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Analytical Optimization of Low-Frequency
Search Coil Magnetometers
Asaf Grosz and Eugene Paperno

Abstract— An analytical optimization is proposed for the
sensitivity threshold of low-frequency search coil magnetometers
employing disk-shape flux concentrators. The optimal diameters
of the core and the wire are found for a given set of the
optimization parameters: frequency, search coil volume and
aspect ratio, relative permeability of the core and the flux
concentrators, and the noise of the preamplifier. The proposed
analytical optimization allows an immediate analysis of the
theoretical limits of the magnetometer sensitivity threshold. An
approximation is obtained to simplify and clarify the relationship between the minimum possible sensitivity threshold and
the optimization parameters. Measurements performed with an
experimental magnetometer model confirm the optimization.
Index Terms— Analytical optimization, disk-shape flux
concentrators, low frequency, preamplifier noise, search coil
magnetometers, sensitivity threshold.

N OMENCLATURE
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Search coil aspect (length to diameter) ratio.
Ratio of the wire diameter, including the
insulation, and the wire diameter without the
insulation: dwins /dw .
Ratio of the winding length and the total
length of the search coil: L w /L.
Relative permeability of the core and the
flux concentrators.
Apparent permeability of the core.
Resistivity of the wire.
Magnetic field induction.
Amplitude of the magnetic field induction.
Sensitivity threshold (resolution or equivalent
magnetic noise).
Optimum sensitivity threshold (optimum
resolution or equivalent magnetic noise).
The search coil stray capacitance.
Core diameter.
Optimum core diameter.
Diameter of the wire, not including the
insulation.
Optimum diameter of the wire, not
including the insulation.
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Diameter of the wire, including the insulation.
Diameter of the flux concentrators.
Spectral density of the amplifier voltage noise.
Spectral density of the coil thermal noise.
Spectral density of the total coil noise
referred to the input.
Frequency.
Demagnetizing factor of a prolate ellipsoid.
Spectral density of the amplifier current noise.
Boltzmann constant.
Total length of the search coil, including
the flux concentrators.
The search coil inductance.
Length of the search coil winding.
Number of turns.
Search coil winding resistance.
Search coil winding optimal resistance.
Cross-section area of the core.
Time.
Thickness of the flux concentrators.
Absolute temperature in kelvin.
Amplitude of the voltage induced in the
search coil by an applied sinusoidal
magnetic field.
Volume of the search coil.

I. I NTRODUCTION

L

OW-FREQUENCY search coil magnetometers are
widely used for geophysical prospecting, space research,
magnetic anomaly detection [1]–[17], etc. Their advantages
compared to other magnetometers are high resolution and low
power consumption, defined only by the power consumption
of the preamplifier. The inherent reduction of the search coils’
resolution with frequency can be compensated by increasing
their size. Thus, large enough low-frequency search coils
can compete with and even outperform fluxgates [10]–[12],
[16]–[18].
To reach the maximum resolution for a given volume, a
search coil magnetometer should be optimized. Conventional
approaches to finding the best possible configuration is based
on designing the magnetometer part by part [1]–[5]. For
example, the search coil core is designed first to provide the
maximum apparent permeability, then the coil distribution over
the core is selected, and, finally, a preamplifier is developed
with low enough noise. To make a search coil more compact,
flux concentrators can also be attached to the core [6]–[12].

1530–437X/$31.00 © 2012 IEEE

2720

IEEE SENSORS JOURNAL, VOL. 12, NO. 8, AUGUST 2012

LC

L

γ=Lw / L

Lw

α = L/D

en

R

A
v(f)

vo

C
in

Fig. 2.
d

tf

dw

dwins

β = dwins / dw

Fig. 1.

Equivalent electrical circuit of the search coil magnetometer.

D

Search coil structure and dimensions.

