Two panel antennas are mounted in a tripod and arranged in 
the x-direction side by side with a tilting angle α=7 º as shown 
in the inset of Fig.4. As it will be shown, this mechanical tilting 
must provide two mirrored radiation patterns which point to 
angles between one half and one third of the beam width θHPBW 
for an optimum monopulse response [18]. Antenna 1 is the one 
facing to positive azimuthal angles θ w.r.t. the z-axis (left side 
in Fig.4.). The gain diagrams in the horizontal XZ plane were 
measured for each antenna in an anechoic chamber, and they 
are plotted in rectangular coordinates w.r.t. the horizontal angle 
θ. Antenna 2 showed a lower gain (11.8 dBi) than antenna 1: 
this 2.4 dB gain drop is attributed to losses in the connectors. In 
any case, due to the geometrical tilting, the main beam of each 
antenna is pointing to an angle of approximately ±13 º. This 
angle differs from the geometrical leaning angle α=7 º due to 
diffraction and coupling effects in the monopulse-array system. 
The array half-power beam widths have also slightly varied if 
compared to the single antenna (to θHPBW=33 º) due to the array 
effects. Theoretical radiation patterns of ideal antennas with 
similar gains (14.2 dBi), beamwidths (33º), and scanning angles 
(±13 º) are also plotted with dashed lines in Fig.4. 
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Fig. 4.  Gain pattern at 2.45GHz in the horizontal plane for monopulse-array 
antenna system with α=7º. 

This monopulse tilted-array configuration is commonly used 
in RADAR systems [18]. Simple analog-signal processing 
(ASP) is performed using the incoming RF signals amplitudes 
detected at each antenna. The following analog amplitude-
monopulse function is defined: 

          Ψ"# 𝜃 = &'( )
*'( )

= +'(, ) -.'(∙+'(0 )
+'(, ) 1.'(∙+'(0 )

      (1) 

where PRF1 and PRF2 are the power amplitudes –in linear form- 
of the RF signals received, respectively, at antenna 1 and 2 of 
the monopulse array. These are functions of the gain pattern of 
each antenna, and thus they depend on the azimuthal angle θ. 
Particularly, if the gain patterns of both antennas are 
symmetrical w.r.t. the perpendicular direction of the array θ=0º, 
similar RF power should be received at both antennas and the 
monopulse error should equal zero for a signal arriving from 
this perpendicular angle. However, asymmetries in the antennas 
gain patterns as the ones shown in Fig.4, introduce unbalance 
in the monopulse function. To correct for this unbalance, a 
compensating factor KRF can be estimated from this difference 
in the received power at θ=0º : 

      𝐾"# =
+'(, )345

+'(0 )345
→ 𝐾"# 𝑑𝐵 = 𝑃"#: 0< − 𝑃"#> 0< 	(𝑑𝐵)    (2) 

From the measured gain patterns in Fig.4, a calibration value 
of KRF=2.4dB is obtained. Using this value in linear form 
(KRF=1.74), the corrected power at antenna 2 (KRF⋅ PRF2) from 
the perpendicular direction θ=0º equals the one received by 
antenna 1 (as can be seen by the red continuous line in Fig.4).  

 
Fig. 5.  Theoretical and measured analog amplitude-monopulse error functions 

The corresponding analog amplitude-monopulse function (1) 
obtained from the measured and corrected gain patterns is 
shown in Fig.5. Also in this figure, the theoretical monopulse 
function obtained from the ideal gain patterns in Fig.4 is 
plotted. Good agreement is observed between theory and 
experiments in the analog RF domain. The Field of View (FoV) 
is determined by the angular region without ambiguity, so that 
the monopulse function presents a monotonous, quasi-linear 
variation from -1 to +1. It must be noticed that to obtain a proper 
FoV to estimate the DoA from the monopulse analog RF signal 
processing, the antennas radiation main beam widths and tilting 
angles must be properly chosen [17]. In our case, we obtain a 
FoV covering the angles from θ=-30º to θ=+30º. Within this 
range, one can estimate the DoA of an incoming signal by 
analog processing of the RF powers measured at each antenna 
of the monopulse array. First, the analog amplitude-monopulse 
error function ΨRF(θ) (1) has to be estimated for all possible 
angles θ inside the FoV. Then, for a given received RF signal, 
the DoA is estimated by simple comparison with Ψ(θ).  

