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IR-UWB radios are finding increasing use in low data rate sensing applica-
tions, in part because they can be easily duty-cycled to achieve extreme ener-
gy efficiency. Within pulsed radios, non-coherent (NC) RF front ends that use
simple square-and-integrate samplers offer significant energy-per-bit savings
over their coherent counterparts [1]. However, such samplers lose phase
information and accumulate squared noise over the integration period. While
this increases the SNR required to relay a bit reliably, the greater challenge is
achieving signal synchronization. Telemetry applications often have small pay-
loads (10 to 100 bits) where synchronization time dominates. Furthermore,
synchronization performance is being continually pushed to enable position-
ing capability. Hence, the ultimate advantage of NC receivers relies on their
ability to synchronize efficiently.

Previously published NC solutions are deficient in three areas: synchronization
algorithms, codes, and their reliance on high resolution clocks. Current algo-
rithms disregard the effects of squaring noise, and use matched filters (MFs)
[2] that are guaranteed to be optimum only when noise is additive, such as the
case in coherent receivers [3, 4]. In NC systems, the use of MFs not only
increases synchronization time, but make the system very sensitive to errors
in estimating SNR. Repetition codes can simplify algorithms by eliminating
the need for MFs, but require parallel or sliding integrators in addition to high-
er SNR or on-time [5]. Synchronization accuracy is also limited by clock
speeds with these techniques, as a +1ns resolution (corresponding to 30cm
of positioning accuracy) typically requires a 500MHz clock.

The proposed digital baseband overcomes these shortcomings without any
increase in RF front end power or complexity via the following techniques: 1)
new synchronization codes that require 11x fewer samples than repetition
codes, and which allow high synchronization accuracy (1ns) using slow
clocks (32MHz); 2) a new quadratic correlation algorithm that requires 2 to
4dB lower SNR than MFs and is robust to parameter measurement uncertain-
ties; 3) an algorithmic transformation that reduces computational complexity
of correlations by up to 32x; and, 4) a low-voltage, highly-parallel VLSI imple-
mentation that offers low-latency synchronization. As a result of these tech-
niques, the baseband achieves a peak synchronization accuracy of +1ns at an
SNR of 4dB within 16ps.

The packet structure is shown in Fig. 14.2.1. The preamble consists of repeti-
tions of a PN code (S) followed by a start-frame-delimiter (SFD), header, and
payload bits. State-of-the-art codes for NC systems, as proposed in the |EEE
802.15.4a standard [6], are not necessarily alias-free, i.e. two chip period
shifts of S, produce an identical sequence of integrator outputs. Figure 14.2.1
demonstrates this with a toy, 4a-like code. To guarantee no aliasing, the
receiver must be able to shift integration slots by a chip period of 1.95ns (or
integrate over 1.95ns windows). A simple modification in pulse positions
bestows the alias-free property, as Fig. 14.2.1 illustrates. The baseband uses
alias-free codes of length 512 chips (0.998ps) with a 31.2ns integration peri-
od.

The top-level architecture of the digital baseband is shown in Fig. 14.2.2.
Every sample duration corresponds to 16 possible signal starts, or phases,
separated by 1.95ns. For a code (S,) with nsamples, both the number of sam-
ple shifts and the phase shift within a sample must be determined, requiring
a total of 16n correlations. These correlations are distributed over 16 phase-
correlation tiles (PCTs). Each PCT, as shown in Fig. 14.2.3, consists of 8 par-
allel quadratic correlators (QCORRSs) which perform correlations of length n.
To better approximate an ideal maximum likelihood (ML) synchronizer, each
term in the quadratic correlation requires two multiply-accumulate operations,
one each with the averaged sample and its square. To reduce complexity, the
quadratic correlation expression is re-factored so that correlations can be run

once — with the mean and mean squared ADC samples — rather than with
every received code, saving up to 32x in total synchronization energy.

