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The objective of this project is to investigate novel adaptive approaches to more effectively apply compressive
sensing (CS) techniques [1, 2] in low-power sensor systems. Recently, CS emerged as an attractive technique in
low-power sensor development [3, 4, 5], because of its capability to allow sensor signals to be sampled at rates
lowers than Nyquist rate. In CS operation, the number (denoted as M) of data points to be sensed or transmitted is
selected according to the sparsity of the sensor signals. Currently, the majority of CS sensor circuits assume fixed
M values during the entire sensing operations. To further reduce the power consumption of CS sensors, we have
been investigating the potentials of adaptively adjusting the sampling rates in CS operations at system level. As a
natural extension to the current effort, the proposed research is to investigate circuit techniques to execute
adaptive compressive sensing at sensor nodes. Particularly, we will investigate the use of low-power analog
wavelet transformation circuit to detect when sampling rate can be changed in adaptive CS operations.

PROBLEM:

The theory of CS operation is first briefly explained as follows. Assume vector X contains N sampled sensor
outputs in time domain. Assume ¥ is NXN matrix that projects X into another domain by the relation of

X =¥ e, Where vector a contains the projected values and its size is also N. However, if o contains only K
significant terms and the rest of N-K terms are zero or insignificant, sensor signal X is called sparse or
compressible with respect to base W (the sparseness refers to the value of K compared to N). For compressible
signal X, CS operation produces compressed output Y using matrix operationY = ® e X , where @ is an MxN
matrix. Hence, Y is a vector with the size of M. For sensor signal X, if its corresponding o projection has only K
significant terms, and ¥ and @ are incoherent, the value of M that enables the receiver to reconstruct X from Y is

N S .
M = O(K log—) . If K<<N, then M<N, which implies that the sensor outputs can be potentially sampled at rates
K

less than Nyquist rates. This makes CS technology extremely attractive to low-power sensor design.

The above discussion indicates that the measurement size M in CS operation is affected by signal sparsity, which
may vary over the time. Hence, it is naturally expected that the CS measurement size, or sampling rate, should
follow the variations of signal sparsity. We refer to the CS operations, in which the sampling rates are adaptively
adjusted according to the signal sparsity variations, as adaptive compressive sensing (ACS). At present, the
sampling rates (or measurement size) in the CS operations of these low-power sensors are fixed according to prior
knowledge of signal sparsity [3, 4, 5], and hence do not change during sensing operations. In related studies, the
work [6] exploits signal sparsity variations to dynamically adjust sampling rate. It targets image applications and
does not investigate the potential power saving by ACS. The approach in [7] adaptively adjusts the coefficients in
the mathematic basis that are used in the reconstruction of the signal. It does not change the sampling rate at the
sensing end.



RATIONALE:

The need for ACS operation depends on whether signal sparsity significantly varies over the time, which is
strongly application dependent. In the early phase of the project, we examined a larger number of real biomedical
sensor signals collected from the Multiparameter Intelligent Monitoring in Intensive Care (MIMIC Il) database
[8] to study the sparsity variations of these signals as well as the required CS measurement sizes at different time
periods. It shows that the sparsity characteristics and the required measurement sizes of many biomedical sensor
signals do vary over the time as shown in Figure 1, and hence it is possible to perform ACS for such signals [9].
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Fig. 1: Variation between the maximum and minimum number of samples.

The early phase of the project also investigated the potential power savings by applying ACS in wireless sensors.
The study assumes that the power consumption of the wireless transmitter dominates the overall power
consumption of the sensor node, which is true for most wireless sensors [4]. A generic power model is used to
estimate the power consumption of the transmitter along with the signal sparsity characteristics. As shown in
Table 1, the results demonstrate significant power savings using ACS techniques, compared to conventional CS
techniques [9]. Motivated by these findings, the proposed project investigates techniques for implementing the
proposed ACS techniques in the design of low-power sensors.

APPROACH:

An import question that needs to be answered in the implementation of ACS techniques is how to detect signal
sparsity variations and subsequently adjust the sampling rate. In the project, we propose to use a low-power
analog (continuous-time) wavelet transformation (WT) circuit to monitor the signal sparsity during sensor
operation and to adjust the sampling rates according to the output of the analog WT circuit. We will first develop
analog WT circuits, and then experimentally (via simulation) establish the relation between the analog WT circuit
output and the signal sparsity as shown in Figure 2. Extensive simulations will be performed to investigate the
performance of the proposed approach.
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The design flow for the analog WT circuit is illustrated in Figure 3. First, we select proper wavelet functions
based on signal sparsity analysis and simulation. Then the Laplace domain expression of the selected wavelet
function is obtained and expanded into the Taylor series format. The Taylor expression is fed to a Pade
approximation package to obtain a rational expression (transfer function) that approximates the original Laplace
domain expression. Finally, the circuit implementation can be derived from the obtained transfer function. The
circuit will be developed based on gm-C circuit techniques and implemented using a 0.13u CMOS technology.



