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Abstract— Direction estimation inside buildings is a diffcult 
and challenging task due to severe multipath signal propagation. 
Numerous algorithms and techniques exist that provide high-
resolution direction estimation under certain conditions and 
channel models; however, to our knowledge they all perform 
poorly at indoor environments. Here, we propose a technique 
that enables a receiver to achieve greater reliability in estimating 
source direction through some collaboration with the source. We 
assume that the receiver and the transmitter are synchronized 
and they are equipped with circular phased array antennas that 
have beamforming capability. If the transmitter-receiver pair 
always steer their main lobes into opposite directions, the spatial 
spectrum of the received power can be used as a mean for 
estimating the direction of the transmitting source. In this paper, 
we investigate the feasibility of this methodology, and show the 
achieved improvement. 

I. INTRODUCTION 

Interest in location-aware application has substantially 
grown over the past decade. RF-based technologies that find 
the range or direction of mobile sources inside a building are 
becoming an attractive area of research and development [1]. 
A significant application of such technologies is in emergency 
situations where it is important to be able to track the move-
ments of the first responders inside closed environments. More 
commercial, public safety and military applications are also 
emerging every day. 

Fig. 1. The response magnitude of a beamformer. 

Direction estimation of a mobile source at indoor 
environments is particularly difficult due to severe multipath 
and shadowing [2], [5]. An effective approach for estimating 
the direction of a source is through the use of an array 
antenna. For example, a beamformer is a spatial filter [3] 
that operates on the output of the array elements in order to 

enhance the received signal from a desired direction. This 
can be viewed as forming a beam in a given direction as 
pictorially displayed in Fig. 1. 

An array antenna with beamforming capability is able to 
electronically steer the direction of its main lobe toward any 
desired angle. In particular, a circular array, which has a 360-
degree field of view, is an appropriate candidate for two-
dimensional direction estimation applications. Sample radia-
tion patterns of such an antenna for various array sizes (i.e. 
number of elements) are shown in Fig. 2. 

Fig. 2. Beam pattern of a circular array with 8 and 32 elements. 

Direction estimation with a beamformer is equivalent to 
finding the peak of the spatial spectrum measured by the 
signal processor at the receiver [4], [6]. Under simplified 
settings, this is equivalent to the direction from which 
maximum energy is received. 

Maximum Likelihood estimators and Subspace methods 
(e.g. MUSIC, ESPRIT) are among other popular algorithms 
that are used for source direction estimation. Accuracy, reso-
lution and complexity of these algorithms under simplifying 
conditions are well documented and their varying perfor-
mance has been reported [7], [8], [9], [15]. However, at 
indoor environments where severe multipath and shadowing 
are among the biggest channel impairments, we can show that 
the performance of all these different methodologies is quite 
similar. Figure 3 shows the Cumulative Distribution Function 
(CDF) of error in direction estimation for the sample building 
layout shown in Fig. 5. The wall material in this building 
has a dielectric constant of 15 (i.e. custom wall-type). As 
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observed, sophisticated signal processing algorithms such as 
Maximum Likelihood and MUSIC do not offer any advantage 
in performance when compared to a simple beamforming 
algorithm. 

Fig. 3. CDF of the error in estimating the source direction (freq = 2.4 GHz, 
8-element circular array antenna at the receiver, 400 random test points for 
the TX-RX pair). 

Another important issue for indoor environments is that the 
characteristics of the multipath channel are strongly dependent 
on the layout of the building; and in particular on the construc-
tion material of the walls, windows and other existing objects. 
Fig. 4 displays the performance of a beamformer that is used 
to estimate the direction of an isotropic radiating source for 
the sample layout of Fig. 5 and various wall-types. 

Fig. 4. CDF of error in estimating source direction for various wall materials 
using a beamforming algorithm (freq = 2.4 GHz, 8-element circular array 
antenna at the receiver, 400 random test points for the TX-RX pair). 

The thesis of this paper is that signal processing techniques 
alone are not enough to ensure reliable operation of direction 
estimation inside buildings. Another layer of communication 
or network-wide collaboration could be exploited to enhance 
the performance. In what follows, such a technique referred 
to as Synchronized Rotating Beams (SRB) is proposed. It 
takes advantage of collaboration between a receiver and a 
transmitting source in order to increase the reliability and 
decrease the probability of error associated with the direction 
estimation at indoor environments. The purpose of this 
collaboration is to maximize the received energy from the 

true direction of the source as opposed to other misleading 
multipath directions. 

In Section II, we describe the simulation platform that 
has been used to evaluate the performance of various 
direction estimation algorithms. Section III describes the 
details of the proposed scheme and compares its performance 
to the simple beamforming algorithm discussed above. A 
modification to the SRB algorithm is discussed in Section 
IV and finally concluding remarks are expressed in Section V. 

