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Abstract—This paper describes a digital baseband designed for
use in a non-coherent IR-UWB system. Owing to the nonlinear
statistics introduced by the energy-sampling RF front-end, the
baseband employs a new quadratic correlation technique that
achieves comparable performance to a matched filter classifier,
with the added benefit of being robust to SNR estimation er-
rors. Additionally, “alias-free codes” are introduced that allow
for pulse-level synchronization accuracy without requiring any
increase in front-end complexity. Fabricated in a 90 nm CMOS
process, the digital baseband utilizes significant parallelism in
addition to clock and data gating to achieve low-power operation,
with supply voltages as low as 0.55 V. At a clock frequency of 32
MHz, the baseband requires 14-to-79 s to process a preamble
during which it consumes an average power of 1.6 mW, while
payload demodulation requires 12 pJ/bit.

Index Terms—Correlation, energy detection, maximum likeli-
hood, modem, non-coherent, ultra-wideband, UWB, VLSI.

I. INTRODUCTION

B ATTERY-POWERED applications such as medical mon-
itoring and personal telemetry systems often require so-

phisticated sensing and communication functionality in small,
unobtrusive packages. These types of applications share many
attributes and requirements. For example, personal telemetry-
type systems typically require long battery lifetimes, operate
over short distances, and produce data rather infrequently. This
implies that resulting system implementations should be energy
efficient, and communicate with low average data rates and short
payloads.

Impulse-radio ultra-wideband (IR-UWB) systems are finding
increasing use in such applications, in part due to their Federal
Communications Commission (FCC)-regulated short range [1]
and inherently duty-cycled nature [2]. In particular, non-co-
herent IR-UWB radios, which discard phase information and
instead use amplitude or position modulation schemes, simplify
RF front-end complexity and thus lower the amount of energy
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required to transmit [3]–[6] and/or receive [7]–[10] a single
bit of information. Furthermore, due to relaxed frequency
tolerances of wideband, non-coherent communication, RF
phase-locked loop (PLLs) are not necessarily needed, and
the RF front-end circuits may be aggressively duty-cycled
between pulses and/or packets, thereby dramatically lowering
the average power consumption.

Depending on an application’s data rate and quality of service
(QoS) needs, it is often more convenient in IR-UWB systems
to relay bursts of information at high instantaneous data rates,
rather than continuously relaying information at low data rates.
There are three main reasons why bursting a packet of informa-
tion is beneficial: 1) although IR-UWB circuits can generally
duty cycle very quickly, there is less energy spent turning on
and off bias currents and/or calibrating delay-lines or digital-to-
analog converter (DACs) if duty cycling is at the packet-level
rather than at the bit-level; 2) external characteristics such as
temperature and multipath objects are unlikely to significantly
change during the course of a short packet and thus do not need
to be tracked; and 3) clock offset-tracking circuitry may not be
required if the packet is sufficiently short and an appropriate
modulation scheme is used.

Unfortunately, since RF front-end circuits are typically on
and consuming energy during all phases of a packet, a larger
proportion of system energy is spent on detection and synchro-
nization tasks when payloads become short. For instance, over
50% of the energy consumed when transmitting a 100-bit packet
using Zigbee is spent on the preamble and header, where no
useful information is conveyed [11]. As a result, it is not suf-
ficient to compare wireless systems solely by the energy con-
sumed per raw bit. Instead, a more useful metric is the energy
per useful bit (EPUB), which accounts for time and energy spent
during preambles and headers [12].

By discarding phase information and accumulating squared
noise, non-coherent square-and-integrate energy samplers offer
inherently less performance than their coherent counterparts,
typically by as much as 5–10 dB in signal-to-noise ratio (SNR)
for the same bit error rate (BER) [13]. However, due to the in-
creased front-end energy efficiency and eased synchronization
accuracy requirements, such energy-sampling systems can offer
superior EPUB to coherent systems when operating with very
short payloads [14].

