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Abstract

While being very successful in everyday life, GPS-
based localization systems exhibit limited performance
under certain circumstances, such as under trees, behind
walls, and in closed rooms. In addition, they sometimes
induce costs that are way too high to be acceptable for
some applications. This paper addresses these problems
by exploring a novel localization procedure that is based
on beats and pattern recognition. Because of its low-cost
properties and simple technical requirements, this system
might be interesting for application areas, such as ubiq-
uitous computing, ambient intelligence, high-precision in-
door localization, and sensor networks.

1 Introduction

Research and markets today offer localization systems
of various sorts. The global positioning system (GPS) [1]
and Galilieo are two examples that are known to virtually
everyone and available everywhere on earth. As is well
know, these localization systems employ several satellites,
which are emitting particular radio signals. Based on the
signals’ arrival times, a receiver derives its own current
position.

Despite their successes, GPS and similar systems are
not suitable for all applications and environments. The
utility of GPS-based localization systems is severely lim-
ited, for example, in closed rooms, underneath trees, be-
hind walls, etc. Furthermore, the localization precision is
currently limited to an average of about 15 m for civil GPS
applications, and about 4 m for Galilieo. In other words, a
resolution better than that cannot be expected. Indoor GPS
[2, 12], on the other hand, relieves some of the limitations
mentioned above in that it improves the localization accu-
racy to about a 1 mm. However, the costs of such an in-
door GPS system [12] are huge and can be profitable only
for a small number of industrial applications, such as nav-
igating airplanes and ships, high-end productions systems,
etc.; they are but affordable for everyday applications.

Low-cost and high precision localization is, for exam-
ple, very important in research on sensor networks [3, 4].

A sensor network consists of a huge number of tiny sen-
sor nodes, which are usually randomly distributed over
an area of interest. All sensors measure pre-specified en-
vironmental conditions and propagate them by means of
wireless radio capabilities to the nearest receivers, also
called data sinks. Because of the required routing and the
information processing done at later stages, localization
plays a fundamental role, since all sensor nodes have to
know their (approximate) positions.

Since equipping thousands of thousands of nodes with
a GPS module would be too costly, research on sen-
sor networks offers some interesting low-cost approxima-
tion strategies. They typically employ a small number of
special-purpose nodes, called beacons. Only these nodes
are equipped with a GPS module in order to measure their
positions. They then broadcast particular messages with
which all receiving nodes can estimate their locations.
Depending on the method and the required communica-
tion overhead, the resulting estimates are rather coarse
[6]. Even though certain online learning strategies can im-
prove the localization accuracy by several orders of mag-
nitude [5, 7], these localization strategies are still rela-
tively costly and limited to two-dimensional, obstacle-free
environments for obvious reasons.

Section 2 describes a novel localization procedure. In
its core, this procedure analyzes the interference pattern
that emerges from the superposition of certain electromag-
netic beats. Rather than analyzing the high-frequency car-
rier signals, the analysis is done on the low-frequency en-
velope signal, which immediately results in low-cost re-
alizations. Furthermore, the procedure does not require
any global information, such as a precise clock (signal),
to perform the signal analysis; rather, this procedure only
processes the superposing signals as observed by the re-
ceiver’s antenna. Since the receiver yields very accurate
results at low costs, this procedure might be beneficial for
research areas, such as ubiquitous computing [8, 9], smart
environments, and ambient intelligence [10, 11].

The experimental validation results, as presented in
Section 3, suggest that this new localization procedure
is not only a theoretical concept but of practical utility.
These experiments also show that the procedure requires
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Figure 1. This paper assumes a generic setup that considers two transmitter T1 and T2 as well as
two receivers R0 and R∆x that are at the locations x = −l, x = l, x = 0 and x = ∆x, respectively.
The figure also shows that both receivers sense a beat with a location-dependent phase-shift ∆ϕ.
However, for the evaluation of this phase-shift, a localization procedure would require access to
some global timing information.

only low-cost standard laboratory equipment. Section 4
proposes a receiver implementation, and finally, Section 5
concludes this paper with a brief discussion.

2 The Superposing-Beats Procedure

This section describes the superposing-beats procedure
in detail. The presentation consists of a brief summary
of some well-known preliminaries, the description of the
actual procedure, as well as some of its properties.

2.1 Preliminaries
The procedure is based on the superposition of

two sinusoidal signals, s1(t) = sin(2πf1t) and s2(t) =
sin(2πf2t) with similar frequencies f1 ≈ f2, and the beat
r(t) that results from the superposition of these two sig-
nals.

r(t) = s1(t) + s2(t)

r(t) = sin(2π
f1 + f2

2
t) cos(2π

f1 − f2

2
t) (1)

If the receiver is moved by the distance ∆x, it can de-
tected a phase-shift ∆ϕ between the new beat r∆x and the
previous one r0 (see, also, Figure 1).