II. SIMULATION PLATFORM 

We have investigated the feasibility and performance of 
a given direction estimation algorithm by implementing 
a simulation platform that matches the condition of an 
indoor environment. The main difficulty in simulating an 
indoor RF channel is the strong dependence of the received 
signal on the layout of the building (e.g. multipath channel). 
In particular, all walls, windows and other objects that 
affect the propagation of RF waves will directly impact 
the signal strength and more importantly the directions 
from which RF signal is received. Empirical, statistical 
and deterministic models have been used to describe the 
behavior of such multipath channels [12], [13], [14]. In our 
study, we have elected to use a sophisticated ray-tracing tool 
to accurately predict the received signal indoors. Wireless 
System Engineering (WiSE) is a ray-tracing tool that has 
been developed and verified by Bell Laboratories [10], [11]. 

Fig. 5 shows a pictorial sample of the multipath signal 
for a given building layout and transmitter-receiver location 
obtained through the ray-tracing tool. We realize that even such 
models have limitations in their accuracy and are also subject 
to errors when there are changes in the environment such as 
furniture moving, or even people walking through the building; 
however, this approach will give us the opportunity to create 
a testbed that to the extent possible mimics the conditions of 
an indoor channel. 

Fig. 5. Sample output of the ray-tracing tool for a given building layout. 

The high-level block diagram of the simulation platform is 
shown in Fig 6. 



Fig. 6. Block diagram of the simulation platform. 

The ray-tracing tool used in our study is capable of 
providing the complex impulse response of a stationary 
indoor channel. For our application, it is important to be 
able to compute an accurate impulse response with high 
spatial resolution. For example, in the case of a receiver with 
an array antenna, one would like to be able to predict the 
received signal at each element of the array that are usually 
separated by a distance less than the half the wavelength (i.e. 
6.25 cm for 2.4 GHz) of the transmitted radio wave. 

The received power in a phased array antenna is a function 
of the azimuth angle where the main lobe is pointing; this in 
turn is a function of the steering vector that can be applied 
by a beamforming algorithm [3]. For a given layout, building 
material, transmitter-receiver location, frequency and array 
size, the spatial spectrum at the receiver coordinates can 
be obtained by rotating the main lobe around the receiver 
using a sequence of appropriate steering vectors. In order to 
further verify the accuracy of the obtained spatial spectrum, 
we also conducted a simple experiment to compare sample 
hardware measurements to the predicted spatial spectrum of 
the ray-tracing tool (See Appendix for more details). 

III. SYNCHRONIZED ROTATING BEAMS (SRB) 

The peak of the estimated spatial spectrum in a 
beamforming algorithm specifies the direction from which the 
received RF energy is maximum. If the source antenna pattern 
is omni-directional, then in severe multipath environments 
such as indoor, this peak is not necessarily the direction of 
the source. On the other hand, if the source could somehow 
focus its transmission energy in the direction of the receiver, 
then the beamforming algorithm would have a higher chance 
in estimating the correct direction of the source. This is the 
basic philosophy in the proposed SRB algorithm. 

The following assumptions are considered for a two-
dimensional direction estimation problem inside buildings: 

• The source is transmitting a narrowband signal. 
• The source exists in the far field of the receiver array 

antenna. 
• The receiver and the transmitter are equipped with a 

phased array antenna with beamforming capability. 
• The array antennas at the receiver and transmitter are 

assumed to be calibrated. 

• The transmitting and receiving nodes are able to recog-
nize a reference frame for the azimuth angle (e.g. through 
the use of an electronic compass). 

• The transmitter (i.e. source) can achieve synchronization 
with the receiver (through some form of communication). 

• The main lobe of the antenna pattern of the receiver (or 
transmitter) can be steered toward any given direction 
in the two dimensional x-y plane (i.e. circular array 
elements for a 360-degree field-of-view). 

The signal processors at the receiver-transmitter pair 
cooperate to generate a spatial spectrum at the receiver by 
going through the following SRB algorithm: 

1) Let θ = 0  (e.g. North). 
2) The signal processor at the receiver steers the direction 

of its main lobe toward θ degrees azimuth; at the same 
time, the signal processor at the transmitter steers the 
direction of the main lobe of its antenna pattern to θ + 
180 degrees. 

3) With the current positions of the main lobes of the 
receiver and transmitter, the receiver measures the signal 
strength i.e. S(θ). 

4) θ = θ + stepsize. 
5) if θ <  360 then go to Step 2. 
6) if θ >  360 then estimate the source direction to be: 

θ∗ = argmax(S(θ)). 
7) Go to Step 1. 

Note that the stepsize is a constant that determines the 
resolution of the spatial spectrum at the receiver. 

