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Abstract—This paper presents an Ultra-Wideband (UWB)
computationally-efficient fast acquisition system suggested for
ranging in indoor, Line-Of-Sight (LOS) environments. The per-
formance of the proposed scheme is evaluated and its implemen-
tation issues are discussed. The design complexity leverages field-
programmable gate arrays (FPGA) to implement the parallel
processing concept. Timing acquisition at high sampling rates of
the ultra-short pulses used in UWB communications can be costly
and slow for ranging. This is due to the large number of required
operations in an intensive software-based signal processing. The
proposed UWB scheme in this paper uses an efficient block-
processing technique that simplifies hardware implementation
with a greatly reduced number of operations and acquisition
time, while also offering accurate ranging capabilities over
the considered indoor channel at high levels of multiple-user
interference (MUI) and Gaussian noise.

Index Terms—Ranging, pulse shape, acquisition, ultra-
wideband.

I. INTRODUCTION

ULTRA-WIDEBAND (UWB) technology is currently re-
garded as an attractive solution for many wireless ap-

plications where high resolution, reduced interference, and
propagation around obstacles are challenging [1], [2]. It
utilizes ultra-short pulse shapes transmitted at a very low
Power Spectral Density (PSD) in compliance to the Federal
Communications Commission (FCC) rules that defined UWB
signals with a fractional bandwidth greater than or equal to 0.2
of the center frequency or a bandwidth of at least 500 MHz [3].

Timing acquisition is known as one of the key technical
aspects that influence the successful development of UWB sys-
tems. In fact, the extremely narrow time frames and implicitly
the required high sampling rates make signal acquisition and
the overall UWB transceiver design/operation a challenging
task from a technical viewpoint [5]. In recent years, much
research work has been devoted to accelerating the acquisi-
tion process of UWB signals. Based on different algorithmic
approaches, several fast acquisition techniques were proposed
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[6]-[11]. However, the complexity aspect was generally less
emphasized than the algorithmic one. Indeed, the correlations
are computed in the time domain and acquisition systems are
fed by stream processing, sample by sample, irrespective of
the search strategy (serial or parallel) [5]. The corresponding
architectures are thus not optimal and may require relatively
long processing times under challenging conditions, e.g.,
inside an underground mine gallery, a peculiar, harsh and
infrequently studied environment [12], [13] where Line-Of-
Sight (LOS) ranging applications are highly desirable for
safety and efficiency purposes. However, UWB technology,
as a physical support with excellent temporal resolution, is
very promising for such applications [14]. In order to achieve
a low-complexity receiver, an UWB computationally-efficient
acquisition system showing explicit design characteristics that
offer greatly improved computational cost and acquisition time
was proposed in [15].

In this paper, we evaluate the performance of this new UWB
fast acquisition system suggested for ranging over this peculiar
multipath fading channel. The suggested scheme, based on a
block-processing technique adapted to a high-speed frequency
correlator by a cubic spline interpolation, is validated by
performance comparisons under different scenarios of interfer-
ence and Gaussian noise. Furthermore, in addition to the PSD
of the transmitted signal which is influenced by the used pulse
shape, the performance of the UWB system itself may also be
affected under non-ideal conditions [16]. Thus, the choice of
the fundamental pulse shape to adopt within the system is
one of the most important considerations that may affect its
performance. In [17], the first ten Gaussian derivatives were
compared in terms of their PSD and compliance to the FCC
spectral constraints. For these pulses, higher-order derivatives
have shown a better fit to the FCC masks with a decreasing
bandwidth as the order of the derivative increases. Moreover,
Gaussian-based pulse shapes outperform generally other UWB
typical pulse types, as recently proposed in [18], and are
noticeably easier to generate [19]. These observations lead to
considering Gaussian-based waveforms, typically high-order
derivatives, as the most potential candidates for the suggested
UWB system.

The remainder of this paper is organized as follows. In
Section II, the system model is given. Section III details the
proposed UWB fast acquisition system with its implementa-
tion issues, followed by Section IV that provides simulation
results, and finally Section V concludes the paper.
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Fig. 1. Block diagram of the considered system model.

II. SYSTEM MODEL

In this section, we will describe the system model of the
considered UWB communication system.