The main goal of this work is to design an energy-sampling
digital baseband modem that maximizes battery lifetimes by
reducing the amount of time an RF front-end must be turned on
during a preamble. This goal coincides with designing a system
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Fig. 1. Top-level energy-sampling receiver block diagram.

with minimum EPUB. Additionally, the baseband should sup-
port improved synchronization performance over traditional
techniques without requiring additional analog processing, be
integrated with a radio front-end in a deep sub-micron CMOS
process, and consume minimal energy itself.

This paper is organized as follows. Section II describes the
non-coherent receiver system architecture and packet structure.
Section III describes previously published synchronization ap-
proaches, and presents a new class of codes designed for energy-
sampling systems. Section IV introduces the proposed quadratic
correlation scheme for improved synchronization performance.
Section V presents the digital baseband architecture and dis-
cusses circuit implementations. Section VI compares measured
chip results with results from other classes of receivers. Finally,
Section VII concludes the paper.

II. SYSTEM ARCHITECTURE

The chosen receiver architecture employs a non-coherent en-
ergy-sampling front-end, as shown in Fig. 1 [15]. The receiver
operates in the 3.5, 4.0, and 4.5 GHz bands set by the 802.15.4a
standard [16]. Following initial amplification by a tunable low
noise amplifier (LNA), energy is measured by self-mixing (i.e.,
squaring) the signal to baseband, and integrating the result over
a 31.25 ns window. This window length is chosen such that up
to 16 back-to-back 1.95 ns pulses (or, more generally, chip pe-
riods) fit in a single window. The integrated result is then quan-
tized to 5 bits and fed to the baseband in parallel at 32 MHz.

Since the front-end discards phase information and samples
over 31.25 ns windows of time, a high speed clock is not re-
quired; all circuits are clocked off of a free-running 32 MHz
crystal oscillator.1 In fact, the large integration window, cou-
pled with a non-coherent modulation scheme, relaxes clock fre-
quency and phase requirements to the point where no PLLs or
clock-offset tracking circuits are necessary for payloads under
6000 bits (given a crystal accuracy of 40 ppm).

A packet structure is shown in Fig. 2. The preamble is mod-
ulated using on-off keying (OOK) and consists of the following
phases:

• Detection involves determining if an appropriate packet is
being received by the RF front-end. The receiver averages a
programmable number of codewords, , followed by five
codeword cycles spent computing correlation results. If it is
deemed that no packet is being received, the baseband goes
into idle-mode for a programmable length of time before
re-entering the detection phase.

1With the exception of the integrator and analog-to-digital converter (ADC),
which take a particular output phase from the integrated delay-locked loop
(DLL) only after synchronization has been achieved.

• Synchronization involves determining where the begin-
ning of the current codeword is in relation to the current
energy sample. As in the detection phase, the receiver av-
erages a programmable number of codewords, followed by
five codeword cycles used for correlation. The integration
window phase is shifted to the inferred location immedi-
ately following synchronization.

• Start frame delimiter (SFD) search involves determining
where the preamble ends and where the payload begins.
This is accomplished by correlating to a sequence of 1 or
5 codewords.

The payload is modulated using pulse-position modulation
(PPM) and consists of a header and actual data. Following
the payload, the system enters a low-power idle mode where
all circuits, with the exception of the crystal oscillator and a
watchdog timer, are clock gated (digital circuits) or bias-current
gated (analog circuits) until the next packet is expected to
arrive.

III. SYNCHRONIZATION APPROACHES

In an energy-sampling system, non-reliance on phase simpli-
fies front-end circuits, but may significantly increase synchro-
nization complexity. This is particularly true in positioning ap-
plications, where synchronization accuracy specifications are
much more stringent than those normally required by a PPM-
modulated payload.

Since the preamble consists of repetitions of the synchro-
nization sequence (codeword), synchronization is the problem
of inferring the chip-level cyclic delay suffered by the se-
quence. Physically, this can be broken up into two alignments:
inferring the cyclic shift of the integrated codeword (codeword
alignment), and inferring the integration window location
(phase alignment). Phase alignment is illustrated in Fig. 3 with
a simple example of a 5-sample code, where the integration
window is three chip periods long.

In the literature, non-coherent IR-UWB synchronization
codes can be split up into two main categories: repetition codes
and pseudo-random codes. What follows is a brief description
of synchronization approaches using these two classes of codes.

