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Dolabdjian’

'Department of Materials Science and Engineering, Virginia Tech, Blacksburg, Virginia 24061, USA
*Naval Undersea Warfare Center, Newport, Rhode island 02840, USA

*Groupe de Recherche en Informatique, Image, Automatique et Instrumentation de Caen (GREYC),
CNRS UMR 6072-ENSICAEN and the University of Caen, France 14050 Caen Cedex

We have evaluated the performance of a classical differential technique to reject magnetic or,
in a lesser extent, the vibrational coherent noise sources sensed by two identical
magnetoelectric (ME) laminated sensors with the help of a data logger. The signals of two
ME sensors were directly subtracted given highly homogeneous external noise. Through a
signal processing technique, the intrinsic noise of the ME sensor systems was obtained to be
20 pT/\Hz with a rejection factor of the external homogeneous noise sources of 20. The latter
1s mainly limited, as theoretical described, by the incoherent noise and discrepancy between
the sensors. To demonstrate the efficiency of this technique by using ME sensors, internal
noise tests were also performed in a magnetic shielding chamber for individual ME sensor
and shown to be close to that of the sensors in an open environment.

Introduction

There is a large market for compact and effective man-portable magnetic sensor systems [1,
2]. Most existing magnetic sensor types have critical drawbacks. Superconducting quantum
interference devices (SQUID) require extreme low operational temperatures to reach high
sensitivity [3, 4]. Fluxgate sensors face detection limitations due to magnetic hysteresis, zero-
field offset voltages, and demagnetization factors [5-7]. Giant magnetoresistive (GMR) or
Giant magnetoimpedance (GMI) sensors have intrinsically a poorer linearity than ME and
require mA DC bias current. All required feedback field loop to improve their performances
in term of dynamic range.

Laminate composite magnetoelectric (ME) sensors do not face the same limitations as other
sensor types. Metglas/ Pb(Zr,Ti)Os (PZT) multi-push-pull mode laminates are very low-
power and room temperature magnetic sensor devices [8]. These ME laminate sensors consist
of a magnetostrictive layer that is elastically coupled to a piezoelectric layer. A strain induced
on the magnetostrictive layer by an incident magnetic field or on the piezoelectric layer by an
incident vibration then produces a charge in the piezoelectric one [9, 10]. Values of the ME
voltage coefficient have been found to be as highest anme = 20 V/(cm-Oe) in tri-layer
Metglas/PZT/Metglas heterostructures and a lowest detectable magnetic field (=1 Hz) of 1
nT [10, 11]. Recently, by optimization of the metglas layer thickness, ME sensor has been
improved to achieve the best possible sensitivity of 0.6 nT [12].

In most applications, magnetic sensors must be operated in an open (i.e., magnetically
unshielded) environment. Such environments are contaminated by environmental noise,
which can raise the equivalent magnetic noise floor of any magnetic sensor dramatically. In
other words, for practical use ME magnetic sensor is fundamentally challenged by the
inability to distinguish minute target signals from external noises which have several orders of
higher amplitudes than former. As environmental shielding of magnetic sensors is impractical
in numerous applications, using two (or more) magnetic sensors in a differential mode
configuration is expected to reject/reduce environmental magnetic noise. Recent studies have
indicated that such configurations are capable of rejecting common noise sources that are
coherently shared between two sensors spatially separated by a baseline or sensor arrays [13,
14]. However, there has been no experimental report so far on the differential gradiometry
measurement on ME sensor to reject environmental noises that are are coherently shared
between two sensors separated by a baseline. Here, we focus on the analysis of the magnetic
detection potentiality to optimize ME differentiator more sensitive for device applicatins.We
evaluate the efficiency of coherent noise rejection and analyze the capacity of intrinsic noise
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level of each sensor by a basic ME differential structure with a digital post processing and in a
laboratory environment..