The direction of the source is always the direction at which 
the main lobes of the receiver-transmiter pair are facing 
each other. At this position, the transmission power is more 
concentrated in the direction of the receiver; therefore on 
average, the received power from the true direction of the 
source should be higher compared to the received power 
from other multipath directions. This will increase the chance 
of estimating the correct source direction from the spatial 
spectrum measured at the receiver. Schematically, this process 
is shown in Fig. 7. 

If the transmitter does not collaborate as specified in Step 
3 in the above algorithm (i.e. maintains omni-directional 
radiation pattern), then we are left with the basic beamforming 
direction estimation algorithm, which was discussed in Section 
I. 

We used the ray-tracing simulation platform discussed in 
Section 2 to assess the performance of the SRB algorithm. 
The achieved improvement is shown in Figure 8. 

The test scenarios considered for the receiver-transmitter 
pair can be divided into Line-Of-Sight (LOS) and Non-
LOS (NLOS) scenarios. A very interesting observation is that 



Fig. 7. Generating a spatial spectrum with synchronized rotating beams. 

(a) (b) 

Fig. 8. Improvement in source direction estimation using SRB (400 random test scenarios, center frequency: 2.4 GHz and 8-element circular array) 

the conventional beamforming algorithm could make huge 
mistakes in estimating the direction even in the LOS cases; 
however, the SRB exhibits bounded error as seen in Fig. 9. 

Fig. 9. Error in LOS scenarios. 

Another interesting observation was the sensitivity of the 
simple beamforming algorithm to the exact receiver-
transmitter location even though radio propagation 
environment does not seem to vary much. To elaborate 
on this point, consider the following scenario where the 
receiver is located somewhere inside a room as shown in Fig. 
10(a). The transmitter is also restricted to be inside a different 
room so that there is no LOS path to the receiver. While both 
receiver and transmitter are restricted to be inside separate 

rooms, multiple test positions can be defined by considering 
a grid of points inside each room. We have simulated the 
simple beamforming and SRB for this situation and noticed 
that the simple beamforming is susceptible to large errors 
even though the room sizes are small. SRB on the other hand 
exhibited a bounded error for all receiver-transmitter test 
positions. Figure 10(b) displays the histogram of the direction 
estimation error for SRB and simple beamforming. 

The estimation error in all these experiments depends on 
the size of the array antenna that is used. Higher number 
of elements in the array will enable the signal processor to 
create a sharp main lobe. This will enhance the combined 
gain of the receiver-transmitter antennas when they are facing 
each other. And this in turn increases the probability of a 
peak in the spatial spectrum at that position. The average 
error for various antenna array sizes has been displayed in 
Fig. 11. 

IV. ANALYSIS OF THE ERROR AND THE TWO-PASS SRB 
ALGORITHM 

Estimation errors using SRB will occur in two categories. 
Figure 12 demonstrates an example of the first category. In 
this case, the LOS path (i.e. the dashed blue line) between the 
receiver and transmitter is blocked by an obstacle such as a 
wall. The path that actually causes a peak in the measured 
spatial spectrum at the receiver is shown with a solid red 



(a) (b) 

Fig. 10. Error in NLOS scenarios. 

Fig. 11. Average estimation error versus the array size. 

line. In addition to the power loss due to the longer path, 
the two reflections will also attenuate the signal; however, the 
attenuation caused by the wall that blocks the LOS path is 
still higher. For example, consider the case where the LOS-
blocking wall is metallic. This will cause the SRB to estimate 
the wrong direction for the source. Simulation results for 
typical wall types and office layouts have shown that the 
number of cases that fall into this category is very small. 
Also, we have noticed that changing the carrier frequency and 
increasing the array size might help in further reducing the 
number of such events. 

estimation is shown in Figure 13. 

Fig. 13. Direction estimation error using SRB. 

This case occurs when there is an obstacle with large 
attenuation between the receiver and the transmitter. The 
obstacle basically eliminates the combined gain associated 
with the directional antenna patterns of the receiver and the 
transmitter. In this scenario, the peak in the spatial spectrum 
occurs for a path that most likely goes through the side-lobe 
of the receiver (or the transmitter) antenna. A good approach 
to alleviate some of these situations is to use various side-lobe 
suppression techniques [16]. Details of such signal processing 
algorithms are beyond the scope of this paper; however, we can 
measure the ultimate gain in performance that can be achieved 
by such techniques if we assume an ideal array antenna with 
perfect beam pattern (i.e. no side-lobes) as shown in Fig. 14. 

Fig. 12. Direction estimation error using SRB. Fig. 14. An ideal antenna pattern. 

The second category that could cause error in direction Using the SRB algorithm with such an ideal antenna, we 



investigated the improvement in system performance. The 
result is shown in Figure 15. 

Fig. 15. Improvement in estimation error using an ideal antenna. 