A. Repetition Codes

The simplest synchronization approach involves transmitting
repetitions of the chip-level code,

where a ’1’ represents a single pulse, and a ’0’ represents a chip
period of zero output. Typically the number of ’1’s and ’0’s are
equal, and are set to exactly fill an entire integration window
[17]. The receiver then collects energy in multiple windows that
are relatively shifted in time. This may be done by either having
multiple parallel integrators [7], or by sliding the integration
window [18]. To increase reliability, multiple energy measure-
ments are made in each window and averaged. The window with
the maximum measured energy is inferred to be the optimum.

While conceptually simple, repetition codes suffer from
poor performance and typically require significant averaging in
low-SNR environments before reliable results are achieved.
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Fig. 2. Packet structure used by the digital baseband.

Fig. 3. Illustration of phase alignment required during synchronization with an
integration window of three chip periods. Codeword alignment involves deter-
mining the correct cyclic shift of the resulting integrated codewords.

B. Pseudo-Random Codes

In an energy-sampling system, every chip-level synchroniza-
tion code has an integrated counterpart, obtained by passing
the sequence through an energy-sampler (squared-integrator).
These codes can be classified as either being alias-free or
aliased. If two distinct chip-level shifts of a sequence yield
identical integrated sequences, these shifts are deemed to be
aliased. If no such shifts exist, then the sequence is deemed to
be alias-free.

1) 802.15.4a Codes: Synchronization in the 802.15.4a stan-
dard requires the use of length 31 or 127 codes drawn from
a ternary alphabet [16]. Each non-zero ternary-
symbol2 represents a single pulse followed by either 3, 15, or 63
chip periods of zero output, depending on the channel number
and system configuration. The purpose of transmitting a single
pulse followed by several chip periods of zero output is to help
resolve multipath.

These 15.4a codes are aliased if the integration period
is greater than the chip period, which is generally true for
low-power energy-samplers. A disadvantage of aliased codes
is that achieving chip-level timing resolution requires the
integration window to be shifted in time by a single chip
period, thus increasing the complexity of the receiver. Also, we
have recently shown that 15.4a codes are indeed optimum in
coherent systems, but not when energy-sampling is used [19].
In other words, 15.4a codes do not necessarily minimize the
preamble length required to achieve a specified probability of
synchronization error in energy-sampled systems.

2) Alias-Free Codes: We have previously shown that the op-
timum synchronization sequence in an energy-sampling system
depends on the underlying SNR, and have proposed alias-free
sequence families for both the low and high SNR regimes [19].
To illustrate alias-free codes, consider an integration window of
two chip periods (i.e., pulse periods), and the chip-level code

2For the purposes of non-coherent systems, the polarity of the pulse is unim-
portant.

If this code is integrated two chips at a time, it yields the inte-
grated result3

A single right cyclic shift of when integrated yields

It may be verified that no two shifts of this code yield the same
integrated sequence. Hence, this is an alias-free sequence.

Alias-free codes can be constructed for any integration
window length, and can achieve chip-level synchronization
resolution regardless of sampling resolution. In other words,
alias-free codes do not need fractional shifts or accurate, high
speed clocks, thus simplifying receiver hardware. These factors
motivate the choice of alias-free codes in the proposed digital
baseband.

Sparse alias-free codes can be constructed that are very sim-
ilar to 802.15.4a codes and thus share common characteristics
(such as performance in multipath environments). For example,
an alias-free code can be constructed by shifting each pulse in
a 802.15.4a code by its index value (a “walking code”). This
does not affect peak or average radiated power limits and can
be easily implemented, since many IR-UWB transmitters inher-
ently have sufficient timing resolution.

IV. QUADRATIC CORRELATION

A matched filter (or correlator) is the optimum synchronizer
in coherent systems, i.e., it minimizes the probability of error.
Energy-sampling systems must also “correlate” the received
signal with all possible cyclic shifts of the transmitted sequence,
but the optimum correlation function is nonlinear, owing to
the squaring operation in the energy sampler. The optimum
function may be obtained via the maximum-likelihood (ML)
expression and involves Bessel functions, making it computa-
tionally cumbersome. In contrast, prior work involving matched
filters work well in ideal conditions, but may be very sensitive
to SNR estimation errors for certain sequences.

