IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 4, APRIL 2011

1141

A Discrete-Components Impulse-Radio
Ultrawide-Band (IR-UWB) Transmitter
James Colli-Vignarelli and Catherine Dehollain

Abstract—We describe an impulse-radio ultra-wideband
(IR-UWB) transmitter made with off-the-shelf discrete components. It was initially designed to be used in a UWB testbed for
measurement and algorithm validation purposes. There already
exist several versions of an IR-UWB transmitter, but many of them
are made with custom designed integrated chips. For this reason,
it is very difficult for anyone other than their designers to test and
measure with the same material. We describe all the information
the readers would need to build their own IR-UWB transmitter.
Index Terms—Discrete components, impulse-radio (IR), transmitter, ultra-wideband (UWB).

I. INTRODUCTION

I

MPULSE-RADIO ultra-wideband (IR-UWB) technology
is a growing technology that combines several facilities
such as high data-rate transmission, low-power consumption,
and localization. Today, one of the main challenges is to provide new protocols and signal-processing algorithms that allow
for concurrent IR-UWB transmissions and synchronization
in mobile networks. More precisely, there are algorithms on
synchronization or localization for which an experimental validation is required in order to prove the concept and to improve
their performance by considering the obtained results. For example, the validity of the synchronization algorithms described
in [1] is theoretically proven by simulations and mathematical
derivation, but there is a need to experimentally demonstrate
and validate them in realistic scenarios such as the near-far
one. For this purpose, a complete IR-UWB testbed was realized, as described in [1], which gives the desired experimental
validation of these algorithms. Another example is given in [2],
where the same testbed is used to demonstrate and validate a
new algorithm on ultra-wideband (UWB) localization.
The UWB transmitter described here is a fundamental part
of this testbed. As this circuit is specially intended for communication research community, we focus on simplicity and availability of required components rather than pure technologic performance. The objective is thus to make it simple, generic, and
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Fig. 1. Overview of the transmitter. The transmitter is made around a PLL synthesizer that creates the 4.25-GHz sine wave. This signal is switched on during
about 3 ns by the mixer driven by the impulse generator. This makes the radiated signal to have a UWB spectrum. These impulses are produced from the bit
stream of the FPGA board (not shown in figure) every time a logic one is sent.
The duration of a bit from the FPGA (chip time) is 6 ns. The antenna does not
belong to the transmitter and is connected outside.

to avoid the need for the high-level background and technical
infrastructure required in integrated circuit (IC) design. In order
to make our testbed reproducible at reasonable costs, we chose
to build it with off-the-shelf discrete components. There are no
constraints on the power consumption. The 4.0–4.5-GHz band
was chosen from the allowed UWB band [3] because there is
no other transmission system that sends signals into it. Thanks
to its generic architecture, it is easy to modify the transmitter in
order to work in another frequency band or with a wider bandwidth, depending on the needs of the users.
II. ARCHITECTURE OF THE TRANSMITTER
A. Topology of the Transmitter
For robustness and flexibility, our UWB transmitter is based
on a classic architecture (see, e.g., [4]–[6]), as shown in Fig. 1.
Readers interested in making a testbed with transmitters based
on other architectures that require very specific components
such as step-recovery diodes can see [7] and [8] for examples.
An oscillator based on a phase-locked loop (PLL) synthesizer
produces a 4.25-GHz sine wave that is switched on during
about 3 ns. The duration of the driving impulse is adjustable, as
explained later. The mixer, when driven by a digital impulse,
behaves like a switch. The square impulse generator is driven
by a rectangular signal coming from a field-programmable
gate array (FPGA) and converts each incoming digital impulse
into a fast switching impulse. The FPGA board is the model
AC-240 from Aquiris and belongs to the specifications. The
maximal clock frequency of the FPGA is 166 MHz; hence, the
chip time (the duration of a bit, see [1]) is limited to a minimum
of 6 ns. The output UWB signal is sent to an omnidirectionnal
antenna (not described in this paper, but in [9]) that has a 50impedance.
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B. Analysis of the Effect of Pulse Duration
This section describes the relation between a sinusoidal pulse
and its spectrum bandwidth [10], as done by
of duration
using the above architecture. By assuming a perfect rectangular
(for easier further developimpulse window centered in
ments), the output signal is described in the time domain by

. The square root is used because we
consider voltage instead of power. For this purpose, we consider
and let
the fundamental wave relation

where and are dimensionless scaling values for the time and
frequency, respectively. By inserting this into (1), we obtain

where
if
else

(2)

and is the amplitude in volts. The idea here is to calculate the
Fourier transform of such a pulse and to determine for which
its spectrum fulfills the UWB requirements. By
value of
doing this, we obtain a fundamental relation between the pulse
duration and the spectrum bandwidth, as seen hereafter. Let

be the Fourrier transform of this impulse. By applying Euler’s
identity and changing integration boundaries, we obtain

After elementary trigonometric and calculus transformation, the
integral value is given by

The bandwidth is then simply defined as
and we thus have the following fundamental relation:
(3)
where

is a parameter that depends on the quality factor
. This dependency between and
is better understood by noting that depends on from (2).