Experimental Setup

The ME laminate composite used in this experiment (cf. Figure 1) was a tri-layer
Metglas/PZT/Metglas fiber with a multi push-pull mode configuration. Thin interdigited
electrodes deposited on Kapton® sheets were attached to the top and bottom surfaces of a
2.5cm x 0.4 cm x 180 um PZT (CTS, Albuquerque, NM) fiber bundle using a two-part
epoxy. The interdigited electrode pattern allows for symmetric poling of the piezoelectric
fibers in a back-to-back pattern along their length axis [12]. Three layers of

8 cm x 0.4 cm x 22 um Metglas foils (Vitrovac 7600F, Vitrovac Inc. Hanau, German) were
then affixed to the top and bottom surfaces of the Kapton® electrodes using the same epoxy as
for the piezoelectric core. Magnetic DC biases were applied by permanent magnets placed at
either end of the ME laminates. The ME laminate sensor and bias magnets were packaged in a
PVC enclosure and wrapped with thin aluminum sheets to provide a shielding from
electromagnetic interference (EMI).

Copper electrodes on Kapton

3 layers of Metglass on top and bottom

Figure 1. Schematic diagram of the Metglas/PZT ME laminate sensor.

Figure 2(a) illustrates the configuration of sensors and signal collection electronics used in
our experimentation. Two packaged ME laminate composite sensors and corresponding
charge amplifier (CA) circuits were assembled into battery operated sensor detection units
which were separated by a baseline of 10 cm. ME laminates were placed parallel to each
other and aligned with the geomagnetic field. The charge amplifiers were designed with a
transfer function of 1 V/pC and with a frequency bandwidth of 0.6 Hz to 10 Hz [15]. The
output signals from the CAs were recorded using a CR5000 Datalogger (Campbell Scientific,
Inc.) with a 100 Hz sample rate, a full-scale of 1 V and a dynamic range of 60 dB. Signal
processing was carried out using MATLAB scripts. The noise tests were conducted in our lab
(at about 10pm) which can be considered as a high magnetic and vibratory disturbance
environment.

Datalogger

10cm
e

CA
Se nso

(a)
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(b)

Figure 2: (a) Schematic illustration of sensor pair configuration with associated charge
collection and signal processing circuitry; (b) block diagram representation of signal
collection showing external (N,) and internal (N;) and (V) (for sensor 1 and 2, respectively)
equivalent input magnetic noise sources, conversion of charge signals (N, + Ny) into voltage

signals Sy via Gy gain of the sensor k (k e{1:2]) and associated to its charge amplifiers, and
differential output voltage, S,.

Each of the two sensors in the parallel array was exposed to the same external magnetic
environment. Indeed, we assume spatial homogeneous perturbations in the volume. So, the
sensors were exposed to one external noise source, N,, as shown in Figure 2 (b). Additionally,
each sensor exhibited a random equivalent input magnetic noise of N; and N,, which are
considered intrinsic to the detection unit (ME sensors and charge amplifier). All noise sources
(N1, N,, and N,) are assumed uncorrelated. The charge produced by the noise signals from
each of the two sensors was integrated via a charge amplifier[15]. The gain of the channel £ is
Gy, as defined in Fig. 2(b) and shown in Fig. 3. The resultant voltage signals, S; and S,, were
collected by the Datalogger as illustrated in Figure 2 (b). Each output can be analyzed and
differential output, Se(= S> - S; ), computed.
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Figure 3: Homogenous gain transfer function of (a) sensor 1 G, (black curve), sensor 2 G
(red curve) and (b) differential output abs(G,)—abs(G); phase transfer function of (c¢) sensor 1
G, (black curve), G, sensor 2 (red curve) and (d) differential output abs(G,)—abs(G).
Theoretical estimation of intrinsic noise source level

Our approach following classical signal processing techniques to estimate instrumental noise
based on measuring the coherence of the output signal of two sensors, as given in [16]. The
coherence between the outputs, S; and S, is given by

_ PRy U)
R NN O

where P ¢ ( f ) and P ( f ) are the power spectral density (PSD) of the output voltage

signals, S; and S, respectively. P ¢ ( f ) is the cross spectral density of both signals. The

power spectral density and the cross-spectral density are defined by

xvmmvmﬂ
T

2)

T—o

Py, (f): limE[

where S; and S; are two signals, 7 is the length of record, S; (f, 7) is the Fourier transform of
signal S recorded and S°; (f; T) is the S;(f. T) complex conjugate. P ( f ) can be estimated
[17] by
~ 2 K[
P, (=L s, 0] @

d n=1
where n, refers to the number of records averaged, 7 is the length of each record, S;,, (f, ) is
the Fourier Transform of the p™ record of the signal S.. 13” ( f ) is a very poor estimation

when 74 < 30: the signal to noise ratio for this estimation, P, ( f )2 /E [(PU ( f )— 1317 ( f ))2 J, is
equal to nq [18]. Cy ( f ) can be thought of as the percentage of overlap in the power spectra

of signals S; and S,.

