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ABSTRACT | Ultra-wide-band (UWB) communication has a
variety of applications ranging from wireless USB to radio-
frequency (RF) identification tags. For many of these applica-
tions, energy is critical due to the fact that the radios are
situated on battery-operated or even batteryless devices. Two
custom low-power impulse UWB systems are presented in this
paper that address high- and low-data-rate applications. Both
systems utilize energy-efficient architectures and circuits. The
high-rate system leverages parallelism to enable the use of
energy-efficient architectures and aggressive voltage scaling
down to 0.4 V while maintaining a rate of 100 Mb/s. The low-
rate system has an all digital transmitter architecture, 0.65 and
0.5 V radio-frequency (RF) and analog circuits in the receiver,
and no RF local oscillators, allowing the chipset to power on in
2 ns for highly duty-cycled operation.
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I. INTRODUCTION

Pulsed ultra-wide-band (UWB) communication, also
referred to as impulse-radio (IR) UWB, is an active field
of research with roots that can be traced back to the
original Marconi spark gap radio. UWB signals are defined
by the Federal Communications Commission (FCC) as
having 10 dB bandwidths greater than 500 MHz.
Transmitted power density is limited to be less than
41.3 dBm/MHz in the 3.1-10.6 GHz band [1]. This field
has gained momentum since a 2002 change in FCC
regulations that allows unlicensed communication using
UWB. UWB signaling has many attributes that make it
attractive for a wide range of applications, from ultra-low-
power radio-frequency identification (RFID) tags to
wireless USB at greater than 1 Gb/s [2]. For many of
these applications, energy is critical because the radios are
situated on battery-operated or even batteryless devices.
For high-rate systems there are several ways of
modulating a UWB signal, of which IR-UWB and orthog-
onal frequency-division multiplexing (OFDM) are the most
popular [3]. In IR-UWB, data is encoded by modulating a
short pulse’s position, amplitude, and/or polarity. For
OFDM systems, a collection of bits is transmitted per
symbol, using synchronized orthogonal carriers. WiMedia
Alliance is currently working on the OFDM approach.” This
paper focuses on IR-UWB for both high- and low-rate
systems and describes circuits and architectures that enable
energy-efficient operation.
Advanced complementary metal—oxide—semiconductor
(CMOS) processes can efficiently implement the wide-
bandwidth circuitry required for UWB with minimal area

http://www.wimedia.org.

0018-9219/$25.00 2009 IEEE

Authorized licensed use limited to: MIT Libraries. Downloaded on March 28, 2009 at 13:51 from IEEE Xplore. Restrictions apply.



Chandrakasan et al.: Low-Power Impulse UWB Architectures and Circuits

and few off-chip components. In comparison to narrow-band
signaling, where highly tuned structures are typically
required for maximum RF power efficiency, UWB circuits
can be implemented using wide-band Bdigital[ structures.
This paper presents several analog and RF circuits
implemented using highly digital architectures in CMOS
processes.

UWSB signaling can be used for low- and high-data-rate
systems, and both systems are described in this paper. In
addition to describing high-level tradeoffs and surveying
research in the field, this paper focuses on two custom
energy-efficient IR-UWB systems. The high-rate system
uses binary phase-shift keying (BPSK) to achieve data rates
of 100 Mb/s using direct conversion at the receiver,
whereas the low-rate system achieves a maximum of
16.7 Mb/s using binary pulse-position modulation (PPM)
with noncoherent energy detection. The latter can effi-
ciently scale to lower data rates. While data rate require-
ments and potential applications for the two systems are
different, the fundamental goal of maintaining low power
remains the same. Techniques for extending the commu-
nication distances for the low-rate system are also discussed.

Il. HIGH-RATE IR-UWB
ARCHITECTURES

The consumer electronics industry is exploring the use of
UWB communications as a short-range high-data-rate radio
technology, to complement longer range radio technologies
such as Wi-Fi, WiMAX, and cellular wide-area communica-
tions. UWB communications can be used in a wireless
personal-area network to achieve ad hoc connectivity
between portable devices or to host devices within the
immediate area, eliminating the need for wires [4]. Using
UWSB for high-data-rate last-meter wireless links requires that
UWSB radios be integrated into battery-operated devices such
as mobile phones and handheld devices. Consequently, there
is a need for an energy-efficient UWB transceiver. Section 111
will discuss the use of parallelism in various blocks of the
baseband, specifically the analog-to-digital converter (ADC)

and digital baseband processor, as highlighted in Fig. 1, to
reduce energy consumption while maintaining the 100-Mb/s
performance required for high-rate UWB communications.

