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Real-Time Distance Evaluation
System for Wireless Localization

Giovanni Piccinni*, Gianfranco Avitabile*, Senior Member, IEEE, Giuseppe Coviello*, Claudio Talarico+

Abstract–The paper describes the FPGA implementation of a
novel position evaluation algorithm based on the time difference
of arrival (TDOA) principle that combines the characteristics of
an Orthogonal Frequency Division Modulation (OFDM) symbol
with the properties of the Zadoff-Chu mathematical sequences.
The resulting system is highly scalable and its characteristics are
easily adaptable to different operating scenarios. The algorithm
has been implemented using the Stratix IV-E EP4SGX70HF35C3
FPGA, requiring about 112k bit of memory and less than 44k
logic elements of which about 16k are registers. The paper
describes the algorithm and its FPGA implementation along
with experimental results validating the system performance
even in the presence of multipath interferences and showing
accuracyprecision in target position estimation that is better than
2 cm.

Index Terms—FPGA, distance estimation, localization, OFDM,
positioning, wireless, Zadoff-Chu.

I. INTRODUCTION

IN the recent past, wireless localization systems have be-
come extremely popular in several applications and scenar-

ios. Positioning data can be collected to provide location-based
services, for example, in automotive applications, they can be
used to extract safety information or implement autonomous
drive guidance assistance [1].

Due to the different conditions and operating constraints,
there is not a general solution to evaluate the target position
and, thus, there are several wireless local-positioning systems
[2], [3].

Three different principles can be implemented [4] to eval-
uate the target position. A first solution estimates the position
from the measurements of the received signal strength (RSS)
[5]. Although these systems are very simple, a fingerprint of
the environment is mandatory to improve the accuracy and the
precision of the estimates [6]-[7]. A second approach extracts
the target position evaluating the angle-of-arrival (AOA) or
phase-of-arrival (POA) of the received signal [8]-[9]. In these
systems the signal is received by a uniform linear array antenna
and the angle information can be extracted employing a soft-
ware algorithm like MUSIC [10] or one of its variants [11] as
ESPRIT [12] or Gold MUSIC [13]. Although these algorithms
offer very high accuracy and precision, their implementation
is not simple, due to the complex hardware required to
process the signal. Research on these topics focuses either on
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methods to reduce hardware complexity or to introduce novel
solutions able to evaluate the angle of arrival with a totally
different approach that doesn’t require huge computational
cost [14], [15], [16], [17]. The last approach exploits the
propagation delay of the received signal to extract the target
position by triangulation or trilateration methods [18]-[19].
These propagation-time based systems can be further divided
into three subsets: time-of-arrival (TOA), roundtrip-time-of-
flight (RTOF) and time-difference of arrival (TDOA) [20]-[21].

Among all these possible solutions, uplink-TDOA-based
systems have become extremely popular because they require
synchronization only between the measuring units but not with
the target unit. In fact, in uplink-TDOA-based systems the
target is an active device and its position is evaluated by
computing the time-difference of arrival of the signals received
by at least a couple of measuring units. However, in these
systems, the measuring units are able to evaluate only the
distance from the target unit, not its absolute position.

The most accurate TDOA methods use Ultra-Wide-Band
signals (UWB). Wang et al. [22] propose a radar system
that computes the TOA of a static or slow-moving target
combining the advantages of interferometry techniques with
the properties of the Frequency-Modulated Continuous Wave
(FMCW) signals. The system proposed by Wang et al. operates
in the 5.8 GHz ISM band and transmits a signal with a
bandwidth of 160 MHz, achieving an average accuracy of 1.65
cm. Waldmann et al. [23] combine the FMCW signal with
short pulses with a bandwidth of 1 GHz centered around 7.5
GHz to achieve an error of 1.7 cm in the absence of multipath
distortions.

