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Parasitic Capacitances, Inductive Coupling, and
High-Frequency Behavior of AMR Sensors
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Abstract—Anisotropic Magneto-Resistive (AMR) sensors
are popular in sensitive applications, especially in planar
on-chip integrated form which implies the presence of several
on-chip capacitiveand inductive parasitic elements. However,
there is a lack of equivalent circuit models capturing these
parasitics and allowing the modeling of sensors’ behavior
at higher frequencies or in stability-sensitive closed-loop
operation. This work fills this gap in the literature by intro-
ducing a high-frequency equivalent circuit model, for planar
on-chip AMR sensors with integrated offset and Set/Reset
coils, capturing the main capacitive and inductive parasitic
elements. A general methodology for estimating the values of
the parasitic elements via a set of measurements is presented
and it is applied to a particular commercial AMR sensor. Using the introduced circuit model, the transfer function from the
offset coil voltage to the output voltage of the sensor, via the parasitic capacitive coupling path, is derived. The transfer
function from the S/R coil voltage to the offset coil voltage is also derived. Both are used to create a system-level model
of the AMR sensor which can be used in system-level analysis to help the designer predict and optimize the open or the
closed-loop sensor circuit system behavior. The introduced high-frequency equivalent circuit model and the two related
transfer functions have been verified experimentally using the component values derived from the examined commercial
AMR sensor.

Index Terms— Magnetic devices, magnetic sensors, magnetoresistance, anisotropic magnetoresistance, AMR, para-
meter estimation, model checking.

I. INTRODUCTION

OVER the past decades magnetic sensors have emerged
as the preferred choice in many sensor systems due

to their high accuracy, reliability and mechanical robustness
[1]–[4]. The absence of moving parts enhances their reliability
allowing them to operate even under extreme environmental
conditions.

Magnetic sensors have a plethora of applications. They
are considered a key component of Inertial Measurement
Units (IMU) used in navigation systems. Magnetic sensors are
also commonly used in the industry for Magnetic Anomaly
Detection (MAD), current measurement, detection of rotor
position and speed, etc. Consumer applications include, but
are not limited to, printers, scanners, cameras, smartphones,
computers, electronic compasses, etc. [5], [6]–[13], [14].

There are several types and categories of magnetic sensors
on the basis of their sensing principle and manufacturing
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processes, both of which relate to important parameters,
such as manufacturing costs, operating temperatures, fre-
quency response, measurement range and most importantly the
obtained resolution and uncertainty [1], [3], [4], [6], [15]–[17].
Some magnetic sensors exhibit a linear response, while oth-
ers exhibit a non-linear one and hysteresis effects. Also,
high accuracy measurements typically come at the cost
of slow response. The selection of a sensor depends on
the particular application and the main features required,
e.g., [1]–[4], [6], [10], and [15]–[19].

Anisotropic Magneto Resistive (AMR) sensors offer an
excellent balance between high resolution, high-frequency
response, and moderate cost [1]–[3], [16]. Modern integration
technologies make their fabrication possible in planar struc-
tures, enabling mass production and miniaturization. Unlike
magnetic sensors based on the Giant Magnetoresistance,
the Giant Magneto-Impedance and the Flux-Gate effects,
the AMR based ones feature a more linear behavior in an
open-loop configuration [1]–[3], [6], [16], [20].

AMR sensors are typically formed of four anisotropic mag-
netoresistors in a Wheatstone bridge configuration. Since the
magnetoresistance has an even function behavior with respect
to the magnetic field, as shown in Fig. 1a, a single magnetore-
sistor cannot differentiate between positive and negative values
of the field [1]–[4], [6], [7], [16]. To overcome this constraint,
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Fig. 1. (a) Magneto-Resistance variation with respect to the angle of the
magnetic domains. Hx is the easy magnetic axis and Hy is the sensitivity
axis. (b) Anisotropic Magneto-Resistor (AMR) element sensor structure.

Fig. 2. (a) Functional model of an Anisotropic Magneto-Resistive (AMR)
sensor with offset and Set/Reset coils (b) Structure of a commercial
integrated AMR sensor (HMC 100X by Honeywell).

the four magnetoresistors of the bridge are split into segments
which are positioned in opposite 45o angles as illustrated in
Fig. 1b [1]–[5].

