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Abstract—In this contribution we present a modular IEEE
802.15.4a UWB demonstrator platform. The demonstrator sup-
ports a one-way communication link and allows for ranging and
communication experiments.

The proposed system can be used for hardware verification
by substituting the different modules, but also to verify different
receiver structures and channel models. The data processing is
held offline, to allow for highest flexibility in the analysis.

A coherent receiver architecture is chosen to verify the
demonstrator system in line-of-sight (LOS) and non-line-of-sight
(NLOS) scenarios in outdoor, industrial, office and residential
environments. Channel estimation and the parametrizationof
the pathloss model are carried out in these environments. Finally,
the root mean square delay spread is calculated, and the major
differences between the scenarios are pointed out.

I. I NTRODUCTION

The IEEE 802.15.4a standard [1] defines an alternate phys-
ical layer for wireless personal area networks which enables
robust communications and ranging on sub-meter accuracy by
using impulse radio ultra-wideband (UWB) transmission tech-
niques. Besides enhanced ranging capabilities and robustness
to multipath this standard enables the use of low-cost and
low-complexity hardware and software for mobile devices.
Nevertheless the development of hardware and software for
UWB systems is very challenging, emphasizing the need
for testbeds and demonstrator systems for development and
evaluation.

In literature we can find several testbeds and platforms for
research and development purposes [2]–[4]. In [2] and [3] the
authors present highly developed testbeds, also meaning that
the hardware is highly integrated and thus, that only software
can be evaluated by using these platforms. The authors of
[4] on the other hand focus on algorithm and hardware
development for Gaussian monocycle pulses. The application
of this testbed is highly restricted to ranging applications.

In contrast to the other test systems, our approach imple-
ments both, a highly flexible hardware and software solution
for a various kind of applications of impulse radio (IR) UWB.
We propose a modular UWB demonstrator for low range

Fig. 1. Modular concept of the demonstrator system

low data rate applications where each module is substitutable
for unit testing and verification of the hardware itself, or
the software. Furthermore, the demonstrator system can be
used for performance analysis of the IEEE 802.15.4a standard
with respect to communications and ranging. That is highly
necessary because the standard defines a lot of user-assignable
parameters, where the optimal parameters often depend on
environmental conditions as well.

The rest of the paper is organized as follows: In the next
section we describe the UWB Demonstrator System in terms
of hardware and signal generation. Afterwards, in Section III,
we present our software receiver architecture followed by the
mathematical description of the channel estimation in Section
IV. Then, in Section V, we verify the demonstrator system in a
line-of-sight (LOS) outdoor scenario and a non-LOS (NLOS)
industrial environment, where the parameters of the pathloss
model and the root mean square delay spread are determined.
Finally, in Section VI, we sum up our results and conclude.

II. D EMONSTRATORSYSTEM

In this section we describe the practical implementation
of the modular UWB demonstrator system. Fig. 1 illustrates
the necessary parts for the unidirectional signal transmission
scheme, starting from pulse generation up to signal reception
and evaluation.



The central element for UWB pulse generation is an FPGA,
which is programmed according to the UWB Physical Layer
(PHY) specification of the IEEE 802.15.4a standard. The
FPGA is externally clocked by a clock-generator (CLK),
which is used to force the FPGA to the desired pulse repeti-
tion frequency (PRF). The FPGA has high-speed serial I/Os
which are called Multi-Gigabit Transceivers (MGTs). Two of
them are used for creating the UWB pulses [6]. One stream
implements the positive (Ch+) and the other one the negative
pulse sequences (Ch-) of the ternary data. To combine the
two separate channels into a single one with positive and
negative pulses, a passive power combiner circuit is used.
Since the pulse shape at the output of the power combineris
not compliant with the standard IEEE 802.15.4a [1], additional
pulse shaping has to be implemented. In the time domain,
the standard restricts the magnitude of the cross-correlation
function of the measured pulse and a pre-defined reference
pulse. In the frequency domain, the passband signal must be
checked if fitting into a given spectral mask. In our case, pulse
shaping is done in baseband with an optimized 5th order Bessel
lowpass filter [5], which gives the advantage to be independent
of different carrier frequencies.