Conversely, the phase-shift ∆ϕ can be used to derive
the distance ∆x = ∆ϕc/2πfc with c ≈ 3 ·108 m/s denot-
ing the speed of light and fc = (f1 + f2)/2 denoting the
carrier frequency, The phase-shift can be simply detected
by the low-frequency signal, if the beat’s envelope is used.
However, this approach would be of limited practical util-
ity, since such a receiver would require access to a global
timing signal.

2.2 The Procedure
Generally, a distance can be measured by the time-of-

flight of a signal. If using electromagnetic signals, a reso-
lution in the range of a centimeter requires a sampling rate
of a few GHz. However, with respect to low costs, this ap-
proach is unfeasible. Furthermore, as has been discussed
above, measuring a low-frequency phase shift would re-
quire access to some global timing information, which is
not given in many applications. In order to circumvent
these problems, this paper proposes an alternative.

The procedure assumes that at least two transmitters
emit beats (Eq. 1) with similar carrier frequencies but
equivalent envelopes. At location ∆x, these beats super-
pose, and a receiver would read the following signal:

r∆x(t) = sin(2πf1(t + ∆t)) cos(2πfm(t + ∆t)) +
sin(2πf2(t−∆t)) cos(2πfm(t−∆t)) (2)

∆t =
∆x

c
(3)

f1 = fg −∆f (4)
f2 = fg + ∆f (5)
fm = k(f1 − f2) ; k ∈ Q ; k 6= 1 (6)

As has already been discussed above, the time shift ∆t
results from the distance ∆x and the speed of light c. This
superposition results into a low envelope frequency ∆f
and a carrier frequency fg . The modulation frequency fm

should be in the order of ∆f but not equal to it.
The two beats s1(t) and s2(t) superpose everywhere,

and a receiver is just sensing the result r∆x(t). Figure 2
illustrates the key point of the procedure proposed here:
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Figure 2. The superposing-beats procedure: two transmitter T1 and T2 emit modulated signals
s1/2(t) = A1/2 sin(2πf1/2t) cos(2πfmt) as well as two receivers R−∆x and R∆x. The figure clearly
shows that the two modulated carrier signals induces location-dependent interference patterns.

the result of the superposition is another envelope that has
a location-dependent shape. In its center, Figure 2 shows
three different receiver at three different locations −∆x
0. and ∆x. The three envelopes can be characterized by
the three amplitudes A1, A2, and A3. Also, the relations
A1/A2, A1/A3, A2/A3 vary from location to location. In
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Figure 3. The envelope’s actual shape de-
pends on location ∆x three of which are
shown in this figure.

other words, the receiver may detect the three amplitudes
A1, A2, and A3 in order to derive the location ∆x.

It might be interesting to note that considering the re-
lations Ai/Ai 6=j , as opposed to using their absolute val-
ues, increases the procedure’s robustness. It might also be
interesting to note that the determination of the relations
Ai/Ai 6=j is to be done on the low-frequency envelope as
opposed to the high-frequency carrier signal fg(t).

2.3 Some of the Procedure’s Properties
It has already discussed above that the shape of the re-

sulting interference pattern significantly depends on the
receiver’s actual location. Actually, the change in shape
is quite sensitive to the location ∆x. For illustration pur-
poses, Figure 3 compares the shape that emerge at three
different nearby locations. In addition, these three en-
velopes are summarized in Figure 4. It can be clearly seen
that the three envelopes ki=1..3 significantly differ. And
the envelope’s frequency max(fm, ∆f) � fg is a system
parameter and much small than the carrier frequency fg .

Ts
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k
2
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k
3
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Figure 4. This figure compares the three en-
velopes k1(t), k2(t), and k3(t) as already pre-
sented in Figure 3.
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fg in Hz ∆f in Hz fm in Hz Ts in s
100 1 0.4 5.0
100 1 0.5 2.0
100 1 0.6 2.5
100 2 0.4 1.25
100 2 0.5 2.0
100 2 0,6 5.0
500 1 0.5 2.0
650 1 0.5 2.0
1000 1 0.5 2.0

Table 1. Numerical experiments indicate
that the envelope’s period time Ts depends
on fg, ∆f and fm.

The carrier frequency fg is another system parameter.
It determines the procedure’s attainable resolution as the
following considerations show. At location ∆x, the time
shift equals ∆t = ∆x/c, which results into a phase shift
∆ϕ = 2πfg∆t. Both equations can be rewritten as:

∆t =
∆x

c
=

∆ϕ

2πfg
(7)

This equation shows that both the carrier frequency fg and
the resulting phase shift ∆ϕ are linearly coupled. As-
sume, for example, that by means of the amplitudes Ai

and perhaps other data, the receiver can detect a phase
shift of ∆ϕ = 1◦. Then, the setup should use a carrier at
approximately 84 MHz, if a precision of 1 cm is required.

The procedure uses only periodic signals (see also Eq.
(2)). Therefore, its behavior, and the envelope in partic-
ular, can be expected to be periodic as well. In a first
approximation, the envelope’s period time Ts (see, also,
Figure 3) is defined by ∆f , since a time shift ∆t is much
more significant with respect to f1 and f2 as compared to
fm. Some numerical simulation results are summarized in
Table 1. This means that measurements of ∆x are bound
by the period Ts. For extended effective ranges, the pro-
cedure has to count the number of periods as is also done,
for example, in a laser interferometer.