When the period of integration is large compared with the
chip period (which is desirable for low-power systems), the cen-
tral limit theorem permits a Gaussian approximation, and yields
a new and robust classifier: the quadratic correlator (QCORR).
Hence, the correlation measure is of the form

(1)

3The notation here is that a lower-case � refers to a chip-level codeword, while
an upper-case � refers to an integrated codeword with the shifted chip-level
index, �.
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Fig. 4. Circuit diagram of the proposed quadratic correlator (QCORR). Trun-
cation and arithmetic shifts are used to preserve dynamic range.

where and are the expected signal mean and variance
for the th coordinate (i.e., sample) of the th codeword shift.

Sequences are typically repeated to improve synchronization
performance at low SNRs. It is more efficient to average the
signal and then correlate, rather than computing correlations
for each repetition and then averaging correlator outputs. The
quadratic form implies that two averages are required: the signal

, and the signal squared . Equation (1) can then be ex-
panded for ease of implementation into the following form:

(2)

where and are multiplier
coefficients and is a bias term that can be
added after the main summation. Fig. 4 illustrates the imple-
mented form of the quadratic correlator.

The proposed quadratic correlation approach has a perfor-
mance that is nearly indistinguishable from the ML approach at
all SNRs (provided, of course, that the integration period is large
compared with the chip period), and, as shown in Section VI, it
is much more robust to SNR mismatches than a matched filter.

V. DIGITAL BASEBAND ARCHITECTURE

A simplified block diagram of the digital baseband is shown
in Fig. 5 [20]. A highly-parallel, low fan-in architecture allows
for low voltage operation without sacrificing throughput. Ad-
ditionally, since storage requirements are relatively small, all
memories use flip-flop-based registers (which can also operate
down to low voltages). Fine-grained clock gating, where the
clock nets to individual blocks are explicitly gated when they
are not in use, is implemented to reduce dynamic power dissipa-
tion in the clock tree network. Since there are many high fan-out
nets in the design that would normally be broadcasted to many
different blocks, input vector gating techniques, where the state
of parallel nets are driven to constant static values, are imple-
mented to dynamically prevent broadcasting vectors to blocks
that are not being used. This further reduces unnecessary dy-
namic power by limiting bus activity factors.

Baseband circuits corresponding to different phases of a
packet are described below. Since the bulk of the circuitry is
devoted to synchronization, it is described first, even though
detection is always performed prior to synchronization.

Fig. 5. Top-level block diagram of digital baseband modem.

Fig. 6. Circuit that separates and averages linear ADC samples into 32-sample
codewords. The circuit that separates the squared (quadratic) samples is the
same, except with modified bit-widths (shown in parentheses).

A. Synchronization

During detection and synchronization, the transmitter sends
several repetitions of a 32-sample (512 chips) alias-free inte-
grated codeword, . The receiver front-end squares, integrates,
and digitizes the received signal. A 5-bit, 32 MS/s signal is gen-
erated, which is passed to the digital baseband. These samples
are again squared, then both the 5-bit linear and 10-bit quadratic
samples are separated into 32-sample codewords and averaged
(Fig. 6). Up to 32 codewords (restricted to powers of two) can be
averaged for both detection and synchronization. This amount
of averaging can achieve ns synchronization accuracy at
reasonably low SNRs while tolerating clock offset effects for
crystal accuracies of up to 40 ppm.

Once averaging is complete, the receiver front-end is tem-
porarily shut off to save energy (by gating bias currents), and
the averaged linear and quadratic samples are distributed to the
detection and synchronization QCORR network via a global cir-
cular buffer (which is shown in greater detail in Fig. 7). Recall
that the goal of synchronization is to determine both the number
of sample shifts required to achieve codeword alignment, and
the phase shift within a sample required to align the integration
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Fig. 7. Block diagram of a phase correlation tile (PCT) that computes all 32 quadratic correlations of a particular integration window phase. Also shown is the
global circular buffer that feeds all 16 PCTs on the chip.

window. This is achieved by correlating the received samples
with digitally-stored coefficients corresponding to every pos-
sible shift of the original codeword. The shift that results in the
maximum correlation is deemed to be the most likely possibility,
and thus is selected for synchronization purposes.