After pulse shaping, the baseband signal is up-converted to
its carrier frequency by a vector signal generator (VSG). The
output gain of the VSG is adjusted to comply with the allowed
spectral density at the antenna. The emitted signal from the
transmit antenna (TX) propagates through the radio channel
and is received with another UWB reception antenna (RX).

The received signal is bandpass filtered from 3 to 6 GHz
to reduce unwanted noise from other frequency bands and to
protect the low noise amplifier (LNA) from strong interferers
like GSM and WLAN. The LNA amplifies the filtered input
signal for a digital oscilloscope (DSO) that is capable of
sampling the received UWB signals directly in passband. This
concept offers the possibility to simulate different receiver
structures or analyze the data in software. Under-samplingis
also possible in this constellation and allows to obtain longer
sampling sequences due to the limited memory size of the
oscilloscope. Since the sampled data must be stored in the
oscilloscope’s memory before being available for analysis,
real-time applications are not possible in the current setup.
However, offline processing of the signals enables flexible
choices of software receiver architectures and channel esti-
mation algorithms.

We use an extra MGT output of the FPGA to provide
a trigger pulse for the oscilloscope on start of each UWB
packet transmission. This trigger provides a time reference for
sampling the received signal. Furthermore, it can be used asa
rigid reference for coherent receiver processing and Time of
Arrival (ToA) ranging experiments.

Optionally, the used measurement devices allow the usage
of external synchronization with a10 MHz reference signal,
which is used to lock the external clock generator with the up-
converter and the sampling oscilloscope. This locks the PRF
to the carrier frequency, which generates phase synchronous
up-converted pulses. Furthermore, the DSO is synchronized
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Fig. 2. Example of a UWB baseband signal, (a): A UWB packet in baseband;
(b): SHR preamble in baseband (Code 6)

to the these devices and phase synchronous sampling is
applied. However, the measurement equipment is usually not
flexible enough to use multiples of the PRF of499.2 MHz
as sampling frequency. Thus, the PRF is set to500 MHz and
the carrier frequencyfc and the sampling frequency1/T is
set to multiples of it. Note, this slight change is negligible for
research on the properties of the standard. However, without
coherent sampling the system is still usable at the original
frequencies.

In Fig. 2 we can see two different views on the
same baseband example sequence. Fig. 2(a) shows a
UWB packet consisting of synchronization header (SHR)
preamble, physical header (PHR) and the data field.
Fig. 2(b) presents a closer look of the start of the
preamble sequence with Code 6. This code is defined as
[++00+00---+-0++-000+0+0-+0+0000], where+ and
- represent positive and negative pulses respectively and0
means that no pulse is generated in the corresponding time-
slot.

III. SOFTWARE RECEIVER ARCHITECTURE

As mentioned before, synchronization is easily achieved in
the experimental setup. Thus, a synchronized coherent receiver
which is shown in Fig. 3 is used to perform the estimation of
the channel responses. The received sampled signal is filtered
by a Hilbert filter, to cancel the negative spectrum parts of the
signal. Next, the signal is down-converted to baseband with
the estimated carrier frequency. The estimation of the carrier
frequency is performed in Blockest, which is not necessary
in the synchronized setup. A lowpass filter reduces the out-
of-band noise in the input signal. Next, the signal is divided
into a matched-filter estimation path (upper signal path) and
a communication path (lower signal path). The receiver is
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Fig. 3. Software receiver architecture

assumed to be synchronized, thus a code frame separation
is applied in the Synchronized Separation (SySe) block (see
Section IV). Next, code despreading is performed to enhance
the SNR and to cancel inter-pulse-interference. Finally, the
channel estimation is done by averaging over the received
despread code frames. The channel response can be used as
a matched filter (MF) for communications, which is shown in
the lower part of the receiver. After the code despreading the
signal is downsampled to the symbol rate for the data signal.

