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Motivation
Analog signals are usually acquired by sampling at Nyquist rate
and samples are then processed with digital algorithms.
The best current technology (2005) gives:
o 18 effective bits at 2.5 MS/s (MegaSamples/sec)
o 13 effective bits at 100 MS/s
Performance degradation about 1 effective bit per frequency octave.
At all sampling rates, one effective bit improvement every 6 years.

The Moore's Law for ADCs is
too shallow to help in
modern applications!

[B. Le et al., ADCs , A review of past, present and future, IEEE SP Magazine, 2005]
[R. Walden, Analog-to-digital converter survey and analysis, IEEE Journal on Selected Areas in
Communications, vol. 17, no. 4, pp. 539–550, Apr 1999]
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Brief introduction to compressive sampling
CS theory proposes to directly acquire the information of the signal, not all
its Nyquist rate samples.
Basic premises underlying CS:

About the signal:

SPARSITY
About the sensing
process:

INCOHERENCE
CONVEX OPTIMIZATION
About the
reconstruction
REFERENCES:
o Richard Baraniuk, Compressive sensing, IEEE Signal Processing Magazine, 24(4), pp. 118-121,
July 2007.
o Emmanuel Candès and Michael Wakin, An introduction to compressive sampling, IEEE Signal
Processing Magazine, 25(2), pp. 21 - 30, March 2008.
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Sparse/compressible signals
Many signals are compressible/sparse in some transform basis:

x is K-sparse if it is a linear combination of only K basis vectors, that is,
only K of the ai coefficients are nonzero

N
samples

AtlantTIC

K << N
STFT coefficients

Discrete model for the sensing process
x: original signal at Nyquist rate

y: measurement, result of the sensing process
I: measurement/sensing matrix

D
Sparse signal
N x 1 samples

Mx1

MxN

4 I\
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Signal recovery problem

•
•

Recovery by l0 minimization is correct, but slow
If the RIP holds, then x can be exactly recovered from solving a
linear program:
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A2I conversion
Theory has been developed using discrete time signals.
It is also necessary to talk about analog CS or analog to information
conversion.
Can we build hardware systems that create a good CS matrix?
Three architectures proposed in the literature:
o

Based on Time interleaved ADCs:
o

Random sampling

o

Multi-coset sampling

o

Random filtering

o

Random demodulation

o

Modulated wideband converter
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A2I conversion based on interleaved ADCs:
1. Random sampling
[Jason Laska et al., Random sampling for analog-to-information conversion of wideband signals, IEEE
Dallas Circuits and Systems Workshop (DCAS), Dallas, Texas, 2006]

Apply “random” sampling concepts directly to A2I
Equivalent to a random binary measuremet matrix with one nonzero
element per row.

AtlantTIC

A2I conversion based on interleaved ADCs:
1. Random sampling
A random sampling based A2I converter based on commercial hardware
has been simulated
Performance of the A2I converter is being evaluated before hardware
implementation
In addition to system parameters, performance parameters of the ADCs
are taken into account into the simulation:
o
o
o
o
o
o
o
o
o

Number of ADCs
Number of bits
Sampling frequency
Offset error
Gain error
DNL
Aperture delay
Aperture uncertainty (jitter)
…

Moreover, distortion generated by multiple on-chip time-interleaved ADCs
is being considered
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A2I conversion based on interleaved ADCs:
1. Random sampling
The most harmful effect in TIADCs is timing skew in the interchannel
delays

Time domain

Frequency domain
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A2I conversion based on interleaved ADCs:
2. Multicoset non uniform sampling
[Moshe Mishali and Yonina C. Eldar, Blind multi-band signal reconstruction: compressed sensing
for analog signals, IEEE Trans. on Signal Processing, 57(30), pp. 993-1009, March 2009]

Multicoset sampling:
Uniform sampling of x(t) at the Nyquist rate results in samples x(nT) (blue)
Multi-coset sampling is a selection of certain samples from this grid
The uniform grid is divided into blocks of L consecutive samples.
A constant set C of length p describes the indices of p samples that are kept in each
block while the rest are zeroed out.
SAMPLING PATTERN:
The sampling stage can be implemented by p uniform sampling sequences with period
1=LT, where the ith sampling sequence is shifted by ciT from the origin

L samples
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A2I conversion based on interleaved ADCs:
2. Multicoset non uniform sampling
A multiband signal is assumed, whithout prior knowledge of band
locations.
The number of bands and their widths are assumed without any other
limitations on the support.