B. Digital RSSI MiMo WiFi signal processing 
The objective of the proposed system is to estimate the DoA 

of WiFi signals transmitted from mobile devices. The angular 
direction is measured w.r.t. the monopulse-array plane (in our 
case, the horizontal plane). For this purpose, the amplitude-
monopulse ASP described in the previous section, has to be 
extended to the reception of 2.45GHz WiFi digital frames.  

 
Fig. 6.  a) MiMo WiFi card on embedded PC b) Monopulse MiMo WiFi reader. 

As depicted in Fig.2, the mobile device (in our prototype a 
smartphone) is linked to a WiFi router which is transmitting 
WiFi frames on a regular basis. Every time the smartphone 
sends a WiFi frame, the reader sniffs the transmission. In more 
detail, the reader has a commercial MiMo 3X3 WiFi card based 
on AR9380 Atheros chipset [32], which is mounted on an 
embedded PC running Linux as illustrated in Fig.6a. This 
MiMO WiFi card allows connection to three different RF 
channels: two of them will be connected to the two antennas of 
the monopulse-array antenna, while the third one is matched to 
a 50Ω load. A sniffer program running on the embedded PC, 
collects the raw data from the received WiFi frames and build 
the raw data vector with the time stamp, reader ID, the 
smartphone’s MAC address, and the Received Signal Strength 
Indicators (RSSI) measured at antenna 1 and antenna 2. This 
raw data is sent to the server by means of an UDP message 
using an Ethernet wired connection as illustrated in Fig.2.  
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Fig. 7.  Experimental characterization of the correspondence between digital 
power indicator RSSI and real analog RF power a) Scheme of the experimental 
set-up b) PRF-to–RSSI plot for the two channels of the MiMo WiFi card. 

The RSSI is used in many WLAN localization systems [8], 
[10], [11]. In our case, we want to use the RSSI as a digital 
estimator of the real (analog) physical RF power PRF received 
at each antenna, assuming a linear correspondence of the form: 

      𝑅𝑆𝑆𝐼E 𝜃 = 𝜉 ∙ 𝑃"#E 𝜃       i=1,2                           (3)         

To check the assumption in (3), a complete characterization 
of the correspondence between the analog RF power and the 
RSSI values given by the WiFi MiMO card has been performed 
using the test set-up sketched in Fig.7a. A WiFi router is 
configured to send beacon frames using IEEE 802.11g standard 
[33] in channel #6 frequency (2.437 GHz) with a transmitted 
power of 17mW and a channel bandwidth of 20MHz. The RF 
SMA output of the WiFi router is connected with a RF coaxial 
cable to a set of cascaded RF attenuators, which can provide 
power attenuation at a physical (analog) level ranging from 
10dB to 70dB attenuation. Then, a RF 1:2 splitter T-junction is 
used to divide the signal in equal outputs: one is connected to a 
Spectrum Analyzer [34] and the other output is connected to 
one channel of our 2X2 MiMO WiFi reader operating in sniffer 
mode. The analog RF power is measured from the Spectrum 
Analyzer integrating the received power spectrum density with 
a spectral mask of 22MHz (clause 17 from [34]). Then, this 
power is compared with the RSSI value obtained from the WiFi 
MiMo reader data, obtaining the plots shown in Fig.7b for both 
channels of the WiFi MiMo card. All this experimental setup is 
controlled by a PC running Linux connected via Ethernet cable 
to the different test modules (see Fig.7a). By interchanging a 
different amount of RF attenuators, a 60dB dynamic range in 
the received signal power is analyzed, as shown in Fig.7b. Also 
in this figure, the ideal RSSI=PRF function is represented in 
dashed line. Although there is not a 1:1 correspondence 
between the measured analog RF power and the digital RSSI 

power read by the reader, what it is important is to observe that 
the assumed linear dependence (3) between analog and digital 
figures of power is checked, and with similar slopes. However, 
it can be observed that the RSSI1 obtained at channel#1 is 3dB 
above the RSSI2 read at channel#2 for similar analog RF 
powers. Moreover, this approximate 3dB difference between 
the two RSSI depends on the received power, as shown in 
Fig.7b. Therefore, this offset is power dependent and this has to 
be considered in the digital signal processing of the monopulse 
DoA system, as it will be shown.  