Naturally, such a part by part design does not yield the best
possible magnetometer configuration.
The optimization of the entire magnetometer was suggested
in [8]–[13]. This optimization is based on an analytical model
that includes the apparent permeability of the core and the flux
concentrators, the coil winding, and the noise of the preamplifier. To find the optimum magnetometer configuration for given
constraints, for example, for the maximum volume, weight,
given power consumption and the noise of the preamplifier,
the analytical model is solved numerically for a large set of the
parameters, and the configuration providing the best resolution
is chosen.
This new approach has advanced the state of the art lowfrequency search coil magnetometers by substantially reducing
their size, power consumption, and weight for the same
resolution [7]–[12].
However, the need to perform a large number of numerical
calculations to find the optimum magnetometer configuration
makes this approach inconvenient and does not allow one
to easily interpret the obtained results: there is no direct,
analytical relationship between the magnetometer parameters
and its optimal configuration, and, as a result, it is not
immediately clear how small changes in the parameters and
constraints affect the optimal magnetometer performance.
We overcome this drawback by finding the analytical solutions for the optimum magnetometer parameters. We focus
in the present paper only on search coils employing diskshape flux concentrators (see Fig. 1) and having aspect
ratio equal or greater than 2, similar to those described
in [9]–[11]. For a given search coil volume and aspect ratio,
the relative permeability of the core and the flux concentrators,
and the noise of the preamplifier, the optimization of such
a magnetometer includes the following five variables: the
diameter and thickness of the flux concentrators, the outer
diameter of the search coil winding, and the diameters of the
core and the wire.
We assume that the diameter of the flux concentrators equals
to the maximum diameter of the search coil, as shown in

Fig. 1. Employing flux concentrators with maximum possible
diameter maximizes the magnetic flux within the core, while
practically introducing no noise, and, thus, improves the
magnetometer resolution.
If there are no weight constraints, then in an optimal coil,
the entire volume between the flux concentrators, except the
core, should be used for winding. Using the maximum possible
volume for copper, one can minimize the coil resistance for the
same number of turns and, therefore, for the same sensitivity.
Minimizing the resistance reduces the coil thermal noise and
also the preamplifier noise (see Fig. 2) referred to the input.
Thus, the magnetometer sensitivity threshold is improved.
Therefore, the external diameter of the winding is always equal
to the diameter of the flux concentrators.
Our numerical simulations, performed with Maxwell finiteelement software, has shown that increasing the thickness
of the flux concentrators beyond 5% of the total length of
the search coil does not increase the apparent permeability
enough to compensate for the decrease in the magnetometer
sensitivity due to the corresponding reduction of the volume
of the winding.
Considering the above, we introduce the following assumptions and constraints. (i) We assume that the thickness of the
coil bobbin is negligible. (ii) We set the diameter of the flux
concentrators equal to the maximum diameter of the search
coil. (iii) We set the outer diameter of the winding equal to the
diameter of the flux concentrators. (iv) We limit the volume of
the search coil, but apply no constrains on its weight, number
of turns, and the diameters of the core and wire. (v) We set the
thickness of the flux concentrators at 5% of the total length
of the search coil (γ = 0.9).
As a result, the set of the optimization variables includes
only the diameters of the core and the wire. We find analytical
solutions for these variables assuming that the search coil
volume and aspect ratio, the relative permeability of the core
and the flux concentrators, and the noise of the preamplifier
are given.
The proposed analytical optimization allows an immediate
analysis of the theoretical limits of the magnetometer sensitivity threshold as a function of the optimization parameters.
We have also obtained an approximate analytical solution
for the minimum possible sensitivity threshold as a function
of frequency, the search coil volume and aspect ratio, the
preamplifier voltage and current noise product, and the relative
permeability of the core and the flux concentrators.
II. A NALYTICAL M ODEL OF THE M AGNETOMETER
The search coil structure and dimensions are shown in
Fig. 1 and the equivalent electric circuit of the magnetometer
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is shown in Fig. 2. The amplitude of the voltage induced in
the search coil by an applied sinusoidal magnetic field can be
given as follows:

103

V ( f ) = 2π f N Sμa B0

102

(2)

S=

π

(3)

4
and the apparent permeability (for μr >>1) [8], [10] and the
demagnetizing field [19]
μr
(4)
μa =
1 + μr H D d 2 /D 2




√
1
α + α2 − 1
α
HD = 2
√
ln
√
− 1 . (5)
α − 1 2 α2 − 1
α − α2 − 1
At frequencies by an order lower than the search coil self
resonance, the search coil inductance and stray capacitance
can be neglected, and the spectral density of the total noise
of the search coil and the preamplifier (see Fig. 2) referred to
the coil input can be given as follows:

et ot = e R 2 + en2 + (Ri n )2
(6)
where
eR =
and
R=N

√

D+d
π(D + d)/2
ρ = 2N
ρ.
πdw2 /4
dw2

(7)
(8)