A. UWB Transmitter

The Direct-Sequence (DS) UWB concept is employed in
this paper with BPSK (Binary Phase Shift Keying) pulse
signaling. The pulse occupies the entire chip interval and
is transmitted continuously according to a MLS (Maximum
Length Sequence) spreading code. The DS-UWB signal trans-
mitted by a user k can typically be expressed as

𝑠𝑘𝑡𝑟(𝑡) =
+∞�

𝑗=−∞

𝑁𝑐−1�
𝑛=0

𝑑
(𝑘)
𝑗 𝑐(𝑘)𝑛 𝑝𝑡𝑟(𝑡− 𝑗𝑇𝑓 − 𝑛𝑇𝑐), (1)

where 𝑝𝑡𝑟(𝑡) represents the transmitted pulse shape (i.e.,
Gaussian 3𝑟𝑑-order derivative), {𝑑𝑗} represent the modulated
data symbols mapped into {−1, 1}, {𝑐𝑛} are the spreading
chips generated according to a MLS code, 𝑇𝑐 is the chip
duration. There are 𝑁𝑐 chips per each message symbol 𝑗 of
period 𝑇𝑓 − the spreading factor − such that 𝑁𝑐.𝑇𝑐 = 𝑇𝑓 .

B. Pulse Shape

The transmitted pulse shape used within an UWB system
influences its spectral properties. The considered ultra-short
pulse duration Tc is 2 ns. So the effective UWB signal
bandwidth is at least 500 MHz. Moreover, due to antenna
effects, the processed pulse at the receiver is modeled as a
derivative of the transmitted pulse shape. The basic Gaussian
pulse is expressed as

𝑝(𝑡) =
1√
2𝜋𝜎

exp

�
− 𝑡2

2𝜎2

�
, (2)

where 𝜎 is a shape factor used typically as a bandwidth
decaying parameter. The 𝑛𝑡ℎ-order Gaussian derivative can
be determined recursively from

𝑝𝑛(𝑡) = −𝑛− 1
𝜎2

𝑝𝑛−2(𝑡)− 𝑡

𝜎2
𝑝𝑛−1(𝑡). (3)
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Fig. 2. 3𝑟𝑑 and 4𝑡ℎ-order Gaussian derivatives pulse shapes in time domain.

The amplitude spectrum of the 𝑛𝑡ℎ-order Gaussian deriva-
tive, obtained from its Fourier transform, is

∣𝑋𝑛(𝑓)∣ = (2𝜋𝑓)𝑛 exp
�
− (2𝜋𝑓𝜎)

2

2

�
. (4)

By differentiating (4) and setting it equal to zero, the peak
transmission frequency 𝑓𝑝, at which the maximum is attained,
can be found to satisfy the following:

2𝜋𝑓𝑝𝜎 =
√
𝑛. (5)

Then, the Gaussian derivatives of higher orders are charac-
terized by a higher peak frequency while reducing the shape
factor 𝜎 shortens the pulse. Notice that for a maximized PSD
the first order Gaussian derivative does not meet the FCC
spectral requirement no matter what pulse width value is
used. In fact, the pulse shape must efficiently fill the FCC
spectrum mask for maximum allowable transmit power [17],
[20]. Additionally, to make the pulse spectrum meet the masks
for a maximized PSD, compressing the spectrum by adjusting
the scaling factor could not be done because changing the
scaling factor also changes the center frequency in such a
way that the spectrum fail to meet the mask [18]. Hence,
increasing the order of the derivative results in a wider overall
pulse width for each successive pulse and, consequently, in a
narrower bandwidth around the same center frequency, thereby
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showing a better fit to the FCC masks. Indeed, as the pulse
order increases, the number of zero crossings in the same
pulse width also increases. The pulses then begin to resemble
sinusoids modulated by a Gaussian pulse-shaped envelope,
thus corresponding to a higher “carrier” frequency sinusoid
modulated by an equivalent Gaussian envelope [16].

C. UWB Channel Model

The considered discrete impulse response of the UWB
channel model used herein is expressed as follows:

ℎ(𝑡) =
𝐿−1�
𝑙=0

𝛼𝑙𝛿(𝑡− 𝜓𝑙), (6)

where 𝛿(𝑡) is the Dirac delta function, 𝐿 is the number of
multipath components; 𝛼𝑙 and 𝜓𝑙 are, respectively, the gain
and the delay introduced by the 𝑙𝑡ℎ path of the channel.
Note that a complex tap model is not adopted here. The
complex baseband model is a natural fit for narrowband
systems to capture the channel behavior independently of
the carrier frequency. But it has clear limitations for UWB
systems where a real-valued model at RF is more natural
[21]. As for the IEEE.802.15.3a standard model, a log-normal
distribution has been used for the multipath gain. For the
data measurements obtained in a mining environment, this
distribution was confirmed by the Kolmogorov-Smirnov test
[22] from data measurements obtained in an underground
mine, the environment which we consider in this paper for
an indoor LOS ranging application.