With an integration window of 31.25 ns, every sample dura-
tion corresponds to 16 possible signal starts, or phases, each sep-
arated by a single pulsewidth of 1.95 ns. Since the length of the
integrated codeword is 32 samples, a total of
quadratic correlations are required (i.e., the chip-level code-
word, , is of length 512) to attain chip-level synchronization
accuracy. These correlations are distributed over 16 phase cor-
relation tile (PCTs) (Fig. 7), which each compute all 32 corre-
lations for a particular integration window phase.

A quadratic correlation involves multiplying averaged
32-sample linear and quadratic input data with a
group of 32 pairs of coefficients representing one of the 512
distinct shifts of the original codeword (as shown in (2)).
To attain desired performance, each coefficient requires 12
bits. Without any optimization, this would involve storing

bits of multiplier coefficients in
memory. However, there are only a total of 16 distinct pairs of
linear and quadratic multiplier coefficients—one pair for each
possible combination of the number of pulses in an integration
window (0-to-15).4 Thus, it is possible to devote only 384
bits to the distinct coefficients, and instead allocate bits to
store sequences of 4-bit pointers that point to the 16 pairs of
individual coefficients. This pointer memory bank is called the
integrated-codebook.5

Without optimization, the integrated-codebook would require
bits of pointer information. How-

ever, since the integration window has only 16 phases, the in-
tegrated-codebook begins to repeat itself in a circularly-shifted

4The case of 16 input pulses is truncated to 15 such that a 4-bit representation
may be used. This has little impact on performance.

5The chip-level codebook is of the size 512� 512, where all entries are bi-
nary, and each column represents a single chip period. The integrated-codebook
is of size 512� 32, since each column contains a 4-bit entry describing the ex-
pected number of pulses in an integration window.

fashion after the first 16 pulse-width shifts. Thus, only
of memory are required to completely define the

codebook.
Since each PCT operates on a single integration window

phase, only one row of the integrated-codebook is required per
PCT. This row, or integrated-codebook phase, is thus locally
stored in a programmable shift-register-based memory.

To reduce the latency of the correlation computation, each
PCT consists of 8 parallel QCORRs, thus requiring 4 sets of cor-
relations spaced out in time in order to compute the 32 required
correlations. Since all 8 QCORR units within a PCT perform
correlations with an identical, but shifted set of coefficients, an
efficient pipeline schedule can reduce hardware complexity. As
shown in Fig. 7, a common pair of linear and quadratic coeffi-
cients are broadcast to all 8 QCORRs, while averaged data is
offset between QCORRs using a global circular buffer. Rather
than sharing coefficients among QCORRs, the alternative is to
share input samples. However, this would increase multiplexing
costs of non-local coefficient fetches by 8x. A circular-buffer
schedule for the first set of 8 correlations is shown in Fig. 8.

Due to the QCORR schedule, correlation results are produced
linearly in time. This allows for a simple one-stage comparator
with memory to keep track of the local maximum correlation.
After all 32 correlations have been computed per PCT, a phase-
dependent bias, , is added to the local maximum, which is then
sent to the global maximum correlation search (Fig. 5), along
with its sample-shift argument.

Immediately following synchronization calculations, the
front-end is turned back on, and the LSBs of the argument of
the global maximum correlation, which determine the inferred
integration window phase, are relayed to the DLL. This occurs
while the baseband is waiting to achieve codeword alignment
(set by the MSBs of the global maximum correlation), allowing
the RF and analog circuits sufficient time to settle.

