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The equivalent magnetic noise spectral density level for long type magnetostrictive-piezoelectric

laminated composites has been investigated by using a 1D equivalent circuit model, and

exemplified for a longitudinal-transverse mode. The theoretical developments explain well our

experimental results. The findings show that similar ultimate magnetic noise spectral noise density

can be expected whether using either charge or voltage amplifier detection methods. The findings

show that a volume effect and the dielectric loss factor of the piezoelectric layer are the

dominant sources of the noise floor. Our findings show that the noise scales as 1/Hf. The lowest

equivalent noise floor value that has been observed is 10/Hf pT/HHz for f � 10 kHz, with a white

noise level of 100 fT/HHz above 10 kHz.VC 2011 American Institute of Physics.
[doi:10.1063/1.3594714]

I. INTRODUCTION

Magneto-electric (ME) laminated composites have

excellent performances as sensors for magnetic field detec-

tion.1–3 The magnetic signal is converted into an electrical

signal via elastic strain or stress interactions between magne-

tostrictive and piezoelectric layers. Hence, a strong current

or voltage coupling is realized as a product of the magneto-

strictive-piezoelectric properties.4–6 Stresses, or displace-

ments, in the magnetic or piezoelectric layers convert energy

between the layers of the laminate. These two elastic ele-

ments have been regarded as mechanical voltage and current

sources respectively, in our prior equivalent-circuit mod-

els.7,8 The ME laminated composites can be considered as

voltage or charge sources,9 with associated ME voltage aVME

or charge a
Q
ME coefficients. Both are key factors for the signal

transfer capabilities of ME laminated composites.7,10

The equivalent magnetic noise spectral density is the

best measure of the sensitivity of magnetic sensors to small

magnetic field variations:11 the lower the noise level, the bet-

ter the sensor resolution. In order to amplify a signal sensed

by an ME laminate, a charge or voltage amplifier is

required.12 Both detection methods have associated noise

sources. For ME laminated composites and amplifiers, the

noise sources can be classified as: (i) the dielectric loss in the

piezoelectric layers, (ii) the Johnson noise of the resistors,

and (iii) the noise sources of the operational amplifier

used.10,12,13 The intrinsic sensor noise sources determine the

ultimate noise level which is the case when the other noise

sources can be considered as negligible. We neglect, in this

model, the noise of the magnetostrictive layers, because we

expect the latter to induce a much smaller noise contribution

compared to the intrinsic piezoelectric material noise.

Around a certain dc magnetic bias field the response of

ME composites for a small AC magnetic signal is linear.14–17

So, we have used this assumption for our modeling. On the

basis of the linear piezoelectric and magnetostrictive constitu-

tive equations, an ME laminated sensor can be represented by

an equivalent circuit,7,18,19 where the magneto-elastic cou-

pling and elasto-electric coefficients are mimicked by an

ideal transformer. Furthermore, the voltage or charge coeffi-

cients can be determined using the piezoelectric, magneto-

strictive, elastic compliance, and permeability constants, and

the relative volume factor of layers. Using this equivalent cir-

cuit and by taking account of all noise sources, we have eval-

uated the ultimate equivalent magnetic noise floor of ME

sensors.

In the following sections, we shall analyze the theoreti-

cal noise limits of a ME sensor. The noise sources will be

described using both charge and voltage amplifiers, yielding

the ultimate and intrinsic magnetic noise of the sensor. The

given theoretical model is generalized for all ME sensor

operational modes. Experimental results and measurement

conditions will also be presented and compared to the model.

II. THEORETICAL ANALYSIS

A. 1D model at low frequencies

The key importance of the 1D approximation method as

given by Mason’s model is that it helps to evaluate the per-

formance and the working principles of an ME sen-

sor.7,18,20,21 Notice that the mechanical motions are

considered to exist only in the longitudinal direction of the

sensor. For the perpendicular direction, magnetostrictive and

piezoelectric layers are considered as free bodies. Therefore,

there are no perpendicular strains or stresses between the

layers in given model. There are four basic operational

modes that need to be considered for 1D ME laminated
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sensor modeling.7,18 These are classified by the direction of

the sensed magnetic field and polarized electric field. The

“L-L” mode defines longitudinal magnetic field and longitu-

dinal polarized electric field axes directed along the long

axes of the laminate. Similarly, the “L-T,” “T-L,” and “T-T”

modes designate longitudinal magnetic and transverse poled

electric fields, transverse magnetic and longitudinal electric

fields, and transverse magnetic and transversely poled elec-

tric fields, respectively. In 1D, the displacement direction is

along the longitudinal or long axis of the laminate sensor.