3 Experimental Validation

This section reports the results of first experiments that
validate the general feasibility of the proposed method.

3.1 Experimental Setup
The experimental setup is depicted in Figures 5 (struc-

tural sketch) and 6 (laboratory equipment). It em-
ployed two RF Signal Generators (R&S SM300 and R&S
AM300). The frequencies were set to fg = 20 MHz, fm

= 2 Hz and ∆f = 1 Hz. The two output signals were su-
perposed by an RF-combiner (Mini-Circuit ZFSC-3-1W),
which absorbs about 5 dB of the signal strength. The data
was subsequently plotted by an oscilloscope (Tektronix

RF RF

Chn1 BNC

�
�
�
�

�
�
�
�

�
�
�
�

N

N N

N

R&S AM300
Generator

HF

R&S SM300
Generator

HF

Tektronix
Oscilloscope

300 MHz

N to BNC

Transmitter A Transmitter B

Figure 5. The experimental setup.

TDS3034). In order to focus on the actual validation, the
RF signals were transmitted by means of some cables; fu-
ture developments aims at a fully wireless setup.

3.2 Results
Figures 7-10 present the results of the validation ex-

periments. Here, the first two figures refer to the location
∆x ≈ 0 m whereas the other two refer to ∆x ≈ 1 m. In
each of these two groups, the first figure displays the ac-
tually measured data. For comparison purposes, the other
two present calculated data. A comparison of the figures
indicate sufficient similarities between the experimental
data and the theoretical description. Furthermore, the fig-
ures indicate a significant change of the envelope patterns
when moving from ∆x = 0 to ∆x = 1 as announced.

Despite the similarities, the figures also show signif-
icant deviations from the theoretical description. In the
first place, these deviations are a result of the indepen-
dently operating signal generators. Due to the lack of syn-
chronization, the frequency constraint according to Eq. (6)
is not satisfied. Please, see also the discussion presented
below.

4 The Detector

For obvious reasons, the procedure requires a detector.
Its goal is to derive the location ∆x by analyzing the in-

Figure 6. The laboratory equipment used.
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Figure 7. Measured beat at ∆x ≈ 0 m.
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Figure 8. Calculated beat at ∆x = 0 m.

coming signal. Figure 11 sketches a rather generic imple-
mentation that consists of the following four components:

1. A high-frequency receiver that is tuned to fg .

2. A peak detector that extracts the signal’s envelope.

3. A digitizer that does the analog-to-digital conversion
required by further processing stages.

4. A software processor that by knowing fg , ∆f , and
fm, estimates the time shift ∆t, and thus, the relative
location ∆x.

For the derivation of the time shift ∆t, the detector has
different options. First of all, it can try to directly solve the
inherent sin/cos-equations. A second option consists in
applying a cross-correlation with pre-processed envelopes
that refer to different locations ∆x. But with respect to
the actual implementation, the main advantage is that the
sampling can be done one the low-frequency envelope.

5 Conclusions

This paper has presented a novel method for mea-
suring the relative distance with respect to at least two
transmitters. These transmitters emit beats with slightly
varying carrier frequencies but equivalent envelopes. At
the receiver’s side, these beats superpose from which a
location-dependent interference pattern emerges. These
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Figure 9. Measured beat at ∆x ≈ 1 m.
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Figure 10. Calculated beat at ∆x = 1 m.

low-frequency envelope patterns are then subject to fur-
ther processing stages that derive the receiver’s relative
location ∆x.

The proposed localization method has two key advan-
tages. First, the transmitters’ carrier frequencies deter-
mine the obtainable resolution. Second, the receiver has to
analyze only the low-frequency envelope, which is in way
contrast to other methods, which normally require access
to the high-frequency components.

In addition, this paper has presented the results of
some validation experiments. These validation experi-
ments were performed with two independently operating
transmitters. Since they have not been synchronized the
receiver has read some interference patterns that do not
perfectly match the theoretical expectations. In this mode
of operation, the transmitters may exhibit some frequency
jitter. The effect of this jitter on the interference pattern is
displayed in Figure 12. Thus, the next step will consist in
the development of some additional infrastructure. This
infrastructure will be consisting of two transmitters that
operate in a master-slave fashion, and that apply the same
modulation to their carriers. The implementation will be
based on the 4-Channel DDS-Chip AD9959 and the mul-
tiplier ADL5391.

Future research will also be devoted to a thorough the-
oretical analysis. This analysis aims at a clear understand-
ing of the procedure as well as simple means to derive the
location ∆x.
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Figure 11. This figure sketches an architecture for the detector.

In addition, future research will also employ the time-
of-arrival of certain signals in order to significantly in-
crease the procedures range of operation. Since this addi-
tional component will be responsible only for some wide
ranges, the required electrical parts can be rather simple,
and thus, cheap.
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