Mahfouz et al. [24] introduce a 3D positioning system that
implements an 8 GHz carrier signal modulated by a 300ps
Gaussian pulse. The experimental results demonstrated in the
3D case a accuracy of 1.53 mm, with an average accuracy
of 3.62 mm and a worst-case of 5.6 mm. Lipka et al. [25]
propose a novel localization concept whereby the phase of a
24GHz-FMCW signal with a bandwidth of 250 MHz is fed
into an extended Kalman filter without any preprocessing. The
system locates the target in severe multipath conditions with a
3D accuracy of 1.7 cm. Further TDOA systems based on UWB
signals can be found in [26], [27]-[28] and in [29]-[30]-[31].

Although the systems based on the UWB signal offer the
highest accuracy and precision (sub-mm accuracy can be
obtained), they are much more expensive when compared to
other solutions. In fact, digital hardware must process a huge
amount of data and the analog front-end must be able to
generate pico-seconds pulses. Moreover, the overall system
exhibits poor scalability due to the analog front-end designed
to manage a UWB signal.
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This paper describes a novel wireless positioning system
based on the uplink-TDOA estimation technique. The sensing
signal is a wide-band signal that combines the properties
of well-known mathematical sequences with the Orthogonal
Frequency Division Multiplexing (OFDM) scheme. The result
is a signal that allows for very high accuracy and precision in
position estimation. The signal is generated via software and
the target positions can be extracted processing the data in
digital domain. The system nodes are based on the Software
Defined Radio (SDR) architecture, where the analog front-
end is in charge of the signal amplification and the up/down
frequency conversion. The proposed solution offers a scalable
and flexible hardware implementation in a Field Programmable
Gate Array (FPGA) that can be modified via software to adjust
the signal properties to the channel conditions.

The paper is organized as follows: Section II introduces the
mathematical principles of the proposed system with a theo-
retical description of the overall solution. Section III explains
the algorithm outline, while Section IV describes in detail the
hardware implementation of the signal processing required to
extract the target position. Section V presents the test results
performed on the system in an outdoor environment. Finally
the conclusion will close this work.

II. BASIC PRINCIPLES

A. Preliminary Considerations

The proposed system exploits a TDOA algorithm to evaluate
the 3D position of an active target, using a GPS-like scheme
based on four synchronized receivers and a mobile transmitter,
designed according to the SDR paradigm. The basic goal of
the system is to evaluate the distance between each receiver
and the transmitter, using an OFDM symbol composed only
by pilot subcarriers, as described in [32]-[33]-[34]. Each
subcarrier represents a coefficient of the Frank-Zadoff-Chu
(FZC) sequence, generated by the expression below [35]:

z(n) = e−j πun
2

L (1)

where u is the root index and L is the length of the sequence
(even value). The equation shows that the coefficients are fixed
and the sensing signal samples can be generated off-line in
digital form and stored in a suitable look-up table (LUT)
and, subsequently, read and used in the computations. The
number of subcarriers, the parameters of the sequence and
the overall OFDM bandwidth can be varied with a simple
software modification, adjusting the system characteristics as
a function of the environment and the design specifications.
Under this condition, the proposed system can be employed
in many different indoor and outdoor localization scenarios by
properly scaling the signal properties.

It’s important to note from the block diagram of the system
in Fig. 1, that the signal is processed entirely in digital form.
The analog blocks are in charge only of up/down converting
the signal to/from RF/IF frequencies and amplifying it.

The critical aspects of the system are mainly related to
the maximum sample rate of the Analog to Digital Converter
(ADC) for the receiver chain and the Digital to Analog
Converter (DAC) at the transmitter side. Higher sample rates

Fig. 1: System Nodes Architecture [36]

lead to increased precision and accuracy in distance/position
estimation but call for higher currents drained from the supply
and for the need of processing a huge amount of samples.
The relationship between the system parameters and the preci-
sion/accuracy will be investigated in the forthcoming sections
in order to provide the guidelines for the system design.

