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Abstract— In the framework of a collaborative work with
industry aiming at the development of a robust smal [l.  SENSORSCHARACTERISTICS AND ELECTRICAL
size (1 cm) large bandwidth magnetometer, a theoretical and EQUIVALENT MODEL IN FLUX MODE AND LENZ MODE
experimental comparison of optimized search coils dsed
magnetometers, operating either in the Flux mode oin the
classical Lenz-Faraday mode, is presented. The impvements

pmrg;fuer?ngbéng]: 01!:'[||’l;l)e( Sgnrfsd; aTe ;tzrtgwilsedof bandwidth and amplifier. In the flux mode, the short circuit oemnt,

A compact original flux mode differential magnetomeer is pr(_)portional to the field density, is ”?e?‘sfme.dt“a‘ case _the
presented and detailed in terms of measurement ragg COil has to be connected to an infinite input atmie
bandwidth and transfer. Theory, SPICE model and (ransimpedance amplifier [2]. Thus, search coilssee can
measurements are in perfect agreement. be considered as voltage or current source depgrdithe
mode they are being operated. Their Thevenin etgriva
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transmpedance amplifier; biomedical and geomagnetic  equivalent current generatofy land Norton equivalent

In the Lenz mode, the search coil generates agmlta
signal proportional to the flux time derivative rotthe field
density B and is connected to a voltage instruntiemta

measurements; non destructive evaluation admittance Y, (Fig. 1) can be calculated as a function of
both the flux density Bto measure and the coil features:
. INTRODUCTION inductance |, noisy resistance jRparasitic capacity £and

flux equivalent surface g which is defined as the ratio of
the collected flux to the flux density and expentadly
Yetermined. One gets:

€nRro ~ ijeSeq

This research work takes place in the context of a
industrial contract aiming at developing a robustal
size (1 cm) large bandwidth magnetometer. We investigated

benefits provided by using search coils operatinthe flux S 1-L,Cpw?) + juR,Cy

mode, instead of the classical Lenz-Faraday modes T R, + el

paper consists in a theoretical and experimentalpenative Zy = b > _b

study of sensors specifications (bandwidth, seuitsiti @-LpCphw?) +jwR,Cy
measuring range) depending on the operating mazlendet €rp — 0B S, 1
the industrial constraints, we fixed a budget (eeselected a Iy=——"———% and Yy=—,
search coil and a low noise differential instruraion Ry +joly Zin

amplifier). The obtained results are providing nesutions ~ Where ggy, stands for the Johnson voltage noise source.of R
for applications requiring large bandwidth like ged eddy
current non destructive evaluation [1], biomediocat 'O:%\_/\Rﬂ L
geomagnetic measurements in the [1Hz-1MHz] bandvidt fﬁ ’ h BN
Yn
QN

for which Lenz mode magnetometers are not well &dbap S cb ’/j
We present in the Section Il the main charactesstif ‘\T/
E

Isc
Voc

the sensors for the two operating mode. In Sedtiprwe Eth d

discuss how to optimize the signal conditioning aso to .
obtain low noise and large bandwidth magnetic fegdsors. ~ ~ ~
We show that using search coils in a Flux mode lesad a b o
large enhancement of both bandwidth and measuanger Figure 1: Electrical equivalent circuit of a seamtil (a)
of the sensor without reduction of its sensitiviBection IV~ operating in Lenz mode (b) or Flux mode (c). In Zemode
is devoted to the study of a coupled search ceifsar in  the magnetic flux is related to the open circuitage Voc
Flux mode and the design of a small size diffeegnti whereas in Flux mode, the flux density is relatethe short
magnetometer. circuit current Isc.
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The transfer function T, = OEqh oy and

and T, =

e e

the intrinsic magnetic noise sensitivity, definedthe input

noise flux density T/\/Hz) that produces a voltage (or

current) equal to the contribution of the Johnsoise of the
resistance R are plot as a function of the frequency i
Fig. 2. One deduces from these figures that irLgme mode
the bandwidth is intrinsically upper limited by thwoil
resonant frequency and that the measuring ranigggssely
proportional to the frequency, whereas in the fioade the
bandwidth is larger, since not affected by the cedlonant
frequency, and the measuring range is constanteabdow

(3.
b

sensitivity in the Lenz mode decreases as the émyuand
is thus better at high frequency than in the fllode In this
latter case, the sensitivity is constant over thedwidth
sensor.