For example, a schematic of a laminate with a L-T con-

figuration consisting of two magnetostrictive layers and one

piezoelectric layer is given in Fig. 1. In this example, the pa-

rameters E (electric field), D (electric displacement), H
(magnetic field), and B (induction field) are shown along the

3 direction of their self-axes. The dimensions of the piezo-

electric and magnetostrictive layers are l� w� tp and

l� w� tm, respectively. The forces at both edges, F1 and

F2, of the ME laminated sensor are given by

F1 ¼ F1;m þ F1;p

F2 ¼ F2;m þ F2;p:

�

In free boundary conditions, for the type of sensors we

tested, these forces are null (F1¼F2¼ 0). From the linear

basic piezoelectric and magnetostrictive equations,

E3 ¼ bT33D3 � g31;pT1
S1 ¼ sD11;pT1 þ g31;pD3

�

and
S1 ¼ sH33;mT1 þ d33;mH3

B3 ¼ lT33H3 þ d33;mT1
;

�

we can obtain the following system of equations

F1 ¼ fp þ fm
� �

jtg kl
2
v1 þ v1þv2ð Þ

j sin kl

� �

� g31;p
jxsD

11

tp
l
I þ d33;mAm

sH
33;m

H3

F2 ¼ fp þ fm
� �

jtg kl
2
v2 þ v1þv2ð Þ

j sin kl

� �

� g31;p
jxsD

11

tp
l
I þ d33;mAm

sH
33;m

H3

8

<

:

:

(1)

x is the angular speed of the elastic wave; fp and fm are the

characteristic impedances of the piezoelectric and magneto-

strictive layers, respectively, with fm ¼ kmAm

xsH
33;m

and fp ¼ kpAp

xsD
11;p

;

v1 and v2 are the vibration speeds at both sensor edges, k is

the wave number; l is the length of the layers, and j is the

imaginary number symbol; g31;p is the piezoelectric constant;

I is the induced electric current; d33;m is the magnetostrictive

constant; Am is the side surface area of the magnetostrictive

layer; sH33;m is the elastic compliance coefficient of the mag-

netostrictive material under constant magnetic field and H3

is the sensed magnetic field along the 3 axis.

We also need to consider the electric potential that is

coupled with (1), which can be obtained as

F1 ¼ fp þ fm
� �

jtg kl
2
v1 þ v1þv2ð Þ

j sin kl

� �

� g31;p
jxsD

11

tp
l
I þ d33;mAm

sH
33;m

H3

F2 ¼ fp þ fm
� �

jtg kl
2
v2 þ v1þv2ð Þ

j sin kl

� �

� g31;p
jxsD

11

tp
l
I þ d33;mAm

sH
33;m

H3

V ¼ g31;p
jxsD

11

tp
l
v1 þ v2ð Þ � I

jx

bS33tp
lw

8

>

>

>

<

>

>

>

:

;

(2)

where V is the induced voltage. Thus, the equivalent circuit

can be deduced from the above equations, as shown in Fig. 2.

The latter presents a complete 1D equivalent circuit for a ME

laminate sensor.7,18,19 We notice that the magnetic field H,
voltage V, or current I are linked to the vibration speed. For

the L-T mode, we can define four parameters: (i) up ¼ w
d33;p
sE
33;p

,

which is the coupling coefficient of the piezoelectric layer;

(ii) um ¼ wtm
d33;m
sH
33;m

, which is the coupling coefficient of the

magnetostrictive layer; (iii) Z1;mech ¼ j fp þ fm
� �

tg kl
2

and

Z2;mech ¼ fp þ fm
� �

1
j sin kl

, which are the equivalent mechani-

cal impedances and (iv) C ¼ lw
bS33tp

¼ eS33
lw
tp
, which is the ca-

pacitance of the piezoelectric layer.

B. 1D model at the resonant frequency

At the resonant frequency, the equivalent circuit of

Fig. 2 can be simplified to that given in Fig. 3. At low fre-

quencies, the electrical charge and voltage responses of the

FIG. 1. Sketch view of the laminated magnetoelectric sensor model.

FIG. 2. Sketch view of the electrical 1D equivalent circuit of a magneto-

electric laminated sensor.
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ME laminates are nearly constant with frequency.10 Conse-

quently, the mechanical resistance can be written for the qua-

sistatic state x � 2p fs (where fs is the mechanical resonant

frequency of the system) as

ZD
mech ¼ Z1;mech==Z1;mech þ Z2;mech ¼ �j

Am

sH33;m
þ Ap

sD11;p

 !

1

vkl
:

(3)

We define n as the thickness ratio of the magnetostrictive to

piezoelectric layers of the sensor. This changes (3) to

ZD
mech ¼¼ �j

n

sH33;m
þ 1� n

sD11;p

 !