The high-data-rate baseband ADC and digital processor
presented in this paper target a custom IR-UWB system [3],
[5]. BPSK-modulated Gaussian pulses are transmitted at a
pulse repetition frequency (PRF) of 100 MHz in one of
fourteen 500-MHz-wide channels within the UWB band [6].
The transmitter utilizes the exponential properties of a
bipolar junction transistor to generate pulses that accurately
approximate a Gaussian shape [7]. An alternative approach
includes the use of a programmable pulse modulator at the
transmitter [2].

The direct-conversion RF front-end of the receiver,
shown in Fig. 1, is composed of a 3.1-10.6 GHz unmatched
low-noise amplifier (LNA), on-chip UWB filter, RF single-
ended-to-differential converter with integrated RF notch
filter, wide-band mixers, and baseband 250-MHz buffers
and filters [8]. After down-conversion, the received com-
plex baseband signal is sampled at a Nyquist rate of
500 MS/s by two 5-hit ADCs. For real-time demodulation,
the digital baseband processor must meet this throughput.

An important consideration in the receiver architecture
is determining the partition between the analog and digital
domain. Acquisition for synchronization, channel estima-
tion, and demodulation is done entirely in the digital
domain. This mostly digital architecture was chosen rather
than a partial analog approach [9], since it allows for deep
voltage scaling and greater flexibility. Other advantages
include the simplification of the analog elements in the
transceiver, and the possibility of exploring digital channel
adaptability and recovery. Furthermore, performing syn-
chronization in the digital domain eliminates the need
to feed a signal from the digital domain to the clock
generation subsystem [10]. Only the automatic gain
control is fed back to the analog domain. This is unlike
other systems [2], where the digital baseband processor
controls the phase of the ADC clock. Mostly digital
architectures have also been used in systems [11], [12] that
focus on low-rate IR-UWB communications in the lower
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Fig. 1. UWB direct conversion receiver block diagram for high-data-rate system. Parallelized baseband is enclosed in dash-line box.
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UWB band from 0 to 960 MHz. Reference [11] uses a high-
speed 1-bit ADC to sample the entire band with no mixers
in the front end.

An interesting property of UWB communications is that
the transmitted power is quite low, and thus the overall
transceiver power tends to be dominated by the receiver.
Accordingly, the next section focuses on how to reduce the
power consumption of the blocks in the receiver baseband.

I11. HIGH-RATE IR-UWB BASEBAND

Parallelism is exploited in both the ADC and the digital
baseband processor in order to achieve the 100-Mb/s
throughput with minimum power consumption. Time-
interleaving allows the use of an energy-efficient successive
approximation register (SAR) architecture for the ADC [13],
while in the digital baseband processor, time-interleaving
enables operation using an ultra-low-voltage supply [14].

A. 5-bit Analog-to-Digital Converter

The 250-MHz down-converted pulses require a
500-MS/s Nyquist converter, but the required resolution is
limited to 4-5 bits [15]. Flash ADCs are the typical choice
for this high-speed low-resolution regime. A flash
converter compares the input, in parallel, to every possible
threshold voltage and determines the binary output in a
single clock cycle. This use of voltage parallelism enables
the highest speed ADC operation, but requires an exponen-
tial growth in the number of comparators with the
resolution. This undesirable complexity characteristic has
long motivated the choice of other architectures. The SAR
topology has only a linear growth in the number of
comparisons with the resolution; however, it computes
each bit of the digital output sequentially and therefore
requires multiple clock periods to resolve a conversion,
limiting conversion speed. Time interleaving [16] uses
parallel channels, sampling at fixed time-intervals to increase

the conversion time of any single channel, permitting use of
the energy-efficient SAR architecture for this high-speed
application [17]. An energy comparison between the flash
and time-interleaved SAR architecture is presented in [18].

One limitation to the general use of parallelism is the
requirement of independent processing from sample to
sample. Successive samples of any true Nyquist converter,
however, should be assumed to be completely independent
of each other. Thus, processing the samples in parallel
should give identical results to processing them serially. In
practice, however, mismatches between channels can
negatively impact ADC performance. The three primary
mismatch concerns are offset, gain, and timing skew. The
design of the time-interleaved SAR ADC is presented
below, specifically addressing our solutions to mismatches.

1) Top-Level Architecture: The SAR algorithm requires
one period to decide each of the output bits plus one period
for sampling. With six time-interleaved channels, the
internal channel clock period matches the overall sampling
clock. Thus, only one clock needs to be generated and
distributed. Besides easing clock distribution require-
ments, this also minimizes timing skew between channels.
A balanced layout for this single sampling clock is suf-
ficient to reduce errors arising from timing skew to below
the 5-bit level.

The top-level block diagram of the six-channel ADC is
shown in Fig. 2. Synchronization is performed by passing a
start token that signals when a channel should begin
sampling. This keeps the overhead associated with time-
interleaving to a minimum.