As a brief conclusion, intrinsically, the flux modensor is
well suited to applications requiring a large baitdlwv and
frequency independent measuring range whereas ¢he L
mode magnetometer is rather adapted to applications
limited frequency range and provides in that cadeetier
sensitivity than the Flux mode magnetometer.

Ry

cut off frequency equal tc The magnetic

Signal amplification is different depending on thgeration
mode of the search coil. The signal has to be diexgblfor
the Lenz mode by a voltage amplifier, with as high
possible input impedance; and for the Flux mode Lenz

n

Zth : Zo=0
Vi1 ! +
| ® *\/i Vo
en_eq | Vi Av*Vi
N Zi
Eth in_eq
Vi2

Figure 3: Equivalent electrical model of the Lenada
magnetometer. Av is the voltage Gain andtize input
impedance, which has to be as large as possible.

li1>_ TN
(Jln Yn . @
t

en_eq

Figure 4: Equivalent electrical model of the Fluxode
magnetometer. Za is the amplifier transimpedanckYans
the input admittance, which has to be as largeasilple.

Zo=0
Vo

in_eq

li2

For signal conditioning, we selected an instrumtsta
amplifier structure (like the one included in theAl 163
integrated circuit) that we configurated so asgerate either
as a voltage amplifier (for the Lenz mode) or as
transimpedance amplifier (for the Flux mode), agwshon

mode by a transimpedance amplifier, with as large aFig.5 and 6.

possible input admittance .Y These amplifiers can be
replaced by their equivalent noisy quadripolar nhoae
shown on Fig. 3 and 4. Such models are very udeful
calculating the effective sensitivity of the sentaing into
account the noise due to the amplifier stage andemo
generally to state the required characteristicbath search
coils and amplifier for given sensor specificatiamserms of
bandwidth and sensitivity.

B

-

input_noise, T/\Hz
transfer,V/IT;A/IT

frequency, Hz
Figure 2: Transfer function and intrinsic sensijivof
search coil magnetometer in Lenz mode (2 & 4) ahtk F
mode (1 & 3) as a function of the frequency.
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Figure 5: Signal conditioning for Lenz mode
magnetometer. Rg is the gain-set resistor.
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Figure 6: Signal conditioning for Flux mode
magnetometer
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[ll.  SEARCH COILS SENSORS OPTIMIZATION LEF0R ey 1
1,E407 — 2 Transf_mf_opt.dB 1
— 3 Transf_mt_std dB \
The classical Lenz mode magnetometer, which israth 1408 A Trenst_mf_opkdp : :
magnetic flux derivative meter, can be converted i B E g0 3
field meter by using an integrator output stage Mile . 4
designed a solution with the integrator embeddsitiinthe £ -
amplifier (Fig. 7). The transfer function gk, of this Lenz s 3
mode B field meter is in that case given by: hERte
1,E+01
H 1,E+00
TLenz = % = JwSEq 1+ﬂ ) 1,E+00 1,E+01 1,E+02 1‘I?+03 1,E+04 1,E+05 1,E+06
0B, 1—Lbem2 +jwR,Cy Zg Figure 9: Transfer function of standard (std 1 &3)
magnetometer and optimized (opt 2 & 4) magnetometer
+
where Z, = RaRg2 Dl !(Mgl . .
Ra*+Rg 1+jwTy, The function transfer f, writes:
aV, jwS, Ry@l+jwT
andTGl :i , ngz—Lg TFqu:a_BOZ R (1+.03T )E%[ER +—((:;.('|"(:)T ;2)]
Ry Ra+tRg2 e pd+jwT,) Ry JOTy

The magnetometer low cut off frequency can be &eljusy Where 1, =L,/R,, Ty4= Cc(Rcl+ Rcz), T, = CRe,
proper choice of integrator parameters. Nevertbeldse

magnetometer bandwidth is still limited by the skacoils  Using the compensation stages described aheadewenas

resonance and the measuring range is not enlargdtieb the mode of the magnetometer, one can obtainedaime