The sensing elements are manufactured using a thin-film
Ni-Fe permalloy and are deposited on a wafer with typical
thickness of 10-100 nm [6], [15], [16]. To achieve a reasonable
total Ohmic resistance, in the order of k�, several segments
are connected in series [1]–[5]. Note that the total resistance
should be relatively large, to bias the bridge with a small
current, e.g. mA, but at the same time it should be relatively
small to result in large bandwidth (small RC product) when the
sensor’s output is connected to a voltage amplifier. The total
size of the bridge is in the order of 1mm, i.e. relative larger
than Hall sensors and significantly smaller than traditional
Flux-Gate ones.

Despite the advantages mentioned above, AMR sensors still
suffer from certain deficiencies, such as: DC offset, magnetic
hysteresis, cross-axis effects, required periodic re-polarization
of the permalloy film magnetic domains and degradation of
linear response when operating outside of a certain range of
the magnetic field [2], [15], [16], [21]–[23]. Therefore there
is room for considerable improvement [4], [16], [23]–[29].

Some of the aforementioned issues can be partially
addressed by introducing a Set/Reset coil (strap) and an
offset coil (strap) [1]–[4], [6], [9], [15], [16], [21], [30]. The
offset coil can be used for closed-loop feedback and offset
cancelling [1]–[4], [6], [9], [15], [16], [21], [30], while the
Set/Reset (S/R) coil (strap) can be used for the re-polarization
of the magnetic domain. Such a configuration is illustrated
in Fig. 2a where the two coils and the sensing element of
the AMR sensor are shown. The coils are supposed to be
mutually inductively decoupled, with the offset coil be coupled
to the hard-magnetic axis (sensitive axis) and the S/R coil
be coupled to the easy-magnetic axis. Re-polarization is the

main technique used to reduce the sensor’s gain degradation,
due to demagnetization, and potentially minimize sensor’s
offset [1]–[4], [6], [15], [16], [21], [23].

AMR sensors are widely used and several behavioral models
of them exist in the literature [1]–[32]. However, to the best of
our knowledge, all of the proposed models account only for the
DC behavior of the sensors, even though, there are applications
where AMR sensors are used in MHz - range frequencies,
e.g. [31], [32]. Furthermore, in closed-loop architectures (using
the feedback coil) one must account for the loop phase and
amplitude at frequencies much higher than the closed-loop
bandwidth of the sensor, to ensure stability. Thus, in such
cases, a broadband (DC to high frequency) behavioral model
of the sensor is mandatory.

In this work, the broadband behavior of the popular com-
mercial AMR sensor HMC100X is investigated in detail. The
HMC100X sensor is integrated, has an open-loop bandwidth
of 5 MHz [21] and a planar structure shown in Fig. 2.
It includes an offset and a Set/Reset coil which are packed
tightly with the AMR sensing elements. These result in the
presence of on-chip capacitive and inductive parasitic cou-
plings which directly impact the high(er) frequency behavior
of the complete sensor (chip) even at sub-MHz frequencies,
as it is shown in Section III-B. The knowledge of the sensor’s
parasitics helps in the optimization of open-loop architectures
and enables the design of high-performance closed-loop archi-
tectures, operating in higher frequencies.

The contributions of this work are the followings: 1) A
high-frequency equivalent circuit model of the AMR sensor
is introduced, 2) A methodology for the experimental esti-
mation of the parasitic capacitances and the self and mutual
inductances of the model is presented. The effects of these
parasitic elements on the sensor’s performance are examined.
3) The model is benchmarked in a series of experiments.

The remainder of this paper is organized as follows.
In Section II, the proposed high-frequency equivalent circuit
model of the AMR sensor is introduced. In Section III the
parasitic capacitances of the model are estimated and verified.
Additionally, the transfer function of the AMR sensor with
its’ parasitic capacitances is introduced. Section IV presents
the derivation of the self and mutual inductances of the model.
Section V introduces a simplified but complete system-level
diagram of the AMR sensor based on the transfer function
derived in Section III. Finally, Section VI summarizes this
research findings and concludes the paper.