The RSSI angular patterns measured in an anechoic chamber 
are shown in Fig.8a. A smartphone transmits WiFi signals, 
which are received by our MiMo WiFi monopulse reader. 
Received WiFi frames are filtered so that only those with MAC 
address of the smartphone under test are processed. The RSSIi 
at each antenna channel (i=1,2) is measured as the relative line-
of-sight (LoS) azimuthal angle θ is swept from -90º to -90º. As 
expected, the RSSI level received at each antenna follows the 
corresponding monopulse-array angular radiation patterns, 
which agree very well with the analog ones as compared in 
Fig.8b. Besides, the RSSI2 signal presents a lower level than 
RSSI1, which can be corrected applying a digital compensating 
factor KD as illustrated in Fig.8a. 

 

Fig. 8.  a) Measured digital power (RSSI) angular patterns at the MiMo WiFi 
monopulse reader b) Comparison between digital (RSSI) and analog (RF 
power) monopulse-array normalized radiation patterns. 

As done in the analog domain case, the digital correction 
coefficient KD is extracted from measured RSSIi levels at the 
perpendicular direction θ=0º : 

    𝐾G =
"HHI, )345

"HHI0 )345
→ 𝐾G 𝑑𝐵 = 𝑅𝑆𝑆𝐼: 0< − 𝑅𝑆𝑆𝐼> 0< 	(𝑑𝐵)    (4) 

This digital correction must be performed for power values in 
a specific operating power range, since as previously 
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commented the power characterization shown in Fig.7b is 
slightly power-dependent. For that, KD is computed by moving 
along the perpendicular direction in a range of distances inside 
the localization zone –in our case from 1 to 15 meters far from 
the reader-. Then, we obtain an averaged digital correction 
value of KD=4dB (KD=2.51 in linear form). This is coherent 
with the summation of the afore-mentioned unbalancing effects 
(KRF=2.4dB due to asymmetries in analog-domain monopulse-
array RF radiation patterns –see Fig.4, plus 2dB due to 
unbalance in the MiMo WiFi RSSI digital channels, see 
Fig.7b).  

 
Fig. 9.  Digital amplitude-monopulse function compared to its analog 
counterpart. 

Once KD is obtained, a digital amplitude-monopulse function 
can be defined from the relative RSSI values at different angles: 

           ΨG 𝜃 = &J )
*J )

= "HHI, ) -.J∙"HHI0 )
"HHI, ) 1.J∙"HHI0 )

        (5) 

This digital function is plotted in Fig.9 and it is compared with 
analog (1) and theoretical monopulse functions, observing good 
agreement. A reduced FoV of [-30º,+20º] is obtained in the 
digital domain. The performance of the proposed MiMo WiFi 
HAD monopulse architecture to estimate the DoA is studied in 
the next Section. 

III. DOA PERFORMANCE  
Very simple digital signal processing is applied to estimate 

the DoA. Once the digital monopulse system has been 
calibrated by obtaining KD (4), the amplitude-monopulse value 
from the received digital RSSIi data is directly computed as: 

               Ψ"HHI =
&'KKL
*'KKL

= "HHI,-.J∙"HHI0
"HHI,1.J∙"HHI0

                (6) 

Then, a simple numerical search is performed to obtain the 
estimated angle θEST which minimizes the following monopulse 
comparison error function: 

  𝜃 = 𝜃MHN
𝑦𝑖𝑒𝑙𝑑𝑠

𝑚𝑖𝑛 ΨG 𝜃MHN − Ψ"HHI           (7) 

It must be noticed that this digital RSSI-based DoA 
estimation algorithm can be performed in real time and 
simultaneously for multitude of WiFi mobile terminals (each 
one with its corresponding filtered MAC address). This multi-
user real-time capacity is possible to the reduced computational 
effort, since part of the signal processing is implemented in the 
analog domain by the RF monopulse antenna array. 

The DoA estimation performance of the proposed WiFi 
MiMo HAD monopulse system, is studied in the following 
subsections with respect to different situations.  

A. Quantization Error 
The RSSI values obtained from the MiMo WiFi card are 

quantized in 1dB steps [32]. Therefore, the digital amplitude-
monopulse function ΨD (6) is also a discretized function with a 
minimum step, which can be computed from the case in which 
the RSSI in one of the channels (for instance #1) varies in 1 dB: 

    𝑅𝑆𝑆𝐼:V(𝑑𝐵𝑚) = 𝑅𝑆𝑆𝐼:(𝑑𝐵𝑚) + 1𝑑𝐵 → 𝑅𝑆𝑆𝐼:V = 104.:𝑅𝑆𝑆𝐼:   (8) 

and also considering that the linear values of RSSI at each 
channel (after compensating channel #2 with KD) can be related 
with a proportion constant χ which depends on the angle θ : 
        𝑅𝑆𝑆𝐼: = 𝜒(𝜃) ∙ 𝐾G ∙ 𝑅𝑆𝑆𝐼>        (9) 

 
Fig. 10.  Effect of the RSSI quantization in the DoA estimation error. 

