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RF front-end considerations for SDR
ultra-wideband communications systems
Design an efficient RF front-end for a novel impulse radio signal transmission
with a detection scheme of an ultra-wideband software-defined radio with high
data rate demodulation structure.

By Stéphane Paquelet , Christophe Moy and Louis-Marie Aubert

he conventional design approach forT software-defined radio (SDR) receiv-
ers tends to minimize the RF analog front-
end by transposing RF processing in the digi-
tal domain as much as possible. However,
this approach is no longer appropriate for
impulse ultra-wideband (UWB) applications
because of bandwidth constraints and conse-
quently the required sampling and processing
frequencies as well as associated power con-
sumption. For this reason, it is necessary to
rethink the problem. In addition, UWB im-
poses specific constraints for
features like low-cost de-
signs and optimized run-time
performance (i.e. low power
consumption).

The best way to address
these issues is to perform
fast and complex process-
ing in an analog passive front
end and provide the digital
SDR part with reduced-
bandwidth signals. Hence,
the following characteristics
are required for the front
end:

■ Passive analog front-
end (low cost and low power
consumption).

■ Easy-to-integrate.
■ Pre-processing that

only extracts the necessary
metrics (i.e. sufficiently in-
formative statistics to solve
essential questions such as
detection and transmission
issues).

■ Adequate bandwidth
for low-cost analog-to-digi-
tal converter (ADC) and re-
alistic digital processing
speed.

■ Relaxed synchroniza-
tion means.

■ Multiple usage of the
same RF front-end output
for several applications man-
aged by SDR.

■ Multiband support for high data rates
(each band having convenient characteristics
for SDR capabilities) in a way that allows for
parallelization of the subsequent digital pro-
cessing.

Thus, based on a non-coherent energy de-

tector, an original demodulation scheme
was designed and investigated for a
multiband on-off keying modulation sys-
tem. For this receiver, channel estima-
tion constraints were relaxed and suit-
able signal processing schemes were

developed with requisite hardware architec-
ture derived. Only approximate delay spread
and energy levels are needed, and the associ-
ated optimum demodulation turns out to be a
non-trivial energetic threshold comparison.
We have analytically computed the solution

Figure 1. Non-coherent elementary receiver

Figure 2. Transmitter and receiver functional block diagrams.
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to demonstrate its feasibility.

Physical constraints imposed
by the transmission channel

For a high data rate impulse radio scheme,
the elementary symbol information was car-
ried within a single pulse duration of Tw,
which is around one nanosecond. To achieve
a high data rate at low-cost, complex equal-
ization processes were eliminated to avoid
inter-symbol interference. Thus, the symbol
repetition period Tr is chosen such as Tr ³ Td,
where Td is the delay spread of the channel.
Favoring non-coherent demodulation, and
thus a receiver working as an energy detec-
tor, information is preferably carried by sig-
nal amplitude rather than its phase. Conse-
quently, it leads us to consider pulse amplitude
modulation (PAM). In that case, considering
a non-coherent demodulation, an on-off key-
ing (OOK) modulation appeared to be a suit-
able candidate. Consequently, to increase the
system capacity while preserving these prop-
erties, we propose to duplicate this basic
scheme on several separate sub-bands (in prac-
tice from eight to 24 bands of 250 to 500
MHz each).

Accordingly, the adopted non-coherent

receiver structure per sub-band is provided in
Figure 1, where Ti denotes the energy inte-
gration time devoted to a symbol demodula-
tion.

SDR UWB solution
Analog front-end architecture—A diagram

of the transmitter and the receiver based on
the above considerations is provided in Fig-
ure 2. The multiband approach that permits
obtaining high data rate transmissions is illus-
trated. From the functional blocks shown in
transmitter and receiver diagrams, it can be
seen that each block can exploit state-of-the-
art low cost and low-power analog technol-
ogy for the front end. Digital conversion and
processing requirements for SDR section are
also standard.

General points—Becuase the approach is
asynchronous, the hardware implementation
is simplified. Primarily, only a coarse syn-
chronization is needed (an error of 2 ns << Ti
� 40 ns is acceptable), which makes the
system robust against the clock jitter and
every triggering inaccuracy. Secondly, be-
cause the processing is based on energy, the
transceiver performances are nearly insensi-
tive to distortion and phase non-linearities of

Figure 3. Transmitter with multiple pulsers, energy splitters and antennas.

For a high data rate impulse radio scheme,
the elementary symbol information was

carried within a single pulse duration of Tw,
which is around one nanosecond.
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devices like antennas, amplifiers or filters.
Finally, low-power consumption is achieved,
thanks to the use of mainly analog and pas-
sive devices.

