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Abstract— This paper presents a CMOS-compatible triaxial Hall
sensor featuring a novel vertical Hall device (VHD) structure that
achieves high sensitivity and low cross-axis interference. The pro-
posed sensor utilizes both vertical and horizontal Hall effects by
exploiting the high conductivity of the Deep N-Well (DNW) layer,
thereby eliminating the need for space-consuming shallow trench
isolation (STI). The architecture supports compact and highly sen-
sitive sensor integration by avoiding exclusive reliance on the ver-
tical Hall effect, which is highly dependent on device dimensions.
Moreover, a spatially symmetrical emitter structure is introduced
to effectively minimize cross sensitivity. The sensor was fabricated
using a standard 180 nm TSMC CMOS process and experimentally
evaluated using on-chip operational amplifiers, whose bias condi-
tions were adjusted to maximize the voltage gain during measure-
ment. The measured sensitivities were 967.5 mV/T for the vertical
Hall element and 656.7 mV/T for the horizontal Hall element. Angular
response measurements confirm cross sensitivities below 0.01 %, demonstrating excellent directional selectivity and
validating the effectiveness of the proposed structure.

Index Terms— Triaxial magnetic sensor, Hall sensor, complementary metal–oxide–semiconductor (CMOS) process.

I. INTRODUCTION

HALL sensors are employed in numerous domains–such
as robotics, automotive applications [1]–[4], positioning

systems [5], current measurement [6], [7], and medical in-
strumentation [8], [9]. To satisfy diverse application require-
ments, various magnetic-sensing technologies have been ex-
plored, including giant magnetoresistive (GMR) sensors [10],
fluxgate sensors [11], anisotropic magnetoresistance (AMR)
sensors [12], tunneling magnetoresistance (TMR) sensors [13],
and microelectromechanical systems (MEMS)-based magnetic
sensors. Although the intrinsic sensitivity of Hall-effect sen-
sors is lower than that of certain magnetoresistive or MEMS-
based devices [14], [15], Hall sensors remain a dominant
technology in the commercial magnetic sensor market. This
is largely due to their compatibility with CMOS processes,
compact footprint, low cost, and sufficient sensitivity for many
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high-volume applications. Indeed, Hall and magnetoresistive
sensors together account for approximately 98 % of the mag-
netic sensor market share [16].

Conventional planar Hall sensors are inherently limited to
detecting magnetic fields perpendicular to the chip surface,
which restricts their applicability in scenarios requiring triaxial
sensing. To address this, three principal structural approaches
have been developed. The first uses three orthogonally ar-
ranged horizontal Hall devices (HHDs), each sensitive to a sin-
gle axis; however, this method often necessitates multiple dies
and precise alignment, complicating packaging [17], [18]. The
second approach integrates ferromagnetic concentrators above
planar sensors to redirect magnetic fields toward the sensi-
tive axis, enabling full-axis detection [19]–[21]. Nevertheless,
this requires non-standard post-processing, which increases
fabrication cost and complexity. The third relies on vertical
Hall devices (VHDs) fabricated via standard CMOS processes,
which can detect in-plane magnetic fields without additional
structures. However, due to their current flow geometry and
electrode configuration, conventional VHDs have limited sen-
sitivity to out-of-plane (Z-axis) magnetic fields [22]–[26].
As a result, additional structures or complementary sensing
elements are typically required to enable Z-axis magnetic field
detection in triaxial sensor implementations. In some designs,
VHDs and HHDs are combined to leverage their respective
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directional sensitivities. On the other hand, this approach often
faces challenges due to mismatched sensitivities and increased
offset in the vertical devices [27]–[29], motivating further
improvement in VHD performance.

To address the limitations of conventional multi-axis Hall
sensor designs, this work proposes a compact, CMOS-
compatible triaxial Hall sensor. The key idea lies in direct-
ing vertical current flow through the Deep N-Well (DNW)
and P-Well regions, thereby enhancing the lateral deflection
of carriers under in-plane magnetic fields. This mechanism
amplifies the horizontal Hall effect and enables stronger signal
generation within a limited volume. Unlike prior approaches
based on shallow trench isolation (STI), the proposed de-
sign achieves current steering through conductivity differences
among CMOS layers. This eliminates the need for STI struc-
tures and supports compact integration, thereby increasing the
Hall voltage output per unit area. The sensor is fabricated using
a TSMC 180 nm standard CMOS process, with no additional
post-processing required.

The rest of this paper is organized as follows. Section II
reviews prior work on CMOS-based magnetic sensors. Sec-
tion III introduces the proposed sensor architecture and ex-
plains the operating principles in detail. Section IV presents
experimental results obtained from fabricated chips, along
with performance analysis and discussion. Finally, Section V
concludes the paper.