B. Algorithm Principles

Let’s consider the transmitted OFDM symbol, x(n), com-
posed by Ns subcarriers in which are allocated L coefficients
of the FCZ sequence (Ns ≥ L). The received sequence
spectrum, Y(k), can be expressed by:

Y (k) = X(k)H(k) +N(k) (2)

where X(k) and H(k) are, respectively, the spectrum of the
transmitted sequence and the channel transfer function, and
N(k) is the additive white Gaussian noise introduced by the
channel. If we multiply equation (2) for the conjugate copy of
the transmitted sequence spectrum, we obtain:

Y (k)X∗(k) = X(k)X∗(k)H(k) +X∗(k)N(k) =

= |X(k)|2H(k) +X∗(k)N(k)
(3)

The signal and the noise are uncorrelated, thus, the second
term in the expression (3) can be neglected. As mentioned,
the FCZ sequences have a constant amplitude (|X(k)|2 = 1)
and the first term is equal to the channel transfer function
H(k). Obviously, the channel impulse response can be ex-
tracted applying the Inverse Fast Fourier Transform (IFFT) on
equation (3).

Under this assumption, we consider the time delay, δi,
introduced by the path interconnecting the transmitter and
the i-th receiver and εi the associate carrier frequency offset.
Assuming a time-discrete representation for the signals, δi
can be expressed as a function of the index of the sample in
the sequence. The Additive White Noise Gaussian (AWGN)
channel model can be expressed as follows:

h(n) =

N−1∑
k=0

αie
−j

2π(n+δi−δT )(k+εi−εT )

N (4)

where N is the IFFT length and αi is the geometric attenuation
associated with the i-th line-of-sight. The unwanted terms δT
and εT represent, respectively, the initial time-shift and the
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initial carrier offset shift, due to the absence of synchronization
between the transmitter and the receivers. This result demon-
strates another significant property of the FZC sequences, that
is, the magnitude of the time cross-correlation function is non-
zero only at the instant that corresponds to the time-delay
between the signal involved in the computation (Fig. 2).

Fig. 2: Examples of the cross-correlation function for different
distances: the peak moves farther to the right as a function of
the increased delay. The delay is measured by means of the
sample number (x-axis) times the sampling time

The i-th distance can be estimated evaluating this time-
delay, δi, from the cross-correlation function in the time-
domain and, in the frequency domain, from the carrier fre-
quency offset, εi, expressed by the phase of equation (3).
Unfortunately, the unwanted terms δT and εT are present
in equation (4), representing, respectively, the initial time-
shift and the initial carrier offset shift, due to the absence
of synchronization between the transmitter and the receivers.
The estimate of these terms is necesssary in order to evaluate
the desired parameters, δi and εi. In the TDOA approach,
the evaluation of these terms is obtained by synchronizing
the receivers and performing differential measurements, in
which one of the receivers is taken as a reference for the
whole set of receivers. Let’s consider Rx0 as the reference
receiver and y0(k) the received sequence. To estimate the time
difference of arrival, the signals received by the other devices
are multiplied by the conjugate spectrum of signal y0(k). In
this case, equation (4) assumes the form:

h(n) =

N−1∑
k=0

α0αie
−j

2π(n+δ0−δi)(k+ε0−εi)
N (5)

where α0, δ0 and ε0 are the geometric attenuation, the time-
delay and the carrier frequency offset of the reference receiver,
respectively, while αi, δi and εi are the geometric attenuation,
the time-delay and the carrier frequency offset of the i-th
receiver, respectively (i = 1, 2, . . . ,M total number of re-
ceivers). Other terms that represent the time and the frequency
shift between the transmitter and each receiver elide because
they are equal for any possible couple of terms considered in
equation (5).

Once estimated the difference ∆δi = δ0−δ1 and ∆εi = ε0−
εi, these two pieces of information are combined to obtain the
difference between the two distances, di0. As mentioned, the
value of ∆δi is extracted from the cross-correlation function

in (5) and its estimated value depends on the sampling time of
the ADC. In fact, the minimum detectable differential distance
corresponds to the condition when the auto-correlation peaks
are distinct [36]. This spatial condition corresponds in the
time domain, to the minimum time step, that is, the sampling
time. Hence, the term ∆δi represents only a first estimate of
the distance difference between the received signals and it
should be refined with a further step, in which the phase of
(3) is evaluated. The example reported in Fig. 3 points out
that the phase varies linearly as a function of the frequency,
due to the linear relationship between the subcarriers. In fact,
to guarantee the orthogonality of the resulting signal, the j-th
subcarrier frequency is equal to j∆f = jBw/Ns, where Bw
is the signal bandwidth. The slope α of the straight lines in
Fig. 3 depends on the time-delay between the received signals:

α = ∆δr∆f (6)

where ∆δr is the residual time-delay that is not computed by
the value extracted from the cross-correlation function. On the
contrary, the offset of the straight line represents the carrier
frequency offset, ∆εi, between the carriers of the received
signals and it depends only on the system wavelength, λ.