IV. SIGNAL MODEL FORCHANNEL ESTIMATION

The following notations are used: Column vectors and ma-
trices are denoted by lower and upper-case boldface symbols,
respectively. Estimated values are marked by hats.

The IEEE 802.15.4a preamble symbolcs has a symbol
length Ns of 31 or 127. It consists of ternary elements
∈ {−1, 0, 1}. The spread preamble code vectorcsp is created
as

csp = 1Npr
⊗ cs ⊗ uL = c ⊗ uL (1)

where⊗ denotes the Kronecker product,uL is the spreading
sequence of the preamble, which is defined as a unit vector
with an one at the first position and lengthL. 1Npr

denotes
a vector of ones with lengthNpr and c is the periodically
extended preamble code. The transmitted signals(t) is defined
as

s(t) = ℜ
{

sl(t)e
jωct

}

= ℜ

{

M−1
∑

m=0

cmw(t − mTc)e
jωct

}

(2)

where sl(t) is the baseband signal,cm is the m-th element
of c, w(t) is the pulse shape,M is the number of code
frames in the preamble, andωc is the carrier frequency. The
code frame durationTc is the pulse repetition period in the
preamble. The transmitted signal is sent over a multipath
channel with channel impulse responsehc(t). The effects of
the antennas and the frontend filter are included in the channel
for simplicity. Thus, the analog received signalra(t) can be
described as

ra(t) = s(t) ∗ hc(t) + ν(t) (3)

whereν(t) is modeled as additive white Gaussian noise and
∗ is the convolution. The analog input signal is sampled by

1/T , thus the discrete time signal is defined byra[n]=ra(nT ).
Next, the negative frequencies are canceled by a Hilbert filter
hhilb[n] and the complex baseband signal is obtained by down-
converting the signal with the estimated carrier frequencyω̂c.
The digital baseband signalr[n] is defined as

r[n] =
{

(ra[n] ∗ hhilb[n]) e−jω̂cnT
}

∗ hLP [n]

=

M−1
∑

m=0

cmh(nT − mTc)e
j[ωc−ω̂c]nT + νl[n]

(4)

whereh(t) is an equivalent channel response incorporating the
pulsew(t), the channelhc(t) and the lowpass filterhLP [n].
The filter hLP [n] is implemented to reduce the noise energy
in the received signal. The noise signalνl[n] is band limited
νl[n]=ν[n]∗hLP [n], whereν[n] is assumed to be white Gaus-
sian with varianceσ2

n, because of the much smaller bandwidth
of hLP [n] in comparison to the frontend filter. Assuming the
carrier frequency is perfectly known, (4) simplifies to

r[n] =

M−1
∑

m=0

cmh[n − mNc] + νl[n] (5)

whereh[n]=h(nT ). The number of samples in a code frame
is defined byNc=Tc/T . Due to synchronization the code
frames can be separated by the following method: A matrixR

with dimensionsN
ĥ
× M is defined.N

ĥ
is the length of the

matched filter and should be chosen such that the maximum
excess delay of the channel is included. Note that inter-pulse-
interference (IPI) can occur, i.e.N

ĥ
can be greater thanNc.

R is filled by Ra,b=r[a + bNc], where the channel impulse
responses will partly overlap in the columns, ifN

ĥ
>Nc. The

estimation of the channel response is performed by

ĥ =
Rc

M1
. (6)

The numerator expresses the despreading operation, whileM1

is used to normalizes the result. Only the non-zero elements
of c contribute to this equation, thus the number of non-zero
coded pulses is taken into account, henceM1=(Ns+1)Npr/2.
The preamble code has perfect circular autocorrelation prop-
erties [7], i.e. IPI cancels with despreading and the observed
multipath components are well reconstructed. In other words,
channel impulse responses with a longer maximal excess
delay than the pulse repetition frequency can be completely
estimated.

V. V ERIFICATION

This section shows the verification of the demonstrator
system based on two measurement scenarios. The analysis of
the measurements contains the parametrization of the pathloss
model and the calculation of the root mean square delay spread
(τRMS) for each scenario.