III. A NALYTICAL O PTIMIZATION OF THE M AGNETOMETER
The optimization goal is to find the optimum diameter of
the core and the wire, dopt and dwopt , that minimize Bst ( f )
for a given frequency, f , volume, Vol, and aspect ratio, α, of
the search coil, relative permeability of the core and the flux
concentrators material, μr , and the preamplifier’s equivalent
noise: en and i n .
To find dopt and dwopt , we solve the system of equations defining the minimum of the magnetometer sensitivity
threshold:
⎧
∂ Bst ( f )
⎪
=0
⎨ ∂d
(10)
⎪
⎩ ∂ Bst ( f ) = 0.
∂dw
The only real and positive solutions of (10) are:
1
3μr H D
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Fig. 3. Minimum sensitivity threshold as a function of the search coil volume
and aspect ratio, and the√noise of the preamplifier.
The equivalent noise of
√
√the
preamplifiers√is: 15 nV/ Hz and 5 fA/ Hz for the AD8628 and 55 nV/ Hz
and 100 fA/ Hz for the OPA333. μr = 2000, f = 1 Hz, ρ = 1.678 × 10−8 ,
β = 1.15, γ = 0.9, and T = 300 K. The experimental data (see Table I) is
shown by the square mark.

where
A = D 3 [9μr H D (1 + 3μr H D ) − 8]
+

√
27 D 6 (μr H D )2 [μr H D (19 + 27μr H D ) − 17]


and
4kT R

At low frequencies, where the search coil reactance can
be neglected, the magnetometer sensitivity threshold can be
defined as Bst ( f ) for which the induced voltage (1) equals
the spectral density of the total noise (6):

e2R + en2 + (Ri n )2
Bst ( f ) =
.
(9)
2π f N Sμa

dopt =

AD8628

100

the cross-sectional area of the core
· d2

OPA333

Bst min (pT/Hz0.5)

where the number of turns
γ L(D − d)
γL D−d
=
N=
βdw 2βdw
2β 2 dw 2

(1)
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dwopt =

4

2 )i ρ
γ L(D 2 − dopt
n

β 2 en

.

(12)

(13)

It is interesting to note that according to (2), (8) and (13),
the coil winding optimal resistance depends only on the noise
parameters of the amplifier:
Ropt =

en
.
in

(14)

To illustrate the above theory, we plot in Fig. 3 the minimum
possible sensitivity threshold, Bst min ( f ), as a function of the
search coil volume and aspect ratio, and the preamplifier noise.
Bst min ( f ) in Fig. 3 is found according to (1)-(9), where d and
dw are substituted with their optimum values, dopt and dwopt ,
according to (11), (12) and (13), respectively.
The optimum core and wire diameters are sown in Figs. 4
and 5, respectively, as a function of the search coil volume
and aspect ratio. The optimum wire diameter also depends on
the noise of the preamplifier.
To simplify and clarify the relationship between Bst min ( f )
and the optimization parameters, it can be approximated as
follows:

−4
8.28 × 10−21 + en i n
Bst min ( f ) ≈ 3.65 × 10


×(αVol)−0.833 7.64 × 10−2 + μ−0.449 f −1
r

(15)
√
units
where Bst min (f) is in the units of T/ Hz,√ f is in the √
of Hz, en and i n are in the units of V/ Hz and A/ Hz,
respectively, and Vol is in the units of m3 .
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Fig. 4. Optimum diameter of the core as a function of the search coil volume
and aspect ratio. μr = 2000, f = 1 Hz, ρ = 1.678 × 10−8 , β = 1.15,
γ = 0.9, and T = 300 K. The experimental data (see Table I) is shown by
the square mark.
TABLE I
PARAMETER OF THE M AGNETOMETER
Parameters

Theoretical model
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Fig. 5. Optimum diameter of the wire as a function of the search coil volume
and aspect ratio, and the√noise of the preamplifier.
The equivalent noise of√the
√
preamplifiers√is: 15 nV/ Hz and 5 fA/ Hz for the AD8628 and 55 nV/ Hz
and 100 fA/ Hz for the OPA333. μr = 2000, f = 1 Hz, ρ = 1.678 × 10−8 ,
β = 1.15, γ = 0.9, and T = 300 K. The experimental data (see Table I) is
shown by the square mark.