II. RELATED WORK

Triaxial Hall sensors based on standard CMOS processes
have been explored through three principal architectural ap-
proaches. This section reviews each of these methods, focus-
ing on their operational principles, advantages, and inherent
limitations.

A. Triple Horizontal Hall Device Configuration

One common approach employs three horizontal Hall de-
vices (HHDs) arranged orthogonally. Each device is inherently
sensitive to magnetic fields perpendicular to the chip surface,
enabling detection of X-, Y-, and Z-axis components [17], [18].
This configuration benefits from the maturity and high sensi-
tivity of planar Hall structures. Fig.1 illustrates the structure
and operation of an HHD on a p-type substrate, showing a top
view of the layout. Although n-type wells are more commonly
used in Hall elements due to higher electron mobility, a p-type
representation is employed here for consistency with the p-
type device implemented in our proposed structure described
later in Section III. When a supply voltage is applied such that
current flows from terminal B to D, holes move accordingly. In
the absence of a magnetic field, carriers follow a straight path
through the center. When a perpendicular magnetic field is
applied, the Lorentz force bends the hole trajectory, as shown
in Fig.1. This deflection causes a potential difference between
terminals A and C, approximately proportional to the magnetic
field strength. Thus, the vertical component of the magnetic
field can be measured by detecting the Hall voltage between
terminals A and C.
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P-substrate or P well
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Direction of mag. field
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Path of hole w/ mag. field
P+ region
P substrate or P well region
Terminals A~D

Fig. 1. Top view and operating principle of HHD.

However, achieving accurate triaxial measurement requires
precise spatial alignment among the sensors. Implementation
often involves multiple dies or stacked layers, which increases
packaging complexity and manufacturing cost.

B. Planar Hall Devices with Magnetic Concentrators

Another method enhances the functionality of planar Hall
devices by incorporating integrated magnetic concentrators
(IMCs) [19], [21], [30]–[32]. A ferromagnetic layer placed
above the Hall element redirects in-plane magnetic fields
toward the Z direction, enabling full-vector magnetic field
detection using a single planar device. This structure achieves
high sensitivity, with reported values of 45 V/T for the Z axis
and 22.5 V/T for the X and Y axes [19]. Despite its effec-
tiveness, this technique requires non-standard post-processing
steps, including multi-layer ferromagnetic deposition and pre-
cise alignment of the magnetic concentrator to the sensor chip
[31]. Misalignment between the IMC and the Hall element can
significantly degrade directional sensitivity [31]. Additionally,
the implementation of magnetic concentrators often involves
complex machining and assembly processes using ferromag-
netic materials and bonding technologies, which complicate
large-scale production [32].

C. Cross-Placed VHD Configuration

VHD [33] is a representative structure for sensing mag-
netic fields parallel to the chip surface. Unlike magnetic
concentrator-based designs, VHDs can be fabricated en-
tirely within standard CMOS processes, requiring no post-
processing. Compatibility with baseline manufacturing flows
enables cost-effective production and facilitates large-scale
integration. As shown in Fig.2, the VHD comprises five
terminals arranged in a metal layer. In the structure shown in
Fig.2, STI structures are inserted between terminals to inhibit
lateral current flow near the surface. Consequently, electrons
injected from the outermost left and right N+ emitter terminals
are diverted into the substrate and proceed laterally toward
the central P+ collector. When a magnetic field is applied
perpendicular to the current flow, typically along the X or
Y axis depending on orientation, the Lorentz force induces
an asymmetric vertical current distribution, as illustrated in
Fig.2. This imbalance generates a lateral potential difference
between two N+ sensing contacts on both sides of the P+ area,
known as the Hall voltage. Here, it should be noted that while
the use of STI is a common approach for controlling current
flow in VHD implementations, alternative methods employing
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Fig. 2. Structure and operating principle of a typical CMOS VHD
implementation employing STI to suppress surface shunting and steer
the current path.

other conductive layers or structural designs have also been
reported [24].

For triaxial sensing, two VHDs are often arranged orthog-
onally in a cross configuration. This arrangement enables
detection of not only X- and Y-axis components but also Z-
axis components using identical structures [22], [25]. However,
the sensitivity to the Z-axis component remains approximately
10 % lower than that of the X and Y axes, primarily due to
weaker deflection effects [22].