A

xl
(4)

where A ¼ w tp þ tm
� �

is the side surface area of the

sensor. Using the basic constitutive equations of

S1 ¼ sE11;pT1 þ d31;pE3

D3 ¼ eT33E3 þ d31;pT1

�

and
S1 ¼ sH33;mT1 þ d33;mH3

B3 ¼ lT33H3 þ d33;mT1

�

, we

are then able to obtain the equivalent circuit model for the

L-T mode of Fig. 3 to that in Fig. 4. The main difference

in the circuits of these figures is that the capacitance, �C,
is removed in Fig. 4. This is because we used the

compliance coefficient sE11 at constant field instead of that at

constant electric displacement sD11. Thus, we can obtain

ZD
mech ¼ �j n

sH
33;m

þ 1�n
sD
11;p

� �

A
xl
, ZE

mech ¼ �j n
sH
33;m

þ 1�n
sE
11;p

� �

A
xl
, and

jxCZD
mech ¼ jxCZE

mech þ u2
p.

C. Charge and voltage coefficients at low frequencies

From the simplified equivalent circuits given in Figs. 3

and 4, the ME voltage coefficient (in (V/A)/m) can be given

as

aVME ¼ dV

dH

	

	

	

	

	

	

	

	

¼
umup

u2
p þ jxC0Z

E
mech

	

	

	

	

	

	

	

	

	

	

¼
umup

jxCZD
mech

	

	

	

	

	

	

	

	

; (5)

and the ME charge coefficient (in (C/A)/m) as

a
Q
ME ¼ dQ

dH

	

	

	

	

	

	

	

	

¼ 1

jx

dI

dH

	

	

	

	

	

	

	

	

¼
umup

jxZE
mech

	

	

	

	

	

	

	

	

¼
umupC

jxCZE
mech � u2

p

	

	

	

	

	

	

	

	

	

	

:

(6)

After inserting C

�

¼ eS
33
lw

tp
¼ eS33

lw
1�nð Þtlam

�

in the above formu-

lae, the ME charge and voltage coefficients can be rewritten

as

aVME ¼ dV

dH

	

	

	

	

	

	

	

	

¼ nd33;mg31;ptp

nsE11;p 1� k231;p

� �

þ sH33;m 1� nð Þ
V=Að Þ=m½ �;

(7)

a
Q
ME ¼ dQ

dH

	

	

	

	

	

	

	

	

¼ nlwd33;md31;p

nsE11;p þ 1� nð ÞsH33;m
C=Að Þ=m½ �: (8)

D. Charge and voltage coefficients at the resonant
frequency

From the simplified equivalent circuit in Fig. 4, the mechani-

cal resistance can be written as ZE
mech ¼ Z1;mech==Z1;mech

þ Z2;mech¼ � j
2
qvALamctg

kl
2

� �

, and simplified using the Tay-

lor series expansion of tan x
x

¼ �Pn
2

x2� n2p2=4ð Þ (n is odd) to

ZE
mech ¼ � 1

2
jqvA

p2

4
� k2l2

4

kl

 !

¼ jx
qvAkl

8x
þ 1

jx
8kl

qvAp2x

:

(9)

At resonance, the ME sensor can be considered as a me-

chanical oscillator with a wavelength, k, equal to 2l, where l
is the length of the ME laminate. The corresponding wave

number is k ¼ 2p
k
¼ 2p

2l
¼ p

l
. Thus, the equation for the me-

chanical impedance can be reduced to

ZE
mech ¼ jx

Z0p

8x
þ 1

jx 8
Z0px

¼ jxLmech þ
1

jxCmech
(10)

where Lmech ¼ Z0p
8x
, Cmech ¼ 8

Z0px
, and Z0 ¼ qvsA

¼
�

n
sH
33;m

þ 1�n
sE
11;p

�

pA
xsl

.

The equivalent mechanical resistance of the ME lami-

nate sensor is given by18,19 RE
mech ¼ xsLmech

Qmech
¼ pZ

0

8Qmech

¼ p
8Qmech

qvA¼ pA
8Qmech

ffiffi

q
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n
sH
33;m

þ 1�n
sE
11

q

, where Qmech is the me-

chanical quality coefficient and xs is the resonance fre-

quency. By including the resistance (magnetic or mechanical

loss) Rmech as a dissipation, we can obtain the expression for

the impedance as ZE
mech ¼ RE

mech þ jxLmech þ 1
jxCmech

, as illus-

trated in the circuit of Fig. 5. Thus, we obtain the ME voltage

FIG. 3. Simplified equivalent circuit under free boundary conditions and at

low frequency. ZDmech (¼Z1,mech//Z1,mechþZ2,mech) is the mechanical imped-

ance of constant electric induction.

FIG. 4. Simplified equivalent circuit under free boundary conditions and at

low frequency. ZEmech (¼Z1,mech//Z1,mech þZ2,mech) is the mechanical imped-

ance of constant electric field.
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coefficient, with the help of the simplified equivalent sensor

circuit given in Fig. 8, as

a
V;fs
ME ¼ dV

dH

	

	

	

	

	

	

	

	

¼
umup

u2
p þ jxsC RE

mech þ jxLmech þ
1

jxCmech

� �

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

:

(11)

At x2 ¼ x2
s ¼ 1

LmechCmech
, the value of jxLmech þ 1

jxCmech
¼ 0.