Furthermore, as in the Saleh-Valenzuela model [23], the
first ray starts by definition at 𝑡 = 0, and the successive
rays arrive with a rate given by a Poisson process with rate
𝜆 = 1.15 (ns)−1 (i.e., of 2.3 rays per chip). The power of these
rays decays exponentially with increasing delay from the first
ray. However, for the considered mining environment, and in
contrast to what was reported for more conventional indoor
environments with smooth surfaces [21], [23], [24], no path
clustering effect was observed, neither in NB/WB (Narrow-
Band/Wide-Band) measurements [13], nor in the LOS scenario
as disclosed in a recent UWB measurement work carried
out in such confined environments with rough surfaces [22].
Indeed, a LOS scenario can be assumed for indoor ranging
applications [25]. Since this work is intended for a ranging
application in an underground mine environment as a possible
application, we focus only on the LOS scenario where the
first path is assumed to be the direct and the strongest from
which the time of flight (TOF) is relatively estimated. In
such a peculiar confined environment, the LOS scenario can
be assumed with an appropriate physical distribution of the
static nodes within the considered mine gallery. So the mobile
receiver node would continuously have a direct LOS with a
least three static transmitters.

Figs. 3 and 4 show, respectively, a typical underground
impulse response and its corresponding log-normal PDF. A
threshold of 40 dB below the strongest path was chosen to
avoid the effect of noise on the statistics of multipath channel
[22]. Hence for the sake of simplicity, we consider the impulse
response restricted to 𝐿 = 3 paths (i.e., two interfering paths to
the direct first path). As for our ranging application, we focus
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Fig. 3. Typical underground impulse response in LOS obtained by channel
sounding.
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Fig. 4. Probability Density Function of the received signal in LOS scenario.

TABLE I
LOGNORMAL FADING PARAMETERS

Interfering Paths
Lognormal Statitics

E[𝛼𝑙] Var[𝛼𝑙]

𝑙 = 1 0.5 0.09

𝑙 = 2 0.25 0.04

on the direct path (i.e., strongest), with a gain normalized to
unity in the simulations. The log-normal fading statistics of
the two interfering paths are as expressed in Table I. Their
relative variance is, as it seems intuitively clear, smaller for
small gains than for large ones, a fact that was confirmed, e.g.,
in [26]. Indeed, among the few available studies related to
underground mine impulse response structure, three dominant
propagation paths were typically observed with the first path
as the strongest [27], [13], [28], [29].
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D. UWB Receiver

When Nu users are active within the system, while focusing
on the transmitter k, the signal at the receiver can be modeled
as

𝑟(𝑡) =
2�

𝑙=0

𝛼
(𝑘)
𝑙 𝑠(𝑘)𝑝𝑟 (𝑡− 𝜃

(𝑘)
𝑙 ) + 𝑛𝑔(𝑡), (7)

where 𝛼𝑙 is the amplitude fading factor on the 𝑙𝑡ℎ path, 𝜃𝑙
is a summation of the delay 𝜓𝑙 exclusively introduced by the
𝑙𝑡ℎ path and the phase-shift 𝜏 (𝑘) that corresponds to the TOF
between the transmitter 𝑘 and the considered receiver. 𝜃𝑙 is
exponentially distributed such as

𝜇𝑒𝑥𝑝 =
1

𝜆
= 0.87, (8)

and 𝑛𝑔(𝑡) is expressed as

𝑛𝑔(𝑡) =

𝑁𝑢�
𝑞=𝑙
𝑞 ∕=𝑘

2�
𝑙=0

𝛼
(𝑞)
𝑙 𝑠(𝑞)𝑝𝑟 (𝑡− 𝜃

(𝑞)
𝑙 ) + 𝑛(𝑡), (9)

in which 𝑠𝑝𝑟(𝑡) corresponds to 𝑝𝑝𝑟(𝑡), the processed pulse
shape at the receiver (antenna effect). 𝑛(𝑡) represents the
received Gaussian noise modeled as 𝑁(0, 𝜎2

𝑛) with a power
spectral density of 𝜎2

𝑛. Furthermore, as the signals are trans-
mitted over an underground mine environment, the system
model illustrated in Fig. 1 considers interference coming
only from the UWB users. Indeed, the considered UWB
wireless technology is assumed a worthy candidate to replace
narrowband signals in such confined area. Thus, the considered
system model in this paper focuses only on UWB interferers.