Transmitter—The transmitter architecture
uses a filter bank of as many as 24 adjacent
filters. At the input of this filter bank, a UWB
pulse (covering the whole 3.1–10.6 GHz
bandwidth) is generated with a repetition pe-
riod of Tr. On each line, the relatively

narrowband (from 250 to 500 MHz) pulses
are modulated by an OOK modulation at the
rate of 1/Tr.

Conversely, a second solution uses a bank
of local oscillators, ensuring the frequency
transposition toward each sub-band. Notice
that oscillators are only used to provide trans-
position. Coherence is not required. And the
OOK modulation controls the activation of
each oscillator. In this solution, the constraint

Figure 4. Receiver with multiple antennas and energy splitters.

on the pulse width  gener-
ated is relaxed (2 ns for 500
MHz bandwidth).

In both sketches, each
narrowband pulse is added
to produce a UWB signal
that is transmitted through
the antenna. An interesting
feature to notice here is that
the architecture offers a
simple power control in each
sub-band. This kind of flex-
ibility can be useful to fulfill
a regional power spectral
density mask.

Energy splitters and com-
biners used in the bands of
3.1–10.6 GHz are readily
available on the shelves. A

solution based on diplexers needs more de-
velopment.

With regard to the switches that provide
the OOK modulation, the concern is not the
switching times, which are lenient, but the
insertion loss. These are also easily available
in the market.

As for the antenna, the issue is its band-
width that must cover the entire 3.1 – 10.6
GHz bandwidth. Because this design uses
energy to process signals, the signals are
insensitive to phase and distortion. There-
fore, to implement the functional scheme de-
scribed above, taking into account the physi-
cal constraints, we could consider M
antennas—each of them followed by a filter
bank of N filters, with N x M typically equal
to 24. For example, in a realistic implementa-
tion, six antennas working in a range of 1
GHz could each be followed by four filters of
250 MHz. This kind of antenna’s form factor
is compatible with the overall system integra-
tion.

Moreover, to ease constraints on both
pulsers and energy splitters, a solution based
on multiple pulsers is envisioned. In the pre-
vious example, each of the six pulsers feeds a
splitter that distributes the energy over the
four filters as illustrated in Figure 3.

Receiver—On the receiver side, a filter
bank splits the signal in the same sub-bands
as the transmitter. Then on each parallelized
stage, a square law device and an integrator
follow, the output of which is sampled at a
rate of 1/Tr before demodulation.

The constraints on the antenna and the
multiband distribution are the same as those
encountered on the transmitter.

Concerning the quadratic detectors, many
solutions are conceivable for the square law
devices and the required wide working band
is not a problem. Additionally, the constraints
on the integrators are also relaxed since the
input signals are now baseband (with band-
width between 250 and 500 MHz). The inte-
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grators have to be able to integrate these
signals over a time period of 10 to 50 ns.
With advances in process technology, it is
possible to integrate both these functions on
a single chip.

As the solution envisioned for this RF
front end is purely analog with passive com-
ponents, the reciprocity of the device enables
us to use the same structure for both trans-
mission and reception. Consequently, the same
structure with multiple antennas and energy
splitters is possible as shown in Figure 4.

Digital SDR architecture
Analog-to-digital conversion—Since digi-

tizing the overall SDR bandwidth at a rate of
several gigahertz is expensive and power con-
suming, many current solutions are consider-
ing the use multiple sub-band processing for
high data rates. In fact, even a set of 500 or
250 MHz bands to digitize is not compatible
with a realistic UWB solution because it im-
poses a sampling rate of few hundreds of
megahertz.

Since only a small part of the signal in each
channel is required to compute the detection,
we opted for the energy detection scheme in
this design. Consequently, in our system, it
only requires us to sample the received signal
every time the delay spread is a few tens of
megahertz, typically 30 MHz. The use of
multiple sub-bands in this case is only justi-
fied to speed up the data rate of the informa-
tion. Each band must only keep sufficient
wideband characteristics to provide the re-
ceiver with enough multipath to benefit from
the diversity offered by the channel. Channel
analysis has shown that a 500 MHz, or even
250 MHz band, respects these requirements.

Moreover, only a reduced resolution in
terms of number of bits is necessary, which
eases the digital processing of the SDR sys-
tem. The number of bits required depends on
the accuracy expected when estimating the
received energy (required to set the thresh-
old). A number of four to eight bits can be
used during the estimation procedure. Once
the threshold is set, an analog decision could
be even envisaged, that is to say, having a
one-bit resolution. However, an ADC con-
version on a few bits during this stage can be
useful to adapt the threshold according to the
channel variation or to make soft decoding.