We can thus reduce (11) to

a
V;fs
ME ¼ dV

dH

	

	

	

	

	

	

	

	

¼
umup

jxCRE
mech þ u2

p

	

	

	

	

	

	

	

	

	

	

: (12)

By substituting the respective expressions for /p, /m, C0,

and Z0 and with the relationship sD11;p ¼ 1� k31;p
� �

sE11;p, we
can obtain

a
V;fs
ME ¼ dV

dH

	

	

	

	

	

	

	

	

¼
8Qm

wtmd33;m

sH33;m

wd31;p

sE11;p

p2eT33
w
tp

n

sH33;m
þ 1� n

sD11;p

 !

A

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

: (13)

After rearrangement, the above formula becomes

a
V;fs
ME ¼ dV

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
ntpd33;mg31;p

nsD11;p þ 1� nð ÞsH33;m
¼ 8Qm

p2
dV

dH

	

	

	

	

	

	

	

	

:

(14)

Similarly, the ME charge coefficient can be obtained as

a
Q;fs
ME ¼ dQ

dH

	

	

	

	

	

	

	

	

res

¼
umup

jxs RE
mech þ ixLmech þ

1

ixCmech

� �

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

: (15)

After inserting up ¼ g31;p
sD
11;p

tp
l
; C¼ w

d31;p
sE
11;p

, um ¼ wtm
d33;m
sH
33;m

, and

C ¼ eS33
lw
tp

into (14) and (15), the ME voltage and charge

coefficients become

a
V;fs
ME ¼ dV

dH
¼ 8Qm

p2
ntpd33;mg31;p

nsD11;p þ 1� nð ÞsH33;m

¼ 8Qm

p2
aVME

	

	

	

	

	

	

	

	

V=Að Þ=m½ �; (16)

a
Q;fs
ME ¼ dQ

dH
¼ 8Qm

p2
nlwd33;md31;p

nsE11;p þ 1� nð ÞsH33;m

¼ 8Qm

p2
a
Q
ME

	

	

	

	

	

	

	

	

C=Að Þ=m½ �: (17)

E. Equivalent magnetic noise at low frequencies when
using a charge amplifier

To amplify a magnetic signal sensed by the ME laminate, a

charge amplifier can be used. The circuit in this case is given

in Fig. 6. The Johnson noise source of the resistor R1 is

en_R1; the equivalent noise sources of the charge amplifier

(en, in), and the dielectric loss factor of piezoelectric layer

are considered as the main noise sources. The output voltage

and equivalent magnetic noises of the sensor have been eval-

uated22,23 as

e2n;Qðf Þ ¼ Z1j j2 i2n R1
ðf Þ þ i2nðf Þ þ i2n vibðf Þ

h i

þ 1þ Z1

Z

	

	

	

	

	

	

	

	

2

e2nðf Þ þ Trðf Þj j2b2n sensorðf Þ (18)

where i2n vibðf Þ ¼ ð2pf Þ2q2n vibðf Þ, Z1 ¼ R1

1þj 2pfð ÞC1R1
,

Z ¼ R
1þj 2pfð ÞCR, and

b2n;Q fð Þ ¼ 1

a
Q
ME

2 fð Þ
1

2pfð Þ2
i2n fð Þ þ 4kBT

R1

þ 4kBT

R
þ e2n fð Þ

R2
1

�

"

þ e2n fð Þ
R2

�

þ C1 þ Cð Þ2e2n fð Þ þ q2n vibr fð Þ
�

þ 4kBTC

2pfa2ME fð Þ tan d fð Þð Þ þ b2n fð Þ: (19)

The parameters bn(f) and qn vibðf Þ are the magnetic noise of

the sensor and the equivalent charge noise induced by me-

chanical vibration (i.e., elastic and/or acoustic waves),

respectively. We can assume that R � R1 and that the trans-

fer function (in V/T) is equal to TQ
r � a

Q
ME

fð Þ
C1

� �

.22,23 The ME

charge coefficient can then be given by a
Q
ME ¼ dQ

dB

¼ 1
l0

nlwd33;md31;p
nsE

11;pþ 1�nð ÞsH
33;m

� �

C=T½ �.

FIG. 6. Sketch view of the current charge amplifier.