To achieve high sensitivity across all axes, some designs
incorporate both vertical (VHD) and horizontal (HHD) Hall
devices. In such hybrid configurations, VHDs are employed
for in-plane field detection, whereas HHDs address the out-
of-plane component [27]–[29]. Although this combination im-
proves directional coverage, it introduces considerable calibra-
tion challenges. Sensitivity mismatches and offset variations
between VHDs and HHDs frequently arise from structural and
process-induced asymmetries.

Therefore, achieving consistent triaxial performance re-
quires further improvements in VHD design. A primary limita-
tion of conventional VHDs is the use of STI structures, which
pose notable drawbacks: they occupy substantial die area and
increase cross-sensitivity, leading to erroneous readings under
magnetic fields not aligned with the target sensing direction.
Eliminating these space-consuming STI structures is thus an
important step toward realizing compact, accurate, and fully
CMOS-compatible sensors.

III. PROPOSED METHOD

To achieve CMOS-compatible sensor integration without
requiring STI structure, which limits the miniaturization of
sensor volume and negatively affects cross-sensitivity, this
section proposes a triaxial Hall sensor architecture with high
sensitivity and low cross-sensitivity. Section III-A proposes
a VHD structure without STI, which is designed to detect
magnetic fields parallel to the chip surface (X- and Y-axis),
and describes its operating principle in detail. Section III-B
presents the HHD structure, which is implemented using a
conventional layout, to sense magnetic fields perpendicular to
the chip surface (Z-axis), and briefly discusses its operation.

A. Vertical Sensor Structure and Principle

Fig. 3 illustrates the structure of the proposed VHD. The
sensor utilizes a five-contact vertical Hall device configuration,
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Fig. 3. Structure of the proposed vertical Hall sensor.

where a DNW layer is embedded beneath the N-Well. This
structure allows the current to flow not only horizontally but
also vertically along the die surface, reminiscent of conven-
tional methods that utilize a conductive buried layer to control
the current distribution [24]. Each sensor consists of an emitter
ring (Eh) positioned at the edges, a central base (Bh), and
two collectors (C1h and C2h) located on either side of the
base. In Fig. 3, which represents the sensor designed to detect
magnetic fields along the up–down direction on the paper (in-
plane By field), the emitter ring is intentionally designed in a
rectangular rather than circular shape. This geometry enhances
the lateral current component flowing horizontally across the
paper, which effectively contributes to Hall voltage generation,
while reducing the vertically directed in-plane currents that do
not contribute to the Hall signal and merely increase power
consumption. X and Y sensors have an identical layout but are
placed perpendicularly on the chip to detect magnetic fields
in the X and Y directions, respectively.

Fig. 4 presents the operating principle of the proposed VHD.
The proposed VHD structure is designed to leverage two types
of Hall effects: the horizontal effect and the vertical effect.
Here, horizontal and vertical refer to the direction of carrier
deflection induced by the Lorentz force, not the direction of
the electrical current.

The horizontal effect describes how charge carriers experi-
ence the Lorentz force and move in the horizontal direction.
Applying voltage across the emitter ring (E1x) and the base
(B1x) initiates a current flow from these regions. In this
configuration, the current preferentially flows through the
DNW rather than the P-Well, primarily due to the higher
electrical conductivity of the DNW compared to the P-Well,
as will be quantitatively discussed in a successive section.
This conductivity contrast enables the DNW to guide a larger
portion of the current vertically, as illustrated in Fig. 4.
When an external magnetic field in the horizontal direction is
applied, the electrons are subject to the Lorentz force and their
trajectories bend. In the horizontal direction, the current path
is deflected toward either the left or right collector, depending
on the field polarity, resulting in a potential difference between
the two collectors, which is appeared as the Hall voltage.

The vertical effect adopts the same principle as the tradi-
tional VHD structure, where the Lorentz force deflects charge
carriers vertically in the chip. Specifically in Fig. 4, electrons
emitted from the left emitter are bent downward, while those
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Fig. 4. Illustration of the horizontal and vertical Hall effects occurring
within the proposed VHD structure.
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Fig. 5. Potential distribution in each region of the X-axis sensor under
X- and Y-directed magnetic fields.

from the right emitter are deflected upward. This movement
creates an asymmetry in the carrier distribution, which en-
hances the potential difference between the two collectors on
the chip, resulting in a stronger Hall voltage output.

The proposed design utilizes a DNW region with signifi-
cantly higher conductivity, which plays a critical role in guid-
ing the current flow such that both vertical and horizontal Hall
effects can be exploited for high sensitivity. The high conduc-
tivity of the DNW layer effectively attracts more current into
deeper regions of the substrate than STI-based structures. This
deeper current distribution brings two main advantages: first,
it allows the Lorentz force to act more efficiently over a longer
carrier path, thereby increasing the resulting Hall voltage;
second, it enables the sensor structure to operate without the
need for shallow confinement structures such as STI layers.
Consequently, the absence of STI permits a more compact
sensor design with reduced horizontal dimension area, while
maintaining high sensitivity and robust performance.