II. HIGH-FREQUENCY SENSOR MODEL

The high-frequency model introduced here focuses on the
parasitic capacitances and inductances of the sensor, namely:
i) the capacitances between the offset coil and the bridge,
ii) the capacitances between the offset and the S/R coils, and,
iii) the magnetic coupling between the offset and the S/R coils.

The parasitic capacitances between the S/R coil and the
bridge are negligible and can be ignored. This is because the
bridge is placed at the top, the S/R coil is placed at the bottom
and the offset coil is between them providing an electric field
isolation, as shown in Fig. 2.

Authorized licensed use limited to: National Technical University of Athens (NTUA). Downloaded on April 08,2020 at 15:18:21 UTC from IEEE Xplore.  Restrictions apply. 



HADJIGEORGIOU AND SOTIRIADIS: PARASITIC CAPACITANCES, INDUCTIVE COUPLING, AND HIGH-FREQUENCY BEHAVIOR OF AMR SENSORS 2341

Fig. 3. Proposed high-frequency equivalent circuit model of the AMR
sensor.

The above covers all pair-wise parasitic elements between
the bridge and the offset and S/R coils. The parasitic capac-
itances between them and the substrate or the package are
considered less important.

Furthermore, it is assumed that the sensor in Fig. 2 operates
in the linear region. This is typically the case when the sensor
operates in a closed-loop configuration where the current of
the offset coil is the feedback signal that ideally zeros the total
magnetic field on the sensing elements.

Also, it is assumed that the sensor’s magnetic state has been
set to maximum sensitivity before the measurements. To this
end, a sequence of positive (Set) current pulses have passed
through the S/R coil.

The proposed high-frequency circuit model of the AMR
sensor is shown in Fig. 3, where:

i) CP P , CP N , CN P , CN N : are the lumped approximations of
the distributed parasitic capacitances between the offset coil
and the sensing elements.

ii) CL P P , CL P N , CL N P , CL N N : are the lumped approxi-
mations of the distributed parasitic capacitances between the
offset and the S/R coils.

iii) The magnetic coupling between the offset and the S/R
coils is captured by the transformer symbol, with core, due to
the sensor’s ferromagnetic material.

The sensing elements R1, R2, R3, R4 form a Wheatstone
bridge. Resistors R1 and R4 vary with the magnetic field
strength simultaneously and oppositely to R2 and R3.

In general the electrical resistance of a sensing element can
be modeled as R0 + �R · cos2 (θ), where R0 is insensitive
to the magnetic field and θ is the rotation angle of the
magnetic dipoles [1]–[3], [24]. In a weak magnetic field,
the resistance of a sensing element with barber pole structure
is approximately

R
(
Hy

) = R0 + �R ·
[

1 −
(

Hy − My

H0

)2
]

. (1)

Where �R is the sensitivity factor, H0 is the characteristic
magnetic field of the sensing element, My is the magnetization
of the sensing element when it is placed in a barber pole
structure and Hy is the magnetic field projected on the y axis
of the element (perpendicular to the current bias), see Fig. 1.
Equation (1) can be further simplified as

R
(
Hy

) = R0 + r · Hy (2)

where r is the first-order coefficient of the Taylor series
expansion of (1).

III. DERIVATION OF THE PARASITIC CAPACITANCES

The values of the parasitic capacitances CP P , CP N , CN P

and CN N , between the sensing elements and the offset coil, are
derived using four different circuit configurations of the sensor.
They are also verified via an additional set of measurements.

In both cases the sensor is set to high sensitivity by passing
a sequence of Set (positive) current pulses through the S/R
coil, just before the measurements.

A. Capacitor Estimation

Assuming the high-frequency equivalent circuit model of
the AMR sensor in Fig. 3, the capacitances CP P , CP N , CN P

and CN N are estimated using the four different configurations
of the model shown in Fig. 4. Here, the sensing element’s
terminals, VB P and VB N are grounded and Rth P = R1//R2,
RthN = R3//R4 represent the equivalent Thévenin resistances
of the terminals, respectively.