FIG. 5. Sketch view of the equivalent circuit under free boundary conditions

and at the resonant frequency. ZDmech (¼RD
mechþ j x Lmechþ 1/j x Cmech)

is the mechanical impedance at the resonant frequency.
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If RCxð Þ2 �1 or R � Cxð Þ�1
, and by taking strict

account of the sensor parameters and noise sources of the

operational amplifier, we can obtain the equivalent input

magnetic noise spectral density of the sensor as

b2n;Q fð Þ ¼ l0
nsE11;p þ 1� nð ÞsH33;m

nlwd33;md31;p

 !2

� 1

2pfð Þ2
i2n fð Þ þ 4kBT

R
þ e2n fð Þ

R2

� �

" #

þ l0
nsE11;p þ 1� nð ÞsH33;m

nd33;md31;p

 !2

4kBT

2pf eS33lwtp
tan d fð Þð Þ

þ l0
nsE11;p þ 1� nð ÞsH33;m

nlwd33;md31;p

 !2

e2n fð Þ: (20)

Using a well-designed low noise amplifier and by taking into

account the main sensor noise contribution, we can obtain

the theoretical equivalent magnetic noise spectral density of

the ME sensor unit as

bn;Q fð Þ¼ l0

nsD11;pþ 1�nð ÞsH33;m 1�k231;p

� �

nd33;mg31;p

0

@

1

A

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i2n fð Þ
2pf eS33lw
� �2

þ e2n fð Þ
2pf eS33lwR
� �2

þ 4kBT

2pf eS33lwtp
tan d fð Þð Þ

s

�½T=
ffiffiffiffiffiffi

Hz
p

�; (21)

with an ultimate value of

bn;Q fð Þ ¼ l0

nsD11;p þ 1� nð ÞsH33;m 1� k231;p

� �

nd33;mg31;p

0

@

1

A

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kbT

2pf eS33lwtp
tan d fð Þð Þ

s

½T=
ffiffiffiffiffiffi

Hz
p

�: (22)

Similarly, with the help of some classical piezoelectric and

magnetostrictive parameters from Table I, we were able to

evaluate the sensor noise spectral density as a function of the

layer thickness ratio n as

bn;Q fð Þ ¼ l0

nsD11;p þ 1� nð ÞsH33;m 1� k231;p

� �

nd33;mg31;p

0

@

1

A

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT

2pf eS33 1� nð ÞVvol

tan d fð Þð Þ
s

½T=
ffiffiffiffiffiffi

Hz
p

�; (23)

where Vvol ¼ lwtlamð Þ is the volume of the sensor. The equiv-

alent magnetic noise spectral density as a function of n is

shown in Fig. 10(i) and the ME charge coefficient a
Q
ME fð Þ as

a function of n in Fig. 7. The analysis in term of noise shows

that an optimal value of the thickness coefficient occurs for

n � 0.8 contrarily to what one would expect from Fig. 7.

F. Equivalent magnetic noise at low frequencies when
using a voltage amplifier

Similarly, the equivalent noise model for ME laminates

using a voltage preamplifier detection method9 has been ana-

lyzed following the circuit given in Fig. 8. In this case, the

output voltage noise of the system can be given by

e2n;V fð Þ � 1þ R2

R1

� �2

e2n þ R1==R2ð Þ2i2n þ
RRx

Rþ Rx

� �2
 

� 1

1þ RRx

RþRx
Cx

� �2
i2n þ i2n Rx

þ i2n R þ i2loss

� �

1

C

A
: (24)

TABLE I. Piezoelectric or magnetostrictive and geometrical parameters

from.7,8

Symbol Quantity S.I.

sH33;m Flexibility of magnetostrictive

layer

40 (pm2/N)

d33;m Magnetostrictive constant 11 (nm/A)

k33;m Elastic coupling factor of

magnetostrictive layer

0.7

sE11;p Flexibility of piezoelectric

layer

15.9 (pm2/N)

d31;p Piezoelectric charge constant � 175 (pm/V)

k31;p Elastic coupling factor of

piezoelectric layer

0.38

g31;p Piezoelectric voltage constant � 0.124 (V.m/N)

eS33 Dielectric coefficient under

constant strain

14.113 nF/m

tan d fð Þð Þ Dielectric loss factor 0.2%

l Length of sensor 80 mm

wq Width of sensor 20 mm

tlam
a Thickness of sensor 3 mm

n Relative thickness factor of

magnetostrictive layer

0.8

atlam¼ tpþ tm.