Fig. 3: Example of the carrier phase shift evaluation. The value
of angi0 gives the phase difference between the incoming
signals at the i − th and the reference receiver, in radians,
as a function of the sub-carrier frequency.

Once the coarse delay, ∆δi, the fine delay increment, ∆δr,
and the offset of the straight line, ∆εi, have been evaluated,
these terms are combined to compute the distance difference,
di0:

di0 = (∆δi + ∆δr) vp + ∆εrλ (7)

where vp is the signal propagation velocity (vp ' 3 · 108m/s
in air).

Finally, the distance differences are transmitted to a central
unit to extract the target position, (xt, yt, zt), solving the
equation system that describes the geometric model of the
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localization system [18]:

(xt − xR0
)
2

+ (yt − yR0
)
2

+ (zt − zR0
)
2 − (d+ d0)

2
= 0

(xt − xR1
)
2

+ (yt − yR1
)
2

+ (zt − zR1
)
2 − (d+ d1)

2
= 0

(xt − xR2
)
2

+ (yt − yR2
)
2

+ (zt − zR2
)
2 − (d+ d2)

2
= 0

(xt − xR3
)
2

+ (yt − yR3
)
2

+ (zt − zR3
)
2 − (d+ d3)

2
= 0

d1 − d0 − d10 = 0

d2 − d0 − d20 = 0

d3 − d0 − d30 = 0
(8)

where di are the distances between the receivers and the
transmitter, dij are the measured distance differences, and
(xRi , yRi , zRi ) are the coordinates of the i-th receiver, being,
usually, (xR0 , yR0 , zR0 ) set as the origin of the Cartesian axes.
The system described by equation (8) highlights how the preci-
sion and the accuracy in the target position estimation depends
even on the receivers’ coordinates. If the coordinates of the
receivers are noisy, the accuracy and the system precision will
be degraded as well. However, this problem is common to any
localizing system based on the TOA and the TDOA algorithms
and its effects on the system precision and accuracy have been
investigated [4]. Further details about the algorithm can be
found in [37] where the pseudo-code of the entire method
was presented.

III. ALGORITHM OUTLINES

The key advantage of the proposed solution lays its high
scalability. The proposed system is not designed for a specific
application and it can be used to extract the target position in
both indoor and outdoor environments, with different degrees
of accuracy and precision. In fact, the signal parameters can
be adjusted as a function of the desired accuracyprecision and
the target application. Due to the OFDM modulation scheme
used to arrange the fixed FZC pilot subcarriers, the relationship
between the signal parameters can be expressed as:

Bw =
Ns

N
× fclk (9)

where Bw is the bandwidth, N is the FFT size, Ns is the
number of subcarriers, and fclk is the sample rate. Hence,
taking a fixed FFT size for the digital signal processing,
the remaining parameters can be properly adjusted to vary
the signal bandwidth and/or the number of subcarriers, thus
achieving a different degree of precision and accuracy. This
task can be easily performed via software, by storing in the
transmitter separate LUTs with different versions of the signal.
The user can select the desired version addressing the FPGA at
the correct memory location. The transmitting sample rate and
the ADC clock must be adjusted using PLLs with embedded
clock dividers to guarantee the absence of aliasing.

