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CINVESTAV- Guadalajara Unit,

Av. Cient́ıfica 1145, Col. El Bajı́o, Zapopan Jalisco (Ḿexico),
+52 (33) 3770-3700,

e-mail: sandoval@cts-design.com

Recibido el 24 de noviembre de 2006; aceptado el 16 de abril de 2007

This paper describes an MOS transistor-based transducer used for measuring magnetic fields. The setup, the electric/magnetic characteriza-
tion, and an equivalent circuit for transistor level simulations are presented. The sensor (also called MAGFET), designed in a 1.5µm CMOS
process, presents a relative magnetic sensitivity Sr=540µT−1 at room temperature.
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En este artı́culo se describe un transductor basado en un transistor MOS para medir campo magnéticos. Se presenta el arreglo experimental,
la caracterización eĺectrica/magńetica, y un circuito equivalente para simulaciones a nivel transistor. El sensor (llamado también MAGFET)
disẽnado en un proceso CMOS, 1.5µm, presenta a temperatura ambiente una sensibilidad magnética relativa Sr=540µT−1.

Descriptores: Dispositivos semiconductores; dispositivos de efecto de campo; microelectrónica.
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1. Introduction
Magnetic field sensors (MFSs) have been common trans-
ducers in a lot of applications since decades ago. One of
them is the industrial field, where dependence on the in-
dustrial activity work conditions could be critical. These
work conditions refer to noise sources, uncontrolled tem-
perature areas, humidity environments, and so on. Manu-
facturing industries, for example, control their processes by
measuring/monitoring physical variables. Thus, these in-
dustries control their sensing procedures to satisfy mainly
quality control indices [1]. Physical variables, on one hand,
are then transformed into electrical values by using suitable
transducers that, on the other hand, must fulfill conditions
of high linearity, good SNR, and low sensitivity to environ-
mental effects, among other requirements; otherwise, com-
pensation circuitry is required mainly to minimize undesir-
able responses. That circuitry, however, introduces unwanted
effects that may be reduced by integrating both transduc-
ers and circuitry within a semiconductor chip. Integrated
sensors -systems made up of a fully-integrated transducer
and circuitry- have been fabricated for several years using
silicon-based technologies [2]. Nowadays, with the huge
number of transistors in a chip, integrated sensors execute
well-controlled functions at a moderate cost.

The MFS presented in this paper is an MOS-based split-
drain MAGFET which can be used to sense magnetic fields
(>100mT). A description of the setup is given as well as an
electrical/magnetic characterization of the MAGFET, its rel-
ative sensitivity, and the equivalent circuit for transistor-level
simulation purposes.

2. Background
In this section, the MAGFET operation is presented for a
comprehensive analysis of magnetic field detection. In gen-

eral, the magnetic sensing involves two steps:

1) the generation of the transistor channel for using it as
an equivalent Hall plate, and

2) the measurement of a current imbalance between
drains.

Let ID be the transistor current operating under satura-
tion conditions. In the following discussion, the case of a
true response ID=ID,IDEAL + δI, with δI the current contri-
bution, due to undesirable effects, is considered. In order to
eliminate theδI contribution the MAGFET is commonly in-
tegrated with compensation circuitry, and then the expected
response is obtained. It must be noted that circuitry increases
power consumption; however, since saving power is the de-
sign criterion of the success of integrated sensors, power con-
sumption is minimized by integrating low-power differential
circuits. The simplest differential circuit is the differential
pair; this circuit has been recently designed to drive a current
IBIAS=1µA at VDD=5V, with 5µW static power consump-
tion [3]. The differential technique takes advantage of the
split-drain MAGFET structure, because for this particular de-
sign, the MAGFET response is due to the current imbalance
between drains.

However, since the current driven by each drain is
(ID,IDEAL + δI)/2, atB=0, and also as a result of the charge
carriers deflection due toB 6=0, the current imbalance (i) can
be obtained from current measurements:

∆I =
[
1
2

(ID,IDEAL,1 + δI) + i

]

−
[
1
2

(ID,IDEAL,2 + δI)− i

]
= 2i (1)

i.e. the measurement of the differential current∆I is a mea-
sure of the magnetic field strength, IB . Because of the
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common-mode nature of unwanted effects,δI is eliminated.
Nevertheless, an unwanted current contribution can be gen-
erated with a low active area [4]. In this work, to measure a
current∆I≈0, the active area of the transistor is 180×90µm2.

3. Measurements of ID-V curves

In this section, the room temperature current-voltage char-
acteristic measured from a home-made automatic test envi-
ronment (ATE) is presented for a comprehensive analysis of
the ∆I=0 requirement [5]. The measurements are obtained
with both drains connected to a common node. Figure 1
shows the room temperature ID-V characteristic of the p-type
MAGFET for three different gate-to-source voltages (VGS)
versus drain-to-source voltage (VDS).

In order to obtain experimental data, the PSoC-based
ATE applies a voltage to the gate of the transistor, and an in-
cremental voltage at the source is also applied. The common
drain includes an external resistor to measure the drain cur-
rent via voltage measurements. The resistor voltage drop is
also measured with the help of the ATE. The ID-V curves,
which are downloaded to a PC via an RS-232 interface,
are needed to select the correct VGS voltage, because for
this application, the relative magnetic sensitivity (Sr) of the
MAGFET is a function of 1/ID.