The output signal PSD is comprised of external and internal noises, as depicted in Figure 2
(b). Our charge amplifiers were designed with a transfer function of G; and G, respectively.
This allows the PSD to be written as

Psksk (f):|Sk|2PNkN,( (f)+|Sk|2PNeNS (f) 4)
where & € {1;2}. As long as the internal sensor noise is random and incoherent, the cross

spectral density of both sensors is proportional to the power spectral density of the coherent
environmental noise N, and is given by

Py, (£)=|GI (£)G, (£ ) Py () (5)

G (f) is the G, (f) complex conjugate, assuming that the internal noise signals from both
sensors are incoherent. Also, we assume that they have roughly identical magnitudes

PNINl (f): PN2N2 (f): PN[N‘. (f) (6)

and since the signals arising from the external noise are coherent, the cross spectral density
can be expressed as

CSISZ (f ): 1 )

®+&quz
Py, (/)

Using Equation (4), and rearranging Equation (7), when the coherence is close to 1 or
Py (f)<< Py, (1), the internal noise of each sensor can be expressed as

PN,N, (f) ~ PNSNL, (f)ll Ry CSISZ (f)J ~ R (f)ll Ry CSISZ (f )J (8)
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The gains of each channel are closed (G, (f )~ G,(f)). Thus, the output noise in the
differential configuration can be evaluated by

P D160 F | 2, )+ G0N 7 (1) 0

This noise level is clearly limited by the intrinsic differentiator noise, 2P, ( f ) , and by

2
| G (]; )(_fG)l (f )§ Py, (f) value given by the discrepancy between the two sensors (cf. Fig. 3).
1

In order to evaluate this last term, the ratio 7;(f )=Ga(f )/Gi(f) between S»(f) and Si(f') can be
used

G,(£)-G.(f)
G

Then, for close sensors (|T12| =1+¢ with £ <<1 and arg(le) =@ <<1) and spatial

( 1T, — 21 feos(are(T (1) (10)

homogeneous external noise sources, the rejection of coherent noise sources can be evaluated
by

rﬂgaﬁﬂzg+m.an

Results and Discussion

The time-domain signal output traces of a pair of parallel sensors, as well as the time-domain
difference between the signals, are given in Figure 4. The top graph (a) in this figure shows
the output of each charge amplifier circuit, while the bottom graph (b) shows the time-domain
difference between the two signals. This test was conducted in an open environment in our lab
(unshielded).

20

0

50 100 150 200 250
Time (seconds)
Figure 4. Time-domain signal output of two parallel sensor array: (a) output from each sensor
(Notice that S> superimpose S;) and (b) time-domain difference in the two output signals.
The values of F ¢ (f) and Py (f) estimated from the time-domain data, using Equation (3)

and 26,000 number of records averaged, are shown in Figure 5. The data in the figure shows
that the sensors have an equivalent background noise level of ~400 pT/NHz at 1 Hz. The peak
at 1.5 - 1.7 Hz, we believe, arises from building vibrations. Next, we estimated the equivalent
magnetic noise floor of the differential mode configuration of the ME sensor pair by the
difference (S: - S;) by post processing. These results are also shown in Figure 5. In this figure,
we can see that the equivalent magnetic noise floor of the sensor pair was about 20x lower
than that of the individual sensors. These results demonstrate the ability of this basic sensor
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differentiator to reject environmental noise, as a common mode. This infers a strong
coherence between the output noise of S; and S,.
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Figure 5. Power spectral density curves of S; (blue dotted curve), S, (red curve) and the signal
(S2 - S)) (green curve) after post processing. The estimated intrinsic sensor noise (N; or N,) is
the black curves.

The upper plot (a) in Figure 6 shows the coherence Cj g ( f ) between sensors 1 and 2.