In practical applications, external magnetic fields do not
necessarily align with the principal coordinate axes. Each
axis-specific sensor must therefore respond exclusively to the
magnetic field component along its designated direction, while
remaining insensitive to orthogonal components. For instance,
an X-axis sensor should produce an output corresponding only
to the Bx component, and exhibit negligible response under
By or Bz excitation.

To ensure directional selectivity and minimize cross-axis in-
terference, the proposed design adopts an emitter ring structure
promoting spatial separation and symmetry. Fig. 5 illustrates
the sensing behavior of an X-axis sensor. The structure is
symmetrically divided into four regions (S1 to S4). When
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Fig. 6. Structure of HHD and measurement procedures of the current
spinning method for offset cancellation.
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Fig. 7. Cross-sectional view of implemented HHD.

a magnetic field is applied along the X-axis, as shown in
Fig.5(a), electrons in S1 and S2 (green shaded areas) travel
through deeper DNW regions due to the vertical Hall effect,
while those in S3 and S4 (red outlined areas) pass through
shallower ones. Simultaneously, the horizontal Hall effect
drives carriers downward, creating lower potentials in S3 and
S4 than in S1 and S2. This potential gradient appears as a
measurable Hall voltage between collectors C1h and C2h.

In contrast, when a magnetic field is applied along the Y-
axis as shown in Fig. 5(b), vertical and horizontal effects
occur symmetrically across S1 to S4. Although local potential
differences arise within each subregion (S1–S4), the collectors
C1h and C2h are each formed as single conductive regions
spanning across two subregions (S1 and S2, and S3 and
S4, respectively). The internal electrical connection within
each collector ensures that these local potential variations are
effectively averaged out within C1h and C2h, respectively. As a
result, no net Hall voltage appears between the two collectors,
confirming that the proposed VHD is insensitive to magnetic
fields along the Y-axis.

B. Horizontal Sensor structure and Principle
Fig. 6 shows the structure of the HHD used in this study to

sense magnetic fields along the Z axis, and its cross-sectional
view is provided in Fig. 7. A p-type HHD configuration
was adopted, which is structurally equivalent to conventional
n-type Hall devices but implemented within a deep n-well
(DNW) region for electrical isolation. The primary objective
of this work is to demonstrate a low-cross-sensitivity, low-
noise tri-axial sensing concept rather than to maximize sensi-
tivity. Therefore, the p-type implementation was selected for
its design simplicity and robust device isolation from other
sensors and circuits, even though the carrier mobility of p-
type material is lower than that of n-type. As shown in Fig. 1,
the HHD consists of four terminals labeled A through D.
Among them, a pair of opposing terminals is used for current
injection, while the remaining pair is used to measure the Hall
voltage. A major challenge in measuring the Hall voltage
with HHDs is the presence of offset voltage components in
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the output. In this work, offset cancellation is achieved using
the current spinning method [6], [21], [34]–[36]. Using Fig. 6,
we describe the industry-standard four-phase current-spinning
procedure for offset cancellation. In Phase 1, current is applied
from terminal A to C, and the Hall voltage between terminals
B and D is measured as VH1 = VB − VD. In Phase 2, the
current is rotated by 90◦: current flows from B to D, and the
voltage between C and A is measured as VH2 = VC − VA.
In Phases 3 and 4, the current direction is further rotated by
90◦ at each step (C → A and D → B, respectively), and
VH3 = VD − VB and VH4 = VA − VC are measured. Each
of these four voltages contains both the true Hall component
and a corresponding offset. However, by averaging the four
measurements, the offset terms cancel due to the symmetry of
the configuration [35], yielding

VHall =
1

4
(VH1 + VH2 + VH3 + VH4) . (1)

IV. EVALUATION

This section presents the performance evaluation of the
proposed triaxial Hall sensor, which was fabricated using the
TSMC 180 nm standard CMOS process. The evaluation con-
sists of both simulation-based and hardware-based analyses.