Figure 2 shows the∆I curve for three different VGS volt-
ages with each drain connected to an external resistor. These
curves were obtained atB=0. Notice how the three curves
change over the VDS axes. The curve due to the voltage
VGS=-5V rises from -120nA and reaches its peak (225nA)
at a voltage VDS=-3.5V. The curve for VGS=-3V, on the
other hand, presents the lowest error (≈ 0.27%) over the
VDS axes. The error, which is measured with the origin at
∆I=0, does not reach the∆I=0 requirement except the volt-
age VDS=-2.75V.

The curve for VGS=-5V presents the highest drain cur-
rent (see Fig. 1), and diminishes to∆I=0 (see Fig. 2) at about
VDS=-(3.875±0.125)V. Under these operation conditions

FIGURE 1. Static ID-V curves of the split-drain MAFGET.

FIGURE 2. Static current∆I as function of VDS .

the MAGFET is then tested by applying a magnetic field per-
pendicular to the chip surface (≈2.0×2.0mm2). The test chip
is packaged in a LCC28 unit.

4. Test metodology

In this section, the test procedure is presented with a discus-
sion of the current imbalance measurement to calculate the
sensitivity of the MAGFET. In general, the test sequence in-
volves two test aspects:

1) the development of a mechanical platform based on a
pair of magnets, and

2) the use of a commercial MFS to quantify the magnetic
field strength of the parallel magnet array.

Figure 3 shows the mechanical test platform. Magnets,
with a size of 10 cm diameter and a gap h3=1.2 cm, form
a parallel system. The upper magnet presents an up/down
movement, whereas the bottom one is fixed to the base. The
active area to test the chip, or DUT, is an area located around
the geometrical center of the bottom magnet’s upper face.
That area defines the region where magnetic field lines are
perpendicular to the chip’s surface. Furthermore, since the
magnitude of IB is inversely proportional to the distancer ,
the movement of the upper magnet satisfiesr≥h3. The gap,
on the other hand, defines the minimum distance for handling
the test chip.

4.1. Measurement of the IR-r characteristic

A commercial MFS was used to quantify the magnetic field
strength of the parallel magnet array as a function ofr [6].
By assuming the data given by the manufacturer, the rela-
tive sensitivity of the MFS is calculated from the following
model:

SB =
1
IB

· [V0 − V0(IB)] , (2)
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FIGURE 3. Schematic view of the mechanical test platform.

FIGURE 4. IB-r characteristic at room temperature.

FIGURE 5. Current driven by each drain as function of IB .

where SB=25VT−1, and VO and VO(IB) represent the out-
put voltage for IB=0 and IB >0, respectively. In order to
reduce fluctuations of the measurement data, the average of

the high density of the points was used. Thus, the magnetic
field strength IB (see Fig. 4) as a function of distance was
found to be

IB(r) = IB0 − 0.0628r, (3)

where [IB(r)]=T and IB0=153.2mT corresponds to
IB(0)=IB(h3). The observed response is a linear function
of the distance over a 55mT range.

4.2. The MAGFET sensitivity

This transducer presents an aspect ratio W/L=2 with
W=180µm. Figure 5 shows current measurements of both
drains as a function of IB for several values of the gate volt-
age VGS . The relative sensitivity of the MAGFET is obtained
with the data from Fig. 5 according to the following model:

Sr =
1
IB

· i

ID
=

α

IB
· L

W
, (4)

whereα=1078×10−3m2V−1s−1 [7].
The voltage pulse technique requires that measurements

be made on a short time scale, and that there be a higher re-
laxation time between measurements in order to avoid the
Lorentz force effect. This effect causes charge carriers to
modify their trajectory to a linear path, making the measure-
ment of the current imbalance unpractical. From experimen-
tal results, the relative sensitivity of the MAGFET at room
temperature was found to be Sr=540µT−1.

4.3. Equivalent circuit

In order to develop an equivalent circuit, it was assumed that
the total drain current ID of the MAGFET can be modeled
as a pair of transistors with a common gate and source; each
equivalent transistor would drive a current 0.5ID. Figure 6
shows the MAGFET with two adjacent drains and the lumped
model proposed for electrical simulation purposes. Each cur-

FIGURE 6. Split-drain MAGFET and the lumped model proposal.
Here IBIAS is equivalent to the total drain current.
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rent source must be visualized as a Magnetic field Controlled
Current Source or MCCS. From the point of view of simu-
lation, the equivalent circuit allows the designer to take into
account the sensor response in design suitable conditioning
circuitry, where a low power single-ended differential pair is
one of them.

5. Conclusions

In this paper, we presented the split-drain MAGFET opera-
tion for a comprehensive analysis of magnetic field detection.
The MAGFET, fabricated using a 1.5µm CMOS technology,
was first measured at transistor level to obtain the ID-VDS

characteristic. The electrical characterization was done with
the help of a home-made ATE, mainly to minimize human
errors but also to have control of applied voltages. Obser-
vation of the ID-VDS characteristic for several voltage-to-
source voltages revealed specific values of VDS where the
measurement of the differential current satisfies∆I=0.

The development of a mechanical platform to quantify
the magnetic field strength as a function of distance was
described with regard to obtaining the sensitivity of the

MAGFET. However, since this transducer suffers from the
Lorentz force effect, the test procedure used a voltage pulse
technique. Since this technique requires that measurements
be made on a short time scale∆t, the ATE resources were
used to satisfy this requirement.

From experimental results, a relative magnetic sensitivity
Sr=540µT−1 was obtained. This MAGFET parameter was
used to propose a lumped model based on common network
components, which is suitable for electrical simulation pur-
poses. Finally, based on the preliminary results presented in
this paper, we conclude that a fully integrated sensor may be
developed, using the same technology, if each external re-
sistor is substituted by the integration of low-voltage active
resistors, where the simplest one would be a diode-connected
MOS transistor.
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