In all cases, one side of the offset coil (Vof f set P or Vof f set N )
is grounded while the other one is driven by the sinusoidal
signal VAC of fixed amplitude and frequency ranging from
10kHz to 1MHz. Since the voltages at the nodes Vof f set P

and Vof f set N are set, the parasitic capacitances CL P P , CL P N ,
CL P N and CL N N , as well as the offset coil and its magnetic
coupling to the S/R coil (Fig. 3) do not impact significantly the
currents and voltages of the sensing elements R1 to R4 and are
ignored in the schematic of Fig. 4. Finally, the amplitude of
the sinusoidal voltage at Vout P or Vout N is measured using
an oscilloscope in configurations a, b, c and d, in Fig. 4
respectively. The parasitic resistor RP and capacitor CP of
the probe as well as the input impedance of the oscilloscope
are taken into account.

Capacitances CP P , CP N , CN P and CN N , are derived
using only the magnitude of the transfer function
Vout P(s)/VAC (s) measured at a number of frequency
points ωk , k = 1, 2, . . . , N . Consider the configuration in
Fig. 4a for example which gives

Vout P(s) = sCP P Rth P

s (CP P + CP N + CP ) (Rth P//RP ) + 1
VAC (s)

(3)

from which we get that∣∣∣∣ VAC (ωk)

Vout P(ωk)

∣∣∣∣
2

= A · xk + B (4)

where we have set xk = 1/ω2
k , A = 1/ (CP P Rth P)2 and B =

(CP P + CP N + CP )2 (Rth P//RP )2/(CP P Rth P)2. Since (4)
is linear in xk we use least squares linear regression to estimate
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Fig. 4. Measuring configurations for capacitance estimation: (a) for CPP,
(b) for CNP, (c) for CPN, and (d) for CNN.

A and B . Since Rth P is easy to measure directly (see Table I)
the value of CP P is derived using A and Rth P . Finally, note
that the unknown value of CP N does not pose a problem in
the estimation, since CP P appears solely on the nominator of
the transfer function.

The rest of the capacitances CP N , CN P and CN N are
derived similarly based on the corresponding configuration
(Fig. 4b-4d) and the general relationship:

Vout(s) = sCX Rth X

s (CX + CY + CP) (Rth P//RP ) + 1
VAC (s) (5)

TABLE I
MEASURED VALUE OF THE RESISTOR (DC & ZERO BIAS)

TABLE II
ESTIMATED VALUE OF THE PARASITIC CAPACITANCE

where CX is the capacitor of interest, CY is the other parasitic
capacitance, CP is the probe capacitance and Rth X is the
Thévenin equivalent resistance of the bridge parallel to the
probe’s resistance RP .

The resistances of the sensing elements R1, R2, R3 and R4,
measured with zero bias, are shown in Table I. The estimated
values of the capacitances CP P , CP N , CN P and CN N are
presented in Table II.

The measurements were conducted using a function gen-
erator to provide VAC , a low-noise voltage preamplifier with
impedance at the probe RP = 100M� in parallel with CP =
25 pF , and, a digital oscilloscope to measure the amplitude
at the output of the preamplifier. Ambient temperature was
maintained around 21oC±1oC.

It is worth mentioning that the Ohmic resistances of the
sensing elements (R1, R2, R3 and R4) depend on the applied
magnetic field. Therefore, the generated magnetic field, during
the measurements, due to the current through the offset coil
should remain small, e.g. less than 2mA. This constrains
accordingly the amplitude of VAC .

Finally, the sum of the capacitors CL P P , CL P N , CL P N and
CL N N is measured directly using an RLC meter with a Kelvin
sensing probe. The capacitors represent a lumped equivalent
model of the distributed capacitances between the offset and
the S/R coils. The geometrical structure of the integrated AMR
sensor in Fig. 2b indicates that is should be approximately
CL P P ≈ CL P N ≈ CL N P ≈ CL N N .

B. Capacitor Model Verification

To check the accuracy of the derived capacitor values,
another test was performed based on a differential setup of
the proposed equivalent circuit model in Fig. 3. The setup is
shown in Fig. 5 in two variations, with and without bias of
the bridge.