C. Numeric Application and Design Procedure
The IR-UWB transmitter described in this paper works from
GHz and
GHz (and thus,
4.0 to 4.5 GHz so
ns). Thus, is given by

We then calculate
by solving numerically—e.g., by itera. We find
. The pulse
tion—(2) with
duration is given by
ns

The spectrum is maximum in with a very good approximation
and its value at this frequency is given by

ns

and the fundamental relation parameter is

(4)
assuming that
. The
frequency corresponds to the central frequency of the UWB
spectrum, and thus is the frequency delivered by the sine-wave
oscillator previously described. By normalizing the spectrum
with its maximum value, we define the attenuation as

. In practice, the pulse duration is about 10%
with
greater in order to compensate the envelope that is not perfectly
square, but trapezoidal (due to the balun) and the spectrum that
would consequently be too wide.
III. SCHEMATIC OF THE TRANSMITTER
A. Overview of the Circuit

(1)
Since in the UWB domain, the corner frequency is defined at
10 dB of the maximum value instead of 3 dB, as done in
usual applications, we have to look for values of such that

The complete schematic of the UWB transmitter is shown in
Fig. 2. Many decoupling capacitors are required because almost
every IC has its own power supply voltage; these voltages are
obtained by inserting resistors between their corresponding circuits and the main power supply. This is possible because the
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Fig. 2. Complete schematic of the UWB transmitter. The upper part is dedicated to the PLL synthesizer and the lower part is dedicated to the square impulse
generator. The mixer, on the right, combines both signals; the UWB signal goes to the antenna (outside the box) through the SMA connector OUTPUT. The coupled
transmission line at output represents the line of the coupler that is used for correcting the feed-throught of the mixer (see Section III-D and Fig. 5). The signal
for an impulse arrives in A (SMA connector INPUT) and is shaped by the first comparator in B at level V
. A Schmitt-trigger inverter, loaded with a variable
capacitive load gives a kind of triangle signal in C. A fast comparator then makes the short impulse by triggering at V
in D and E. As the fast comparator is
made in PECL, the output is balanced and needs a dc voltage of 1.3 V in order to ensure the correct bias and to set the corresponding logic values voltages. A balun
transformer is used to produce the unbalanced and dc free signal for driving the mixer in F. See Fig. 3 for the corresponding signals.

circuits have a constant current consumption (we can neglect
current transients, thanks to the 10-nF decoupling capacitors).
B. PLL Synthesizer
The PLL synthesizer is a classic circuit without any difficult
design considerations. It uses a 50-MHz quartz reference for
better frequency precision and a microcontroller for setting the
divider parameters. According to the manufacturer, the output
sine wave needs to be decoupled by a resistive attenuator and
then to be amplified in order to reach the power level required
at the local oscillator (LO) input of the mixer; this is needed because the voltage-controlled oscillator (VCO) is very sensitive
to any mismatch that can occur on the load. There is a switch
for decoupling the PLL circuit when programming the microcontroller.

a comparator in order to obtain the original rectangular signal
level and a Schmitt(point B). The comparator triggers at
trigger inverter is then used as a buffer for driving a capacitive
load (point C), which produces a triangular signal that is made
of arcs of exponentials. The capacitance is variable, and this is
).
how the pulse duration is adjusted (in conjunction with
A fast positive emitter coupled logic (PECL)-based comparator
level to produce the short imtriggers this signal at the
pulse (points D and E). As the PECL logic defines the low level
at 1.3 V and the high level at 2 V and uses balanced signals,
a balun transformer is required to obtain the same signal with
unbalanced polarity and no dc voltage level. In the schematic,
the dc voltage is obtained with a resistive divider, which gives
1.3 V with a 50- impedance. As the balun, like the divider, has
an impedance of 50 , the total impedance seen by the output
of the PECL is 25 , which is in the driving range of the circuit.

C. Description of the Square Impulse Generator
The square impulse generator takes the pulse coming from the
FPGA board and reshapes it in order to obtain a very short impulse of approximately 3 ns that drives the mixer. As the FPGA
board connections have poor impedance-matching characteristics (point A in Fig. 2), the signal first has to be squared by

D. Mixer and Correction of the Feed-Through
When we designed the first prototypes of the UWB transmitter, there was a high feed-through from the mixer between
the local PLL synthesizer and the RF UWB output. This feedthrough made a high peak (measured at about 30 dBm) in
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Fig. 4. Shielded microstrip configuration.

drawing a ground plane around all RF tracks. For this configuration, the lines are sized by using the following formula (refer
to [11] for more detail):

with

Fig. 3. Signals involved into the square impulse generator circuit. See Fig. 2
for the corresponding circuit.

the spectrum at 4.25 GHz, which made the transmitter initially
not compliant with the FCC regulations. To solve this, we use
a transmission line coupler in order to create destructive interference between the oscillator and the RF output (see Fig. 2).
Physically, the coupler is simply made with a wire soldered at
one end of the resistive attenuator pad and it passes above the
mixer and the RF output track while its other end stays in the air.
By experimentally giving it by hand an appropriate shape (see
Fig. 5 for more detail), it is possible to strongly decrease the
effect of the feed-through and to remain FCC compliant. Each
device thus requires a tailor-made adjustment of the coupler in
order to remove the effect of the feed-through.