Obviously, χ(θ) depends on the monopulse system digital 
angular pattern shown in Fig.8a, obtaining the function χ(θ) in 
logarithmic and linear scales shown in Fig.10, for the angular 
range inside the FoV θ = [-30º,+20º]. As it can be seen,  χ=1 for 
θ=0º, since both digital channels provide similar corrected RSSI 
values. At the FoV sides, χ≈10 for θ=+20º, since RSSI1 is 10 
dB above RSSI2 due to the 10dB difference of the monopulse 
antenna radiation patterns (see Fig.8a), and conversely χ≈0.1 
for θ=-20º since in this case RSSI1 is 10 dB below RSSI2. 
Introducing (8) and (9) in (6), the quantization error δΨD , can 
be computed as a function of χ(θ) : 

             δΨG 𝜃 = >∙\())∙(:4].,-:)
(\ ) 1:)∙(\ ) 1:4].,)

          (10) 

obtaining the result plotted in Fig.10. As shown, this 
quantization error is larger for perpendicular angles than for 
angles at the FoV sides due to the difference between the 
associated RSSI levels. As a result of this error δΨD, the DoA 
angle estimated using (7) suffers an error δθ which again is 
larger for angles in the perpendicular direction than on the 
edges. As shown in Fig.10, δθ≈2.5º for θ=0º, while for δθ≈1º 
for θ=±20º. The digital quantization of the RSSI therefore limits 
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the highest theoretical resolution of this HAD monopulse DoA 
system to this scale. The quantized digital monopulse function 
showing this dependence in the angular resolution with respect 
to the DoA is illustrated in Fig.11. 

 
Fig. 11.  Effect of the RSSI quantization in the DoA estimation error. 

B. Range Variations 
One of the main features of monopulse-based DoA systems 

is the associated robustness with respect to absolute amplitude 
deviations which affect both monopulse channels with the same 
variation level. In other words, since the monopulse function 
depends on the relative power values received between the two 
channels, any amplitude variation which simultaneously affects 
the two antennas in the same manner, will not affect the overall 
monopulse function. Therefore, the estimated DoA will not be 
affected by any signal strength variation which is sensed 
equally in the two channels. This is a key advantage if compared 
to other RSSI-based localization architectures which depend on 
the absolute values of RSSI [8]-[11], and which can be strongly 
affected by received power variations due to obstacles, 
orientation of the mobile device, temperature and/or humidity 
changes... etc [27]-[30]. Obviously, electronic noise which is 
uncorrelated in each reception channel cannot be absorbed by 
the monopulse system, and will introduce uncertainty / noise in 
the estimated DoA as it will be shown. 

 
Fig. 12. Variation of the received digital power as a function of the distance and 
for different angular directions. 

To illustrate this robustness of the estimated DoA w.r.t. 
absolute variations in the received power, Fig.12 shows the 
theoretical and measured variations for the RSSI at each 

channel of the MiMo WiFi monopulse reader, as a function of 
the distance. The experiments are performed in an anechoic 
chamber to minimize multipath effects, and for different line-
of-sight (LOS) angular directions w.r.t. the monopulse reader, 
θLOS. The maximum distance was limited to 3 meters due to the 
anechoic chamber size. For the perpendicular direction θLOS=0º, 
similar values of RSSIi are received at both channels for any 
distance, even if the absolute values decrease with distance as 
predicted by theory. As a result of this similar relative values of 
RSSI, the theoretical amplitude monopulse value (6) should be 
ΨRSSI=0, leading to an estimated DoA (7) θEST=0º. However, 
due to system noise the monopulse function varies as can be 
seen in Fig.13, producing an error in the estimated DoA of ±5º. 
This error increases close to the reader, where the far-field tilted 
antenna radiation patterns used to estimate the digital 
monopulse function are not valid anymore. 

 
Fig. 13. Variation of the digital monopulse function and the estimated DoA as 
a function of the distance and for different angular directions. 

