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Abstract— In this paper, we present a fully-integrated impulse
radio UWB transmitter based on a newly-developed ultrafast
pulse circuit technique, distributed waveform generator (DWG). A
DWG time-interleaves multiple digital pulse generators, and then
combines all generated pulses using a wideband on-chip transmis-
sion line. A DWG is low power and fully reconfigurable compared
to other UWB pulse generation and shaping solutions. It also
facilitates the implementation of digital modulation schemes such
as on-off keying (OOK) and pulse position modulation (PPM)
in the transmitter. A chip prototype with a 10-tap, 10 GS/s
dual-polarity DWG was designed and implemented in ����������
standard digital CMOS. The transmitter’s pulse rate can be
varied from 16 MHz to 2.5 GHz with an energy efficiency of 25
pJ/pulse. The transmitted pulses with OOK and PPM modulation
are successfully demonstrated using 32 Mb/s PRBS data.

I. INTRODUCTION

The most critical function in impulse-radio UWB (IR-
UWB) transmitter is to generate sub-nanosecond pulses which
are compliant with FCC power emission mask and robust in a
crowded narrow-band interference environment [1]. In order to
accommodate process variations, different regional standards,
and channel environment changes, an IR-UWB transmitter
also needs to generate various pulse shapes/spectra, and using
different modulation schemes. The challenge in the circuit
implementation is not only to achieve large signal bandwidth
and desired reconfigurability, but also how to accomplish
these features with low power consumption and small circuit
complexity (i.e. low cost). The latter two requirements are
particularly important for battery-powered IR-UWB systems
such as wireless sensor networks.

Currently, pulse generation circuits adopted in IR-UWB
transmitter generally fall into three categories. Carrier-based
up-conversion designs [2] tend to have complex architectures
and large power consumption due to the need of multi-GHz
local oscillator, mixer and modulator. Direct pulse generation
requires additional pulse shaping using passive filters [3],
[4], and hence results in limited reconfigurability. Waveform
synthesis based on high-speed digital-to-analog converters
(DAC) [5] offers good time and amplitude resolution, and is
flexible for different pulse shapes. However, the high sampling
rate required poses a challenge for both the DAC imple-
mentation and the input data stream generation in terms of
circuit complexity and power consumption. Since in IR-UWB,
the pulse duration is usually a couple of nanoseconds, and
pulse shape does not change in real time, a time-interleaved
architecture with multiple low-speed DACs seems a good
solution. This led to the idea of a distributed waveform

generator (DWG), as demonstrated in our previous work [6].
A DWG can directly generate arbitrary waveforms with sub-
nanosecond time resolution, reconfigurable spectra with low
power consumption. Further, digital modulation can be easily
performed on the low-speed trigger signal.

In this paper, we present an IR-UWB transmitter based on
a dual-polarity DWG, with on-off keying (OOK) and pulse
position modulation (PPM) capabilities.

II. DWG-BASED IR-UWB TRANSMITTER

The proposed dual-polarity IR-UWB transmitter is based
on time-interleaved DWG architecture [6]. Wideband wave-
form is generated by combining pulses from multiple pulse
generators in a time-interleaved fashion. The trigger signal is
distributed to each pulse generator by the trigger distribution
block, which enables narrow basis pulses to be generated
at a specific sampling time by one of the pulse generators.
These basis pulses can be independently conditioned by a
pulse shaper block in each path, and then combined to form
the output waveform by a wideband pulse combining circuit.
By changing the characteristics of each pulse generator and
shaper, different output pulse waveforms and spectra can be
generated. Hence a DWG is fully reconfigurable. The pulse
generators and pulse shapers can be implemented digitally
by taking advantage of the fast switching characteristics of
CMOS transistors. Pulse combiner is the only place where
large signal bandwidth is required in this architecture. It can be
implemented using passive on-chip transmission lines without
any active power consumption. Therefore, this architecture is
particularly suitable for CMOS implementation since there is
no wideband amplification involved.