A. Simulation-based evaluation of layer conductivities
This section validates the current path described in Sec-

tion III-A by estimating the conductivity of each semiconduc-
tor layer using TCAD simulation. The current distribution in
the proposed VHD is strongly influenced by the conductivity
differences among the underlying layers. According to semi-
conductor band theory [37], the conductivity σ of an extrinsic
semiconductor layer can be expressed as:

σ = nqµ, (2)

where n is the carrier concentration (cm−3), q is the el-
ementary charge (1.602 × 10−19 C), and µ is the carrier
mobility (cm2/V · s). We extract carrier concentrations n and
mobility µ with 3D TCAD simulations based on assumptions
provided in [37] since detailed doping profiles are considered
proprietary by the foundry and were not disclosed. Based on
[37], for the DNW, the electron concentration is ne = 4.73×
1016 [cm−3], and the mobility is µe = 900 [cm2/V · s]. For the
P-Well, the hole concentration is nh = 3.05×1016 [cm−3], and
the mobility is µh = 300 [cm2/V · s]. By substituting these
values into Eq. (2), conductivities are calculated as follows:
σDNW = 6.81 [S/cm], σPWell = 1.47 [S/cm]. These results
confirm that DNW, with its higher doping concentration and
electron mobility, exhibits significantly greater conductivity
than the P-Well, contributing to current transport and sensor
performance, supporting the explanation in Section III-A about
the operation principles of the proposed sensor.

B. Hardware evaluation setup
This section introduces the experimental setup used for

hardware evaluation. Fig. 8 shows a photograph of the fab-
ricated chip implementing the proposed Hall sensors using

the TSMC 180 nm standard CMOS process. As shown in
Fig. 8, the Hall sensor structures are fully covered by a dense
dummy-metal shielding pattern. This shielding is intentionally
implemented because the active regions of the proposed Hall
devices are based on p-type wells, where incident light can
generate photo-induced carriers in the PN junctions and con-
sequently introduce additional offset and measurement errors.
For this reason, optical inspection of the underlying Hall
elements is not possible from the fabricated chip photograph
alone. To clearly present the device geometry, Fig. 9 provides
the corresponding layout view, which faithfully reflects the
structural design of the Hall elements proposed in this work.
The VHD occupies 400 µm×600 µm, with a base region of
50 µm×50 µm and a collector region of 47 µm×175 µm. The
separation between base and collectors is 20 µm. The HHD
occupies 30 µm×30 µm. Sensor outputs are connected to on-
chip operational amplifiers to increase measurable voltage. The
chip is wire-bonded directly to a printed circuit board (PCB)
for measurement. To prevent measurement noise caused by
ambient light exposure, all sensor regions are shielded by the
top metal layer, as shown in Fig. 8.

Fig. 10 illustrates the experimental setup, and Fig. 11
presents a photograph of the actual measurement environment.
The sensor-mounted PCB is placed between two coils with
iron cores, which are driven by external current sources to
generate a magnetic field. The PCB is fixed to a rotatable jig
that enables precise orientation of the sensor. A Gauss meter
is set to obtain a reference value of the magnetic field flux. By
adjusting the current supplied to the coils, the applied magnetic
field strength is controlled, and the sensor output voltage is
recorded accordingly.

The amplifier used in this experiment is configured as an
open-loop operational amplifier without a feedback network,
in order to maximize the voltage gain. The bias voltage of
the on-chip operational amplifiers was then carefully tuned
to maximize the output amplitude of the Hall device while
maintaining stable operation. According to circuit simulations,
the amplifier exhibited a voltage gain of approximately 100×
(40 dB) under optimal input range and bias conditions. How-
ever, in the actual measurements, the effective gain did not
reach this ideal value because the output voltage range of the
Hall device was not fully within the optimal input range of the
amplifier. As a result, the voltage amplification was estimated
to be in the range of approximately 10–30×, depending on the
bias current and input voltage conditions. This bias adjustment
ensured stable operation of the amplifier while maintaining
sufficient dynamic range for the measured Hall voltages.

C. Evaluation of the proposed vertical Hall sensor

The performance of the proposed VHD, configurable to de-
tect magnetic fields along the X or Y axis, was experimentally
evaluated. A supply voltage of 1.6 V was applied between
emitter and base terminals, yielding a drive current of 24 mA.
By varying the current supplied to the coils in Fig. 11, the
magnetic flux density in the X direction at the sensor position
was swept from −77.2mT to 77.3mT. The results are shown
in Fig. 12. When the magnetic flux density around the device
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Fig. 9. Layout view of fabricated chip.
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was Bx = 0, the output voltage of the proposed sensor, as
observed using a digital multimeter (KAISE KU-2602), varied
within a range of approximately −1mV to +1mV. This be-
havior indicates that the output voltage was centered near zero
while exhibiting random fluctuations attributed to noise. While
the residual DC offset could not be directly characterized with
the present measurement setup, an indicative offset value can
be discussed based on the linear regression result, as described
below. As shown in Fig. 12, the output voltage of the proposed
VHD exhibits a highly linear response to the applied magnetic