For other angular directions, the expected difference in the 
relative RSSI levels due to monopulse angular patterns is 
obtained. For instance for θLOS=+20º, RSSI1 is 10dB higher than 
RSSI2 as shown in Fig.12. Moreover, this relative difference 
keeps almost constant for any distance, and thus the associated 
monopulse function value is stable around ΨRSSI=0.8 making 
the estimated DoA robust w.r.t. range distance variations as 
shown in Fig.13. Again, fluctuations are observed due to noise 
overlapped to quantized RSSI values, observing that this 
quantization error is higher for θLOS=0º than for θLOS=+20º as 
explained in the previous section. Similar results are obtained 
for θLOS=-20º, where RSSI1 is 10dB lower than RSSI2 for any 
range distance as shown in Fig.12. 

C. Effect of Multipath Due to Floor 
In a real scenario, multipath due to surrounding obstacles 

must be considered. To model the effect of reflection with floor, 
the setup illustrated in Fig.14 has been experimentally and 
theoretically analyzed. A metallic sheet has been placed on the 
floor of the anechoic chamber, and the distance of the WiFi 
mobile terminal to the reader has been varied. 
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Fig. 14. Scheme of monopulse antenna array system with floor reflections. 

 
A simple direct plus reflected ray-tracing approximation has 

been used to model the power received by each antenna of the 
monopulse array. For a given LoS direction θLOS and for any 
distance R between the smartphone and the center of the MiMo 
WiFi reader, the theoretical power received at each antenna can 
be computed as: 

𝐸"#E(𝑅) = 𝑔E(𝜃`, 𝜃b)𝑒-cdefg
:
efg

+ h∙&i'g
efg1&j'g

𝑒1c kl'g-d&m'g      

(11) 

                            𝑃"#E 𝑅 = 𝐸"#E(𝑅) >                              (12) 

where is ρ the reflection coefficient of the floor (in our case a 
metallic floor ρ=-1 which is the worst case scenario), k is the 
free-space wavenumber at 2.45GHz, and gi(θH,θV) is the gain 
pattern of antenna i=1,2, as a function of the horizontal plane 
angle θH and the vertical plane angle θV. Eq.(11) includes the 
phase and amplitude differences of the two waves interfering at 
each antenna, namely the direct and the reflected waves. More 
particularly, the direct wave travels a distance dAi to each 
antenna, while the reflected wave propagates through an extra 
path given by ΔdRi, which is computed by simple trigonometry 
for each antenna and for any position R and any LoS direction 
θLOS, taking into account the height of the reader HS and the 
height of the mobile HM (see Fig.14). Also in (11), it is 
considered that both waves are received at each antenna with 
different complex gains (amplitude and phase) due to the 
unequal elevation angles from which they enter the antenna, As 
shown in Fig.14, the direct wave enters perpendicular to the 
antenna elevation plane, while the reflected wave enters by an 
elevation angle which depends on the reflection angle θVR. This 
effect is modeled in (11) with an amplitude and phase difference 
given, respectively, by ΔgRi and ϕgRi. Finally, it must be noticed 
that the distance S between the two antennas to the center of the 
array in the x-direction, has also been considered to compute 
the path lengths for each ray (see Fig.14).  

 
Fig. 15. Variation of RSSI, digital monopulse function and estimated DoA as a 
function of the distance in the presence of reflective floor for θLOS=-15º. 

In our setup, S=26cm and HS=HM=1.5m. From the complex 
field due to the interference between the direct and reflected 
wave field (11), the power at each antenna is computed by (12). 
Results are plotted in Fig.15 as a function of the mobile-reader 
distance R from 1.5m to 3m, and for a constant horizontal angle 
θLOS=-15º. Measured digital RSSI levels are consistent with 
theoretical results.  

As it can be seen, the received powers at each antenna follow 
a typical interference pattern, showing quasi-oscillatory 
behavior superposed to the monotonous decay with distance. 
The effect of multipath is evident if compared to Fig.12 where 
only direct wave was present. Most important is to understand 
that the monopulse system is very robust with respect to this 
multipath effect due to floor, since both reception channels 
suffer almost similar oscillatory variation. As a result, the data 
in the monopulse function keep almost constant as it can be seen 
in Fig.15. Eventually, the estimated DoA angle keeps quite 
stable with distance variations, showing a mean value around 
the real LoS angle of -15º.  

D. Effect of Multipath due to Lateral Walls 
Finally, the effect of multipath from lateral reflections is 

studied, following the scenario shown in Fig.16.  