2) Channel Circuits: Each channel is composed of a
capacitive digital-to-analog converter (DAC), a compara-
tor, and digital control logic, often referred to as the SAR
itself (Fig. 2). The DAC is the split capacitor array [18],
which features decreased switching energy and faster
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Fig. 2. Block diagram of six-way time-interleaved SAR ADC and SAR channel.
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Fig. 3. Die photograph of ADC.

switching speed than the conventional binary weighted
capacitor array. Gain mismatch between channels is
limited by capacitor matching, and the unit capacitor
size is thereby chosen conservatively.

The comparator uses a two stage auto zeroed pream-
plifier and a regenerative latch. The preamplifiers reduce
the large offset voltage of the latch to below one-quarter of
the least significant bit (LSB) voltage when referred to the
input of the entire comparator chain, sufficient to limit
offset mismatch. All of the transistors in the comparator
have longer than the minimum channel length in order to
improve matching and output impedance.

3) Implementation and Measured Results: The ADC has
been fabricated in a 65-nm CMOS process. A photograph
of the 1.9 1.4 mm die is shown in Fig. 3. The input and
clock paths use a fully balanced layout in the middle of the
die. The effect of mismatch between channels can be seen
in the fast Fourier transform (FFT) in Fig. 4. Distortion
from the measured 0.3V sg offset variation appears as
spurs (e)—(f) at multiples of the channel sampling fre-
quency. Spurs (a)—(d) arise from timing and gain errors,
dominated by the former in this implementation. The

Table 1 Summary of ADC Performance

Technology 65-nm CMOS 1P6M
Supply Voltage 1.2V
Sampling Rate/Resolution 500 MHz/5 bit
SNDR ( fin = 239 MHz) 26.1 dB
Power (analog/digital) 2.86/3.06 mW

Active Area 0.65 mm X 1.4 mm

measured gain error is 0.9%. The ADC achieves full
Nyquist operation, with the effective number of bits drop-
ping from 4.5 at dc to 4 at Nyquist. The measured 6-mW
power consumption is split roughly evenly between the
analog and digital supplies. The ADC performance sum-
mary is listed in Table 1.

B. Digital Baseband Processor

The digital baseband processor receives two 500-MS/s
signals from the ADCs and performs acquisition and
demodulation. The received packet, shown in Fig. 5, is
composed of a sequence of 500 MHz bandwidth BPSK
pulses and can be divided into two sections: preamble
and payload. The preamble contains repetitions of an
Nc ... 31-bit Gold code. A Gold code is a type of pseudo-
noise sequence with desirable autocorrelation properties
for packet synchronization. The number of samples per
pulse in the preamble N; is given by the sampling rate
(500 MS/s) divided by the preamble PRF. Ideally, the
preamble PRF, and consequently N, are selected to enable
channel estimation without having to compensate for
intersymbol interference (ISI) [19]. For the channel models
provided in [20], N; ... 20 allows ISI free channel estimation
for CM1 to CM3 and negligible ISI errors in CM4 [21]. The
payload contains the actual data and is sent at a PRF of
100 MHz for a 100-Mb/s data rate with no channel coding.
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Fig. 4. FFT of 239 MHz input with dominant spurs labeled.

Fig. 5. UWB physical-layer packet format.
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1) Algorithm: Since the BPSK modulation can be inter-
preted as a direct-sequence code-division multiplex signal,
IR-UWB and code-division multiple access (CDMA)
systems have many common characteristics. The main
difference is that the duty cycle of the UWB signal is less
than 100%. For that reason, the architecture of a UWB
transceiver utilizes components from classic COMA trans-
ceivers such as the acquisition, synchronization, and track-
ing algorithms.

Acquisition involves the computation of the correlation
between the received noisy preamble and a local clean
template of the Gold code sequence. Initially the local
Gold code sequence is not aligned with the received
preamble, resulting in a low correlation value. Different
delays of the local template are correlated against the
received preamble until the result of the correlator meets a
predetermined threshold. This threshold is chosen to
ensure a small probability of false detection, leveraging
the good autocorrelation properties of the Gold code (a
large correlation is achieved only when the local template
and the received preamble are aligned within a granularity
of the 2-ns sampling period). Details of this acquisition
algorithm are described in [22]. Upon synchronization,
the correlation result is used to provide the channel
estimation.

Following synchronization, the baseband processor can
demodulate the payload using a partial RAKE receiver to
collect and optimally combine the signal energy received
on the multiple echo paths using the tap gains determined
by the channel estimation. The number of taps can be
fixed or determined by a programmable threshold [19].
The signal is tracked in the payload using a delay-locked
loop (DLL) to account for offsets between the ADC clock
frequencies at the transmitter and receiver. Carrier
frequency offsets can be estimated and corrected using a
Costas loop, as described in [5].