B. Detection

The goal of the detection phase is to determine whether
noise, or a properly-coded message, is being received. The de-
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Fig. 8. Schedule of eight parallel QCORR units showing data and coefficient choices for each one. Multiplier coefficients (� ’s) are broadcast to all 8 QCORRs,
while averaged input samples (� ’s) are offset in time via the circular buffer. A blank table entry signifies the given QCORR is not operational (i.e., clock gated).
Note that the �� and � notations are dropped to simplify the table (only �’s are shown).

tection operation is nearly identical to synchronization: linear
and quadratic input samples are first averaged, then correlated
to a subset of the possible shifts of the expected codeword, .
Additionally, an extra QCORR is used to correlate the input
samples to an all-zero codeword corresponding to noise. If the
maximum correlation to any shift of the expected codeword

exceeds the correlation to the noise codeword by a pro-
grammable threshold,6 then it is inferred that an appropriate
signal is being received, and the receiver may enter the syn-
chronization phase (recall, detection is always performed prior
to synchronization).

Only 2 out of the 16 PCTs are used, since only a subset of
all possible shifts are required for the desired detection per-
formance. Thus, a fine-grained clock gating scheme is imple-
mented to reduce clock tree power to the unused PCTs. Overall,
the entire clock gating strategy reduces dynamic power by 2.7x
during idle mode when only a watchdog timer is active.

Note that the detection phase can also play a role in multi-ac-
cess differentiation—any orthogonal preamble code will appear
as noise to the detection circuitry, thus preventing receivers from
locking to unintended transmissions.

C. SFD Search

The goal of the start frame delimiter search phase is to de-
termine exactly when the preamble ends and where the payload
begins. This is achieved by searching for a new code that is suffi-
ciently uncorrelated to the preamble code used during detection
and synchronization. The task of searching for the start frame
delimiter (SFD) is split into two sets of correlations:

1) Inner quadratic correlations of input samples with the
underlying 32-sample codeword, , and an all-zero
32-sample codeword.

2) Outer linear correlations of inner results with all possible
shifts of a length 5 SFD code sequence stored in a code-
book (low SNR). In the high SNR regime, a length 1 SFD
code (the all-zero codeword) is used instead.

The SFD is deemed to be found when the correlation with the
unshifted outer sequence exceeds correlations to its possible

6The threshold determines the missed detection/false alarm performance
trade-off. A typical setting would result in � ������� ����	��
��  ��
and � ������ ������  �� .

Fig. 9. Block diagram of the SFD search circuitry.

shifts. This inner/outer correlation scheme is similar to what is
typically implemented in wireless systems that spread preamble
bits over multiple chip periods (such as CDMA).

A block diagram of the circuit that performs computations
during the SFD phase is shown in Fig. 9. The SFD codebook
is programmable via a local shift-register memory, and con-
tains shifts of the outer code ( in this illustration).
Note that only codeword shifts in the advancing direction are re-
quired, since the baseband either expects to find the SFD, or find
no SFD at all.7

Recall that immediately after synchronization, the integra-
tion window is shifted to the inferred location, and the receiver
waits the appropriate number of clock cycles to attain code-
word alignment. Thus, the search for the SFD ideally begins
exactly as a new codeword is being received. As a result, it is
not necessary to perform quadratic correlations to any shifts
of the code ; rather, it is only necessary to correlate to the
unshifted code itself.8 Consequently, PCTs are not required
during the SFD phase; all PCTs are thus clock gated. Instead,
individual QCORRs may be used to correlate to the code
and the all-zero codeword. Because it takes a finite number
of clock cycles for a QCORR to begin processing data and

7In other words, the baseband does not expect to miss the SFD by a single
inner-codeword, since immediately following the SFD is the payload, as op-
posed to a circular shift of the outer SFD code.

8Of course, it is never necessary to correlate to shifts of an all-zero codeword.
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Fig. 10. Payload demodulator circuit that decodes variable-length PPM data.

finalize its computation, two pairs of QCORRs are used in a
time-interleaved fashion to compute the required quadratic cor-
relations without dropping input samples or requiring extensive
buffering.

The inner (quadratic) correlation results from the interleaved
QCORRs fill a pair of 5-entry serial shift registers. After 5 sets
of correlations, the shift register is full, and outer (linear) corre-
lations may be computed. Outer correlations are computed in a
serial fashion by rotating through the SFD codebook and adding
the 5 linear results dictated by the current line in the SFD code-
book. A linear max-search circuit is used to keep track of the
maximum outer correlation. If the maximum outer correlation
value corresponds to the last outer correlation (i.e., the unshifted
SFD), the SFD is deemed to be found and the baseband may con-
tinue into the payload demodulation phase. If the last outer cor-
relation is not the maximum result, the SFD codebook counter
is reset and outer correlations are halted until a new inner result
is available. This process repeats until the SFD is found, or a
programmable timeout is reached.