Moreover, the fading factor 𝛼𝑙 of the interfering paths is
log-normally distributed, as characterized by [30]

𝜇𝑁𝑟𝑚 = ln(𝑚1) = −1
2
ln

�
𝑚2

𝑚2
1

�
, (10)

and

𝜎2
𝑁𝑟𝑚 = ln

�
𝑚2

𝑚2
1

�
, (11)

where 𝑚1 and 𝑚2 are the two first empirical moments
corresponding to the values expressed in Table I (knowing
that 𝑚1 =E[𝛼𝑙] and 𝑚2 =Var[𝛼𝑙] + 𝑚2

1 ). Accordingly, the
distribution parameters of the fading factor 𝛼𝑙 are deduced as

20 log10(𝛼𝑙) ∝ N(−0.8469, 0.3075), (12)

and

20 log10(𝛼2) ∝ N(−1.6336, 0.4947). (13)

Finally, note that this synthesized UWB channel model is
used in this paper as a physical support for the considered
underground mining environment. Furthermore, as ranging is
a prerequisite step in any positioning application, positioning
in such a challenging indoor LOS environment is mentioned as
a potential application for the suggested UWB fast acquisition
scheme that can be nonetheless generically used for different
environments.

III. DS-UWB FAST ACQUISITION SYSTEM

A. Processing Technique

The Block-Processing technique was used with an FFT-
based (Fast Fourier Transform) high-speed frequency correla-
tor that offered a fast and accurate acquisition of the dense DS-
UWB signal with optimal receiver complexity. This method
suggested for UWB signal acquisition is valuable in view of
its efficiency in real time handling of high data throughputs
[31] and has shown high effectiveness in other fields [32]-
[35]. The acquisition process is accelerated by handling the
dense UWB signal in simultaneous blocks of samples and by
reducing efficiently the computational cost.

The samples of the acquired UWB signal are stored in
blocks as they arrive. The processing of a block starts when
its last sample arrives and proceeds simultaneously with the
storage of the next block. Block-Processing techniques can
be used when the input sample rate is much greater than the
output sample rate [31]. For a DS-UWB receiver, processing is
performed on each acquired block 𝑖 to evaluate a code phase-
shift 𝜏𝑖 and a Signal to Interference plus Noise Ratio 𝑆𝐼𝑁𝑅𝑖.
Since the block must cover at least a whole spreading code
period (i.e., several hundred samples), and the output is only
two values per block, the conditions for block processing are
satisfied.

Synchronization is performed by an FFT-based circular
correlator fed by the handled blocks. The block length 𝑀 is
taken as of power-of-two; thus the used FFTs have an optimal
butterfly structure. Hence, the correlation is computed in the
frequency domain by a simple multiplication, producing the
same result as the standard correlation but faster with this
high-speed correlation technique. The fast correlator structure
can be further optimized by avoiding the FFT used for the
local replica which can be pre-calculated. Therefore, the
correlator will require only one FFT/IFFT pair. The processed
DS-UWB received signal can be modeled as

𝑟
(𝑗,𝑁𝑢)
𝑖,𝑢 = 𝑑

(𝑗,𝑘)
𝑢,𝜏𝑖 𝑐

(𝑗,𝑘)
𝑖,𝜏𝑖

𝑝𝑝𝑟
�
(𝑚𝑖 + 𝑢)− 𝑗𝑇𝑓 − 𝑁𝑐

𝑀 (𝑚𝑖 + 𝑢)𝑇𝑐

−𝜏
(𝑘)
𝑖

�
+ 𝑛𝑓

(𝑘)
(𝑖,𝑢) + 𝑛𝑔

𝑁𝑢

(𝑖,𝑢), (14)

where 𝑝𝑝𝑟() represents the processed pulse shape at the
receiver (antenna derivative effect), 𝑛

(𝑘)
𝑓 is the interference

signal resulting from the interfering paths with respect to
the acquired user’s signal, 𝑢 refers to the 𝑢𝑡ℎ sample (𝑢 =
1, 2, ...,𝑀 ) of the 𝑖𝑡ℎ block, 𝑚𝑖 is the total number of samples
before the 𝑖𝑡ℎ block (𝑚𝑖 = (𝑖− 1) ⋅𝑀) and 𝑘 corresponds to
the acquired user at the receiver. Since the considered UWB
communication system is only used for ranging purposes, the
data symbols {𝑑} are set to 1.