Since the QCORR units, shown in Fig. 14.2.4, perform correlations with an
identical, but shifted set of coefficients, an efficient pipeline schedule can fur-
ther reduce hardware and energy costs. Every cycle, a common pair of linear
and quadratic coefficients is broadcast simultaneously to all 8 QCORRs, while
averaged data is offset between QCORRs using a global circular buffer as
shown in Fig. 14.2.3. Sharing coefficients, as opposed to data, reduces multi-
plexing costs of non-local coefficient fetches by 8x. Since n may be as large
as 32, the 8 QCORR wunits in a PCT perform up to 4 sets of correlations. After
all computations are complete, the inferred phase is conveyed to the RF front-
end using a DLL, and the inferred shift is used to skip the right number of
samples to achieve codeword alignment. Detection is treated like synchroniza-
tion except that it is sufficient to use only 2 out of 16 PCTs. Custom, fine-grain,
clock gating is employed during detection to reduce clock tree power of the
unused PCTs. Overall, clock gating reduces dynamic power by 2.7x during idle
mode.

The repeated S, codes are followed by the SFD (S;S;5,S,S;) where S; is an all-
zero code with the same length as S,. The baseband searches for the SFD by
correlating with all expected length 5 code sequences stored in a codebook.
This is achieved via an inner quadratic correlation with Sy and S;, and an outer
linear correlation that accumulates inner results for all sequences in the code-
book. Inner results are stored in a serial shift register (Fig. 14.2.4). Two pairs
of QCORRs are used in a time-interleaved fashion to avoid throughput loss or
extensive buffering. The search continues until the SFD has the highest corre-
lation, or a pre-specified timeout is reached. In the high SNR regime, the cir-
cuit can also be programmed to search for a length 1 SFD to reduce preamble
duration.

Unlike conventionally used linear matched filters, the proposed quadratic cor-
relation receiver achieves near-optimum performance, and is robust to SNR
estimation errors. The baseband achieves a +1ns synchronization accuracy
with 10dB lower SNR, or, 11x shorter preambles, compared with repetition
codes, and is within 1.5dB of the optimum ML receiver, as shown in Fig.
14.2.5. In the presence of SNR estimation errors, the baseband improves the
‘eye’ opening by 4dB compared with an ideal matched filter.

Implemented in 90nm CMOS, the digital baseband occupies 2.55mm? on an
SoC with an integrated RF front end and 5b ADC [7]. The baseband operates
at a core supply voltage as low as 0.55V. During detection and synchroniza-
tion correlations, the baseband dynamically duty-cycles the RF front end to
reduce system power. At a clock frequency of 32MHz, the chip can process an
entire preamble in @ minimum of 14ps and consumes an average of 1.6mW.
A summary of results is shown in Fig. 14.2.6. A die photo is shown in Fig.
14.2.7.

Acknowledgments:

This work is funded by DARPA HI-MEMS program (Contract # FA8650-07-C-7704). The
authors thank STMicroelectronics for chip fabrication and Nathan Ickes for testing sup-
port.

References:

[1] ES. Lee, and A.P. Chandrakasan, “A 2.5nJ/b 0.65V 3-to-5GHz Subbanded UWB
Receiver in 90nm CMOS,” ISSCC Dig. Tech Papers, pp. 116-117, Feb. 2007.

[2] C. Duan, P. Orlik, Z. Sahinoglu, and A.F. Molisch, “A Non-Coherent 802.15.4a UWB
Impulse Radio,” /EEE Int. Conf. Ultra-Wideband., pp. 146-151, Sep. 2007.

[3] M. Verhelst and W. Dehaene, “A Flexible, Ultra-Low-Energy 35 pJ/Pulse Digital Back-
End for a QAC IR-UWB Receiver,” IEEE J. Solid-State Circuits, vol. 43, no. 7, pp. 1677-
1687, Jul. 2008.

[4] C-H. Yang, K-H. Chen, and T-D. Chiueh, “A 1.2V 6.7mW Impulse-Radio UWB
Baseband Transceiver,” ISSCC Dig. Tech Papers, pp. 442-443, Feb. 2005.

[5] L. Stoica, A. Rabbachin, and I. Oppermann, “A low-complexity noncoherent IR-UWB
transceiver architecture with TOA estimation,” /EEE Trans. Microw. Theory Tech., vol. 54,
pp. 1637-1646, Jun. 2006.

[6] IEEE P802.15.4a/D6, Part 15.4, “Wireless Medium Access Control (MAC) and
Physical Layer (PHY) Specifications for Low-Rate Wireless Personal Area Networks (LR-
WPANSs): Amendment to add alternate PHY,” Dec. 2006.

[7] D.C. Daly, P.P. Mercier, M. Bhardwaj, A.L. Stone, J. Voldman, R.B. Levine, J.G.
Hildebrand, and A.P. Chandrakasan, “A Pulsed UWB Receiver SoC for Insect Motion
Control,” ISSCC Dig. Tech Papers, Feb. 2009.