Gauss 
meter

Temperature
sensor

Sensor chip

Gauss meter 
probe

Power supplies 
for coilsCoil with

iron core

Digital
multimeter

Power supplies 
for chip

Fig. 11. Photo of evaluation environment.

field, with a coefficient of determination R2 = 0.9973. The
measured sensitivity was 967.5 mV/T. Although the output
voltage at zero magnetic field could not be directly measured
with sufficient accuracy, an indicative offset value can be
estimated from the linear regression result. The intercept of the
regression was −0.1624mV, which corresponds to an equiv-
alent magnetic field of approximately −168 µT. This value is
provided solely as a reference derived from the regression
result rather than as a direct measurement, and a rigorous
offset characterization using a higher-resolution measurement
setup is therefore left for future work. In addition, the linearity
characteristics discussed in this study remain unaffected by the
absolute gain of the utilized amplifier, as the amplifier bias
condition was fixed and the gain remained constant during
the measurements. Since the main focus of this work is to
demonstrate the validity of the proposed device structure in
enabling appropriate current flow for in-plane magnetic field
sensing, precise calibration of the amplifier gain and detailed
offset characterization are left for future work.

By dividing the measured sensitivity by the estimated ampli-
fier gain (10–30×), the intrinsic sensitivity of the Hall device
element was estimated to be approximately 30–100 mV/T.
Under the applied bias conditions of 1.6 V and 24 mA, the
corresponding current-related sensitivity and voltage-related
sensitivity, which were calculated as S/Ibias and S/Vbias,
were estimated to be 1.3–4.2 V/T/A and 19–63 mV/T/V, re-
spectively. While the voltage-related sensitivity falls within a
reasonable range for silicon-based Hall elements as reported
in [38], the current-related sensitivity appears relatively low
when compared to the typical range of 100–1000 V/A/T for
silicon-based Hall devices reported in [16]. This discrepancy
suggests that not all of the supplied current contributes to Hall
voltage generation. We attribute this behavior to the emitter-
ring configuration adopted in this work, in which part of the
bias current flows through regions that are not directly involved
in the Hall sensing mechanism. On the other hand, this result
implies that there remains headroom for further performance
enhancement. We expect that optimizing the device geometry
and current paths will enable more efficient current utilization
and potentially lead to substantially higher intrinsic sensitivity.

In addition to this current distribution effect, the proposed
VHD inherently includes a PN junction between the Deep
N Well and the P Well along the current path. Because the
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bias current must overcome the built in potential of this
junction, the applied bias voltage needs to be higher than
in conventional Hall devices formed entirely within a single
carrier type region. This requirement reduces the achievable
voltage related sensitivity. Moreover, the product of the bias
current and the junction potential is dissipated as heat rather
than contributing to Hall voltage generation, which increases
power consumption and may elevate thermal noise during
long term operation. Reducing these effects through improved
junction design and biasing strategies is an important direction
for future work.

From the measurement data shown in Fig. 12, a small
variation is observed at each measurement point, which we
used to estimate the magnetic field resolution of the proposed
device. The magnetic resolution, Bres, was defined as

Bres =
Vnoise

S
, (3)

where Vnoise represents the fluctuation amplitude of the output
voltage and S denotes the magnetic sensitivity. As seen in
Fig. 12, the magnitude of the output fluctuation tends to
increase with the output voltage. Considering this dependence,
the calculated resolution ranged from 1.03 mT to 6.72 mT.
These values are higher than those of state-of-the-art Hall
sensors reported in the literature, which is mainly attributed
to the low-frequency noise components of the measurement
setup and the absence of dedicated filtering or shielding in the
present evaluation.

While these results quantify the resolution of the raw DC
output, they do not represent the fundamental limit of the
proposed device. The temporal characteristics of the measured
noise indicate a slow low-frequency drift, which is consistent
with flicker (1/f ) noise typically observed in CMOS Hall
structures operated in the near-DC regime. In HHDs, such
low-frequency noise is effectively suppressed using current-
spinning techniques as described in Section III-B. However,
the proposed device includes a PN junction between the DNW
and P-well, which restricts the current flow direction and
prevents direct application of conventional current-spinning
schemes. As an alternative approach, the Hall signal could
be modulated by superimposing an AC component on the DC
bias and employing synchronous detection. By translating the
Hall voltage to a higher frequency band, this method can avoid
the flicker-noise-dominated region and potentially improve the
effective magnetic resolution. It should be noted, however,
that introducing an AC modulation increases the instantaneous
device current and may therefore elevate the shot-noise con-
tribution. Thus, modulation-based readout techniques involve
a trade-off between flicker-noise suppression and the increase
in current-driven noise components, and exploring this balance
represents an important direction for future work.