A. Measurement Scenario

The measurements are performed in LOS and NLOS sce-
narios in 6 environments, see Fig. 7. Fig. 7(a) shows the
outdoor measurement scenario and the 5 measured locations.



TABLE I
SIGNAL PARAMETERS OF THEIEEE802.15.4A STANDARD

CN fc [MHz] BW [MHz] Ns C Npr L
3 4.5 500 31 6 1024 16

The distances range from4.1 to 16.3 m, where behind
location 2 is a tree and behind location 4 is a big building
made of concrete and big metalized windows. The second
measurement scenario (see Fig. 7(b)), was a workshop with
big machines and cars. Three locations were measured LOS
and one in NLOS behind a metal cabinet. The measurements
range from6.4 m to 18.1 m. Note, that Location 4 was a
LOS scenario, because the antenna is mounted higher than
the car. Fig. 7(c) shows the office corridor LOS environment,
where measurements are taken at5 m, 10 m, 15 m, 20 m,
30 m, 40 m and 50 m. The corridor is nearly empty, the
walls are made of concrete and several metalic doors occur.
Next, two offices are measured as NLOS scenarios, where one
wall separates transmitter and receiver (see Fig. 7(d) and Fig.
7(e)). The wall is, according to the location, made of plaster
or concrete. The measurements are taken from approximately
2.5 m to 7.5 m. Both measurement scenarios are combined
in the further analysis to achieve a better estimation of the
channel parameters. The last measurements are performed in
a residential NLOS environment depicted in Fig. 7(f). The
signals are transmitted through several concrete walls. The
rooms are relatively small and the measurements are taken
between approximately2.5 m to 6.5 m. The rooms are a
bedroom (TX), a living room (1,2,4), a kitchen (7), a corridor
(3), a restroom (5) and a bathroom (6).

The carrier frequencyfc=4.5 GHz, the signal bandwidth
BW=500 MHz, PRF=500 MHz, 1/T=2 Gsamples/s, and the
measurement equipment is synchronized. Thus, undersampling
is applied, where the signal is downconverted to an inter-
mediate frequency of500 MHz. Note, that due to the large
input filter of 3 GHz bandwidth some noise is aliased into the
desired band. On the other hand, the high-end quality of the
measurement equipment still shows a low noise floor. Table I
shows the IEEE 802.15.4a-parameters of the measured signals,
whereCN is the channel number andC is the preamble code
number. The measurements are performed to the European
transmission regulations [9]. Several locations were measured
in every scenario, where 15 measurements were performed on
a 5x3 grid. In the outdoor and the industrial environment is
the spacing of the grid is 5cm for the 5 measurements line and
7.5cm for the other line, which allows the analysis of small
scale fading effects [8]. In the other scenarios has the grida
spacing of 10cm in each direction. The transmitter is stationary
while the receiver is moved to the specific positions.

B. Pathloss Model

The received signal strengthPr is defined as

Pr = 10 log

(

T
∑N−1

n=0 |ĥ′[n]|2

R 0.001

)

[dBm] (7)
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Fig. 4. Received signal strengths of the measurement campain. The following
abbreviations are defined: Outdoor (OUT), industrial LOS/NLOS (FSI), office
LOS corridor (I16), residential (TOM) environment and the NLOS office
scenarios (NLS) Thefit extension to the scenario names means the fitted
pathloss models.

TABLE II
PATHLOSSMODEL PARAMETERS

scen Walls d [m] Prn[dB] nscen σs[dB]
OUT 0 4 ...17 0.51 1.94 1.43
FSI 0 ... 1 6 ...18 −4.58 1.03 2.09
I16 0 5 ...50 0.16 1.49 1.15

NLS 1 2 ...10 −3.67 2.92 5.12
TOM 1 ... 3 2 ...7 12.77 5.65 3.79

whereĥ′[n] = ĥ[n] for N limited to the last significant path
of the CIR. Furthermore, if|ĥ[n]|2 is less or equal the noise
level, thenĥ′[n] = 0. R = 50 Ω is the electrical resistance of
the system. The pathloss model is defined as [10]