In both cases (Fig. 5a and 5b) a sinusoidal signal source,
VAC , of fixed amplitude and frequency ranging from 10kHz
to 1MHz, is connected between Vof f set P and Vof f set N , and,
the resulting voltage difference between Vout P and Vout N is
measured. Going from the model in Fig. 3 to the test cases in
Fig. 5a and 5b, the parasitic capacitances CL P P , CL P N , CL P N

and CL N N as well as the S/R coil are ignored since they do
not impact the measurement significantly.
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Fig. 5. Equivalent circuit for model verification (a) without and (b) with
voltage bias.

1) Case 1: Without Bridge Bias: Following the schematic
in Fig. 5a, the bridge is unbiased and therefore the Ohmic
resistances R1, R2, R3 and R4 of the sensing elements are
as in the schematics in Figs. 4a-d, given in Tables I and II.
Accurately predicting the output voltage Vout P − Vout N with
the derived capacitor values is the first step for validating our
model and component value derivation process.

Since the bridge is not biased, the ambient magnetic field as
well as that generated by the current of the offset coil do not
impact the voltage difference Vout P − Vout N in the first order.
This is because Rth P = R1//R2 and RthN = R3//R4 ideally
are not sensitive to the magnetic field in the first Taylor order.
Recall that R1 and R4 increase or decrease with the magnetic
field simultaneously and oppositely to R2 and R3, and all
of them have the same nominal value. Diversions from this
assumption as well as strong magnetic field (which appears
as a 2nd order Taylor term in Rth P and RthN ) can introduce
a small signal modulation due to time-dependent Rth P and
RthN , and therefore higher order harmonics at the output.
To avoid this, VAC is small to ensure that Rth P , RthN vary by
less than 1%.

The transfer function of the circuit in Fig. 5a defined as
Gpar (s) � (VoutP(s) − VoutN(s))

/
VAC (s) is given by

Gpar (s)

= 1

2

[
Rth P(CP P −CN P)s

Rth P(CP P + CN P)s+1
+ RthN (CN N −CP N)s

RthN (CN N +CP N)s+1

]
(6)

Note that the probe’s resistance RP is 100M� and it is ignored
in (6). Also, the probe’s capacitance CP is 25 pF , which at
1M H z has an imaginary impedance of about 6.4k�. This is
about 15 times larger than Rth P and RthN , and, since the
frequency range is up to 1M H z capacitance CP can be safely
ignored as well.

Fig. 6. Comparison of the model and the experimental |Gpar(s)| versus
frequency, without voltage bias of the sensor bridge.

Transfer function Gpar (s) is derived numerically based on
equation (6), and, experimentally based on the setup in Fig. 5a.
Both results appear in Fig. 6.

The experiment was performed at an ambient temperature of
22oC±1oC. The graph in Fig. 6 suggests that the model is in
satisfactory agreement with experimental data. The linear error
between the measured data and the model-based calculations
is less than 6% in the range of 30kHz to 1MHz. At frequen-
cies below 30kHz, the error is higher due to the measuring
equipment limitations. Note that G par (s) is a high pass filter
resulting in very low output amplitude at low frequencies.

2) Case 2: With Bridge Bias: Following the schematic in
Fig. 5b the bridge is biased as typically done in open
and closed-loop architectures. The total transfer function is
defined as

G (s) � (VoutP(s) − VoutN(s))
/

VAC (s)

and it is expressed as the sum of two transfer functions, i.e.

G (s) = G par (s) + δ · Gsens (s) , with δ = ±1 (7)

The first term, Gpar (s), given by equation (6), captures
the contribution of the input differential voltage VAC to the
voltage difference between Vout P and Vout N via the direct
parasitic signal path of CP P , CP N , CN P and CN N . The sec-
ond one, Gsens (s) captures the sensing elements’ resistance
variation due to the magnetic field generated by the current
passing through the offset coil when it is excited by VAC .
Finally, multiplier δ = ±1 depends on whether the sensor is
in the Set (+1) or the Reset (−1) state.

To derive Gsens (s) in (7) we start from (2) and express the
resistances of the sensing elements as R1,4 = R0 − r · Hy and
R2,3 = R0 + r · Hy respectively. Recall that the two pairs are
influenced in opposite way by the magnetic field and their
variations are small due to assumed small VAC amplitude,
justifying a linear approximation.