 
Fig. 16. Scheme of monopulse antenna array system with lateral reflections. 
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Fig. 17. Variation of RSSI, digital monopulse function and estimated DoA as a 
function of the distance in the presence of reflective floor for θLOS=-15º. 

 
The key difference with respect to floor multipath, is that the 

interference patterns created at each monopulse channel are 
very distinct. Certainly, now the reflected wave produces 
unequal contribution for each antenna of the monopulse array. 
As an example, in the scheme of Fig.16, the reflected wave 
enters antenna #1 much more strongly than antenna #2 due to 
the tilted angular pattern of the monopulse array in the 
horizontal XZ plane. On the contrary, in the case of reflections 
in the floor in Fig.14, the reflected wave enters the monopulse 
array in a similar angle for both monopulse antennas since the 
multipath is produced in the vertical YZ plane and not in the 
horizontal ZX plane. 

To illustrate this difference, Fig.17 shows the results for a 
similar LoS angle θLOS=-15º and similar distance variation than 
in the previous subsection. A metallic lateral wall is located at 
a horizontal distance XW =0.8m from the reader (see Fig.16). As 
can be seen, now the power received at each channel behaves 
in a very dissimilar manner. Oscillations due to constructive 
and destructive interferences appear as with floor multipath: 
however, these oscillations are no more coherent in both 
channels. As a result, the relative power levels strongly vary 
with distance, making the monopulse function and the 
associated estimation of the DoA to be very sensible to distance 
variations. As it can be seen, the DoA given by the monopulse 
system shows deviations from θLOS=-20º to θLOS=+10º. Again, 
good agreement is observed between measured digital RSSI at 
each channel and simple interference theory.  

Therefore, it can be concluded that the proposed MiMo WiFi 
HAD monopulse DoA estimation system is robust with respect 
to range variations if the effect of lateral obstacles is negligible. 
In a real indoor scenario, the monopulse technique can be 
combined with Neural Network post-processing in order to 
mitigate indoor multipath as proposed in [39]. 

IV. X.Y LOCALIZATION 

 
Fig. 18. Scheme of two MiMo WiFi readers to estimate X,Y coordinates. 

Several readers can be located at different locations to 
estimate their relative DoA, and from the distributed relative 
data deduce the absolute position in a two-dimensional X,Y 
grid. As sketched in Fig.18, a minimum of two readers are 
needed to obtain the 2D intersection between their 
corresponding lines, although normally more than two DoA 
estimators are used for a more robust 2D localization schemes 
[6],[7],[19]-[24]. This way, as the number directive antennas is 
increased, a distributed disperse array of antennas must be 
somehow deployed in the area, as it was shown in Fig.1. The 
collected RSSIs from all the readers are then processed by the 
server to estimate the positions of the mobile terminals using 
different algorithms, most of them, fully digital, based on RSSI 
fingerprints [8]-[11]. 

 
Fig. 19. Picture of two MiMo WiFi monopulse readers deployed in outdoors. 

In our case, the monopulse antenna array from each reader 
defines a triangle by its respective orientation and Field of View 
(FoV). As illustrated in Fig.18 for the case of two readers, the 
shadowed intersection zone is the region where WiFi devices 
can be localized without ambiguity by using the proposed 
simple HAD monopulse technique. Fig.19 shows a picture of a 
real outdoor deployment of two monopulse readers in a rural 
area. The two readers are orthogonally (90º) located following 
the scheme in Fig.18, so that the center of the localization 
region defines the origin of the absolute X,Y coordinate system, 
which is at a distance of 8 meters from each reader.  
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Fig. 20. X,Y localization performance. 

In the outdoor experiment, 15 test points were located at the 
intersections between the relative equiangular lines of -20º,-
10º,0º,+10º,+20º of the two monopulse readers. It must be 
observed that these test points are not symmetrically located 
w.r.t. the readers in Cartesian coordinates. For all these test 
points, the DoA estimated by each MiMo WiFi reader was 
computed in real time and processed by a local server, which 
ultimately predicted the estimated X,Y position. The results for 
the 15 test points at the intersections of the central lines (θ=0º) 
and edge lines (θ=±20º) of the two readers FoVs are 
summarized in Fig.20. The test points are represented with 
circles, and the estimated positions with triangles. The mobiles 
positions are tracked in real time, with extreme simplicity and 
average accuracy of 1 meter, which is consistent with the 
reported 5deg DoA average accuracy and the distances in this 
experiment.  Obviously, for a similar angular resolution, the 
X,Y localization error is higher as the distance to the DoA 
monopulse reader increases. As a result, the localization error 
is greater for the furthest test location (intersection between 
reader #1 +20º line and reader #2 -20º line, see Fig.20), where 
an error of 1.5 meters is obtained. 