As explained in [36], the precision and the accuracy of the
system is a function of the signal parameters. Fig. 4 shows
the variation of the system accuracyprecision as a function of
the signal bandwidth for different signal to noise ratios (SNR)
at the input of the receiving chain. To obtain these curves,
a signal composed by 64 subcarriers was considered in the
model of the systemThese curves were extracted by modeling

the system using a signal composed of 64 subcarriers. The
signal was sampled with a fixed sampling frequency of 1
GHz and an additive white gaussian noise (AWGN) channel
was considered. The resulting values were compared to the
Cramer-Rao lower band (CRLB) that furnishes the theoretical
accuracyprecision limit for the system [38]. As depicted in Fig.
4, the accuracyprecision has a trend that is a linear function (in
logarithmic scale) of the SNR. Basically, as the SNR increases
the system accuracyprecision increases as well. At higher
SNRs the system accuracyprecision converges to the CRLB
limit. It’s important to note that the signal accuracyprecision
at 5dB of SNR is better than 10 cm using 64 subcarriers
with a bandwidth of only 20MHz. Similar considerations can

Fig. 4: System accuracyprecision as a function of the SNR
[36]

be made when the number of subcarriers changes. In Fig. 5
is shown the system accuracyprecision as a function of the
number of subcarriers. In this case, the signal bandwidth was
fixed to 100 MHz, while the sampling frequency and the
channel model are the same reported in the previous paragraph.
The system accuracyprecision is again a linear function (in
logarithmic scale) of the SNR. For higher SNR, the system
accuracyprecision converges to the limit defined by the CRLB.
The curves highlight that the theoretical accuracyprecision

Fig. 5: System accuracyprecision as a function of the number
of subcarriers [36]

is of the order of 4.5 cm with 5dB of SNR, considering
64 subcarriers. On the contrary, with the same SNR and
256 subcarriers, the accuracyprecision more than halves with
respect to the previous case (2 cm).

Fig. 6 reports the system accuracyprecision as a function
of the sampling rate. If the sampling rate increases, the
accuracyprecision increases as well. The resulting values were
extracted considering an FFT size of 256 points and adjusting
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the subcarriers’ length and the bandwidth according to equa-
tion (9).

Fig. 6: System accuracyprecision as function of the sampling
rate [36]

Even though the increment of the sampling rate allows to
extract the target positions with higher accuracyprecision, the
resulting system drains more DC power and calls for expensive
FPGAs that require higher clock frequency. These are obvious
consequences of the parameters selection in equation (9)
and depend on the target application and the desired system
accuracyprecision. The curves previously discussed can be
used as an aid to select the proper system parameters.

Further advantages of the proposed method can be obtained
from the generation of the sensing signal. This one can be
generated in the digital domain once and forever and the
associated samples can be pre-loaded in memory to reduce
the computation of the cross-correlation function.

Finally, due to the orthogonal property of the Zadoff-
Chu sequence as a function of the root index, more than
one transmitter can be localized at the same time without
introducing any interference. In this case, the position of a
proper target is extracted using the reference copy of the
sensing signal with the specific root index.

IV. REAL-TIME ALGORITHM IMPLEMENTATION

The algorithm described in section II-B has been imple-
mented in an FPGA to test its real-time performances. The
received signal is acquired by an ADC with a maximum
sampling frequency of 250 MHz and 12-bits resolution. The
resulting samples are represented in fixed point arithmetic.

Fig. 7 shows the block diagram of the hardware implemen-
tation of the system. Its digital part is divided into four main
blocks:

• spectra-estimator
• time-estimator
• frequency-estimator
• distance aggregator
The spectra estimator performs three fundamental func-

tions. The first function is to take the IF signal, acquired
by the ADC, and down-convert it to baseband frequency
through a digital I/Q demodulator. The use of a digital I/Q
demodulator gives the main advantage of not introducing
any mismatch between the amplitude, frequency, and phase
between the I and Q channels. Once the IF signal is converted
into baseband samples, the second function of the spectra

Fig. 7: System Block Diagram

estimator is to compute their Fast Fourier Transform (FFT).
Note that baseband signal samples are complex numbers and
therefore two FFT-cores are needed one for the real part and
one for the imaginary part. The FFT-cores have a size of
256-points and 12-bits of resolution. The parameters of the
FFT are imposed by the number of subcarriers composing the
OFDM symbol and the bandwidth of the transmitted signal.
To reduce the system latency, the FFT-cores accept the input
samples in natural order and output the resulting samples in
digit-reverse order [39]. The FFT-cores are implemented using
a fully pipelined radix-22 single delay feedback architecture.
In this case, the FFT blocks introduce a time-latency of N=256
clock cycles, essentially due to the buffers filling process. Once
the FFT computation is completed the FFT-cores provide a
valid flag, that is used to enable the last function of the spectra
estimator, that is, a sample by sample multiplication of the
spectra. The result of each FFT-core is multiplied, sample
by sample, by the conjugate copy of the transmitted signal
spectrum, whose samples are stored in advance (see Fig. 8) in
a LUT. The multiplication is then fed in parallel to both the
time-estimator and the frequency-estimator.