252

e 2009 IEEE International Solid-State Circuits Conference

978-1-4244-3457-2/09/$25.00 ©2009 |EEE

Please click on paper title to view Visual Supplement.


http://dx.doi.org/10.1109/ISSCC.2009.4977403/mm1
http://dx.doi.org/10.1109/ISSCC.2009.4977403/mm1
http://dx.doi.org/10.1109/ISSCC.2009.4977403/mm1

Please click on paper title to view Visual Supplement.

ISSCC 2009 / February 10, 2009 / 2:00 PM

D > Decoder |
T iqi ADC samples Bits
I( )dt ADC Digital (This work) T
> Baseband
o j | Averaging | | Averaging | SFD/Header
Synchronization T T Search
------------------------------ 16 Phase- Ll - 1 L
‘ Correlation Global Circular Buffer |
Detection Synchronization SFD Payload Tiles (PCTs) Il
Codes:1-32 5 132 5 lors | |:| = RXRF on k, d————r—r—=——=) .
S0S0e++ SS0S0 515081808 +++ 5S1S0S:S05]0 0 0'Sy O] Header|  Data | l | l | l | l | 5 £
- 4| -
Correlation Correlation =RXRF off - i —! - H VC>; e 5
—————————————————————————————— =5 %
Integration Window Shifted codes produce Synch _l | E'
same integrated results A - o
o
802.15.4a- | 100 100 000 100 000 3 1101 0 I
like code: | 010|010 1000 010 000 | = I()Zdt =) |1 10 10 s = QE_,
1001 001 000 001 000 - 1101 0 ~ l | kel
— : - o
O | = =
Alias-free | 100 000 000 2 Ljrjojrjo Integration =
code: | 010 001 000 000 100 |==p I)dt =) |1 100 1 Window H
001 000 100 000 010 1101 0 1 Phase W
— E . il sl T w —— F
Integrated results unique (to DLL) i fin m-l Symbol Synchronization I
Max Correlation Search

Figure 14.2.1: Non-coherent UWB block diagram, with illustrated packet structure and " Detected?

alias-free codes. Figure 14.2.2: Digital baseband block diagram.
Time ——> ADCavg J ADC?avg
QCORR | 1]2[3[4[5[6[7[8]9 323334353637 38] 39 . . .
oy F!—fj 1 Serial Shift Register
1
QCORR 2] [=0N - - Pas; | Pssi | Pasi | Pisi | Poss
schedule s ¥ HEE > =
g = oFF <= Paso | |P3so | [P2so | [Piso S
8 B o|o 2
7 (SR o
g | o S
EY Global Circular Buffer Phase-correlation tile 1 =)
D) s | o i
8 © (Local Memory) A& [ [ _ _ Lastcycle?
k kil k2 k3 k4 k5 ko6 k7 k3l = oc | o
<|(}— LD‘ R Codebook phase j § Eﬂ) % Interleave : MSB :
e 4. 32 shifts « o 44 5] O | O 1 [ SFD found
C = [eNe] 1 ILinear
O AN = ! Jmax search
1 = b QCORR “----—--o—=—
ST ez 2 2 ]| Cosficen ¢ > o
[ S R R e Broadcast ;’ e 2 & o h
S99 19191919 1|9 < U Arithmetic 8
Ol9|0|9|l0 |9 |0 |9 ] £
sat| 3| O | 0| 0|0 |0 |O |O 12 12 S o N
pald ) . £ < 9 =
¥ > 8 Quadratic Correlators 16 phases 2 D + -
o] 3 2 o 14 A
T T T T [ ax search & - +H+1D
phase j 12 & | |
o DD - N HE== :
CORR ble shift regist
Q enable shift register 2 P é — truncated &
argfmax(P.)} Q) ﬁ max(P,) 1 az (discarded) LSBs ~ shiftz shifts
Figure 14.2.3: Phase-correlation tile with 8 QCORRs. Figure 14.2.4: SFD and QCORR circuits.
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Figure 14.2.5: Synchronization error rates (SERs) for +1ns accuracy with ideal and
mismatched SNRs. Figure 14.2.6: Table of measured results and power profile.
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Figure 14.2.7: Die micrograph of the IR-UWB digital baseband processor.
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