The received signal {𝑟𝑖,𝑢} and the local pulse-shaped
replica corresponding to the acquired MLS spreading code
{𝑐𝑖,𝜏𝑖} are both finite length sequences being handled in
blocks; hence, their correlation can be carried out by a slight
modification of the circular convolution operation. Indeed, the
correlation of these two sequences is obtained by considering
the product of their discrete Fourier transforms DFTs while
the local pulse-shaped replica is time reversed, thus a complex
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conjugate is applied. Therefore, the resulting correlation per-
formed in the frequency domain, {𝑅𝑖,𝑢}, of the 𝑖𝑡ℎ received
signal block, {𝑟𝑖,𝑢}, with the local pulse-shaped replica of the
𝑘𝑡ℎ user, can be expressed as follows:

𝑅
(𝑘)
𝑖,𝑢 = IDFT

�
DFT

�
𝑟
(𝑁𝑢)
𝑖,𝑢

	
⋅DFT∗�

𝑐
(𝑘)
𝑖 𝑝𝑝𝑟



(𝑚𝑖 + 𝑢) ⋅ (1− 𝑁𝑐𝑇𝑐

𝑀 )
�		

. (15)

In practice, the FFT is used as an efficient algorithm to cal-
culate the DFTs required in this frequency-domain correlation
operation.

B. UWB Acquisition Scheme

The block diagram of the proposed UWB fast acquisition
system is shown in Fig. 5. Its significant parameters include: a
spreading factor 𝑁𝑐 = 63; a pulse duration 𝑇𝑝 = 𝑇𝑐 = 2 ns (a
duty cycle of 100 %); number of samples per chip 𝑁𝑠 = 16
(sampling frequency 𝐹𝑠 = 𝑁𝑠/𝑇𝑐 = 8 GHz); a Gaussian
4𝑡ℎ-order derivative as the acquired pulse waveform; and an
increased block length 𝑀 = (1 + 𝑁𝑐) ⋅ 𝑁𝑠 = 1024. Notice
that recent developments in research institutions and industry
promise high sampling rates with great resolutions for both
ADCs (Analog-to-Digital Converter) and FFTs [36], [37].

An over-sampling method is required for adapting as ef-
ficiently as possible the acquired block’s length to the FFTs
with a butterfly structure. Thus, the cardinality of the blocks
digitized by the ADC converter should be increased from
1008 samples to 1024 (a power-of-two). Then the correlation
is calculated in the frequency domain by a fast circular
correlator. A peak detector examines its outputs (1024 inverse-
FFT outputs) to evaluate the detected peak amplitude and to
infer its position which corresponds to the estimated phase-
shift 𝜏𝑖. Note that the resulting peaks within the acquired
UWB blocks are spaced far enough to make their separation
apart possible with a simple peak detector; thereby allowing
a fast processing of such dense signal. During the acquisition
process, the peak detector simultaneously searches the max-
imum amplitude through the 1024 incoming values from the
correlator, and the corresponding peak’s position is determined
(using a counter which counts from 0 to 1023). Therefore, for
each acquired block 𝑖, the estimated phase-shift in samples
can be computed as follows:

𝜏𝑖 =
�𝜏𝑖(1024)
1024

× 1008


(samples), (16)

where 𝜏𝑖 is the estimated phase-shift in samples and 𝜏𝑖(1024)
is the peak position within a block of 1024 samples. The
more blocks are acquired, the more refined will be that
estimated phase which represents the TOF required for ranging
with respect to the acquired user 𝑘. To locate itself, the
claimant (i.e., receiver) can use 2D-trilateration with respect
to two verifiers (i.e., static transmitters). If no peak is detected
according to a detection threshold 𝐷𝑇 , the search control
block leads the local code generator index to the next pre-
calculated replica 𝑘+1. Furthermore, in order to characterize
the relative amplitude of the detected peak with respect to
false correlations due to interferences and noise, an acquisition

Front-End

Search
control

FFT* [over-sampled replica]
precalculated

Peak detector Absolute IFFT-1024

Over-Sampling

FFT-1024

 τ i  

Fs = 8 GHz

ADC

AGC

W

Fig. 5. Block diagram of the proposed UWB fast acquisition system.

margin is considered above 𝐷𝑇 . Since the direct path energy
is normalized to unity, an acquisition margin of 14.9 dB can
be used for the detection if the noise level is set as low as 18 %.

