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Abstract: At present, magnetic induction switches are widely used in industrial automation control
and biological sensing systems. A core module composed of a magnetic sensing device and a signal
conditioning circuit is designed and analyzed in this paper. Utilizing a permalloy film with the
anisotropic magneto-resistance (AMR) effect, the novel magnetic induction switch shows its ability
to correctly detect the direction of magnetic fields. Furthermore, an interfacial circuit based on a
trans-impedance amplifier (TIA) is designed to measure and regulate the output signal of the sensing
device. Accurate simulation results show the gain of the TIA reaches up to 51.36 dB with a bandwidth
of 1.3 GHz and a power consumption of 3.65 mW. The outstanding performance of the proposed
module demonstrates the possibility of solving the problems induced by high input impedance, high
frequency, and parasitic effects in magnetic induction switches.

Keywords: magnetic induction switch; permalloy film; anisotropic magnetoresistance (AMR) effect;
current comparison circuit; trans-impedance amplifier (TIA)

1. Introduction

As a type of non-contact switch, the magnetic induction switch is widely used in
many areas, such as industrial automation control, biological sensing, and microparticle
detection [1-4]. Its outstanding properties, including its high switching speed, high sen-
sitivity, and large switching capacity, help it adapt to different working environments.
However, in practical applications, the maximum operating frequency of the switch is
usually limited. Meanwhile, the current induced in the sensing device is relatively low, so
a high-precision processing circuit is needed [5,6].

A magnetic sensing device is usually made of a magnetically sensitive material,
with the following processing circuit used to construct the core module of the switch.
Fina et al. [7] studied the properties of the materials of a sensing device. They reported the
polarization of the magnetic switch in epitaxial orthorhombic YMnOj thin films. It was
found that the reported field-induced switching is consistent with the existence of a cy-
cloidal magnetic order in YMnOj3. An approach to realizing field-free deterministic perpen-
dicular magnetic switching with a ferromagnetic metal/non-magnetic metal /ferromagnetic
metal (FM/NM/EFM) structure is presented by Chen et al. [8], in which the large spin Hall
angle of the transition metal 3-W is used. In addition, in terms of processing circuits,
an innovative direct current (DC) circuit breaker based on a magnetic induction current
commutation module is proposed by Wu et al. [9].

In this paper, a novel module based on a sensing device made of a permalloy (PM)
film and a current processing circuit is proposed. It can be used to determine the direction
of a magnetic field along the Z-axis, which is perpendicular to the design plane of the
PM film. Through the subsequent processing circuit, it outputs a high or low level, acting
as a switch.
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This paper is organized as follows. A sensor based on the anisotropic magneto-
resistance (AMR) effect is first designed and fabricated, and one PM strip is inserted into
the sensor, acting as the sensing device. From the perspective of simplicity and versatility,
the strip is applied with a fixed voltage, and the principle of the sensing device is analyzed
briefly. Next, a differential circuit for a current comparison is presented. The current of the
sensing device is used as the input of the circuit, and an output signal at a high or low level
is obtained by comparing it with the reference current. Finally, in the case of either a low or
high frequency, a trans-impedance amplifier (TIA) circuit is proposed to solve the problems
of increased input impedance and a large parasitic effect.

2. Materials and Methods
2.1. Sensing Device

Among the magnetic sensing devices developed, magnetic sensors based on the
AMR effect are widely used due to their high sensitivity, large temperature range, low
power consumption, and low cost [10-12]. The AMR effect is caused by the anisotropic
scattering of 4s electrons in the exchanged split 3D orbitals [13]. This effect is obvious in
PM films [14,15]. Therefore, a PM film made of 80% nickel and 20% iron is deposited on the
device via magnetron sputtering. Its surface roughness, measured using an atomic force
microscope (AFM), is shown in Figure 1a. The average roughness is 1.985 nm, qualifying
it for further fabrication as a planar magnetic device [8]. The film is then patterned into a
strip structure. Due to the shape anisotropy of the strip pattern, it can be easily magnetized
along the long axis. In addition, a barber-pole electrode [16] is introduced on the PM film
as it can rotate the direction of the current by an angle of 45° or 135° in the absence of a
magnetic field (H,y¢). Thus, the output voltage shows a linear relationship around zero
magnetic field. Additionally, in actual working conditions, the sensor can be affected by
temperature changes. The output signal of the PM film can be changed by its environment,
which degrades the stability and accuracy of the sensor. For this reason, the Wheatstone
bridge (WB) structure is adopted [2,17]. The WB structure contains four branches, and each
branch consists of one or more PM strips. When the external magnetic field intensity H,y¢
changes, the WB outputs the measured results of the sensor in the form of a differential
voltage. Through the differential outputs of the bridge, the measured error of the PM
film caused by external factors can be offset. Figure 1b shows the structure of the WB. To
show detailed information, only half of the structure is shown in Figure 1b, in which the
structures of the PM strips and barber-pole electrodes can be seen clearly.
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Figure 1. (a) Measurement results of PM surface roughness. (b) Internal structure of WB.

