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Phase angle based EMI object discrimination and analysis of data from a commercial differential two frequency system

We have concentrated on Frequency Domain (i.e. CW) systems, often
representing the received signal Vsec in the complex plane :

The amplitude Asec and phase ϕ of Vsec change as the detector moves.
Equivalently, VREAL and VIMAG move in the complex plane (see exp. data).
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tanϕ= VIMAG/VREAL

Humanitarian Demining  -> examples of target objects:

Russian PMN (left) and LI11 minimum metal mine (right, with detail of striker pin)

+ often Unexploded Ordnance (UXO)!

Metal detectors (VLF EM induction devices) still largely
used, but with usually high False Alarm rate.

The secondary field B sec(r,t) depends on a large number
of parameters (including a background signal due to the soil
itself!):

→ can the use of MDs be improved?
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Induced voltage  V(s)= Σ multipole terms:

Geometry dependent term (real)

with χn(ka) = Xn(ka) + iYn(ka) = Response Function
(complex)

and k2a2 = i σµωa2= iα (Response Parameter) (i2=–1)
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“Large” sphere (a=R=0.1): higher order multipoles
(n=2, n=3) can have substantial contributions

“Small” sphere (a=0.01=1/10R): onlyn=1 is relevant
(dipole approximation). Same is true if the sphere is far
from the coils (d>>a).
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Well-known model : homog. sphere ,
coaxial circular coils, freq. ω
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Response Function in Dipole
approx. (n=1) for a non-
ferromag. object (µr=1):
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Complex plane representation

Response Function in Dipole
approx. (n=1) for ferromag.
objects (ex. µr=10, 100):
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1) Possibility of identifying metallic objects based on
characteristic phase response (e.g. “EM induction

spectroscopy”)

2) Possibility of differentiating between ferromagnetic and
non-ferromagnetic objects

3) The phase shift is a continuous, monotonically decreasing
function of the object size a (all other params. constant) =>
rough indication of object size (e.g. for UXO)?

• Non-ferromagnetic objects : behave similarly to what predicted by a
simple circuit model. Ferromagnetic objects : depend on µr; finite
response for , and phase from +90˚ to –90˚.

• Phase decreases monotonically with α; it can increase when higher
order multipole terms are important or for increasing µr.

• Higher operating frequencies for small non-ferromagnetic objects, lower
ones for ferromagnetic objects (thinking of |χn(ka)|).

α 0→

4) Additional idea: it might be possible to impose a “phase
threshold” to reduce the amount of detected clutter
(discrimination-based approach )

Less ambitious than object identification, but likely to be more
robust (of fundamental importance in humanitarian demining).

Likely to work when looking for object of a certain size (e.g. non
min.-metal mines such as the PMN, or UXO)

-> Experimental measurements

Measurements with a commercially available,
differential 2 freq. MD (Förster MINEX 2FD ) –
f1=2.4 kHz, f2=19.2 kHz. Different representative
objects, changing acquisition parameters.

Typical processed (i.e. filtered and centered)
internal and Audio signals for a linear scan with
high density of points.

DELTA=c (f1 IMAG – f2 IMAG), AUDIO = Threshold on DELTA
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Processed Amplitudes vs. Distance along Scan
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Same data in the complex plane . Global
properties are well represented, not only local
ones (similar to NdT measurements).
Notice background signal fluctuations!!
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RAW data
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PROCESSED data, around area of interest
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Typical response of non-
ferromagnetic (top) vs. (small) ferro-
magnetic (bottom) objects
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complex plane representation
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Non−
ferromagnetic
object (ex. 
copper scrap) 

Ferromagnetic
object (ex. 
mild steel
cylinder) 

Ex. for different axial offsets (parallel
scans) – some changes, not a major
effect (here: minimum-metal mine, 4 parallel

scans, 4 cm distance)
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Parallel scans over a live minimum metal mine

C − 5cm (scan 11)
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C − 1cm (scan 13)
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C + 3cm (scan 15)
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Ex. different orientations in the horizontal
plane: strong effects for ferromagnetic
objects! (ex. small steel cylinder, Ø 7mm, h 30mm)
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Parallel to scanning direction (−> x)
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complex plane representation
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Perpendicular to scanning direction (−> y)
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Ferromagnetic
object (ex. mild
steel cylinder) 

Ex. live min.-metal mine: non-
ferromag. detonator (non negligible
effect!) + ferromag. striker pin =
characteristic overall response!
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Detonator only

f1
f2

−5 0 5

−4

−2

0

2

4

Mine without Detonator

f1
f2

−6

−4

−2

0

2

4

6

f1
 IM

A
G

 (
m

V
ol

t)
, f

2 
IM

A
G

 (
m

V
ol

t)

Live Mine, MD @ 5cm
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A number of elements of the theoretical model seem to be confirmed.
The phase response looks also quite stable with distance.

The data also showed that:

• Components of similarly looking mines can have quite different
responses (e.g. test with different versions of a PMM mine).

• Fluctuations in the background signal, in particular due to the soil
itself, can be far from negligible (especially for weak target
signals).

Object identification:
• Some quite characteristic behaviour

highlighted (e.g. minimum-metal mine).

• “Signature ” (in the complex plane): some
dependency on axial offset , little on the
distance, strong dependency on orientation
for ferromagnetic objects.

Object Discrimination (Phase
Threshold):

• Idea seems viable from theoretical
point of view, experimentally too but
more measurements are needed (how
to define an “average phase”, where to
put the threshold, etc.).

Practical Problems:
• Object parameters can vary ! Copies of

mines can use different pieces!

• Metallic pieces close to a minimum-metal
mine? Unforeseen objects?

• Background effect (in particular soil )
needs to be overcome in a robust way!
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