Furthermore, the magnetic field can be expressed as Hy =
α · I , for some conversion factor α (in Tesla / Ampere), where
I = VAC /

(
Rof f set + s · Lof f set

)
is the current through the

offset coil due to VAC .
Making the approximation CP P + CN P ≈ CN N + CP N

based on the values in Table II (37.8 pF Vs. 35.5 pF), and,
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setting CT = CP P +CN N +CN P +CP N , the transfer function
Gsens (s) is expressed as

Gsens (s) = 4α · r · VB

R0 (s · R0CT + 4)
(
Rof f set + s · Lof f set

) (8)

Note that the probe impedances (RP//CP) in Fig. 5b are
ignored as they are not part of the sensor’s model.

As expected, Gpar (s) in (6) is a high-pass transfer function
with G par (0) = 0. Also Gsens (s) is a 2nd order low-pass
transfer function with Gsens (0) = α · r · VB

/(
R0 · Rof f set

)
.

To evaluate the impact of the parasitic path G par (s), it is
convenient to examine the total transfer function normalized
at zero frequency for the Set and Reset states of the bridge,
i.e.,

ĜS ET (s)
G (s)

G (0)

∣∣∣∣
δ=+1

= G par (s)

Gsens(0)
+ Gsens(s)

Gsens(0)

Ĝ RE S ET (s)
G (s)

G (0)

∣∣∣∣
δ=−1

= G par (s)

Gsens(0)
− Gsens(s)

Gsens(0)
. (9)

The transfer functions ĜS ET (s) and Ĝ RE S ET (s) are calcu-
lated analytically via (9) using the derived component values
in Tables I and II. They are also measured experimentally
using the setup in Fig. 5b.

Note that the impedances to ground of the low-frequency
probe, used up to 1 MHz, where 25 pF//100 M�. Also, the
differential impedance of the high-frequency probe, used
between 1 MHz and 10 MHz, was 4 pF//15 k�. In both cases,
the impedances are significantly larger than Rth P and RthN ,
and can be ignored for the purposes of this work.

The amplitude and phase of both ĜS ET (s) and Ĝ RE S ET (s)
appear in Fig. 7. In the experimental setup we used VB =
5V for biasing the bridge and the ambient temperature was
22oC±1oC. To get the experimental value of G (0) the offset
voltage of the setup was measured and subtracted.

Note that in low frequencies ĜS ET (s) and Ĝ RE S ET (s) in
(9) are close to one and so Gsens (s) is the dominant part
of G (s) in (7). In higher frequencies, the effects of parasitic
capacitors dominate G (s).

In both Set and Reset states, the percentile amplitude error
of ĜS ET (s) and Ĝ RE S ET (s), between the model and the
measurements is less than 6% and the percentile phase error
is less than 7%, over the whole measured frequency range.

Note that since the sensor bridge is biased, it is highly
sensitive to the magnetic field generated by external sources
(e.g. EMI from measuring equipment, fluorescent lights etc.).
Therefore, the measurement is sensitive and very susceptible to
errors due to external interference. Ideally, it has to be done
within a magnetic field shield (Gauss chamber). Moreover,
the amplitude of VAC must be small to avoid exciting nonlinear
behavior and introduction of higher order harmonics.

The relatively small error in the amplitude and the phase
indicates that the proposed high-frequency equivalent circuit
model of the AMR sensor in Fig. 3 and the estimated compo-
nent values are satisfactory for most applications.

IV. DERIVATION OF SELF AND MUTUAL INDUCTANCE

The offset and the S/R coils, which are coupled with the
hard-magnetic axis and the easy-magnetic axis of the sens-

Fig. 7. Model-based and experimental (a) Normalized Gain and
(b) Phase of ĜSET(s) and ĜRESET(s), with voltage biased sensor bridge.
Blue lines correspond to the Set state and red lines correspond to the
Reset state.

ing elements, respectively, should be inductively decoupled;
ideally, they should be geometrically orthogonal.

In the planar chip configuration however, the situation is
far from ideal as shown in Fig. 2. The parasitic inductive
coupling between the two coils is captured in the proposed
high-frequency model in Fig. 3 with the transformer symbol.