Fig. 8: Diagram illustrating the spectra product in the receiver

The time-estimator and the frequency-estimator start op-
erating only when the spectra multiplication operation is
completed and does issue them a valid flag. The time-estimator
performs a coarse estimate of the distance between the trans-
mitter and the receiver by evaluating the cross-correlation
between the signal received and a copy of the transmitted
signal. To compute the cross-correlation function between the
two sequences, the proposed algorithm perform the IFFT of
the spectrum provided by the spectra multiplication block
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only after having introduced a zero padding that makes the
sequences 1024 points long. The zero-padding operation in-
creases the size of the IFFT but results in a higher resolution
in terms of the time domain points [40]. This operation allows
to obtain a smoother cross-correlation function and therefore
provides a less granular estimates of its peak’s amplitude. In
practice, to reduce latency, and chip-area, it is possible to
exploit symmetry and perform the 1024-points IFFT operation
by using four 128-points IFFT-cores [39]. Fig. 9 shows an
accurate diagram of how the main blocks of the distance
estimation algorithm have been implemented in the FPGA.
The reference signal, yR[n], is read from an external LUT
containing its time-domain samples. This design choice has
been made to use this basic block as stand-alone unit, in
the simplified 1D distance measurement scenario. In fact, in
this case we need only two receivers whose outputs could be
directly cross-correlated in order to extract the TDOA between
the two received signals.

Fig. 9: Diagram illustrating the FPGA implementation of
the distance estimation algorithm. Red lines evidences the
imaginary parts of the spectra and the Q component in the
time-domain

The frequency-estimator performs a fine-grained estimate
of the distance between the transmitter and the receiver by
evaluating the phase-shift of the sub-carriers between the
received signal and the reference signal, according to the
theory discussed in Section II and using equation (6) to
evaluate the slope of the straight line representing the phase-
shift as a function of the carrier frequency. To compute the
phase-shift of the subcarriers correctly, the samples need to be
re-ordered with respect to the order in which they are stored
after the spectrum multiplication. The slope is expressed by

the following formula:

slope = arctan(
ImY1[k]Y ∗

R[k]

ReY1[k]Y ∗
R[k]

) (10)

Due to the presence of the time-delay introduced by the
channel, and the periodicity of the tangent function, when
the estimated subcarriers’ phase-shift values exceed the range
between −π/2 and +π/2, the phase is wrapped. Therefore,
to estimate the sub-carriers phase shifts correctly, the values
must be un-wrapped along a continuous varying straight line.
This task is performed by the unwrap block.

Finally, the distance aggregator combines the coarse dis-
tance estimates computed in the time domain, with the fine-
grained estimates computed in the frequency domain, and
averages the results over a number of acquisition cycles of
the OFDM-FZC signal. The algorithm provides a valid value
every N clock cycles, so if the FPGA, for example, operates at
a 250 MHz clock frequency, it produces a valid sample with
a frequency of 250MHz/256 = 975KHz.

A. FPGA test implementation

The physical implementation of the algorithm has been
mapped into a Stratix IV-E EP4SGX70HF35C3 FPGA. The
FPGA coding was done in VHDL and is toroughly described
in [41]. Despite the algorithm requires two 256-points FFT
cores and four 128-points IFFT cores, its implementation has
been optimized into about 44k logic elements (60%of the
FPGA capability), 112k memory bits (2% of the FPGA capa-
bility) and 134 embedded DSP elements (34% of the FPGA
capability). Table I summarizes the exact overall FPGA’s
resources allocation, and Fig. 10 illustrates what percentage of
resources are allocated to each block in the system including
the FFT/IFFT cores. The FPGA used to implement the system
is built on an optimized 40-nm low power CMOS process
with 0.9 V supply voltage. The average power consumption
of the system is only 381.75 mW. The percentage power
consumption for each block of the system, including the
FFT/IFFT cores, is reported in Fig. 11, while Fig. 12 depicts
the layout of the system.