Prn(d) = Prn(d0) − 10nscenlog

(

d

d0

)

+ S (8)

wherePrn(d0) = Pm(d0)−Pr(d0) is the normalized received
signal strength at the reference distanced0 = 1 m andPm is
the modeled received signal strength from the fitting of the
measurements.d is the distance of the received signal,nscen is
the pathloss factor in the scenarioscenandS is a zero-mean
log-normal shadowing with standard deviationσs. Table II
shows the values of the pathloss models, which are valid within
the measured distancesd [m]. Fig. 4 shows the normalized
received signal strengths in the specific locations with respect
to their distances. Obviously, much more energy is received
in the LOS in comparison to the NLOS scenarios, which
results from the attenuation due to the walls. Furthermore,the
received energy between the LOS scenarios shows significant
differences, which are observable, e.g., between the industrial
LOS environment and the outdoor environment. This results
from the fact that more multipath components arrive due to
the reflections at the big metal objects. This is observable in
Fig. 5, where an example channel response for each scenario is
depicted. Thus, a much higher pathloss factor is obtained inthe
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Fig. 5. Example channel responses, (a): Channel response outdoor: Location
2; (b): Channel response industrial: Location 2

outdoor scenario in comparison to the industrial environment,
which is shown in Table II. The very low pathloss factor of the
industrial environment occurs due to the NLOS location with
additional attenuation in comparison to the other locations. The
high pathloss factor of the residential environment results from
additional wall penetration at higher distances. The largescale
fading is very low in the outdoor and the corridor environment,
where the industrial environment shows moderate large scale
fading effects and the NLOS scenarios show very high fading
effects. The strongest shadowing is shown in the two NLOS
office environments, where the shadowing strongly depends
on the properties of the walls.

C. RMS Delay Spread

The RMS delay spread is defined as (cf. [11])

τRMS =

√

√

√

√

∑N−1
n=0 τ2

n|ĥ
′[n]|2

∑N−1
n=0 |ĥ′[n]|2

−

(

∑N−1
n=0 τn|ĥ′[n]|2
∑N−1

n=0 |ĥ′[n]|2

)2

(9)

whereτn is the excess delay of then-th sample. Fig. 6 shows
the cumulative distribution function (CDF) ofτRMS in the
scenarios. It is observable that the outdoor environment shows
the highest RMS delay spread, since in this scenario only
a few reflections arrive at very large delays, which boosts
τRMS (see Fig. 5(a)). The industrial environment shows a
much smallerτRMS in comparison to the outdoor scenario,
because many strong reflections arrive within a short time.
Strong reflections occur also in the LOS corridor environment,
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which leads to a RMS delay spread similar to the outdoor envi-
ronment. Furthermore, the NLOS scenarios show the shortest
RMS delay spread, because many multipath components are
attenuated below the noise floor. The CDFs does not always
achieve 1, because sometimes no signal was detected above
the noise floor. Finally, it is observable that the RMS delay
spread strongly depend on the environment and ranges for a
quantile of 80% from12 ns to approximately90 ns.

VI. CONCLUSIONS

A modular concept of a UWB Demonstrator system is
presented, where specific elements can be substituted for
development and testing purposes. The concept conforms to
the IEEE 802.15.4a standard, where the baseband signal is
generated by an FPGA. The demonstrator system implements
a one-way communication setup which enables the analysis
of communication and ranging performance of the standard
and the hardware elements. The data is processed offline,
which enables very flexible implementation of software re-
ceivers and ranging algorithms. A machted-filter receiver is
introduced, which is used to verify the demonstrator system
by channel estimation and analysis in an office LOS, an
industrial LOS/NLOS, an office corridor LOS, a residential
NLOS environment, and two office NLOS scenarios. The
pathloss model and the RMS delay spread are calculated for
all scenarios, where the parameters strongly depend on the
environment. The pathloss exponent can be four times higher
in NLOS than in typical LOS scenarios. The RMS delay
spread varies for a quantile of80% between12 ns in the
residential environment and approximately90 ns in the office
LOS corridor and outdoor environment, respectively.
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