The dual-polarity DWG-based IR-UWB transmitter inte-
grates a modulator for pulse position modulation (PPM) and
a distributed waveform generator (DWG). The input trigger
signal from baseband processor is modulated by the PPM
signal first, and then distributed to the DWG to generate the
target UWB waveforms. In such a transmitter architecture, the
trigger signal runs at the pulse repetition frequency (PRF),
which is usually much lower speed than the sampling rate. The
modulation is performed the trigger signal instead of generated
short pulses to reduce the circuit speed requirement. Hence,
low-power digital circuits can be employed to implemented
both PPM modulator and trigger distribution block.
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Fig. 1. Schematic of the prototype IR-UWB transmitter: (a) overall; (b) pulse
position modulator; (c) impulse generator.

III. CIRCUIT IMPLEMENTATION

Fig. 1 shows the detailed schematic of the IR-UWB trans-
mitter. The modulation and time interleaving are performed
on the relatively low-speed trigger signal. It uses a digital
modulator for pulse position modulation, an active delay line
for trigger distribution, digital pulse generator for dual-polarity
basis pulse generation, dual-polarity switched current sources
for pulse amplitude control, and an on-chip transmission line
for pulse combining.

The schematic of digital pulse position modulator is shown
in Fig. 1-b. Knowing basis pulses are generated at the rising
edge of each trigger signal, the pulse position modulation is
obtained by simply splitting the trigger signal into two and
delaying one of them by a time delay � -PPM. After that, a
2:1 multiplexer controlled by the PPM data selects one of these
two delayed trigger signals to determine the pulse position.

Fig. 2. Chip micrograph of the prototype IR-UWB transmitter.

An asynchronous, current starved active delay line [7] is
used for trigger distribution. To achieve 10GS/s sampling
rate, the delay per stage is designed to be nominally 100ps,
and can be tuned by varying the delay-tuning voltage ����� in
each delay element to change the fall time of the current-
starved inverter. This simplified trigger distribution block can
be further improved by using a DLL to achieve better timing
control accuracy over the process and temperature variations.

Different from [6], the impulse generator is designed to
generate both positive and negative impulses, as shown in
Fig. 1-c. When a rising-edge comes at the input, a short
negative impulse is generated by the NAND operation of the
input step signal and its delayed version, if the polarity control
signal is high. On the other hand, if the polarity signal is low,
a short positive impulse is generated by the NOR operation of
the input step signal and its delayed version. This topology can
obtain both positive and negative impulses which are needed
to control the dual-polarity switched current source.

The generated short voltage pulse switches on and off the
dual-polarity switched current source, which injects the short
current pulses into the output transmission line. The amplitude
of the output current pulse can be independently controlled by
varying the reference current of the current mirror.

The outputs of all the current sources are connected to the
output transmission line. Such a distributed circuit structure
extends the bandwidth at the output node since the para-
sitic capacitance of all current sources is absorbed into the
transmission line structure. The output transmission line is
implemented as a coplanar waveguide (CPW) transmission
line, which has lower loss and larger bandwidth than LC
artificial transmission lines [8]. The output impedance is
matched to 50 � , which enables the transmitter to drive the
antenna directly.

Since all building blocks implemented in this transmitter are
digital/switching circuits except the reference current, it burns
little power in stand-by (no trigger), which is highly desirable
for low-duty-cycle IR-UWB applications.

The prototype transmitter was fabricated in a commer-
cial ��� �"!#�$ standard digital CMOS technology with low-
resistivity substrate. The chip micrograph is shown in Fig. 2.
The circuit area is �%� &'$($*)+�,�.-/$0$ . The chip size including
pad frame is -1� !$0$2)3�%� !'$($ .
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Fig. 3. Impulses generated by each tap of the dual-polarity DWG.
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Fig. 4. Tuning tap delay , showing only impulses from tap1 and tap2.

IV. MEASUREMENT RESULTS

The transmitter is characterized in time domain using a
50 GHz sampling oscilloscope. First, the DWG core is tested
with a 200 MHz sinusoidal signal from a continuous-wave
(CW) signal source as the input trigger without any modula-
tion. Fig. 3 shows the impulse waveforms generated from all
taps at the output, when the delay between neighboring taps
is tuned to minimum. Measured between the middle points
of rise edges, the average tap delay is 94 ps with a standard
deviation 4 of 3.1ps, which corresponds to a sample rate of
10.6 GSample/s. The tap delay uniformity is evident. The rise
time of each negative (positive) impulse is 70 ps (76 ps) in
average with a 4 of 3.2 ps (4.1 ps), the fall time is 112 ps
(127 ps) with a 4 of 3.5 ps (5.2 ps), and the minimum pulse
width is 120 ps (132 ps) with a 4 of 4.6 ps (6.2 ps). Further,
the tap delay can be tuned up to 190 ps (Fig. 4), and the
impulse width of all taps can also be tuned from 120 ps to
0.7 ns.