Because of C 5.5, ( f ) ~ 1, the ratio between S, and S; helps to evaluate the ratio
T1(f) = Go(f)/G(f) as given in (12a). The magnitude of this ratio |T12 ( f )| gives information

about the relative amplitudes of the output signals, while the phase of the transfer function ;>
provides information about the time lag between the two output signals. The middle plot (b)
in Figure 6 originates from the smoothing transfer function amplitude |T12 ( f )| . As can been
seen in this Figure 6, the amplitude remained at a near constant level of 7}, = 1, which means
that S; and S have nearly identical absolute values. The phase angle 6,,(f") is shown in
Figure 6 (c).
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Figure 6. (a) Coherence value (top graph), (b) relative amplitude difference and (c) phase
shift between S; and S, outputs.

n()=-2U)_GU) (g

s G
Amplitude = |T,,(f ) = ||§f((; ))|| (12b)

Phase=0,,(f)= ArcTan(Mj (12¢)
Re(7, (1))

The phase value, 8,2, was close to 0, but not null. For a phase shift of 3° or 50 mrad, the
rejection factor of the coherent noise evaluated by (11) is around 5%,which are equivalent toa
rejection factor of 20. Thus, an external coherent noise level of 50 pT/VHz is reduced to
2.5 pT/NHz as measured (cf. figure 5).
In Figure 7, we show signal amplitude contours as a function of time and frequency for S;, S>,
T;; and 6;,. In Figure 7 (a) and 7 (b), one can clearly see fluctuations in S; and §; as a
function of time. Such fluctuations are characteristics of environmental noises. However, in
Figure 7 (c) and 7 (d), the amplitude and phase contours are much more stable for the
differential mode as expected. Accordingly, if a small AC magnetic signal is applied, then it
will be more easily distinguishable. Clearly, the ME elements as simple magnetic sensors
show their ability to reject magnetic noise source in open environment with respect of
presented experimental area. Results foreshadow the development of gradiometers. Indeed,
the dynamic range and spatial rejection has not been considered in this work.
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Fig 7. Example of contour diagrams of signal amplitudes for (a) §;, (b) S, sensors, (¢) 77, and
(d) signal phase 6, as a function of time and frequency.

In order to compare these results to the intrinsic noise of the ME differentiator output, we
performed measurements of the equivalent magnetic noise of the individual ME sensors in a
magnetically shielded environment. The mu-metal chamber was also placed on a vibration
isolation platform. The output signals were acquired and recorded by a datalogger in units of
V/NHz, which was converted into units of T/NHz using the transfer functions of each sensor.

This yields
C
O v (p /Oej

Conversion factor =————= (13a)
(")
V

and
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Figure 8. Magnetic spectral noise density curve (blue) of S; in a magnetic shielding chamber compare to the
estimated intrinsic magnetic spectral noise density of the differentiator (black).

A representative result of these measurements is shown in Figure 8. In this figure, the noise
floor can be seen to be about 20 pT/\Hz for 2 < /< 5 Hz, increasing some and decreasing
slightly at lower and higher frequencies, respectively. It is important to note that the noise
floor for the individual sensors was close to the estimated internal noise floor of the
differentiator (see Fig. 5).

These results clearly demonstrate that the rejection efficiency of the system is, in the given
area and associated to the sensed magnetic field range, about a factor of 20 and mainly limited
by the incoherent noise and phase shift discrepancy between the individual ME sensors.
Summary

We have shown that a functional ME differentiator can be constructed from a pair of parallel
ME sensors. Measurements demonstrated a good coherency between two sensor signals S
and §,, enabling a common mode rejection of environmental noise simply by the difference
(S7 - S2). The results show that the noise rejection of the system limited by the internal
incoherent noise and discrepancy between ME sensors in the given experimental set-up.
Advancements in lowering the equivalent magnetic noise floor and phase shift of individual
ME sensors will thus be beneficial to ME gradiometer development. Accordingly, our
investigation demonstrates the feasibility of a passive, low power battery operated hybrid
uncooled environmental magnetic noise rejection system with high sensitivity in an open
environment, which is the first step to the development of gradiometers. Further works will be
devoted to analyze and characterize this differential measurement as a gradiometric
measurement to give the limit of the present design.
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