FIG. 7. Charge coefficient a
Q
ME fð Þ vs n at f¼ 1 Hz with respect to data from

Table I.
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We assume that R1==R2ð Þ2i2n is negligible. The output trans-

fer function (in V/T) is

TV
r ¼ aVME

l0
1þ R2

R1

� �

Rx

Rx þ R

� �

1þ jRCxð Þ
1þ j RRx

RxþR
Cx

� � : (25)

The latter can be reduced if R � Rx and R !1 to

TV
r ¼ l0a

V
ME

�

1þ R2

R1

�

jRxCx
1þjRxCxð Þ. We can then obtain the equiva-

lent magnetic noise spectral density of the sensor with asso-

ciated voltage preamplifier electronics as

b2n;V fð Þ � l0
nsD11;p þ 1� nð ÞsH33;m

ng31;pd33;mtp

 !2

1

1þ RCxð Þ2
� �

�
1þ RRx

RþRx
Cx

� �2
� �

Rx

RþRx

� �2
e2n þ R2ði2n þ i2n Rx

0

B

B

@

8

>

>

<

>

>

:

þ i2n Ri
þ 4kbTC2pf tan d fð Þð ÞÞ

1

C

A

9

>

=

>

;

þ b2n fð Þ: (26)

After simplification and taking account of the ME sensor pa-

rameters, the equivalent magnetic noise spectral density

reduces to

b2n;V fð Þ� l0
nsD11;pþ 1�nð ÞsH33;m

ng31;pd33;mtp

 !2

�
R2i2nþR2

R2
x
e2nþ R

Rx
e2nþ4kBTRþR24kBTC2pf tan d fð Þð Þ

1þ RCxð Þ2
� �

0

@

þe2n fð Þ
!

: (27)

With a similar hypothesis as that for charge amplifiers

given above (i.e., RCxð Þ2 �1 or R � Cxð Þ�1
), we can

obtain

b2n;V fð Þ � l0
nsD11;p þ 1� nð ÞsH33;m

ng31;pd33;mtp

 !2

� 1

2pfð Þ2
4kBT

R
þ i2n þ

e2n
R2
x

þ e2n
RxR

� �

 !

þ l0
nsD11;p þ 1� nð ÞsH33;m

ng31;pd33;m

 !2

4kBT

2pf eS33lwtp
tan d fð Þð Þ

þ l0
nsD11;p þ 1� nð ÞsH33;m

ng31;pd33;mtp

 !2

e2n þ b2n fð Þ: (28)

Accordingly, the theoretical noise spectral density level in

[T/HHz] is
FIG. 9. Voltage coefficient aVME fð Þ vs n at f¼ 1 Hz with respect to data

from Table I.

FIG. 8. Sketch view of the voltage amplifier.

FIG. 10. (Color online) Theoretical equivalent ultimate magnetic noise

bn Teq fð Þ for ME charge amplifier mode (i) and for ME voltage mode (ii) vs

n at f¼ 1 Hz with respect to data from Table I.
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b2n;V fð Þ ¼ l0
nsD11;p þ 1� nð ÞsH33;m

ng31;pd33;m

 !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i2n fð Þ
2pf eS33lw
� �2

þ e2n fð Þ
R2
x 2pf eS33lw
� �2

þ e2n fð Þ
RRx 2pf eS33lw

� �2
þ 4kBT

2pf eS33lwtp
tan d fð Þð Þ

s

; (29)

and the ultimate sensor noise spectral density is

b2n;V fð Þ ¼ l0
nsD11;p þ 1� nð ÞsH33;m

ng31;pd33;m

 !

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT

2pf eS33lwtp
tan d fð Þð Þ

s

½T=
ffiffiffiffiffiffi

Hz
p

�: (30)

Similarly, as in the previous description and by using the pa-

rameters given Table I, we can determine the ME voltage

coefficient aVME fð Þ (see Fig. 9) and the equivalent magnetic

noise spectral density (see Fig. 10) as functions of n. These
figures show that the optimal layer ratio factor was about

n¼ 0.67 for the voltage coefficient, and about n¼ 0.8 for the

equivalent magnetic noise spectral density. By comparing

TABLE II. Theoretical charge and voltage coefficients for the four basic modes.

Sensor mode Parameter ME coefficients at low frequencies ME coefficients at resonant frequency

L-L C ¼ wtp

l
eS33

dV

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
nld33;mg33;p

nsD33;p þ 1� nð ÞsH33;m
¼ 8Qm

p2
dV

dH

	

	

	

	

	

	

	

	

up ¼
wtp

l

d33;p

sE33;p

dQ

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
nwtpd33;md33;p

nsE33;p þ 1� nð ÞsH33;m
¼ 8Qm

p2
dQ

dH

	

	

	

	

	

	

	

	

um ¼ wtmd33;m

sH33;m

dV

dH

	

	

	

	

	

	

	

	

¼ ng33;pd33;ml

nsD33;p þ ð1� nÞsH33;m

Zmech ¼ �j
n

sH33;m
þ 1� n

sE33;p

 !

A
kvl

dQ

dH

	

	

	

	

	

	

	

	

¼ nd33;pd33;mwtp

nsE33;p þ ð1� nÞsH33;m

Zmech ¼ �j
n

sH33;m
þ 1� n

sD33;p

 !