Since time-interleaved circuits are sensitive to timing error,
jitter performance is characterized at the transmitter output
for each generated impulse. The long-term RMS jitter of each
impulse is found to be 2.4 ps. The input trigger signal has a
measured RMS jitter of 1.6 ps. Both includes the jitter from
the oscilloscope trigger circuitry. Hence the jitter generation
in the prototype transmitter is only about 0.8 ps, which should
be negligible for IR-UWB applications.

Fig. 5 shows generated UWB waveforms with their fre-
quency spectra. The first UWB waveform shown in Fig. 5-
(a)(b) is a doublet with a duration of 0.5 ns, generated by tap
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Fig. 5. Some measured waveforms and their spectra from the prototype
transmitter.

1,2 and 3. The corresponding spectrum has a center frequency
of 3 GHz and a -10 dB bandwidth of 5 GHz. Better frequency
resolution can be achieved using more taps. One example is
shown in Fig. 5-(c)(d). The complex waveform in time domain
has a duration of 0.8 ns and 40mV maximum amplitude,
generated by 8 taps. It shows a well matched frequency
spectrum with the FCC mask. The -10 dB bandwidth of the
signal spectrum covers from 3 GHz to 8 GHz, with the peak
at about 6 GHz. At 10 GHz, the power spectrum density only
drops by about -14 dB. Note that we use a sinusoidal (CW)
signal source as the trigger in these tests. Pulse repetition
rate up to 1GHz can be sustained, which shows that such a
transmitter can be used for high data-rate applications. These
generated waveforms with different spectra demonstrate the
reconfigurability of DWG based transmitter.

In order to demonstrate the transmission at variable pulse
rate up to GHz, the transmitter prototype is tested at pulse
rate of 500 MHz, 1.5 GHz and 2.5 GHz. The measured UWB
pulse waveforms are shown in Fig. 6. Pulse shape is well
maintained for up to 1.5 GHz pulse rate. In the 2.5 GHz case,
since the period is only 400 ps, generated pulses are little
distorted compared to lower pulse rate cases.

OOK and PPM modulations are also tested for the prototype
transmitter. Fig. 7 shows the on-off keying modulation of
the transmitter driven by a 32-bit, 32 Mbps pseudo ran-
dom bit stream (PRBS) with a UWB output waveform. The
UWB pulse train is generated corresponding the input data
stream. The fluctuation on the waveform amplitude is caused
by the limited number of sampling points (4096pts) in the
measurement window. Fig. 8 (a) shows the time domain
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Fig. 6. Measured generated pulse waveforms at 2.5 GHz, 1.5 GHz and
500MHz pulse rate.
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Fig. 7. On-off keying modulation using 32Mbps PRBS data.
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Fig. 8. Binary PPM: (a) time domain characterization; (b) modulated
spectrum.

characterization of binary PPM. The � -ppm is tunable from
200 ps to 400 ps. The modulated spectrum is shown in Fig 8
(b), in which the discrete spectrum lines are spread due to
the modulation. The power consumption of the transmitter is
proportional to the pulse repetition frequency (PRF). In the
OOK, since there is little power transmitted for bit 0, the
power consumption is only 25 pJ/pulse. In the PPM, the power
consumption is about 45 pJ/pulse.

V. CONCLUSION

A new impulse radio UWB transmitter is demonstrated with
a chip prototype implemented in a ��� �"!#�$ standard digital
CMOS technology. Its core is a 10-tap, 10 GS/s dual-polarity
distributed waveform generator (DWG), a newly-developed
time-interleaved pulse circuit. Measurement results demon-
strated its capability of synthesizing arbitrary pulse waveforms
with sub-nanosecond time resolution and conforming the FCC
emission mask. Digital modulation schemes such as OOK
and binary PPM are readily integrated in the DWG-based
transmitter, and demonstrated using 32 Mbps PRBS data. The
transmitter support a variable pulse rate from 16 MHz to 2.5
GHz with a power consumption of 25 pJ/pulse in OOK and
45 pJ/pulse in PPM.
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