The AMR sensor is fabricated based on the structure of the WB and barber-pole
electrodes. For the convenience of testing, the sensor chip is packaged as shown in Figure 2a.
Only one PM strip of the sensor is needed to act as the sensing device of the switch in this
figure. This can reduce power consumption and minimize the chip’s size. Its schematic
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structure is shown in Figure 2b. When a current is applied to the PM strip together with an
external magnetic field, the magnetization direction (M) inside the alloy changes, forming
an angle (f) with a current direction (J). With a change in 6, the resistance of the whole alloy
can be changed.
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Figure 2. (a) Photograph of the packaged AMR sensor, (b) schematic of the PM strip, and (c) the
current produced by a PM strip under the action of a magnetic field, changing alternately in two
opposite directions along the Z-axis.

The barber-pole electrodes are deposited on the PM by means of electron beam evap-
oration and form an angle (x) with the PM, typically about 45 degrees, to obtain a linear
output around zero magnetic field. They are made of aluminum, which has better conduc-
tivity than the PM film. Therefore, an initial angle (6) of 45° is formed between | and M at
zero magnetic field.

The sensing device at zero magnetic field has a certain resistance value of Ry and a
certain current value of ., both of which relate to the external magnetic field intensity
Hext. M rotates counterclockwise due to an increasing H,y; with a direction (A) in Figure 2b,
and 0 increases until it reaches 90 degrees. Minimum resistance R | is achieved in this state.
On the contrary, M rotates clockwise due to an increased H,y; with a direction (B), and 6
decreases until it reaches 0. Maximum resistance R is achieved when ] is parallel to M.
H,y¢ in the opposite direction make the value of the resistance higher or lower than Ry and
the current value lower or higher than ;. When the sensing device makes a rotary motion
in a constant H,y; with 100 kHz or when the H,,; makes a relative move in an opposite
direction (A) or (B), the output of the sensing device becomes a sinusoidal current wave, as
shown in Figure 2c. Thus, switching operations can be realized by designing a circuit that
compares the output current with L.

2.2. Current Comparison Circuit

A schematic diagram of the magnetic induction switch proposed in this paper is shown
in Figure 3. In addition to the sensing device, a current comparison circuit is adopted to
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be the subsequent processing circuit. The final output is a high- or low-level signal. The
module plays the role of controlling the switch on or off through a magnetic field in opposite
directions.
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Figure 3. Schematic of the proposed module with a current comparison circuit.

A current comparison circuit is shown in Figure 4a. The current signal I;;, is the
current of the sensing device with the applied H,y;. The direction of the H,y; is parallel
to the X-axis in Figure 3 in two opposite directions. MP;, MP, and MNj, MN; constitute
two simple current-mirror circuits, respectively, to replicate the I,.f and I;; in order to
reduce the influences of the process and temperature on the circuit. To decrease the input
impedance and the response time, MP3 and MNj3 are connected as a source follower, and
at the output, MP; and MN} are connected as a CMOS inverter to achieve a positive
feedback function. One advantage of using the low-input resistance is reducing the impact
of parasitic parameters of the sensing device at the front end of the circuit.
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Figure 4. (a) Schematic of current comparison circuit. (b) Transient simulation results of current
comparison circuit.