D. Evaluation of horizontal Hall sensor
This section evaluates the performance of the proposed

HHD, which is designed to detect magnetic fields along the Z
axis. A supply voltage of 2.01 V was applied to the sensor,
resulting in a drive current of 40 mA. The magnetic flux
density at the sensor position was swept from −73.4mT to
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Fig. 12. Measured relationship between magnetic flux density and
output voltage of the proposed VHD. Error bars represent the standard
deviation across repeated measurements.
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Fig. 13. Measured relationship between magnetic flux density and
output voltage of the prototyped HHD. Error bars represent the standard
deviation across repeated measurements.

74.0mT. The residual offset after four-phase current-spinning
remained within the 0–1 mV noise floor of the measurement
setup, indicating that any remaining offset was below the
measurable limit. Fig. 13 presents the measurement result. As
shown in Fig. 13, the output voltage of the HHD also varied
linearly with the applied magnetic field, achieving a sensitivity
of 656.7 mV/T. The linearity of the response was confirmed
by a coefficient of determination of R2 = 0.996.

E. Evaluation of angular response and cross-sensitivity
This section evaluates the angular stability and cross sensi-

tivity of the proposed sensor structure under magnetic field di-
rections that are not necessarily aligned with the primary coor-
dinate axes. Cross-sensitivity refers to the undesired response
of a magnetic sensor to magnetic field components along non-
target axes. Ideally, each sensing axis in a three-axis sensor
should respond exclusively to the magnetic field component
along its designated direction and exhibit negligible sensitivity
to orthogonal components. However, in practical implemen-
tations, particularly in VHDs for X and Y-axis sensing, non-
negligible responses to orthogonal field components often arise
due to structural asymmetries. As described in Section III-
A, the proposed sensor employs an emitter-ring structure to
suppress such effects and improve directional selectivity. This
section experimentally validates its effectiveness in reducing
cross-sensitivity.

To evaluate angular response, we fixed PCB with the
mounted sensor onto a custom polyoxymethylene (POM) jig,
allowing rotation around the X, Y, and Z axes, corresponding
to roll, pitch, and yaw, respectively. Fig. 14 defines the rotation
along each axis. By rotating the sensor in each direction while
applying a constant magnetic field, we observe the variation
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Fig. 14. Definition of each rotation.
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in each axis output and evaluate the degree of signal coupling
among the axes.

Fig. 15 shows the results under yaw rotation. A constant
magnetic field of 44.4 mT was applied along the positive X-
axis. As the sensor rotated, the X- and Y-axis sensors exhibited
cosine- and sine-like responses, respectively, due to their in-
plane sensitivity. The Z-axis sensor output remained near zero,
indicating proper axis orthogonality in the XY plane.

Fig. 16 presents the results under pitch rotation, with the
magnetic field fixed at 44.4 mT along the positive X-axis. The
Y-axis sensor output remained nearly constant, while the X-
and Z-axis sensors showed cosine- and sine-like responses.

Fig. 17 shows the outputs under roll rotation, with the
magnetic field applied along the positive Y-axis at 44.4 mT.
The X-axis output stayed near zero, whereas the Y- and Z-axis
sensors exhibited cosine- and sine-like variations, respectively.
These results validate the proposed triaxial sensor’s directional
selectivity and effective decoupling among axes.

To quantify cross sensitivity, we adopt the normalized cross-

sensitivity (CS) [29], [39], which compares the sensitivity of
the orthogonal axis with the average of the two axes lying in
the plane of rotation. It is defined as:

CS =
1

2

(
Scross

Smain1
+

Scross

Smain2

)
× 100%, (4)

where Smain1 and Smain2 denote the sensitivities of the two
main axes in the rotation plane, and Scross is the sensitivity
of the orthogonal axis. Each sensitivity S is calculated as
the slope of the linear fit between the sensor output voltage
and the magnetic field component. In the angular sweep
measurements, multiple samples were acquired at each rotation
angle and averaged to obtain a representative output voltage
for that angle. Each sensitivity S is then extracted as the
slope of the least-squares linear fit between these averaged
voltages and the corresponding magnetic field component.
Since CS is defined using the fitted slopes, constant output
offsets primarily contribute to the intercept of the fit and do
not affect the slope-based CS value, while random fluctuations
of output are mitigated by the averaging and the subsequent
fitting, as reflected by the resulting R2 values.