C. Implementation Issues

The proposed fast acquisition system promises efficient
handling of the dense UWB signal. However, in the prospect
of a practical implementation of such a high-data rate scheme,
the related design complexity is analyzed with respect to
current VLSI (Very-Large-Scale Integration) chips for a given
quantization level. Recently, some research work focused on
the quantization resolution used by the ADC to sample the
nanosecond impulses into Giga Samples Per Second (GSPS)
range, to capture faithfully the carried information. Fortu-
nately, the used BPSK modulation scheme does not need a
high resolution ADC. According to [38], a 4-bit resolution is
sufficient for impulse UWB. In [39], an UWB rake receiver
was proposed with a single-bit sampling quantization. It
offered significantly reduced complexity and power consump-
tion, at the price of a SNR degradation limited to 2 dB in
comparison to a conventional receiver based on a CMOS 4-
bit ADC operating at 12 GSPS [40]. Lately in [41], a low-
power consumption ADC was proposed for UWB signals with
a sampling resolution of 4 bits. Note that for such quantization
over one bit, an automatic gain control (AGC) is necessary for
optimally using the ADC dynamic range. A 4-bit quantization
(i.e., 𝑊 = 4 bits in reference to Fig. 5) is adopted, hence using
16 amplitude levels in abscissa (i.e., 2 4 bits) for the 16 samples
in ordinate (i.e., 8 GSPS ⋅ 2 ns), thus 15 threshold comparators
are required. Note that a 0.11 𝜇m CMOS comparator was
proposed to sample the received signal at a rate of up to 40
GSPS with a toggle rate of 10 GHz [42].

The proposed UWB computationally-efficient acquisition
scheme is distinguished by the fast frequency correlator being
used which is the most sizeable operation for DS-UWB base-
band signal acquisition. Since its complexity requirements are
related to an FFT/IFFT pair and a 1024-points multiplier, then
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the total number of the necessary addition and multiplication
operations is, respectively approximated as:

𝑁𝐴𝐷𝐷 = 2𝑀 ⋅ log2 𝑀 = 20 480 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑠, (17)

and

𝑁𝑀𝑈𝐿 = 2𝑀 ⋅log2 𝑀+𝑀 = 21 504𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑠. (18)

The recent Virtex generations of Xilinx FPGAs are consid-
ered in this paper for the design complexity evaluation. Note
that arithmetic functions can be performed through the fast
carry logic available on the slices, respectively, in 4 and 2
bits per slice for Virtex-5 and its previous generations (i.e.,
Virtex-II Pro/Virtex-4) [43], [44]. However, since a 5-bit result
is obtained for a 4-bit addition if a carry is allowed, the
corresponding cost in terms of slices on Virtex-II Pro/Virtex-4
and Virtex-5, is respectively, the following:

1 𝑠𝑙𝑖𝑐𝑒× 5 𝑏𝑖𝑡𝑠

2 𝑏𝑖𝑡𝑠
= 2.5 𝑠𝑙𝑖𝑐𝑒𝑠, (19)

1 𝑠𝑙𝑖𝑐𝑒× 5 𝑏𝑖𝑡𝑠

4 𝑏𝑖𝑡𝑠
= 1.25 𝑠𝑙𝑖𝑐𝑒𝑠. (20)

Similarly, the 8-bit result obtained by a 4-bit multiplication,
corresponds to the following:

1 𝑠𝑙𝑖𝑐𝑒× 8 𝑏𝑖𝑡𝑠

2 𝑏𝑖𝑡𝑠
= 4 𝑠𝑙𝑖𝑐𝑒𝑠, (21)

1 𝑠𝑙𝑖𝑐𝑒× 8 𝑏𝑖𝑡𝑠

4 𝑏𝑖𝑡𝑠
= 2 𝑠𝑙𝑖𝑐𝑒𝑠. (22)

Thus, the total complexity in terms of slices with respect to the
used FPGA generation and sampling resolution is presented
in Table II.

Notice that only 6 kilobits (i.e., 1 kilobits per user) are
needed in terms of RAM resources in the used FPGA to mem-
orize the pre-calculated replicas. If we consider for a single-
bit sampling quantization the XC4VFX140 Virtex-4 chip [45],
the UWB fast correlator requires then for its implementation
less than 67 % and 0.061 % of slices and RAM resources,
respectively. This complexity in terms of slices can be further
reduced when considering the two embedded IBM PowerPC
processors available on this chip. Thus, smaller chips could
be used for more compact and optimized complexity.

For a 4-bit sampling quantization, an FPGA-based platform
(e.g., based on two FPGAs) appears more appropriate by far
for implementing the proposed UWB system. Furthermore,
the efficient utilization of the available resources on these
chips, such as the DSP slices and PowerPC, will certainly
further optimize the implementation and reduce its cost. If
we consider for instance, the Virtex-5 XC5VLX330T chip that
offers a maximum number of slices of 51,840 and a 11,664
kilobits of RAM resources, an optimal implementation of
the studied scheme should make use first of the offered 192
super DSP48E slices before using a second FPGA circuit.
Moreover, FPGA-optimized RF-Engines cores [37] can also
be used for FFT/IFFT to easily achieve a compact hardware
implementation of the suggested UWB new scheme.

