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Abstract

A micropower VLSI system-on-chip is presented for 3-D
localization of a broadband acoustic source. The direction
of the source is estimated by relating spatial and temporal
differentials of acoustic signals acquired over a planar ge-
ometry of four microphones. Two stages of mixed-signal
least-squares adaptation perform common-mode rejection
for increased sensitivity in the analog differentials, and
directly produce digital estimates of the direction cosines.
The 3 mm×3 mm chip in 0.5 µm CMOS technology quan-
tizes signal delays with 2 µs resolution at 2 kHz sampling
rate and at 32 µW power dissipation.

1. Introduction

Battery-operated integrated sensor systems call for
low-power sensing, signal conditioning and signal pro-
cessing at the sensor level for extraction of a limited num-
ber of essential features specific to the task, such as the di-
rection of a source of interest. There have been a number
of VLSI systems for acoustic direction finding reported in
the literature [1, 2, 3]. Trends towards miniaturization of
acoustic sensor arrays pose a challenge in attaining high
precision of localization due to shrinking aperture.

Gradient flow [5] is a signal conditioning technique
for source localization designed for arrays of very small
aperture, i.e., of dimensions significantly smaller than the
shortest wavelength in the sources. Consider a traveling
acoustic wave impinging on an array of four microphones,
in the configuration of Figure 1. The 3-D direction cosines
of the traveling wave u are implied by propagation delays
τ1 and τ2 in the source along directions p and q in the sen-
sor plane. Direct measurement of these delays is problem-
atic as they require sampling in excess of the bandwidth of
the signal, increasing noise floor and power requirements.
However, indirect estimates of the delays are obtained, to
first order, by relating spatial and temporal derivatives of
the acoustic field [5]:

ξ10(t) ≈ τ1ξ̇00(t)
ξ01(t) ≈ τ2ξ̇00(t) (1)

where ξ10 and ξ01 represent spatial gradients in p and q
directions around the origin (p = q = 0), ξ00 the spatial
common mode, and ξ̇00 its time derivative. From least-
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Figure 1. Configuration of sensors for spatial gradient
estimation.

square estimates of the time delays in (1), we directly ob-
tain bearing estimates of azimuth angle θ and elevation
angle φ of u relative to p and q as

τ1 =
1
c
|r1| cos θ sin φ

τ2 =
1
c
|r2| sin θ sin φ, (2)

where r1 and r2 are unit orthogonal vectors along p and q
directions.

2. System overview

The system block diagram implementing gradient flow
for bearing estimation is shown in Figure 2. Spatial gra-
dients are approximated by evaluating finite differences
over the four sensors on the planar grid shown in Fig-
ure 1. Acurate bearing estimation assumes accurate sens-
ing of the gradients. Differential amplification is per-
formed in the analog domain, as a low-power alternative
to high-resolution analog-to-digital conversion and sub-
sequent digital signal processing. Two stages of mixed-
signal adaptation compensate for common mode errors
in the differential amplification, and produce digital es-
timates of delays τ1 and τ2 from the spatial and temporal
differentials.

2.1. Spatial and temporal derivative sensing
Estimates of ξ00, ξ10 and ξ01 are obtained from the sen-

sor observations x−1,0, x1,0, x0,−1 and x0,1 as:

ξ00 ≈ 1
4

(
x−1,0 + x1,0 + x0,−1 + x0,1

)

ξ10 ≈ 1
2

(
x1,0 − x−1,0

)
(3)

ξ01 ≈ 1
2

(
x0,1 − x0,−1

)
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Figure 2. System diagram

Computation of the gradients is implemented using
sampled-data switched-capacitor (SC) circuits. The ad-
vantage of this realization is application of correlated-
double sampling (CDS) to significantly reduce common-
mode offsets and 1/f noise [4]. A cascoded inverter is
used as high-gain amplifier in these and subsequent SC
circuits, supporting high density of integration, and high
energetic efficiency.