During yaw rotation, only the X- and Y-axis Hall sensors
exhibited sine- or cosine- like outputs, while the Z-axis sensor
was expected to show minimal response, as shown in Fig. 15.
The Z-axis output exhibited a sensitivity of approximately
0.01 mV/T with an R2 value near zero, indicating negligible
correlation with the in-plane field. In contrast, the X- and Y-
sensors demonstrated high linearity, with R2 values of 0.997
and 0.991, respectively. Based on these results, the normalized
cross-sensitivity of the Z-axis was calculated to be 7.78×10−5.
Similarly, during pitch rotation, the Y-axis sensor showed
minimal response, with a fitted sensitivity of approximately
0.01 mV/T and an R2 value near zero. The normalized cross-
sensitivity of the Y-axis was 8.09×10−5. During roll rotation,
the X-axis sensor output remained close to zero, with a fitted
sensitivity of approximately 0.01 mV/T and R2 near zero. The
normalized cross-sensitivity of the X-axis was 8.03 × 10−5.
These results confirm that all axes exhibit extremely low
cross-sensitivity, validating the effectiveness of the emitter-
ring-based structure in achieving strong axis decoupling.

F. Comparison with related work
Table I summarizes the sensitivity and cross sensitivity of

recent magnetic sensors and their fabrication processes. Com-
pared to existing studies, the proposed sensor achieves a higher
sensitivity, aided by on-chip amplifiers. While amplification
typically increases the risk of cross-axis interference, the cross-
sensitivity of the proposed sensor remains well below 0.01 %
in all rotation modes, significantly outperforming the 1-6 %
range reported in the literature. These results highlight the
effectiveness of the proposed Hall device with symmetrical
design, which suppresses interference between axes.

Importantly, the proposed VHD achieves this performance
without relying on space-consuming STI structures or exclu-
sively on the vertical Hall effect, which is highly sensitive
to device geometry. These characteristics make the proposed
structure well-suited for integration into compact sensor de-
signs. To enable a fair comparison with prior work, we
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TABLE I
SUMMARY OF MAGNETIC SENSORS SENSITIVITY AND CROSS-SENSITIVITY

Paper Source Process Sensitivity (mV/T) Cross-Sensitivity (%) Amplifier
X-axis Y-axis Z-axis X-axis Y-axis Z-axis (used or not)

IEEE Sensors J., 2017 [40] MEMS 77.5 78.6 77.4 3 3 3 -
MDPI Sensors., 2017 [41] CMOS 180 nm 182 180 27.8 6 6 6 Yes
MDPI Sensors, 2021 [42] CMOS 180 nm 534 525 119 4.8 4.7 2.9 -

Micromachines., 2023 [43] CMOS 180 nm 485 484 237 3 3 3 -
IEEE Sensors J., 2024 [39] CMOS 180 nm 148 147 19.2 1 1 1 No
IEEE Sensors J., 2025 [29] CMOS-MEMS 560 556 - 2.6 2.5 - -

Microsystems & Nanoeng., 2025 [44] CMOS-MEMS 22.4 22.4 28.0 0.55 0.91 0.87 No
This work (evaluated in SectionIV-C&IV-D) CMOS 180 nm 967.5 967.5 656.7 <0.01 <0.01 <0.01 Yes

This work (75× 50 µm, X-axis sensor) CMOS 180 nm 184.2 - - <0.01 - - Yes

also fabricated a scaled-down version of the sensor, with the
smallest X-axis Hall element measuring 75 µm × 50 µm. This
footprint is 41 % smaller in area than the 80 µm × 80 µm
sensor reported in [41], with both designs employing on-chip
amplification.

For clarity, we additionally compare the sensitivity nor-
malized by device area, which enables a direct size-based
comparison with STI-based structures. Notably, the sensor
in [41] utilizes STI structures to enhance vertical sensitivity.
The proposed device achieves a higher normalized sensitivity
of 49.1 µV/T/µm2, surpassing the 28.4 µV/T/µm2 in [41]
by approximately 72.89 %. This result highlights the efficacy
of the proposed structure in achieving high sensitivity while
enabling compact sensor integration.

V. CONCLUSION

This work presented a triaxial Hall sensor fabricated using
a standard 180 nm CMOS process. The proposed structure
leveraged the high conductivity of the DNW to enhance
both horizontal and vertical current components, leading to
improved Hall voltage generation. The sensor achieves sensi-
tivities of 967.5 mV/T and 656.7 mV/T for vertical and hori-
zontal Hall elements, respectively, with cross sensitivity well
below 0.01 %. The proposed VHD avoids space-consuming
STI structures and does not rely solely on the size-dependent
horizontal Hall effect, making it suitable for compact, CMOS-
compatible magnetic sensing applications.
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