TABLE II
TOTAL COMPLEXITY IN TERMS OF SLICES

Complexity in Slices 4-bit 1-bit

Virtex-II Pro/Virtex-4 13 7216 41 984

Virtex-5 68 608 20 992
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Fig. 6. Gain in complexity with respect to the spreading factor for 𝑁𝑠 = 16.

D. Gain in Complexity

Assuming that a multiplication computation takes as much
as two addition operations, then the total required operations
by this UWB acquisition scheme is 6𝑀 log2 𝑀 + 2𝑀 . Thus,
the obtained gain in complexity of this proposed fast DS-UWB
acquisition system (in comparison to a traditional system that
requires 𝑀2 multiplications and 𝑀2− 1 addition operations.)
can be illustrated as shown in Fig. 6.

Accordingly, the obtained gain in complexity can be mod-
eled in terms of the used spreading factor as

𝐺 = 1.5 ⋅ 10−6 ⋅𝑁3
𝑐 − 9.2 ⋅ 10−4 ⋅𝑁𝑐 +0.77 ⋅𝑁𝑐+2.6. (23)

We note for a spreading factor of 63, a significant reduction in
the computational cost by a factor of about 48. Consequently,
the acquisition time is considerably improved with a compu-
tational cost reduction.

IV. SIMULATION RESULTS

In this section, the performance of the UWB multiple-
access, fast acquisition system in the considered indoor LOS
multipath channel scenario is evaluated, by extensive Monte-
Carlo simulations in Matlab, using 100 000 samples. Since
in the simulations we focus on positioning (when locating the
receiver with respect to the other static users), the performance
is assessed in terms of the obtained positioning error range
which corresponds to the synchronization error obtained while
estimating the phase-shift 𝜏 . Indeed, assuming that the signals
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are transmitted at the speed of light, 𝑐, the positioning error
range can be computed as ∣𝜏−�𝜏 ∣⋅𝑐 (using the estimated phase-
shift �𝜏 ). Four different acquisition systems are compared,
including ours to validate its score in comparison to the other
systems. Furthermore, the performance of the first eleven
Gaussian derivatives and the doublet waveforms are compared
while used within the studied UWB fast acquisition system
to determine the most suitable pulse shape to consider in
the multipath scenario for that proposed scheme. Moreover,
the obtained performance of the studied computationally-
efficient system is compared with respect to the unipath case
under different levels of MUI and AWGN. Notice that the
unipath case is considered only for comparison purposes. The
PN sequences of the acquired user and of the interfering
sources are randomly selected for each Monte-Carlo iteration
(regardless of any threshold value 𝐷𝑇 ) from 𝑁𝑢𝑚𝑎𝑥 = 6MLS
codes of period 𝑁𝑐 = 63. Moreover, the users are supposed
asynchronously in motion inside the mine gallery. Thus, the
corresponding phase-shifts are randomly varying within the
frame of code-period duration.

Fig. 7 illustrates the performance comparison of the stan-
dard acquisition system based on time-domain correlation and
the fast acquisition system simulated without an over-sampling
method (non-optimal FFT of 1008 points), with zero-padding,
and finally with the suggested cubic spline interpolation. We
notice notable performance degradation for the fast acquisition
system based on zero-padding. Indeed, this technique changes
the circular correlation properties. This is due to the fact
that the insertion of the zeros divides the MLS code into
two subsequences. Thus, the resulting autocorrelation function
contains two neighboring peaks instead of one. Thus, the
obtained positioning error range fluctuates, as noticed, slightly
with respect to the strongest peak detected between the two
neighboring peaks in the resulting autocorrelation function.
Fig. 8 shows the obtained autocorrelation function of a zero-
padded pulse train showing the two neighboring peaks around
the phase-shift of 60 ns. This observed energy loss affects the
estimation accuracy and the overall detection capabilities, thus
increasing the probability of misdetection.

However, we note for the proposed fast acquisition scheme,
based on interpolation as an over-sampling method, very
interesting ranging capabilities with higher levels of accuracy
in terms of location estimation in the considered multipath
scenario, while also offering an improved acquisition time with
a greatly reduced complexity. Indeed, due to the use of higher
amount of samples per block (1024 instead of 1008) giving
to the handled blocks a higher energy for peak detection, this
technique promises the best performance score for the fast
acquisition system, in comparison to the other systems.