A
kvl

T-L C ¼ wtp

l
eS33

dV

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
nld31;mg33;p

nsD33;p þ 1� nð ÞsH31;m
¼ 8Qm

p2
dV

dH

	

	

	

	

	

	

	

	

up ¼
wtp

l

d33;p

sE33;p

dQ

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
nwtpd31;md33;p

nsE33;p þ 1� nð ÞsH31;m
¼ 8Qm

p2
dQ

dH

	

	

	

	

	

	

	

	

um ¼ wtmd31;m

sH11;m

dV

dH

	

	

	

	

	

	

	

	

¼ ng33;pd31;ml

nsD33;p þ ð1� nÞsH11;m

Zmech ¼ �j
n

sH11;m
þ 1� n

sE33;p

 !

A
kvl

dQ

dH

	

	

	

	

	

	

	

	

¼ nd33;pd31;mwtp

nsE33;p þ ð1� nÞsH11;m

Zmech ¼ �j
n

sH11;m
þ 1� n

sD33;p

 !

A
kvl

L-T
C ¼ wl

tp
eS33

dV

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
ntpd33;mg31;p

nsD11;p þ 1� nð ÞsH33;m
¼ 8Qm

p2
dV

dH

	

	

	

	

	

	

	

	

up ¼ w
d31;p

sE11;p

dQ

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
nlwd33;md31;p

nsE11;p þ 1� nð ÞsH33;m
¼ 8Qm

p2
dQ

dH

	

	

	

	

	

	

	

	

um ¼ wtmd33;m

sH33;m

dV

dH

	

	

	

	

	

	

	

	

¼ ng31;pd33;mtp

nsD11;p þ ð1� nÞsH33;m

Zmech ¼ �j
n

sH33;m
þ 1� n

sE11;p

 !

A
kvl

Zmech ¼ �j
n

sH33;m
þ 1� n

sD11;p

 !

A
kvl

dQ

dH

	

	

	

	

	

	

	

	

¼ ng31;pd33;mlw

nsE11;p þ ð1� nÞsH33;m

T-T
C ¼ wl

tp
eS33

dV

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
ntpd31;mg31;p

nsD11;p þ 1� nð ÞsH11;m
¼ 8Qm

p2
dV

dH

	

	

	

	

	

	

	

	

up ¼ w
d31;p

sE11;p

dQ

dH

	

	

	

	

	

	

	

	

res

¼ 8Qm

p2
nlwd31;md31;p

nsE11;p þ 1� nð ÞsH11;m
¼ 8Qm

p2
dQ

dH

	

	

	

	

	

	

	

	

um ¼ wtmd31;m

sH11;m

dV

dH

	

	

	

	

	

	

	

	

¼ ng31;pd31;mtp

nsD11;p þ ð1� nÞsH11;m

Zmech ¼ �j
n

sH11;m
þ 1� n

sE11;p

 !

A
kvl

Zmech ¼ �j
n

sH11;m
þ 1� n

sD11;p

 !

A
kvl

dQ

dH

	

	

	

	

	

	

	

	

¼ nd31;pd31;mlw

nsE11;p þ ð1� nÞsH11;m
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the ultimate equivalent magnetic noise using both charge

and voltage amplifiers, we can conclude that, if the circuits

are well-designed, then there should be no difference

between using charge and voltage amplifier detection meth-

ods for ME laminates.

G. Equivalent magnetic noise at the resonant
frequency when using charge or voltage amplifier

The equivalent magnetic noise has also been investi-

gated using the 1D equivalent circuit model for both charge

and voltage amplifiers. Near the principal mechanical reso-

nant frequency, a similar value for the ultimate magnetic

noise spectral density was obtained for the ME laminate

using either amplifier of

bn;fs � l0
p2

8Qm

nsD11;p þ 1� nð ÞsH33;m 1� k231;p

� �

nd33;mg31;p

	

	

	

	

	

	

	

	

	

	

	

	

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT

2pfse
S
33lwtp

tan d fð Þð Þ
s

: (31)

The value of bn,fs was estimated to be 6.5 fT/HHz at reso-

nance using Qm � 50, fs¼ 30 kHz, and the data given in

Table I.

H. Generalization

Finally, we extend this model to all four of the basic ME

modes (L-L, T-L, L-T, T-T) using charge and voltage ampli-

fiers. Tables II and III summarize the coefficients and the

ultimate magnetic noise spectral densities that we obtained.