D. Payload Demodulator

The payload is found immediately after the SFD, and in this
implementation, contains an 8-bit header followed by useful
payload information, both of which are modulated using PPM.
Since it takes several clock cycles to compute outer SFD correla-
tions and determine if the SFD has been found, payload demod-
ulation must occur at the same time that outer SFD correlations
begin in order to avoid dropping data or increasing latency. If
the SFD is deemed to have not been found, demodulated data is
simply discarded and the process is reset.

Fig. 10 shows the circuit responsible for demodulating pay-
load data. Two accumulators, which can each accept data at
32 MS/s, are used to sum energies in adjacent PPM time slots.
The accumulator data paths are sized such that variable-length
PPM data can be decoded, with PPM time slots ranging from
31.25 ns, which is the length of a single integration window, to

s, or 128 adjacent integration windows. As a result, the pay-
load data rate ranges from 125 kbps
to 16 Mbps . Duty-cycling between
PPM time slots is not permitted.

Fig. 11. Die photo of the digital baseband as part of a receiver SoC. A deep
n-well isolates digital substrate noise from important analog blocks.

TABLE I
SUMMARY OF SYSTEM PARAMETERS

Fig. 12. Measured clock frequency [MHz] and energy per synchronization [nJ]
plotted versus the supply voltage, � [V].

VI. MEASUREMENT RESULTS

A. Circuits

The digital baseband was fabricated in a 90 nm CMOS
process as part of an SoC with an integrated RF front-end [15].
The baseband occupies a core area of mm ; a die
photo is shown in Fig. 11. A summary of system parameters is
shown in Table I.

The baseband is designed to operate down to low-volt-
ages for improved energy efficiency per operation [21]. As
shown in Fig. 12, the baseband is functional at supply volt-
ages as low as 0.45 V. Lowering the supply voltage results in
less switching energy and leakage power. However, leakage
power begins to integrate over exponentially larger clock
periods at lower voltages, thereby comprising an increasing
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Fig. 13. Power profile of digital baseband operating at 32 MHz with � �

���� � over the course of an entire packet. Note the four spikes in power con-
sumption during synchronization, corresponding to the four sets of correlations
that are computed by the PCT network.

portion of the total energy consumed per clock cycle. This
switching/leakage energy trade-off results in a minimum en-
ergy point at .

Fortunately, the supply voltage which corresponds to a max-
imum clock frequency of 32 MHz lies very near the minimum
energy point. With some margin added for safety, the baseband
operates reliably with at a clock frequency of
32 MHz.

Fig. 13 shows the measured power profile of the digital base-
band at these operating conditions during the processing of an
entire packet. The effects of aggressive clock and input vector
gating are clearly demonstrated: for instance, instantaneous syn-
chronization power can vary by as much as 4X between sets of
correlations, while consuming a peak instantaneous power that
is 22X greater than simply averaging input samples.

B. Synchronization Performance

The synchronization performance of the digital baseband is
compared to alternative classifiers in Fig. 14 using synchro-
nization error rate (SER) curves in an AWGN environment. An
error event is defined to occur when synchronization results in
a phase that is not within 1 ns (i.e., one chip period) of the
ideal phase. Since data from existing work is difficult to obtain
and often uses different codes and preamble sizes, comparisons
are instead made to in-house simulations using repetition codes
(sliding window, SW) or alias-free codes (all others).

The proposed baseband achieves less than a 1.5 dB SNR loss
over an ideal maximum likelihood (ML) classifier, and is within

0.5 dB of the optimum matched filter (MF) classifier. Note
that all simulations use floating-point arithmetic, and thus would
likely suffer an additional 0.5–2 dB implementation loss when
quantized in a silicon ASIC. Compared to a sliding window
(SW) classifier, the baseband requires at least 10 dB less SNR

Fig. 14. Measured synchronization error rates (SERs) for the proposed base-
band compared to floating-point simulations of maximum likelihood (ML),
matched filter (MF), and sliding window (SW) classifiers. All curves are for a
�� ns synchronization accuracy.