The SRB algorithm described in the previous section can 
be complemented by adding a 2nd pass to generate a 2nd 
spatial spectrum (i.e. S2(θ)). This procedure which is outlined 
below can detect some of the error cases described in Fig. 
13. 

First Pass: 
1) Let θ = 0 (e.g. North). 
2) The signal processor at the receiver steers the direction 

of its main lobe toward θ degrees azimuth; at the same 
time, the signal processor at the transmitter steers the 
direction of the main lobe of its antenna pattern to θ + 
180 degrees. 

3) With the current positions of the main lobes of the 
receiver and transmitter, the receiver measures the signal 
strength i.e. S(θ). 

4) θ = θ + step − size. 
5) if θ <  360 then go to Step 2 of the first pass. 
6) if θ >  360 then let 1st-Estimate of the source direction 

to be: θ∗ = argmax(S(θ)). 

Second Pass: 
1) Set and maintain the main lobe of the receiver at θ∗ 

and continue measuring the received signal strength i.e. 
S2(θ); the transmitter continues the same procedure as 
in the first pass. 

2) Set the 2nd-Estimate of the source direction to be: θ∗∗ = 
argmax(S2(θ)). 

3) If θ∗∗ = θ∗ then let the final estimate of the source-
direction to be θ∗; else declare θ∗ to be ”Less Reliable“ 

4) Go to Step 1 of the first pass. 

The second pass in the above algorithm can increase the 
reliability of the direction estimate obtained in the first pass. 
Figure 16 displays the CDF of the estimation error for all test 
cases that have satisfied the second pass. 

Performance improvement of the 2-pass method can be 
explained by considering Fig. 13. When the transmitter main 

Fig. 16. Reliability of source direction estimation using a 2-Pass SRB 
algorithm. 

lobe in the 2nd pass is steered toward the direction of the 
red solid line (where the receiver experienced the peak in the 
spatial signature of the 1st pass), a new higher peak in the 
2nd spatial spectrum (i.e. S2(θ) is observed that is located in 
the different direction than the first peak. This could signify 
a potential unreliable estimate. 

V. CONCLUSION 

The underlying philosophy in this paper is that the direction 
information can be extracted more reliably from the spatial 
spectrum of the received signal if both transmitter and 
receiver can focus their radiation (or reception) antenna 
pattern toward each other. Therefore, by taking advantage of 
communication between a transmitter-receiver pair, we have 
proposed to establish synchronized beamforming algorithms 
at these two nodes in order to create the appropriate positions 
for the main lobes. Following this strategy, improvements of 
up to 40% in the reliability of the estimated direction was 
observed. 

We have used the same array sizes for the receiver and 
the transmitter in our simulations. It is conceivable that in 
practice the receiver is a stationary node placed strategically 
inside (or outside) of the building. In that case, the receiver 
could be more sophisticated and use bigger array antennas 
compared to the mobile source. 

Although throughout this paper the source has been 
considered to be stationary, it is expected that the mobility of 
the source can also be used to improve the accuracy of the 
estimation process by considering the fact that the direction 
of a slow moving source can only exhibit small changes in a 
short period of time. In this way, if knowledge of the starting 
direction of a mobile source is available, then by running the 
SRB algorithm in a tracking mode, some of the erroneous 
estimates can be identified and replaced by better approximate 
values from the prior history of the results. Further studies 
are required to assess the effectiveness of this approach. 



Finally, we have only considered the direction estimation 
problem associated with a single transmitter and receiver. For 
multiple transmitting sources, a multi-access scheme should 
be in place to enable the receiver to separate the signals 
received from different sources. With multiple receivers on 
the other hand, a direction-based localization scheme can be 
implemented based on our proposed scheme. The accuracy 
of this localization system will be investigated in a future 
publication. 
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APPENDIX 

In order to justify the use of the ray-tracing tool for 
performance analyses of the SRB algorithm, verification of 
the accuracy of the simulated spatial spectrum with real 
measurements was necessary. Therefore, a simple experiment 
(see Fig. 17) was set up that involved a directional antenna 
located on a rotating platform (Details of the hardware 
experiment have been omitted for brevity). The spatial 
spectrum was generated by taking the measurement of the 
received power when the azimuth angle of the directional 
antenna was pointing at 0, 10, 20, ..., 350 degrees. 

Fig. 18 demonstrates the comparison made between the 
measured spatial spectrum and the ray-tracing estimate. 
The measured spectrum corresponds to a single physical 
coordinate; and therefore, exhibits the effects of multipath 
fading. By averaging the sample spatial spectrums 
corresponding to a few nearly collocated positions, a 
closer match to the smoothed outcome of the ray-tracing 
tool was observed. Averaging four such measurement 
samples provided good match in the experiment (see Fig. 
19). The authors hope to implement a prototype of the 
proposed scheme in the near future to further validate the 
conclusions achieved with the ray-tracing simulation platform. 
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