Finally, the robustness of this DoA estimation system with 
respect to the relative position of the WiFi device, is studied. 
For that purpose, the received RSSI signals are analyzed in a 
period of 40 seconds in which the device holder sequentially 
moves the smartphone among three different common uses: 
speaking, reading and smartphone hidden inside a trousers 
pocket. These three uses are coded as A, B and C, respectively, 
in the inset of Fig.21. As shown, the RSSI shows a 15dB drop 
when the mobile is inside the pocket, while slighter variations 
are observed between speaking and reading modes. 
Nevertheless, what is again important is to observe that the 
RSSI levels measured by the two channels of each monopulse 
array vary in the same manner, leading to almost null relative 
(differential) RSSI variation. As explained previously, this 
keeps the monopulse function almost unchanged despite this 
type of signal variations, and so does the estimated DoA, as it 
can be seen in the measured results in Fig.21.     

 
Fig. 21. Variation of RSSI, monopulse function and estimated DoA as the 
smartphone is modified from speaking, reading and hidden-in-pocket modes. 

Similar results are obtained when the relative orientation of 
the mobile terminal is modified, i.e., when the person changes 
facing forward, backward and lateral w.r.t the monopulse 
readers. Again, this robustness w.r.t mobile orientation changes 
is explained from the fact that these variations alter to the same 
extent the RSSI at both channels of each monopulse reader, thus 
keeping stable the estimated DoA. Similar stability with respect 
to humidity, temperature and other RF channel fluctuations is 
expected, thus being superior in this aspect than RSSI-
fingerprint-based techniques [27]-[30]. 

Certainly, this robustness is achieved thanks to the use of 
analog RF monopulse techniques which gather each pair of 
antennas of the total distributed antenna network in a more 
efficient manner. As illustrated in Fig.1b and described in 
Section II.A, each pair of directive antennas must be arranged 
together and geometrically tilted to a given angle α (which 
depends on their directive beam half power beam-width θHPBW), 
so that their radiation patterns properly overlap and produce an 
adequate monopulse function with their respective FoV. As an 
example, Fig.22 illustrates the dependence of the analog RF 
monopulse function for directive antennas with θHPBW=35º 
(similar to the ones used in this work), and for different 
geometrical leaning angles α (which turn into different angles 
of maximum radiation of their respective radiation patterns θM). 

 
Fig. 22. Dependence of the analog RF monopulse function for two directive 
antennas with θHPBW=35º, and for different geometrical tilting angles. 
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As it can be seen, the slope of the analog monopulse 
function can be engineered, so that higher values of α produce 
stepper angular monopulse responses (see blue dotted line in 
Fig.22). This reduces the FoV, but increase the angular 
resolution since the angular error due to digital quantization is 
reduced, as explained in Section III.A. Conversely, less tilted 
antennas (lower α) increase the FoV at the cost of higher 
angular error / less angular resolution, as shown in red dashed 
line in Fig.22. 

V. COMPARISON WITH STATE-OF-THE-ART ALTERNATIVES  
A concluding Table I compares the proposed HAD DoA 

architecture with other alternatives found in the literature, in 
terms of localization performance and simplicity. The RSSI 
metric has been extensively used for fingerprinting-based WiFi 
localization algorithms ([8], [35]-[41]). These RSSI-based 
fingerprinting techniques do not estimate the DoA of the 
signals. They only use the signal strengths to construct power-
based RSSI radiomaps. 

The combination of different metrics (RSSI, DoA and ToA) 
have demonstrated superior performance if compared to only-
RSSI based fingerprinting localization systems. For this reason, 
the estimation of the DoA has been pursued in many WiFi 
localization architectures [42]-[46]. In this context, WiFi is not 
compatible with ultrawideband DoA techniques which require 
high-bandwidth (such as [47] and [48]), which is not available 
in WiFi technologies. To estimate the DoA in WiFi systems, 
previous proposals rely on phase-delay information which 
requires much more complex IQ hardware than solutions based 
only on RSSI (amplitude information). For instance, 
ArrayTrack [42] and Phaser [43] estimate the DoA using 