Integrator stage. cut off low frequency and the same transfer valuethie
magnetometer bandwidth. The Lenz mode magnetometer

For the standard Flux mode magnetometer, the ldw Clhandwidth stays nevertheless limited by the searaih
off frequency is fixed by the search coil parametéiis low  resonant frequency.

cut off frequency can be significantly reduced hgluding a

compensation stage in the transimpedance ampldger

described in Fig. 8. IV. DIFFERENTIAL MAGNETOMETER BASED ONCOUPLED
SEARCH COILS

i A significant reduction of common mode signals &l w
i Lb B R2 ina163 R3 as parasitic signals sensed_ in connecting wiresgpally
Lg m bk a achieved by the use of a differential structure. gkiginal
- . flux mode differential magnetometer is presenteéig 10.
- i o A3 Yo The Norton equivalent model and the transfer fomctdf
E this magnetometer can be calculated as follows:
e ok 8K %7 [, = (eanl + eanZ)_ijBeSeq
e N 2Ry +jlLy +M))

Figure 7: Lenz mode B field meter with embedded

integrator stage (Lg, Rgl and Rg2), which replattes b +
gain-set resistor Rg in Fig. 5. 1. 2(Rb J“’(Lzu M))
Y (1‘(Lb+M)Cb°° )+JwaCb
Vo1
Re1
Rb Lb i R2 ina163 R3 VN . ~ aVs B 2R1R3 pseq
Diff = =0
cb = I aBe RbRZ 1+dep
E Ret
T Co ' Re2 wherey, =2 M and M = kTl
iy bd ~ - b2
ol |

6l
chz b
Figure 8: Flux mode magnetometer with compensation
stage (Rcl, Rc2 and Cc) for bandwidth enhancentdotva
frequency.
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Figure 10: Flux mode differential magnetometeunctire

The low cut off frequency can be significantly redd
by including the compensation stage described ati&elll.
The theoretical study was compared to experiment
measurements and calculations using a SPICE sionulksit
results are in very good agreement as shown oriLEig.

The search coils coupling leads to correlation foé t
voltage noise sources of the two input amplifiefsaAd A
of the instrumentation amplifier and thus to naisduction
of the sensor [5]. The coupling allows also a digant size

reduction of the magnetometer since the coils can b

wounded together on the same magnetic coil. Inrorae
check the validity of the theoretical study, expenntal
measurements and calculations using a SPICE sionulat
were performed. All results fits very well as shown
Fig. 12.

1,E+06 I
—=—exp - - - theory —— spice_sim
|
>
a-;1 E+05
+05

'lg ’ ‘mwm*
g
=

1,E+04

1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06

frequency, Hz

Figure 11: Transfer function of the differential ukl
mode magnetometer. Theoretical, experimental an€CEBP
simulation curves are in very good agreement. Secods
features are: R=R,,=450hms, L;=Ly,=4.7mH,
Ch = C=60pF, $,=0.152m, Volume =0.83 crh)
intrinsic search coil transfer equal to 28A/T amdrsh coll
low cut off frequency equal to 1,5kHz. The compénsa
stage of the magnetometer (see Section Ill) wagnked so
as to obtain an 8 Hz low cut off frequency.
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Figure 12: Flux noise sensitivity of the differehtFlux
mode magnetometer. Theoretical, experimental anCESP
imulation curves are in very good agreement. Seends
atures are the same as in Fig. 11.

V.

A detailed comparison of transfer function and eois
sensitivity of search coils magnetometer operasitiger in
Lenz mode of Flux mode was presented. We explaiosd
to optimize both magnetometers and showed thatte
mode provides a transfer function, which can becepstant
over a bandwidth ranging from 1 Hz to 1 MHz, lar¢jean
what can be achieved in Lenz mode. The Flux mode al
provides a constant measuring range over the dultitvidth,
which is not the case for Lenz mode magnetometech S
features are very interesting for applications &g a large
bandwidth and a good sensitivity over the wholedvadth.
An original differential flux mode magnetometer, ion is
much more compact than classical Lenz mode seaith c
differential magnetometer, was proposed and studied
details, namely in terms of transfer function anoise.
Theoretical analysis, SPICE simulations and expemiad
measurements are in very good agreement.

CONCLUSIONS AND PERSPECTIVES
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