TABLE I: FPGA Resources Utilization.

Register 15697
Combinational Logic 27799
Total Logic Elements 43496/72600 (60%)

Memory Bits 111136/6617088 (2%)
Embedded Multiplier Elements 130/384 (34%)

V. EXPERIMENTAL RESULTS

To validate the proposed architecture and to demonstrate
its scalability, the complete system has been implemented
using standard Texas Instruments’ hardware. The transmitter
is composed of the FPGA evaluation platform TSW1400EVM
and the DAC evaluation board DAC3482EVM which has on-
board a dual-channel, 16-bit, 1.25-GSPS DAC. Each receiver
is composed of the FPGA evaluation platform TSW1400EVM
and the ADC evaluation board ADS4249EVM, which has on-
board a dual-channel, 14-bit, 250-MSPS ADC. The boards
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Fig. 10: Resource allocation in percentage

Fig. 11: Dissipated power in percentage

need an external clock provided by a clock cleaner and fed to
the FPGAs through the LVDS interface.

The transmitting and receiving front-end have been ex-
pressly designed, using a 2x2 patch array antenna. Fig. 13
depicts the receiving unit. The downconverter board integrates
an Automatic Gain Control (AGC), ensuring optimum use of
the ADC dynamic range.

The experimental validation was carried out in an outdoor
environment using a single transmitter in line-of-sight with
four receivers, placed in a priori known positions. Fig.14
depicts a plan view sketch of the positions of the receivers
(green boxes) and the transmitter (red box) in its starting and
final position in a Cartesian reference system. The transmitter
initial position defines the origin of the system. The transmitter
uses a 40MHz signal bandwidth. The receivers share the same
ADC clock for synchronization. The distance between the
transmitter and the receivers is about 10 m and the transmitter
moves on a 2 m long rail, in 20 cm steps, in eleven successive
positions. One of the four receivers is used as a reference for
the differential distance measurements.

The measurement accuracy is a significant system parameter
as well as its repeatability and, as stated before, its scalability.
Two different test benches have been implemented by chang-
ing the clock frequency of the clock cleaner at the input of
the ADC board and the copy of the transmitted signal stored
in the LUT. The first test bench uses a 100MHz clock and the
second one uses a 250MHz clock. For each transmitter position

Fig. 12: FPGA layout

Fig. 13: Upconverter with the 2x2 patch array antenna

each receiver performs 10 distance measurements and stores
the values in local memory.

A class 2 laser distance measurer with a 0.1mm resolution,
±2mm accuracy, and ±0.5mm repeatability is used as a term
of comparison for distance evaluations. As shown in Fig.15,
each patch array antenna integrates an ad hoc fabricated
mechanical structure to help the laser pointing and measuring.
For each transmitter position, the four distances measured
with the laser are memorized and compared with the system
measurements.

A. 100 MHz ADC sampling frequency

In the first scenario, the ADC clock is 100MHz. In Fig. 16
are shown the comparisons with a single differential measure
made by our system and a single differential measure made
by the laser system for each couple of receivers RX2-RX1,
RX3-RX1, RX4-RX1, where RX1 is used as the reference.

Fig. 17 shows the measurement error for each couple
of receivers while Fig. 18 shows the percentage difference
distance measurement error.
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Fig. 14: Receivers (green boxes) and transmitter (red boxes)
plan view displacement representation

Fig. 15: Laser pointing structure

Fig. 19 exemplifies the system repeatability for the couple
of receivers RX2-RX1, reporting the standard deviation for a
set of 10 measures and for a 1 m TX shift.

The worst case maximum error reported is of the order of 8
cm with a precision of 0.7 cm. It is important to underline that
the error value is mostly due to the ADC sampling frequency
used, while the precision is independent by the used ADC
sampling frequency.