NOVELTY:
CS is a relatively new approach to reduce the power consumption of certain type sensors. The proposed work
helps make CS sensors more power efficient, hence advances the state of the art of CS sensor techniques.
POTENTIAL BENEFITS TO INDUSTRY MEMBERS:
The developed techniques have the potentials to help member companies further reduce the power consumptions
of certain sensor devices in productions, or to be used in their research and development (R&D) projects.
DELIVERABLES:

1. Design of the analog wavelet transformation circuits

2. Investigation results on the effectiveness of using analog wavelet transformation circuit to determine the

sampling rates in ACS operations

TIMELINE/MILESTONES: (PER QUARTER)
1. Quarter 1 (08/14-10/14): Select a set of wavelet functions to be implemented
2. Quarter 2 (11/14-01/15): Obtain stable transfer function and start analog WT circuit development work
3. Quarter 3 (02/15-04/15): Complete the development of analog WT circuits
4. Quarter 4 (05/15-07/15): Establish the relation between analog WT circuit output and signal sparsity; investigate
the effectiveness of the proposed approach

TECHNOLOGY TRANSFER:
1. Low-power circuit techniques for implementing continuous-time wavelet transformation circuits
2. Knowledge on using continuous-time wavelet transformation circuit to monitor signal sparsity and
subsequently determine optimal sampling rate for adaptive compressive sensing

BUDGET:

The requested budget is $50,000. Among them, $29,952 is to support PhD students (1 student @50% for 12
months, 1 student @25% for 12 months) and $20,048 is for the salaries of the two Pls and travel. SIUC match:
$41,300 ($23,750 on indirect cost waiver and $17550 on PhD student tuition waiver)
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The objective of this project is to investigate novel adaptive approaches to more effectively apply compressive
sensing (CS) techniques in low-power sensor systems. Recently, CS emerged as an attractive technique in
low-power sensor development because of its capability to allow sensor signals to be sampled at rates lowers
than Nyquist rate. To further reduce the power consumption of CS sensors, we have been investigating the
potentials of adaptively adjusting the sampling rates used in CS operations at system level. As a natural
extension to the current effort, the proposed research is to investigate circuit techniques to execute adaptive CS
operation at sensor nodes. Particularly, we will investigate the use of low-power analog wavelet
transformation circuit to detect when sampling rate can be changed in adaptive CS operation.

Problem:

In CS operation, the measurement size (or sampling rate) is affected by signal sparsity, which may vary over
the time. Hence, it is naturally expected that the CS measurement size (or sampling rate), should follow the
variations of signal sparsity. Such CS operation is called adaptive CS (ACS). At present, the sampling rates of
the reported CS sensors are fixed according to prior knowledge of signal sparsity, and hence do not change
during sensing operations. By exploiting signal sparsity variations, ACS can potentially lead to further power
reduction in low-power sensors.

Rationale / Approach:

The findings in the early phase of the project indicate that there are significant signal sparsity variation over
the time and applying ACS potentially lead to significant power saving. The proposed work intends to develop
techniques to detect the signal sparsity variations and subsequently adjust the sampling rate. We propose to
use a low-power analog (continuous-time) wavelet transformation (WT) circuit to monitor the signal sparsity
during sensor operation and to adjust the sampling rates according to the output of the analog WT circuit.

Novelty:
CS is a relatively new approach to reduce the power consumption of certain type sensors. The proposed work
helps make CS sensors more power efficient, hence advances the state of the art of CS sensors.

Potential Member Company Benefits:

The developed techniques have the potentials to help member companies further reduce the power
consumptions of certain sensor devices in productions or to be used in their research and development (R&D)
projects.

Deliverables for the proposed year:
1. Design of the analog wavelet transformation circuit
2. Investigation results on the effectiveness of using analog wavelet transformation circuit to determine
the sampling rates in adaptive compressive sensing

Milestones for the proposed year:
1. Quarter 1 (08/14-10/14): Select a set of wavelet functions to be implemented
2. Quarter 2 (11/14-01/15): Obtain stable transfer function and start analog WT circuit development work
3. Quarter 3 (02/15-04/15): Complete the development of analog WT circuits
4. Quarter 4 (05/15-07/15): Establish the relation between analog WT circuit output and signal sparsity

Progress to Date: THIS SECTION TO BE UPDATED IN JANUARY

Estimated Start Date: 8/18/2014 Estimated Knowledge Transfer Date:7/31/2015



