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Abstract— A distributed waveform generator is presented for
sub-nanosecond pulse generation in UWB impulse radios. It time-
interleaves multiple digital pulse generators, and uses an on-chip
transmission line for wideband pulse combining. Compared to
other UWB pulse generation and shaping solutions, it is low
power and fully reconfigurable. A 10-tap, 10GS/s prototype was
implemented in ������ standard digital CMOS. It consumes
50mW at 1GHz pulse repetition rate. On-off keying modulation
is demonstrated using 16Mb/s PRBS data.

I. INTRODUCTION

Sub-nanosecond pulse generation is a critical function in
radar, instrumentation, and most recently, UWB impulse-
radios (IR-UWB) [1]. The challenge in its circuit implemen-
tation is not only to achieve the large signal bandwidth, but
also to accomplish this with low power consumption and small
circuit complexity (i.e. low cost). The latter two requirements
are usually related, and are particularly important for battery-
powered IR-UWB systems such as wireless sensor networks.
Built-in modulation capability is also highly desirable for such
a pulse generator since it can simplify the transceiver archi-
tecture, and hence lower power consumption and cost. In or-
der to accommodate process variations, regulatory difference,
changes in channel environment and antenna characteristics,
an IR-UWB pulse generator also needs to be reconfigurable
for different pulse shapes and spectra.

Current IR-UWB pulse generators fall into three main
categories. One way is to generate a pulse at baseband and then
up-convert it to the target frequency band [2]. These carrier-
based designs tend to have complex architectures and large
power consumption due to the need of a local oscillator. A
second approach is to generate pulses directly in UWB band,
which usually requires additional pulse shaping using passive
filters [3][4][5]. These implementations can only generate a
specific pulse shape, and is hardly reconfigurable. Recently, a
new waveform synthesis method based on high-speed digital-
to-analog converters (DAC) was proposed for UWB pulse
generation [6]. Similar to direct digital synthesizer (DDS), it
has both good time and amplitude resolution, and can generate
different pulse shapes. However, high sampling rate is required
, e.g. at least 10GS/s for the low band (3-5GHz), and over
20GS/s for the high band (6-10.6GHz). The high sampling
rate poses a challenge not only for the DAC, but also for
generating the input data stream. Both will result in large
circuit complexity and power consumption. Considering that
the duration of an UWB pulse is usually a few nanoseconds,
there are only tens of samples in a single pulse. Since the

Fig. 1. Distributed waveform generator architecture.

pulse shape does not need to change at high speed, a time-
interleaved architecture seems a plausible choice to achieve the
high sampling rate. In this case, the input data stream to such
a time-interleaved DAC only needs to change the pulse shape,
and can be at much lower speed. Therefore, circuit complexity
and power dissipation can be significantly reduced.

In this paper, we present a distributed waveform generator
(DWG) circuit in a time-interleaved architecture suitable for
standard CMOS implementation. It can directly synthesize
waveforms in sub-nanosecond regime with reconfigurable
spectra and built-in on-off keying modulation capability for
IR-UWB communications.

II. DISTRIBUTED WAVEFORM GENERATOR

Fig. 1 shows the generic architecture of proposed distributed
waveform generator (DWG). Wideband waveform is generated
by combining pulses from multiple pulse generators in a time-
interleaved fashion. A 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 wave-
form by a wideband pulse combining circuit. Most building
blocks can be implemented as digital circuits to reduce power
consumption. The trigger signals run at the pulse repetition
frequency (PRF), which is usually much lower speed than
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Fig. 2. Schematic of the prototype DWG: (a) overall; (b) active delay line;
(c) pulse generator.

the sampling rate. Hence, low-power digital circuits can be
employed. The pulse generators and pulse shapers can also
be implemented digitally by taking advantages of the fast
switching characteristics of CMOS transistors. Pulse combiner
is the only place where large analog 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 in-
volved. By changing the characteristics of each pulse generator
and shaper, different output pulse waveforms and spectra can
be generated, and hence a DWG is fully reconfigurable.

III. CIRCUIT IMPLEMENTATION

Fig. 2 shows a 10-tap DWG prototype implemented in a
������ standard digital CMOS technology. It uses an active
delay line for trigger distribution, digital pulse generator for
basis pulse generation, switched current sources for pulse

Fig. 3. Chip micrograph of the prototype DWG. The meandered output
transmission line is connected between two RF pads. The pads at the lower-
half chip are for tuning controls and dc bias.

amplitude control, and an on-chip transmission line for pulse
combining.

An asynchronous, current starved active delay line[7] is used
for trigger distribution, as shown in (Fig. 2-b). 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. In the prototype, a single ��� is used
for all delay elements and hence the tap delay is uniform.
Non-uniform sampling can be implemented by employing
independent delay tuning for each tap. 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. Note that a DWG can be directly
modulated by using baseband data as trigger.