The total energy spent on receiving the UWB signal
can be divided into two components: acquisition
(preamble) energy and demodulation (payload) energy.
The acquisition energy can be seen as overhead energy
since it does not contribute during data demodulation.
The amount of overhead energy per packet should be
minimized particularly for packets with small payloads.
In the baseband processor, the majority of this
overhead energy is consumed during acquisition by
the correlation computation. Since each point of the
correlation can be computed independently, this over-
head energy can be significantly reduced by exploiting
parallelism.

2) Ultra-Low-Voltage Operation: The correlation is
computed using the correlator shown in Fig. 6. The energy
of the baseband processor can be reduced by aggressively
scaling down its voltage supply Vpp such that the
correlator operates near its minimum energy point [23].
The minimum energy point occurs because the total energy
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Fig. 6. Architecture of correlator used during acquisition.

per operation is composed of active energy Eactive and
leakage energy Ejeakage

Etotal e Eactive Eleakage

e CeffV[z)D (1)

IIeakVDDTdeIay

where Ce is the average effective switched capacitance of
the entire circuit, including the average activity factor.
From (1), we see that lowering Vpp decreases the active
energy. While reducing Vpp reduces the leakage power
lieakVop , it also increases the delay Tgelay Of the gates.
When Vpp is above the threshold voltage of the device,
Tdelay increases linearly with decreasing Vpp, and there is
no significant change in the leakage energy; however,
when Vpp drops below the threshold voltage of the device,
both Tqelay and leakage energy increase exponentially with
decreasing Vpp. Since the active energy and leakage energy
scale in opposite directions as Vpp decreases, a minimum
energy point occurs in the subthreshold region.
The energy profile of the correlator, obtained from
simulation, is shown in Fig. 7 and indicates that the
minimum energy point occurs at 0.3 V. For real-time
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Fig. 7. Energy profile of the correlator over varying voltage supplies.
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acquisition and demodulation of a UWB packet, the
baseband processor must perform signal processing with a
throughput of 500 MS/s. This can be achieved by a single
correlator operating at a frequency of 500 MHz with a
much higher voltage than 0.3 V, but Fig. 7 shows that this
is not energy efficient. To reduce energy, the correlators
should operate with a voltage supply as close as possible to
its minimum energy point and utilize a bank of parallel
correlators to maintain the required throughput.

Furthermore, to minimize the complexity of parallel-
ism, the number of parallel correlators in the bank should
be chosen such that an integer number of pulses f , or
f Ns samples, are processed per clock cycle. If this
restriction is not met, the Gold code cannot be hardwired
to the correlators (Fig. 6). Instead, additional complexity is
necessary to associate the Gold code input to the
correlators. To process f ... 1 pulse per cycle requires a
bank of 1 N;...20 correlators. These correlators only
need to operate at 25 MHz, which allows the voltage
supply to be scaled down to 0.4 V. Although this is slightly
above the optimum Vpp of 0.3 V, it does not cause a
significant energy penalty since the minimum energy point
is shallow. By operating at an ultra-low-voltage of 0.4 V
rather than 1 V, the energy per operation is reduced by
approximately 6 [14].

Additional parallelism can be used to shorten the
acquisition time. The bank of 1 Ns ... 20 correlators can
be replicated by N¢, to compute all points of the corre-

lation simultaneously [24]. This reduces overhead energy
of the entire receiver by minimizing the on-time of the RF
front-end [8] and ADC [25].

3) Architecture: To demonstrate the impact of parallel-
ism and aggressive voltage scaling on power consumption,
a simplified version of the baseband processor described in
[19] was implemented. This simplified baseband processor
uses a fixed five-finger partial RAKE with a maximum
delay of five samples for demodulation, capturing the
energy in a 10-ns interval that includes the most powerful
multipath components. The maximal-ratio combining
(MRC) in the RAKE receiver is also parallelized by a
factor of four so that it operates with the same ultra-low-
voltage supply and operating frequency as the correlators.
This also reduces the energy required for demodulation.
Since much of the computation required for the Costas loop
is already done by the correlators, specifically the ac-
cumulation, it requires minimal additional computation.
Although it was not included in the simplified design, the
estimated impact of the Costas loop on power is negligible.
This architecture was verified on the field-programmable
gate array (FPGA) of the discrete prototype described in [6]
and demonstrated real-time demodulation.

The highly parallelized implementation with a total of
620 correlators (31 banks of 20 parallel correlators) and
four RAKE MRCs is shown in Fig. 8. The number of
correlators per bank is dictated by the maximum frequency

Fig. 8. Architecture of the highly parallelized energy-efficient digital baseband processor.
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