As a conclusion, the proposed architec-
ture for high data rates only requires a simul-
taneous digitization on each sub-band (24 as
an example) at a rate of a several tens of
megahertz with a resolution of one to a few
bits. A reduced system can cope with low
data rates while adjusting the number of sub-

bands to each case.
Synchronization and MAC—Relaxed syn-

chronization methods based on asynchronous
time-hopped signal detection have also been
investigated to enable fast channel delay
spread estimation. From a system point of
view, usual medium access control (MAC) is
being re-visited, taking benefit from energy
detection techniques while FDMA division
may favor the inherent frequency separation
properties in such a system.

Performance—Analytical performances of
the system discussed have been computed
and show remarkable results [1]. These re-
sults are obtained without channel coding
techniques, which can be added later for even
better performance. As shown in Table 1,
corresponding throughputs are 150 Mbps at
10 meters for a 10-5 bit error rate on different
types of IEEE 802.15.3a channel models
(CM) under FCC transmission mask. Data
rates of 600 Mbps at 3 meters are affordable
with the use of 24 sub-bands of 250 MHz.

Note that the proposed system can be
dimensioned accordingly to the usage de-
mand in terms of data rate.

Indeed, comparison with coherent systems
show that, to compete with our on-off keying
scheme, a classical rake receiver for a coher-
ent BPSK should collect up to 40 percent of
the whole available energy. This is challeng-
ing due to severe multipath characteristics
for typical UWB impulse radio signals and
should hardly be achievable at the same cost
of the solution proposed in this article.

SDR benefits to this UWB
solution

In essence, an SDR UWB solution is only
conceivable in the context of relaxed sam-
pling constraints that can make SDR support
a technical reality with limited requirements

in terms of power consumption and hardware
component costs. The combination of UWB
and SDR is promising in the context of our
UWB design because the information pro-
vided by the analog part can be efficiently
used in different systems. This approach will
enable cost savings by drastic reduction of
design time and minimization of the number
of hardware platforms as the same analog
information can support low data rate trans-

mission, high data rate transmission, local-
ization as well as channel sounding opera-
tions. SDR capabilities may also be used to
change some behavior of the system at run-
time to adapt the system to its environment
or to new system features [2].

Acknowledging the fact that different types
of UWB applications necessitate algorithmic
adaptations not only at the physical layer but
throughout the protocol stack, the SDR ap-
proach will also help in efficiently supporting
the different protocol stack configurations
within a generic UWB hardware platform.
This may be a particularly interesting feature
in the context of ad-hoc networking which is
one of UWB’s potential targets.

Finally, considering the difficulties met at
the IEEE UWB standardization body where
several solutions are considered and seem to
be inevitable at the end, SDR is a solution
that may work with the different proposals
currently being discussed in the United States
and in the near future in a European standard
body. To be precise, our impulse radio UWB
solution can cope with any impulse radio
scheme based on a multiband approach.

Conclusion
Impulse radio UWB technology implemen-

tation is facing such difficulties that the UWB
community seems to support more traditional
schemes, e.g. OFDM or wideband DS-
CDMA. It is believed that in a majority of
cases, an impulse radio modulation, espe-
cially for high data rates, implies a coherent
detection. This consequently leads to RAKE

receiver designs for dense multipath condi-
tions associated with complex equalization
procedures, necessitating heavy synchroni-
zation and channel estimation phases. Obvi-
ously, these challenging issues prompted de-
signers toward well-known schemes to
quickly answer the market’s demand.

Nevertheless, it is possible to consider re-
alistic constraints of the receiver at the early
stage of the design, while investigating the

Table 1. Performance data for high
throughputs.

It is believed that in a majority of cases, an
impulse radio modulation, especially for high

data rates, implies a coherent detection.

R* 150 240 600 Mbit/s

d 10 5 3 m

B 500 500 250 MHz

Nband 12 12 24

Tr 80 50 40 ns

CM 4 3 2

Ti 50 40 30 ns

Pe* 10-5 10-5 10-5

With advances in process technology,
it is possible to integrate both these functions

on a single chip.
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best way to use an impulse radio signal with
coarse synchronization techniques. This is
what studies made at Mitsubishi Electric ITE-
TCL research lab demonstrated. It permitted
the construction of an efficient RF front end
for a novel architecture with promising fea-
tures such as impulse radio signal acquisition
(detection and synchronization) and high data
rate demodulation structure. RFD
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