The transient simulation results of this circuit are shown in Figure 4b. The I, s is about
0.42 mA, the frequency is 100 kHz, and the supply voltage V;; is 1.8 V. The output voltage
Uout is changed alternately between the high and low levels (1.76 V and 24 mV) as the I,
changes. According to the Uy, result, the orientation of the Hey; can be extrapolated. When
the U,y is at a high level, it can be proved that [;;;, > Lief; thus, the resistance is less than Rj.
According to the sensing principle in the previous section, it can be inferred that the H,,; at
this time is in the (A) direction. Conversely, the H,y; is in the direction of (B). Thus, based
on a sensing device and a simple circuit, two magnetic fields in opposite directions can
control the switch on or off.

However, the circuit in Figure 4a has obvious disadvantages. Firstly, since the input
voltage of the positive feedback inverter does not slew from rail to rail, the transistors MN4
and MP4 cannot be completely turned off, resulting in additional DC power consumption.
In addition, when the input current is very low, the dynamic response exists a dead region
temporarily in which the two input transistors MN3 and MP3 are both turned off. This
state, combined with parasitic effects, causes the input impedance to become very large.
Eventually, wrong judgments and inaccurate output voltage signals may be resulted in.
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Meanwhile, the circuit cannot meet the demand of a high-frequency module. Therefore,
the trans-impedance amplifier circuit is used in this paper to improve the properties of the
designed module.

2.3. TIA Circuit

A TIA circuit is often used as the pre-amplifier circuit of a CMOS optoelectronic
integrated circuit [18,19]. Its main function is to convert the current generated when
the photoelectric sensor receives an optical signal into a voltage signal and amplify it.
Its input current is often in the range of pA or even nA. In addition, a TIA circuit with
outstanding performance can have a large bandwidth and is suitable for a high-frequency
input. Therefore, it can be used to solve the problem mentioned in the previous section.

A schematic diagram of the module with a TIA circuit is shown in Figure 5. I, is
converted by the TIA circuit to obtain an output voltage with a large swing. Then the output
voltage with outstanding characteristics can be compared with the reference voltage in the
voltage comparison circuit. Finally, a switching signal with a high or low level is obtained.

Y

W77/

g S

Sensing device
Figure 5. Schematic of the proposed module with a TIA circuit.

3. Results and Discussions
3.1. Circuit Analysis

Among many TIA circuits with different structures, the regulated-cascode (RGC) TIA
circuit is widely used; it is shown in Figure 6a. Compared with a single-stage common-gate
amplifier, the RGC-TIA has a lower input impedance, which further increases the frequency
of the main pole at the input, thus weakening the influence of parasitic capacitance on
the circuit performance. The input impedance Z;, and the 3 dB bandwidth f_34p of the
RGC-TIA are the main parameters of the TIA, which are shown below:

1 1

- 1
foads = 5 c7 1)

1
(gm2Rp +1)gm

where C;,, the input capacitance, and g;,1 and gy, represent the transconductance values of
the transistors M and My, respectively. The inverse relationship between f_34p and C;,,Z;,,
in Equation (1) can be inferred as follows: when an improved TIA with a large bandwidth
is obtained by improving the circuit, the value of the input impedance decreases, and the
influence of parasitic effect on the circuit can be weakened. In this paper, a novel TIA circuit
is proposed which is shown in Figure 6b. Compared with the traditional RGC-TIA circuit,
it has two characteristics. Firstly, the original RGC-TIA consisting of NMOS is mirrored to
that consisting of PMOS, and the two parts are connected. Thus, for the same DC currents,
the trans-conductance of the devices and the circuit gain can be improved. For each RGC-
TIA, the common-source transistor serves as a feedback loop and sub-amplifier. Through
the operation of mirroring NMOS, such a common-source feedback loop is doubled to
increase the gain.