Fig. 15. Energy per useful bit (EPUB) for a synchronization accuracy of�� ns
with an SNR of 4 dB and an SER of �� .

for an SER of . In other words, the baseband processes ap-
proximately 10X fewer samples than an SW classifier for equiv-
alent performance.

When coupled with the measured energy consumption results
of a non-coherent IR-UWB RF front-end [15], the baseband
achieves a complete receiver EPUB that is 3-to-9X lower than
an SW-based classifier for payload lengths of 1000-to-10 bits.
This is illustrated in Fig. 15. Alternatively, for 100-bit payloads
and an average data rate of 100 kbps, battery life is extended by
5.8X compared to an SW-based classifier when using a 30 mAh
hearing-aid battery.9 Note that the SW-based results are deemed

9This includes power drawn from the front-end and peripheral circuits on the
SoC in [15], but does not include other board components such as an LDO.
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TABLE II
COMPARISON OF EXISTING ASIC IMPLEMENTATIONS OF IR-UWB DIGITAL BASEBANDS

Fig. 16. SER for achieving a �� ns synchronization accuracy in the presence
of SNR estimator errors.

to be slightly conservative, as the simulated SW baseband is as-
sumed to consume zero power.

Although the synchronization performance of the proposed
baseband is comparable in ideal scenarios to a matched-filter
classifier, it has a significant advantage in the presence of SNR
estimation errors. Such errors are defined as the difference be-
tween the actual SNR seen by the receiver and the estimated
SNR used to derive the QCORR multiplier coefficients. Fig. 16
shows the synchronization performance of the baseband and
an MF classifier in the presence of SNR estimation mismatch.
In this example, the measured eye opening of the baseband is
4.5 dB at an SER of , which is 11X greater than the 0.4 dB
simulated eye opening of the MF classifier. Note that the eye
opens up significantly if the absolute SNR is increased or if syn-
chronization accuracy tolerances are relaxed.

C. Summary

The digital baseband consumes W of idle-mode power,
and can process an entire preamble in a minimum of s.

This results in a total energy consumption of 34 nJ, or 2.4 mW
average power. The longest possible preamble requires s
and consumes 55 nJ of energy, equivalent to 0.7 mW of average
power. Typical preambles require s and consume 1.6 mW of
average power. For comparison, the front-end consumes 5-to-14
mW during a typical preamble when duty cycled according to
the packet diagram in Fig. 2.

Table II provides a chip summary of the proposed digital
baseband while comparing results to previously published work.
Note that it is difficult to directly compare existing work in
IR-UWB digital basebands, as system parameters such as mod-
ulation formats, coherency, codes, preamble lengths, and data
rates can vary greatly between different implementations. Addi-
tionally, the functionality provided in previous work can greatly
differ, such as omitting packet delimiter decoders (e.g., SFDs)
[22]. Nevertheless, the proposed baseband achieves the lowest
average preamble power and payload demodulation energy ef-
ficiency. Note that several important references were omitted
from the table due to having only FPGA results [7], [23], [24],
synthesized ASIC simulation results [25], or not enough infor-
mation devoted solely to the digital baseband [10].

VII. CONCLUSION

This paper presents a digital baseband that proposes the use
of alias-free codes and a quadratic correlation technique to im-
prove synchronization performance over existing non-coherent
IR-UWB work. Alias-free codes allow for highly-accurate

ns synchronization tolerances while operating all circuits
off a 32 MHz clock. Quadratic correlation is introduced as a
synchronization classifier that has nearly optimal performance
in ideal conditions, while having performance that is more
robust than an MF classifier in the presence of SNR estimation
errors. The baseband exploits parallelism and clock gating to
achieve low-voltage, low-power operation, with supply voltages
as low as 0.55 V while still meeting throughput constraints.
The baseband can process an entire preamble in a minimum of

s, and consumes an average power of 1.6 mW.
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