The pulse generator is designed based on a glitch generator
[8]) as shown in Fig. 2-c. When a rising-edge comes at the
input, a short pulse is generated by the NAND operation
of the input step signal and its delayed version. The delay
time in the feedback loop, which consists of the propagation
delay of NAND gate, the following inverter and the charging
time of the NMOS transistor ��, determines the pulse width.
Another NMOS transistor �� is added into the feedback path
as a voltage controlled resistor. By varying the width-tuning
voltage ���, the time constant of this charging path changes,
which tunes the generated pulse width. Two more inverters
serve as the output buffer to drive the following current source.

The generated voltage pulse switches on and off a current
source, which is a cascode current mirror. 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. Similar to a DTF, such a distributed
circuit structure extends the bandwidth at the output node since
the parasitic 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 commonly used in DTFs.

Since all building blocks in this DWG implementation are
digital/switching circuits except the reference current, it burns
little power in stand-by (no trigger), which is highly desirable
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Fig. 4. Pulses generated by each tap.
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Fig. 5. (a) Pulse width tuning (showing only tap1); (b) Delay tuning (showing
only tap1 and tap2).

for low-duty-cycle IR-UWB applications.
The prototype DAWG was fabricated in a commer-

cial ������ standard digital CMOS technology with low-
resistivity substrate. The chip micrograph is shown in Fig. 3.
The chip size is �������������, including pads. The active
area is ������� �����.

IV. MEASUREMENT RESULTS

The prototype DWG is characterized in time domain using a
50 GHz sampling oscilloscope. A 500 MHz sinusoidal signal
from a continuous-wave (CW) source is used as the input
trigger. The delay uniformity of all ten taps can be observed
in Fig. 4. They are measured between the middle points of
rise edges. The average tap delay is 104 ps with a standard

(a)

(b)

Fig. 6. (a) Pulse amplitude tuning and (b) corresponding pulse shape change.

deviation � of 15.1ps, which corresponds to a sample rate of
10 GSample/s. The last delay element does not have a load,
which causes a delay (73 ps) much smaller than others. On
average, the rise time is 79 ps with a � of 3.8 ps, the fall time
is 177 ps with a � of 3.2 ps, and the minimum pulse width is
140 ps with a � of 4.6 ps. The pulse width of all taps can be
tuned from 140 ps to over 1 ns (Fig. 5-a). The tap delay can
be tuned within 40 ps (Fig. 5-b).

By varying the reference current of switched current mir-
rors, the output pulse amplitude can be independently tuned.
The pulse amplitude tuning has good linearity within a 10 dB
dynamic range (Fig. 6-a). The pulse shape is also well con-
served when tuning the pulse amplitude, and is quantified with
the correlation factor (Fig. 6-b), where the maximum ampli-
tude pulse is selected as the reference. Within the dynamic
range of about 10 dB, the correlation factor is more than 0.9.
In these measurements, DWG is biased to achieve minimum
delay and minimum pulse width.

The RMS jitter is 2.2 ps and the peak-to-peak jitter is
13.8 ps. The input trigger signal has a measured RMS jitter
of 1.6 ps. Hence the jitter generation in the prototype DWG
is only about 0.6 ps.

Fig. 7 shows synthesized sinusoidal waveforms and UWB
waveforms with their frequency spectra. The first sinusoidal
waveform has a fundamental frequency of 930MHz, and the
SFDR is 30dBc. The second sinusoidal has a peak frequency
at 4.5GHz, close to the Nyquist rate. The UWB pulses
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Fig. 7. Example waveforms synthesized using the prototype DAWG.

Fig. 8. Output waveform of the prototype DAWG driven by PRBS data.

Fig. 9. Performance summary and comparison with other reported work.

include monocycle, doublet and 5th Gaussian derivative, with
the center frequency from 2 to 4GHz. Note that we use a
sinusoidal (CW) signal source as the trigger in these tests.
Pulse repetition rate up to 1.1GHz can be sustained, which
shows that a DWG can be used for high data-rate applications.
Since the prototype is designed with single-polarity pulses,
these pulses are generated with dc offset on-chip (ac coupled
off-chip), which causes some asymmetry in the waveform.

Fig. 8 shows the on-off keying modulation of the prototype
driven by a 32-bit, 16Mbps pseudo random bit stream (PRBS)
with a Gaussian basis pulse. The small fluctuation on the wave-
form amplitude is caused by the limited number of sampling
points (4096pts) in the measurement window. A DWG’s power
consumption is proportional to the pulse repetition frequency
(PRF), which is about 25mW at 500MHz and 50mW at 1GHz.
The prototype performance is summarized and compared with
other reported work in Fig. 9.

V. CONCLUSION

We have developed a distributed waveform generator
(DWG) architecture. A 10-tap, 10GS/s prototype was designed
and implemented in a ������ standard digital CMOS tech-
nology. Measurement results demonstrated its capability of
synthesizing various pulse shapes in sub-nanosecond regime.
Testing results of On-off keying modulation using 16 Mbps
PRBS data are also presented. The DWG consumes maximal
30 mW at 500 MHz pulse repetition rate, and 50 mW at
1 GHz.
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