B. 250 MHz ADC sampling frequency
In the second scenario, the ADC clock is increased up to

250MHz, while nothing else was changed except for the LUT.
The same measurements previously described have been per-
formed to demonstrate the scalability of the architecture. Fig.
21 shows the comparisons with a single differential measure
made by our system and a single differential measure made
by the laser system for each couple of receivers RX2-RX1,
RX3-RX1, RX4-RX1, where RX1 is taken as the reference.

Fig. 22 shows the measurement error for each couple
of receivers, while Fig. 23 reports the difference distance
measurement error in percentage.

Fig. 16: Difference measured distance

Fig. 17: Difference distance measurement error

The repeatability for one single couple of receivers RX2-
RX1 is shown in Fig. 24, reporting the standard deviation for
a set of 10 measures and for a 1 m transmitter displacement.

In this scenario the maximum error reported is about 2 cm.
The precision is similar as in the previous scenario and it is
of the order of 0.7 cm.

Table II shows the measured values for a 10 dB SNR and
a 100 and 250 MHz sampling rate. The table reports for each
sampling rate the distance evaluation obtained, respectively, by
the RX2-RX1, RX2-RX3, and RX3-RX1 couples. The same
table lists the maximum and minimum errors along with the
mean values and standard deviations. The last column gives
the reference values provided by the CRLB.

Table III compares the proposed system with the most
accurate and precise results in the literature. It is worth to point
out that although our approach is slightly less accurate, it uses
a bandwidth significantly smaller than the other methods, all
based on the UWB approach.

VI. CONCLUSIONS

The paper describes the FPGA implementation of a novel
distance measuring technique. The method uses an OFDM
signal coded using FZC sequences and extracts the distance
between the active target and each measuring unit with a
TDOA algorithm. The precision and the accuracy achieved by
the system even with small bandwidths (in the order of tens of
MHz) are comparable with significally more complex methods
that use UWB signals. The key advantage of the proposed
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TABLE II: Statistical analisys of the measurements and comparison with CRLB

Meas. SNR=10dB
(cm)

Max
(cm)

Min
(cm)

AVG
(cm)

STD
(cm)

CRLB
(cm)

Fs=100MHz
5 6 7.8 0.2 2.5 8 9 6 3 6.5 9 0.2 5.4 2.8 1.5

2.5 6 2 1 8 1 0.5 3.2 4 7.6 8 0.5 3.6 2.7 1.5
2.8 2 9 6.1 2.2 4 8 2.7 3 8 9 2 4.8 2.7 1.5

Fs=250MHz
1.8 0.2 0.1 1.4 1.8 1 1.9 1.6 1 1.9 1.9 0.1 1.3 0.7 0.3
0.2 1.2 0.7 0.5 1.5 0.9 0.5 0.2 0.5 0.1 1.5 0.1 0.6 0.45 0.3
1.8 0.2 0.7 0.4 1.4 1.5 0.6 1.9 1 0.1 1.9 0.1 1 0.6 0.3

Fig. 18: Difference distance measurement error percentage

Fig. 19: Standard deviation of the measurements @ 100 MHz
sampling rate

solution is that it is highly scalable. In fact, the number of
subcarriers can be easily changed addressing different regions
of the LUT stored in the transmitter. The receiver evaluate
the cross-correlation in equation (3) using a local copy of
the transmitted signal. The numerical representation of the
signal is computed off-line once and forever and the resulting
samples are pre-loaded in memory, therefore not involving any
on-line computation. The proposed system is not designed for
a specific application and it can be used to extract the target
position for both indoor and outdoor environments and may
be adapted to 1D, 2D and 3D scenarios. Finally, the use of
the FZC sequence leads to the further advantage that more
than one transmitter can be localized by the system at the
same time without introducing any interference between the
signals, because their orthogonal properties depend on the
chosen root index. In this case, the target position of the
different transmitters are extracted using the reference copy

Fig. 20: RX2-RX1 differential measurements repeatability

Fig. 21: Difference measured distance

of the sensing signal associated to the proper root index.
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