IV. CONSTRUCTION OF THE IR-UWB TRANSMITTER
The UWB transmitter is made in Duroid RO4003C, which is
better suited than FR4 for high-frequency designs; its dielectric
. The thickness of the board is 0.508 mm
constant is
(20 mil) and the thickness of the copper is 35 m after etching
and gold plating. The transmission lines have the shielded microstrip (or coplanar waveguide with ground as in [11]) configuration (see Fig. 4) because it gives good protection against
RF radiation and is also easy to include in the layout by simply

and

where
is the complete elliptic integral of the first kind. The
calculation gives (after several iterations) a width for the signal
mm and, by considering a gap between tracks
track of
of 120 m that is the smallest resolution that can be achieved by
our printed circuit board (PCB) workshop, a distance between
mm in order to have
grounds of
a matching impedance of 50 . Although a good design of the
transmission lines and ground planes reduces significantly the
radiated power of the circuit, the PCB should be packaged in a
metal case with a screwed cover in order to completely shield
the environment against the radiation coming mainly from the
PLL synthesizer. It is important to use many vias to connect both
top and bottom ground planes in order to have the least amount
of parasitic inductance, especially near high-frequency signal
tracks. The circuit is gold plated by electrochemical means in
order to avoid corrosion of the copper that would rapidly degrade the performance. When components are soldered, the circuit is placed in the aluminium case and glued with a conductive
glue (with silver) and placed in an oven for polymerisation for
3 h at 70 C. The connection between the UWB transmitter and
the outside world is made with SMA connectors for RF signals
and through dc filters that are screwed into the shielding case
for a dc power supply and tuning voltages. The microcontroller
is then flashed with its software. The resulting circuit is shown
in Fig. 5.
V. MEASUREMENT ON THE IR-UWB TRANSMITTER
The signal produced by the UWB transmitter is shown in frequency (see Figs. 6 and 7) and in time (see Fig. 8) domains with
a 1-MHz pseudorandom signal at the input. The signal has a
power density of about 42.7 dBm/MHz at around 4.25 GHz
and 51.3 dBm/MHz at 4.0 and 4.5 GHz, thus making the UWB
transmitter compliant with the FCC rules (see Fig. 7). In the
time domain, we see that the signal lasts approximately 3.2 ns
and has an amplitude of around 400 mV . We also see that
the envelope of the signal is trapezoidal because of the balun.
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Fig. 8. Signal at the output of the UWB transmitter in the time domain.
TABLE I
LIST OF COMPONENTS USED FOR THE UWB TRANSMITTER

Fig. 5. Close view of the transmitter. The transmitter is made using Duroid
RO4003C material. The square shape makes the circuit fit the RF shielding case
in aluminium. The blue line (in online version) shows the transmission line coupler used to cancel the feed-through; its shape is obtained by experimentation.

Fig. 6. Spectrum of the signal at the output of the UWB transmitter from 3.9
to 4.6 GHz.

and biasing resistors. This power consumption, although high,
is acceptable in our case because the transmitter is intended to
be used for measuring and testing purposes and not for real mobile low-power applications. We estimate that the consumption
can be decreased to 570 mW—and thus save 90 mW—by using
a switching power supply, instead of voltage drops across resistors, for delivering all the voltages required by the components
of the transmitter.
VI. CONCLUSION
We have developed a generic system that is easy to use and
to build for testing protocols and synchronization algorithms;
its architecture is easy to modify for different central frequencies or bandwidths. In case the power consumption remains a
problem, it is also easy to decrease it by 14% by using switching
power supply ICs in place of resistors. In our case, the results of
the experimental demonstration and validation of the IR-UWB
transmitter completely fulfills the expectations and regulations,
thanks to its tuning facilities.

Fig. 7. Spectrum of the signal at the output of the UWB transmitter from dc to
7 GHz with the FCC regulations mask [3].

This trapezoidal shape increases the width of the UWB signal
and decreases the intensity of the secondary lobes that would be
higher with a pure rectangular envelope. The circuit is supplied
with 5 V and has a current consumption of 132 mA; thus it has
a power consumption of 660 mW, most of it used by the PLL,
LO, monolithic microwave integrated circuit (MMIC) amplifier,

APPENDIX
DETAILED LIST OF COMPONENTS
For a detailed list of components, please refer to Table I.
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