The common-mode component is decomposed in dif-
ferential form ξ00 = ξ+

00[n] − ξ−00[n] with

ξ+
00[n] =

1
8
(x10[n − 1

2
] + x−10[n − 1

2
]

+x01[n − 1
2
] + x0−1[n − 1

2
]) (4)

ξ−00[n] = −1
8
(x10[n] + x−10[n] + x01[n] + x0−1[n]).

The computation is illustrated in Figure 3a), and the cor-
responding switched-capacitor realization is given in Fig-
ure 3b). The clocks φ1 and φ2 are nonoverlapping, and
φ1e replicates φ1 with its falling edge slightly preceding
the falling edge of φ1. The contribution ξ+

00 to ξ00 repre-
sents the estimate of the average signal at time instance
nT − T

2 , while the contribution ξ−
00 represents the inverted

estimate at time instance nT . The difference between both
contributions signals hence produces an unbiased estimate
of ξ00 centered at time nT − T

4 .
An estimate of the temporal derivative signal ξ̇00 cen-

tered at same time instance nT − T
4 is computed differ-

entially in similar manner, by differencing signal averages
(or the reference level) at time instances nT − T

2 and nT ,

ξ̇+
00[n] = 0

ξ̇−00[n] = −1
8
(x10[n] + x−10[n] + x01[n] + x0−1[n])

+x10[n − 1
2
] + x−10[n − 1

2
] (5)

+x01[n − 1
2
] + x0−1[n − 1

2
].

The temporal derivative computation and its switched-
capacitor realization are illustrated in Figure 4.

The spatial gradients are computed in fully differential
mode, to provide increased clock and supply feedthrough
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Figure 3. a) Computation of spatial common-mode sig-
nal ξ00. b) Switched-capacitor realization.

rejection. The first-order spatial gradient ξ10, likewise
centered at time nT − T

4 , is computed by differencing es-
timates of ξ10 at time instances nT − T

2 and nT

ξ+
10[n] =

1
4
(x10[n − 1

2
] − x−10[n])

ξ−10[n] =
1
4
(x−10[n − 1

2
] − x10[n]) (6)

as illustrated in Figure 5a). The switched-capacitor re-
alization shown in Figure 5b) includes provisions for
common-mode suppression, described next. The first-
order spatial gradient in the q direction, ξ01, is computed
in identical fashion.

2.2. Common-mode suppression
Prior to bearing estimation, common mode offset cor-

rection is performed on the estimated spatial gradients.
Common mode errors arise from gain mismatch in the
sensors and in the circuits computing the gradients ξ10 and
ξ01. For ξ10 these can be represented to first order as

ξ̂10 ≈ ξ10 + ε1ξ00. (7)

To estimate ε1, a digital sign-sign LMS (SS-LMS) adap-
tation rule is used. ε1 is stored as digital value in a 12-bit
counter and it is represented in two’s complement. The
update is performed by incrementing or decrementing the
counter based on sign of spatial gradient and average sig-
nal [5]

ε+
1 [n + 1] = ε+

1 [n]
+sgn(ξ+

10[n] − ξ−10[n])sgn(ξ+
00[n] − ξ−00[n])

ε−1 [n + 1] = 212 − 1 − ε+
1 [n + 1]. (8)
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Figure 4. a) Computation of temporal derivative
common-mode signal ξ̇00. b) Switched-capacitor real-
ization.

The 8 most significant bits are presented to a multiplying
D/A capacitor array to construct the LMS error signal. In
the case of ξ10, depicted in Figure 5,

ξ+
10[n] = ξ̂+

10[n] − (ε+
1 ξ+

00[n] + ε−1 ξ−00[n])

ξ−10[n] = ξ̂−10[n] − (ε−1 ξ+
00[n] + ε+

1 ξ−00[n]). (9)

The capacitor array is implemented as an array of 15
columns each containing 16 unit capacitors, controlled by
the 4 most significant bits presented in thermometer code,
and a column of 15 unit capacitors controlled by 4 least
significant bits in thermometer code. The additional 4 bits
of stored ε1 value enable flexibility in the choice of learn-
ing rate, that is regulated by the frequency of updating.