Experimental model

Constrains
L
Lw
D
Vol
α
β
γ
μr
en
in
tf

60 mm
54 mm
30 mm
42411 mm3
2
1.15
0.9
2000 √
55 nV/ √Hz
100 fA/ Hz
3 mm

dopt
dwopt

5.16 mm
32.3 μm

5 mm
35 μm

Bstmin

Sensitivity threshold
√
10.86 pT/ Hz

√
11.2 pT/ Hz

60 mm
52 mm
30 mm
42411 mm3
2
1.14
0.87
2000 √
55 nV/ √Hz
100 fA/ Hz
3 mm

Optimal parameters

The inaccuracy of approximation (15) compared to the
exact analytical optimization√is less than 37% for √
2<α<20,
200<μr <20×103, 0.1 nV/ Hz < en < 10 μV/ Hz, 0.1
√
√
fA/ Hz < i n <10 pA/ Hz, 10−6 m3 < Vol <1 m3 . For
3
3
10 <μr < 5 × 10 , the inaccuracy is less than 21%.
It is important to note from (15) that any preamplifier with
the en i n product much smaller than 8.28×10−21 has negligible
effect on the magnetometer sensitivity threshold.
Approximation (15) has been obtained for T = 300 K
and for copper wire (ρ = 1.678×10−8) with thin isolation,
β = 1.15.
IV. E XPERIMENT
To verify the theoretical sensitivity threshold Bst min ( f )
obtained in Fig. 3 in accordance with (1)-(9) and (11)-(13),
we built and tested an experimental model of the search coil

Fig. 6.

Magnetometer components.

magnetometer. The magnetometer components are shown in
Fig. 6, and its parameters are listed in Table I.
Table I represents a comparison between the experimental
and theoretical models. The optimal parameters of the core
and wire for the theoretical model were calculated for a set of
given parameters (the constrains in Table I). The parameters
of the experimental model were chosen as close as possible
to the parameters of the theoretical model.
Our measurements show that the experimental value of
√
(11.2 pT/ Hz) is very close to the theoretical
Bst min at 1 Hz √
one (10.86 pT/ Hz).
V. C ONCLUSION
Analytical solutions for the optimum parameters of lowfrequency search coil magnetometers has been obtained for the
first time, to the best of our knowledge. To obtain the analytical
solution for the optimal sensitivity threshold, Bst min ( f ), for
a given frequency, f , volume, Vol, aspect ratio, α, relative
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permeability of the core and the flux concentrators material,
μr , and the preamplifier noise, en and i n , we applied the
constraints described in the Introduction and, by using equations (1)-(8), reduced the number of Bmin ( f ) variables in (9)
to only two: d and dw . We then found dopt and dwopt that
minimize Bst ( f ). Bst min ( f ) represents the theoretical limit of
the magnetometer sensitivity threshold.
To simplify and clarify the relationship between Bst min ( f ),
the noise parameters of the preamplifier, en and i n , the search
coil aspect ratio, α, relative permeability of the core and
the flux concentrators material, μr , and its volume, Vol, we
have obtained approximation (15). Based on (15), a criterion
for neglecting the preamplifier noise is formulated: en i n <<
8.28×10−21. It is also immediately clear from (15), what the
impact is of the preamplifier noise on Bst min ( f ).
The developed theory helps the designer to immediately
find the best possible sensitivity threshold and the optimal
parameters of a search coil for a given volume, aspect ratio,
preamplifier and relative permeability of the core and the flux
concentrators material.
We have used in our analysis two different, commercially
available zero-drift amplifiers with no flicker noise. One of
these amplifiers, the AD8628, has low enough noise to be
regarded as an almost ideal preamplifier since it increases the
sensitivity threshold only by about 0.5%. On the other hand,
the current consumption of the AD8628 is relatively high
(850 μA). The OPA333 preamplifier has a 50 times lower
current consumption (17 μA) but a higher noise. However,
the sensitivity threshold degradation caused by the OPA333 is
only about 30%.
Measurements performed with an experimental magnetometer model confirm the optimization.
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