phased-array antenna techniques based on CSI (Channel State 
Information) acquisition and processing. In the same manner, 
Spotfi [44] estimates the DoA and the ToA using CSI data and 
super-resolution MUSIC algorithms. In any case, CSI data is 
not available in commodity hardware, and hardware/software 
modifications are requested to solve the differences in phase of 
the oscillators for accurate phase-delay prediction. Therefore, 
these CSI-based DoA architectures [42]-[44] are more complex 
solutions than those based only on RSSI as the one proposed in 
this paper. Finally, other WiFi localization solutions are based 
on processing of the CFR (Channel Frequency Response) for 
multiple frequency channels [45], or for multiple antennas [46]. 
Again, the CFR acquisition relies on specific hardware and 
software. Also, to construct the CFR radiomap, an exhaustive 
data acquisition training phase is requested, and an algorithm is 
necessary to compensate residual synchronization errors.  

For all these reasons, the RSSI-based DoA monopulse 
architecture proposed in this work is much simpler, since it 
relies on direct measurement of the RSSI, and it does not need 
extra training or calibration phase for precise IQ data 
processing. In our case, the simple estimation of the afore 
described correction factor is sufficient as demonstrated in this 
paper. However, this simplicity provides lower resolution (in 
the order of +-2.5º) and lower robustness w.r.t. indoor multipath 
effects, than more complex DoA CSI/CFR-based techniques 
[42]-[46]. In future works, the monopulse technique will be 
combined with machine learning algorithms in order to mitigate 
indoor multipath as proposed in [39], [49], and envisage a 
complete WiFi indoor localization system based on this 
architecture fusion with fingerprinting techniques. Moreover, 
heterogeneous networks (WiFi plus cellular) information can be 
combined for enhanced positioning performance [50], [51]. 

Table I – Comparison between the proposed WiFi HAD monopulse DoA architecture and other WiFi localization metric alternatives. 

REF Architecture Performance Complexity 

[8], [35]-
[41] 

Only RSSI-based 
fingerprinting system 

Meters indoor 
 

Medium. RSSI acquisition is simple. Exhaustive data 
acquisition training phase, and need of  classification 

algorithms 

[42],[43] CSI-based phased-
antenna techniques for 

DoA estimation 

Centimeters 
indoor 

High. Phase information (CSI) required. Hardware 
and software modifications for accurate phase-delay 

measurement. 

[44] CSI-based 
MUSIC algorithm for 

DoA and ToA estimation 

Decimeters 
indoor 

 

High. Phase information (CSI) required. MUSIC 
algorithm to estimate ToA and DoA. 

[45],[46] CFR-based 
fingerprinting system 

Centimeters 
indoor 

High. Channel Frequency Response (CFR) required. 
Exhaustive data acquisition training phase, and need 

of  classification algorithms. 

this paper RSSI-based DoA 
estimation using 

monopulse technique 

Decimeters 
outdoor 

Low. RSSI acquisition is simple. No need of 
exhaustive data acquisition and training phase, only 

calibration of correction factor. No need of  
classification algorithms to estimate the DoA. 
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VI. CONCLUSION 
We have presented a cost-effective hybrid analog digital 

monopulse system where MiMo WiFi readers estimate the 
Direction of Arrival (DoA) of RF transmissions from 
smartphones. The reader has a commercial MiMo WiFi card 
with attached directive antennas in a tilted monopulse 
configuration. The processing in the analog domain is based on 
simple well-known RADAR amplitude monopulse antenna 
techniques. On the digital domain, the reader monitors the WiFi 
frames transmitted from each device and measures its RSSI 
(Received Signal Strength Indicator). Then, the DoA is 
estimated using the so-called digital monopulse function. 
Finally, as a proof-of-concept, two readers operating at 
2.45GHz are distributed outdoors in order to localize the two-
dimensional position of a person carrying a smartphone. In spite 
of using commodity hardware, we demonstrate that the DoA 
estimation is robust against the RSSI fluctuations produced by 
the smartphone orientation, floor multipath effects and range 
variations. Due to the hybrid analog digital architecture, the 
digital processing of the DoA is extremely simple with reduced 
computational cost and can enrich the widely proposed WiFi 
RSSI-based fingerprinting location systems. Currently, the 
proposed RSSI-based HAD monopulse architecture is being 
developed for tracking WiFi smartphones in open wide-area 
mass events, and also for IoT devices based on Bluetooth Low 
Energy and Zigbee. 
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