Direct calculations link the known discrete-time Fourier transform
of
to the unknown Fourier transform X(f) of x(t)

The problem of recovering x(t) is equivalent to
determining x(f) from y(f) for all

AtlantTIC

A2I conversion based on interleaved ADCs:
2. Multicoset non uniform sampling
¿Is it possible to choose parameters of the multi-coset sampling
so that a unique multiband signal matches the given samples?
A sufficient condition for a unique solution can be formulated using the
Kruskal-rank of A

A sampling pattern C that yields a fully Kruskal-rank A, V(A) = p, is
called universal
Finding a universal pattern C is a combinatorial problem
Reconstruction can be performed efficiently using known tractable CS
algorithms.
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Estimation of timing skew in A2I converters based on
time interleaved ADCs
The most harmful effect in TIADCs is timing skew
IDEAL SYSTEM

REAL SYSTEM

Matrix formulation

T is a diagonal matrix containing the unknown skews
H is a known filter (signal reconstruction equation from periodic
nonuniform samples in the absence of noise)
Traditional linear reconstruction

[Divi and Wornell, Blind Calibration of Timing Skew in Time-Interleaved Analog-to-Digital
Converters, IEEE Journal of Selected Topics in Signal Processing, Vol. 3, No. 3, June 2009]
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A2I conversion: random filtering
[Joel Tropp et al., Random filters for compressive sampling and reconstruction, IEEE Int. Conf. on
Acoustics, Speech, and Signal Processing (ICASSP), Toulouse, France, May 2006]

•

Analog LTI filter with “random impulse response”

•

Quasi-Toeplitz measurement system
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A2I conversion: random filtering
The number of measurements required to capture a class of signals
depends on several different factors:
o The sparsity level m and length d of the signals.
o The length B of the random filter (in terms of Nyquist-rate samples)
o The coherence between ĭ and ƺ
Numerical results for different types of signals and d=128:

AtlantTIC

A2I conversion: random demodulation
Intuition:
To acquire a subband signal, first demodulate and then lowpass filter

Locations are unknown, so demodulate randomly and low-pass filter
Analogy with spread-spectrum communications methods
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A2I conversion: random demodulation
System model:

DEMODULATION

•

LOW PASS
FILTERING

UNIFORM SAMPLING

pc(t) must alternate between values at or faster than Nyquist- rate
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A2I conversion: random demodulation
Action of the demodulator in a pure tone:

Enlargement of filter passband for two diferent tones:
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A2I conversion: random demodulation
Performance results:
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A2I conversion: modulated wideband converter
[- Moshe Mishali and Yonina C. Eldar, From Theory to Practice: Sub-Nyquist sampling of Sparse
Wideband Analog Signals. (To appear in IEEE Journal of Selected Topics on Signal Processing)
- Moshe Mishali, Yonina C. Eldar, and A. Elron, Xampling -- Part I: Practice (CCIT Report #747 Oct-09,
EE Pub No. 1704, Technion EE Dept., Oct. 2009)
- M. Mishali, Y. C. Eldar, O. Dounaevsky and E. Shoshan, Xampling: Analog to Digital at Sub-Nyquist
Rates (CCIT Report #751 Dec-09, EE Pub No. 1708, EE Dept., Technion, Dec. 2009) ]

The scheme works in two stages: Detecting the location of active bands in
the multiband sparse signal and then reconstructing the desired band.
It has already been implemented and tested:
[http://www.technion.ac.il/~moshiko/software.html]
It exploits spread spectrum techniques, since it is based on a bank of mixing
functions pi(t) whih are Tp-periodic:
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A2I conversion: modulated wideband converter
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Conclusions
Compressed sensing is emerging as a powerfull technology to
acquire wideband sparse signals.
A2I converters are being designed, but there are still many
open problems.
Modulated wideband converter seems to be the only
architecture which has been implemented and tested.
It would be interesting to compare the performance of the
different schemes.
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