As noticed, the cubic spline interpolation used as an over-
sampling technique changes the overall correlation properties
of the pulse shapes. Hence, these will behave herein differently
in comparison to other standard acquisition systems. The
considered Gaussian-based pulse shapes were run under MUI
in extensive Monte-Carlo simulations and compared in the
considered multipath context while the noise variance was
taken 𝜎2

𝑛 = 2. Fig. 9 shows the performance degradation of
the simulated waveforms within the proposed fast acquisition
system. We notice that the best performance score is obtained
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Fig. 8. Autocorrelation function for a zero-padded pulse train.

by the 3𝑟𝑑, 4𝑡ℎ and 10𝑡ℎ Gaussian derivatives. These wave-
forms are the most suitable pulse shapes to choose, depending
on the spectral bandwidth requirements and compliance to the
FCC regulations. Indeed, as the derivative order increases,
the peak transmission frequency increases and the signal
bandwidth decreases. Hence, choosing the most appropriate
derivative order is a trade-off with the pulse shape factor
for a desired performance level. Furthermore, it was noticed
for the three first Gaussian derivatives, irrespective of their
performance, that these pulses do not meet the FCC spectral
masks and cannot satisfy it, irrespective of the pulse duration
[18]. Therefore, the 4𝑡ℎ-order Gaussian derivative has been
validated for this studied UWB fast acquisition system in
the considered asynchronous multiple-access indoor channel,
for simultaneously fulfilling the FCC regulated masks and
offering interesting ranging capabilities while maximizing the
corresponding bandwidth.

Fig. 10 shows the performance levels for both scenarios
of multipath and unipath, compared under different MUI
and AWGN levels. From these results, we note a maximum
gap of less than 0.6 meters in the positioning error range
between the multipath and unipath scenarios. However, since
we obtain for the worst case (i.e., maximum interfering sources



SALIH-ALJ et al.: DESIGN CONSIDERATIONS FOR AN UWB COMPUTATIONALLY-EFFICIENT FAST ACQUISITION SYSTEM FOR INDOOR . . . 2783

1 2 3 4 5 6
0  

0.06

0.12

0.18

0.24

0.30

0.36

0.42

0.48

0.54

0.60

0.66

0.72

Total Number of Users

P
os

it
io

ni
ng

 E
rr

or
 R

an
ge

 (
m

)

 

 
Doublet

Monocycle

2th Gauss. deriv.

3th Gauss. deriv.

4th  Gauss. deriv.

5th Gauss. deriv.

6th Gauss. deriv.

7th Gauss. deriv.

8th Gauss. deriv.

9th Gauss. deriv.

10th Gauss. deriv.

11th Gauss. deriv.

Fig. 9. Pulse shapes performance comparison in multipath scenario under
MUI and AWGN (𝜎2

𝑁 = 0.5).

1 2 3 4 5 6
0  

0.06

0.12

0.18

0.24

0.30

0.36

0.42

0.48

0.54

0.60

0.66

0.72

0.78

0.84

P
os

it
io

ni
ng

 E
rr

or
 R

an
ge

 (
m

)

Total Number of Users

 

 
Mult iPath σN

2 =5

Mult iPath σN
2 =4

Mult iPath σN
2 =3

Mult iPath σN
2 =2

Mult iPath σN
2 =1

Mult iPath σN
2 =0

UniPath σN
2 =0

UniPath σN
2 =1

UniPath σN
2 =2

UniPath σN
2 =3

UniPath σN
2 =4

UniPath σN
2 =5

Fig. 10. Performance comparison between multipath and unipath scenarios
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within the system with a high level of noise, (𝜎2
𝑁 = 5) a

location estimation precision of 0.78 meters which is very
acceptable for the desired positioning application, we consider
the suggested fast acquisition system well-suited for such
underground confined environments.

V. CONCLUSION

In this paper, an UWB fast acquisition system has been
proposed for LOS ranging in an indoor environment. The
performance of the suggested computationally-efficient fast
acquisition system was assessed and compared in a pecu-
liar indoor multipath fading channel. Simulation results have
shown that the proposed fast acquisition scheme based on
interpolation offers greatly reduced complexity and acquisition
time, while also yielding very promising ranging capabilities
at high levels of MUI and AWGN. Furthermore, different

Gaussian-based pulses were compared in extensive Monte-
Carlo simulations to evaluate their effect on the performance
of the suggested system. The results have validated the 4𝑡ℎ-
order Gaussian derivative as the most suitable pulse shape to
adopt for this system operating in such considered confined
environment and asynchronous multiple-access scheme. More-
over, comparisons of the suggested fast acquisition system
have been made between the considered multipath fading
channel and a unipath scenario, with respect to the obtained
location estimation precision. The proposed system has shown
very acceptable positioning error range for the considered
indoor LOS environment.
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