In typical open or closed loop operation of the sensor,
the magnetic field measurement interval follows a Set or Reset
interval. During the measurement interval, the S/R coil can be
open-circuited to avoid any inductive current that would affect
the magnetization of the sensing element (in the easy axis).
During the S/R interval however, the current through the S/R
coil can result in an unwanted voltage at the offset coil due
to parasitic magnetic coupling between the two coils.

Even if the measurement and the S/R intervals do not
overlap, the parasitic voltage at the offset coil can be disturbing
in some sensor’s architectures. It is therefore useful to estimate
not only the values of the components in the proposed model,
but also the impact of the voltage of the S/R coil on the voltage
of the offset coil.

A. Self and Mutual Inductance Estimation

Consider the proposed high-frequency model in Fig. 3.
The self-inductance and the equivalent series resistance of
the offset and the S/R coils are measured directly using an
LCR meter. To minimize the measurement error due to the
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TABLE III
MEASURED VALUE OF THE PARASITIC CAPACITANCE

TABLE IV
MEASURED VALUE OF COIL COUPLING PARAMETERS

Fig. 8. Estimation of the mutual inductance in a lossy transformer by
measuring impedances ZAD and ZAC.

parasitic capacitors CP P , CP N , CN P , CN N , CL P P , CL P N ,
CL P N and CL N N , the excitation frequency of the LCR meter
was 1 kHz. At 1 kHz, the capacitors impedance magnitude is
larger than 5 M� (Section III-A, Table II & Table III), and
therefore they can be safely ignored. The measured values of
Lof f set , Rof f set , LS/R and RS/R are given in Table IV.

One way to derive the mutual inductance M and the
coupling coefficient k in a lossy transformer is by measuring
impedances Z AB and Z AC as illustrated in Fig. 8. Since

Z AD (s) = (
Lof f set + LS/R + 2M

) · s + Rof f set + RS/R

Z AC (s) = (
Lof f set + LS/R − 2M

) · s + Rof f set + RS/R

(10)

the mutual inductance is given by M = (L AD − L AC )
/

4,
where L AD = Lof f set + LS/R + 2M and L AC = Lof f set +
LS/R −2M are measured with the LCR meter. Again the exci-
tation frequency of the LCR meter was set to 1 kHz to avoid
any impact of the parasitic capacitances CP P , CP N , CN P ,
CN N , CL P P , CL P N , CL P N and CL N N . Finally, the coupling
coefficient is derived using k = M/

√
Lof f set · LS/R .

The measurements give L AD = 234nH and L AC = 207nH.
All component values of transformer are given in Table IV.
All measurements were conducted at ambient temperature
of 21oC±1oC.

B. S/R to Offset Coil Voltage Transfer Function

A way to capture the impact of the S/R pulses on the offset
coil is by deriving the voltage transfer function from the first to

Fig. 9. Capturing the impact of the S/R coil voltage to the offset coil
voltage.

the second one, i.e. GC (s) � (VoffsetP(s)−VoffsetN(s))
/

VAC (s)
as shown in Fig. 9. Note that in the frequency range we
consider, the resistance of the bridge is very small compared
to the impedance of the capacitors CP P , CP N , CN P and CN N .
Therefore, the capacitors can be assumed to be grounded at
the bridge’s side.

With this assumption we have that

GC (s) = 1

2
· A3 · s3 + A2 · s2 + A1 · s + A0

B3 · s3 + B2 · s2 + B1 · s + B0
(11)

where

A3 = X (CA + 2CL A)

A2 = Y (CA + 2CL A)

A1 = (CA + 2CL A) Rof f set · RS/R + 2M · CT T

A0 = 0

B3 = CD · X

B2 = CD · Y

B1 = CD · Rof f set · RS/R + CT T · LS/R

B0 = RS/R · CT T

and

CT T = CB P + CB N + CL P P + CL P N + CL N P + CL N N

CA = (CL P P − CL N P ) CB N + (CL N N − CL P N ) CB P

CB P = CP N + CP P

CB N = CN P + CN N

CD = (CL P P + CL N P + CB N ) (CL N N + CL P N + CB P)

CL A = CL P P · CL N N − CL N P · CL P N

as well as

X = LS/R · Lof f set − M2

Y = LS/R · Rof f set + RS/R · Lof f set .