The range of common-mode error correction is de-
signed to compensate for at most 5 percent of the average
signal in the spatial gradients. Since the minimum size of
capacitor array is constrained by the size of unit capacitor,
a T-cell is used to attenuate the output swing of multiply-
ing D/A capacitor array. While the transfer characteristic
of the T-cell is not linear, it is monotonically increasing.
Stray sensitivity in the T-cell does not influence the differ-
ential linearity.

2.3. Bearing estimation
For implementation of bearing time-delay estimation,

digital SS-LMS differential on-line adaptation is used
similar to common-mode error correction. Bearing esti-
mates are represented as 12-bit values in two’s comple-
ment [5]

τ+
1 [n + 1] = τ+

1 [n]
+sgn(e+

10[n] − e−10[n])sgn(ξ+
10[n] − ξ−10[n])

τ−
1 [n + 1] = 212 − 1 − τ+

1 [n + 1], (10)
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Figure 5. a) Evaluation of first-order spatial gradient
along p direction, ξ10. b) Switched-capacitor differential
realization.

with the 8 most significant bits used for computation of
LMS error signal

e+
10[n] = ξ+

10[n] − (τ+
1 ξ̇+

00[n] + τ−
1 ξ̇−00[n])

e−10[n] = ξ−10[n] − (τ−
1 ξ̇+

00[n] + τ+
1 ξ̇−00[n]). (11)

The switched-capacitor realization is shown in Figure 6.
Clock φ2e represents a replica of φ2 with its falling edge
slightly preceding the falling edge of φ2.

The chip outputs bit-serial digital estimates of τ1 and
τ2, obtained directly from the bearing registers (10) at
convergence. The number of update iterations (10) to con-
vergnce depends on the signal and by virtue of the SS-
LMS rule does not exceed 212, determined by the register
length.

3. Experimental Results

The VLSI acoustic localizer measures 3 × 3 mm2 in
0.5 µm CMOS technology. Figure 7 depicts the micro-
graph and system floorplan of the chip. The measured
transfer characteristic of one multiplying D/A converter is
shown in Figure 8. System-level accuracy of bearing es-
timation was demonstrated using a 200 Hz synthetic sine
wave input signal, and a system sampling frequency of
2 kHz, characteristic of acoustic signatures of ground ve-
hicles. The signal was presented to x10 and x01, and un-
der variable delays to x−10 and x0−1. Digital bearing es-
timates were observed over observation windows of 2 s,
with common-mode compensation activated. The delay
was varied from -400 µs to 400 µs, in 2 µs increments.
The recorded digital delay estimate τ1 as a function of ac-
tual delay is shown in Figure 9. The power consumption
at this operating frequency was measured to be 30 µW for
the analog part, and 1.8 µW for the digital part, for a total
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Figure 6. Switched capacitor realization of SS-LMS
learning rule for time-delay estimation.

of 32 µW. Both power and temporal resolution scale with
the clock speed, and ns-range time delays can be resolved
at sub-mW power levels.

4. Conclusion

A micropower adaptive VLSI chip for gradient-based
bearing estimation in miniature acoustic arrays was pre-
sented, that combats problems of gain mismatch and 1/f
noise originating from the sensor array and preamplifiers.
The obtained time-resolution leads to sub-degree angular
resolution in localization of acoustic sources. The chip
is suitable for integration with a MEMS microphone ar-
ray, for small, compact, battery-operated applications in
surveillance and hearing aids.
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Figure 7. Micrograph of 3 × 3 mm2 chip in 0.5 µm
CMOS technology.
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Figure 8. Multiplying D/A converter characteristic
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Figure 9. Digital estimation of delay τ10 for synthetic
200Hz sine wave signals