III. EXPERIMENTAL MEASUREMENTS

We have implemented both charge (R1¼ 1000 GX,

C1¼ 10 pF, in¼ 0.41 fA/HHz) and voltage (R1¼ 100 X,

R2¼ 3.3 kX, Rx¼ 10 GX, and a LTC6240 OpAmp : en¼ 7

nV/HHz, in¼ 0.6 fA/HHz) amplifier detection methods for

ME laminate sensors, using the circuits shown in Figs. 6 and

8, respectively. The ME laminates consisted of Pb(Mg1/

3Nb2/3)O3-PbTiO3 crystal fibers sandwiched between Met-

glas layers, following a structure and fabrication methods

FIG. 11. (Color online) (a) Magnetic

transfer function, (b) output voltage

noise density, and (c) equivalent input

magnetic noise density for sensor F19

with an improved charge amplifier

(R1¼ 1 TX, C1¼ 10 pF, and a second

stage gain of 50). We notice that a refer-

ence signal is used at 2 Hz. The dashed

lines indicate the theoretical noise

source contributions of the dielectric

loss of sensor, the current noise and volt-

age noise of OpAmp and the resistor R1

(i, ii, iii & iv, respectively). The dashed

line (v) is the theoretical equivalent

magnetic spectral noise density.

TABLE III. Theoretical ultimate equivalent magnetic noise of ME for the

four basic modes.

Sensor mode Equivalent magnetic noise spectral density

L-L
bn fð Þ ¼ l0

nsD
33;pþð1�nÞsH

33;mð1�k2
33;pÞ

ng33;pd33;m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT
2pfVvole

S
33

tan d fð Þð Þ
q

T-L bn fð Þ ¼ l0
nsD

33;pþð1�nÞsH
11;mð1�k2

33;pÞ
ng33;pd31;m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT
2pfVvole

S
33

tan d fð Þð Þ
q

L-T
bn fð Þ ¼ l0

nsD
11;pþð1�nÞsH

33;mð1�k2
31;pÞ

ng31;pd33;m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT
2pfVvole

S
33

tan d fð Þð Þ
q

T-T bn fð Þ ¼ l0
nsD

11;pþð1�nÞsH
11;mð1�k2

31;pÞ
ng31;pd31;m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBT
2pfVvole

S
33

tan d fð Þð Þ
q
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recently reported.3 The noise sources were modeled by Eqs.

(18) and (24). Their corresponding contributions to the out-

put voltage noise are given in Figs. 11(b) and 12(b), respec-

tively. Please note that R1 and R2 are both much lower than

Rx, so that the effect of Rx can be considered as negligible.

Using both amplification methods, the equivalent cur-

rent noise of the amplifiers yielded a 1/f slope in the output

voltage spectral noise density, as can be seen in Fig. 12. In

addition, in the middle to low frequency range, the slope of

the noise density that was induced by the dielectric loss fac-

tor of the piezoelectric layer was found to vary as 1/Hf. The
voltage noise of the amplifiers sets the white noise level in

the frequency range of 103< f< 104 Hz. Near the mechani-

cal resonant frequency (� 30 kHz), a very low equivalent

magnetic noise level was obtained. The dashed orange

curves in Figs. 11(c) and 12(c) show the calculated equiva-

lent input magnetic noise and they fit quite well with the ex-

perimental results. Figure 13 compares the equivalent

magnetic noise level obtained using both charge and voltage

amplifiers. The results in this figure yield the same equiva-

lent magnetic spectral noise density level as predicted by our

theoretical analysis.

IV. CONCLUSION

With the help of a 1D Mason’s model, we have analyzed

the equivalent magnetic noise of ME laminate sensors. Such

an analysis was done for both charge and voltage amplifier

detection methods. We find that the theoretical model well-

predicts the equivalent magnetic noise level of the sensor. In

addition, theory suggests ways to lower the noise floor by the

use of material parameters, and gives correct limits set by

FIG. 12. (Color online) (a) Magnetic

transfer function, (b) output voltage

noise density, and (c) equivalent input

magnetic noise density for sensor F19

with a voltage amplifier (R1¼ 100 X,

R2¼ 3.3 kX, Rx¼ 10 GX, and a

LTC6240 OpAmp). We notice that a ref-

erence signal is used at 2 Hz. The dashed

lines indicate the theoretical noise

source contributions of the dielectric

loss of sensor, the current noise and volt-

age noise of OPAmp and the resistor Rx

(i, ii, iii & iv, respectively). The dashed

line (v) is the theoretical equivalent

magnetic noise density.

FIG. 13. (Color online) Comparison of the equivalent input magnetic noise

density for sensor F19 by using (i) a voltage amplifier (R1¼ 100 X, R2¼ 3.3

kX, Rx¼ 10 GX, and a LTC6240 OpAmp) or (ii) an improved charge pream-

plifier electronics (R1¼ 1 TX, C1¼ 10 pF).

124512-9 Zhuang et al. J. Appl. Phys. 109, 124512 (2011)

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



the electronic conditioning. Finally, we conclude that there

are no differences in term of ME laminated sensor noise

using either well-designed classical voltage or charge ampli-

fiers. Presently, the ultimate equivalent magnetic noise of the

ME sensors is limited by the volume of the laminate, and the

dielectric loss factor of the piezoelectric layer(s).
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