C. Self and Mutual Inductance Model Verification

To verify the accuracy of the derived self and mutual
inductance values, the transfer function GC (s) was estimated
via (11) and was compared to measured values. To this end,
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Fig. 10. Comparison between the model-based calculation and the
experimental measurement of |GC(s)|, following the schematic in Fig. 9.

a sinusoidal VAC of fixed amplitude, and frequency ranging
from 10 kHz to 1 MHz, was applied differentially between
VS/R_P and VS/R_N , and, the voltage between Vof f set P and
Vof f set N was measured as shown in Fig. 9.

The results are shown in Fig.10 indicating an error of
|GC (s)|, of about 7% from 20 kHz to 1 MHz. Below 20 kHz
there is a significant error due to the limited sensitivity of
the instruments. All measurements were performed at ambient
temperature 21oC±1oC.

The results suggest that feedthrough is present from the
Set/Reset coil to the offset coil and becomes significant
with frequency increasing. Therefore, S/R pulsing may induce
current to the offset coil, especially when the last one is
connected to a low output-impedance driver. This may have
significant impact on the measurement quality in closed-loop
architectures if the loop operates continuously.

V. SYSTEM DIAGRAM OF THE AMR SENSOR

A system block diagram of the AMR sensor, in typical
sensing operation, based on the high-frequency model of
Fig. 3, is shown in Fig. 11.

Suppose that the sensor is exposed to an external magnetic
field Hy and a voltage Vof f set � Vof f set P−Vof f set N is applied
to the offset coil. Then, the output voltage, Vout � Vout P −
Vout N , of the sensor (without load) is the sum of three terms:

1) The internal DC offset voltage of the bridge, i.e.,

VB Rof f =
(

R2

R1 + R2
− R4

R3 + R4

)∣∣∣∣
Hy=0

· VB .

2) The voltage contribution of Vof f set to the output due
to the parasitic capacitive coupling between Vof f set and Vout ,
captured by G par (s) in (6).

3) The response of the bridge to the total magnetic field
which is the sum of Hy and that generated by the offset
coil due to Vof f set . The contribution of the (possibly time-
variant) external magnetic field Hy equals GM AG (s) Hy (s)
where, from Section III.B.2 and (2), it is

GM AG (s) = 4r · δ · VB

R0 (s · R0CT + 4)
.

Also, the direct contribution of Vof f set to the output voltage,
through the internal magnetic field generation by the offset

Fig. 11. System diagram of the AMR sensor in typical sensing operation.

coil, is δ · Gsens (s) · Vof f set (s), where Gsens (s) is given
in (8). It is convenient to write δ · Gsens (s) · Vof f set (s) =
GF B (s) · GM AG (s) where GF B (s) � α

Rof f set +s·Lof f set
and α

is the current-to-magnetic field conversion factor defined in
Section III.B.2

In the above analysis it has been assumed that Vof f set is
set by a differential voltage source, as before, and that the
S/R coil is floating during the sensing operation. Note that the
current injected to the floating S/R coil by Vof f set , via parasitic
capacitors CL P P , CL P N , CL P N and CL N N , is negligible with
respect to the current of the offset coil for frequencies up to
1 MHz (since the impedance of CL P and CL N is orders of
magnitude higher than that of Lof f set and Rof f set ).

VI. CONCLUSION

In this work we introduced a high-frequency equivalent
circuit model for the planar on-chip AMR sensor HMC100X
capturing the main capacitive and inductive parasitic elements.
Using the model, the transfer function from the offset coil
voltage to the output of the sensor, via the parasitic capacitive
coupling path, has been derived and verified experimentally.
The model was also used to derive the transfer function
from the S/R coil voltage to the offset coil voltage, cap-
turing the parasitic signals introduced indirectly to the mea-
surements by the S/R pulses, which has also been verified
experimentally. Finally, a system diagram of the AMR sensor
was introduced which can be used in high level system
analysis.

The introduced model can be used as a design and analysis
tool in both open- and closed-loop architectures. It can help
deriving the sensor system’s transfer function and verifying
stable operation in the closed-loop cases. Finally, it can
be used as a guideline in deriving high-frequency equiv-
alent models for other AMR sensors with offset and S/R
coils.
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