Cy and C; are AC coupled capacitors. Mp1, M2 and Mp1, My, constitute two current
mirrors which, respectively, provide stable DC components for the NMOS circuit and
PMOS loop. Mp3, My and My, My form two RGC structures that mirror each other. MNg
and MPg are the main amplification stages. In addition to acting as a sub-amplifier stage,
M3 and Mp; also form two voltage-parallel negative feedback loops. Ry, Rs, and C3 form

Zin ~ (2)
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an optimal bias network to improve circuit performance. In this network, R; and R, form a
voltage divider to provide bias to the common gate transistors Mp¢ and Mpe, and capacitor
C3 is used to isolate DC signals. In this way, additional bias and transistors can be avoided
to simplify the circuit, reduce noise, and reduce power consumption. It is important to note
that the values of R4 and Rs5 should be large enough (in the thousand () scale) to prevent the
signal from flowing into the ground through the bias circuit and introducing noise. The load
resistors R; and R; serve to assist in dc biasing. To make the desired voltage at the output
node approximately half of the supply voltage V4, the value of R; is equal to that of R.
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My :j|—1—| M, rl

Ly

< GND

(a) (b)
Figure 6. Schematic of (a) a conventional RGC-TIA and (b) the proposed TIA.

Secondly, a third feedback loop is introduced by means of active feed-forward com-
pensation. A path with dual common-source transistors is composed of Rz, M;5, and
Mps, providing a feed-forward path and compensation of zero points in the left-half plane
for the system. The introduction of in-band zero widens the gain bandwidth product
(GBW) and improves the bandwidth performance of the TIA so, the parasitic effect at the
input is weakened.

By mirroring the NMOS loop and adding a dual common-source feedback path, the
input impedance of the TIA at this time can be calculated as

1
Zin = 3
" (gmn9 +gmp9)Af1 +gmp8Af2 G

where Ay is the gain of the mirrored RGC structures, Ay, is the gain of the third feed-
back loop composed of common-source transistors, and g; is the transconductance of the
transistor 7 (i denotes mn1, mpl, etc.). The gains can be decided as follows:

Afl =1+ (gmn7 +gmp7) (Rl || RZ) (4)

Af2 = &mn8 (gmn7 +gmp7) (Rl H RZ)R5 )

Compared to the traditional RGC-TIA, the newly proposed circuit has a significantly
lower input impedance, which gives it a huge bandwidth and better circuit performance.

3.2. Simulation Results

The proposed TIA circuit is simulated with Cadence Spectre and a standard 65 nm
CMOS process library. The amplitude—frequency characteristic curve is shown in Figure 7a.
In a practical situation, the parasitic capacitance and resistance at the input are considered.
Considering the possibility of producing a relatively extreme large input impedance, Rs and
Cin at the input in Figure 6 are set at 5 k() and 200 {F. At this point, the value of the gain ZT
shows an outstanding amplitude—frequency characteristic. The gain reaches 51.36 dB when
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the frequency is 200 MHz. And the —3 dB bandwidth of the curve is 1.3 Ghz. Thus, the
circuit has a relatively large bandwidth, which means it can work well and maintain a high
gain in high-frequency regions. This is important because according to Equation (2), when
the circuit is adjusted to obtain a larger bandwidth, the input impedance can be effectively
reduced so as to reduce the influence of a parasitic effect and large input impedance at the
input. This effectively helps to solve the problem of a large impedance and parasitic effect
generated from the sensing device.
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Figure 7. (a) Amplitude-frequency characteristic curve of the proposed TIA circuit, and (b) transient
simulation results of proposed TIA circuit with different input currents.

Transient simulation results of TIA circuit are shown in Figure 7b. The input signals
are set as sinusoidal current signals with swing amplitudes of 100 nA, 1 pA, 10 pA, and
100 pA. The frequency is set to be 1 GHz for all of them. As can be seen from the figure,
the voltage signal at the output is a sinusoidal wave with a phase opposite to the current
signal at the input. For the input current at the pA level, the output voltage swing is at
the mV level, and the amplification factor is about 49.31 dB after carrying out a calculation
with the equation 20log(Uoy¢ / Ii;), which is consistent with the result of 49.47 dB at 1 GHz
in the AC simulation. For an input current of 100 nA, the output voltage swing is about
29.42 nV, and the gain is 49.37 dB. It is found that even when the input current reaches the
nA level, the circuit can still maintain a large gain and can amplify a small current into a
large voltage without distortion. Through an analysis of the transient simulation results, it
can be concluded that this TIA circuit solves the problem of a small input current.

At this point, the problems mentioned in the previous section are solved using the
proposed TIA circuit. The output voltage with a large swing amplitude is transferred to
the voltage comparison circuit of the next level, through which the high or low level is
generated. It can be found that another advantage of using the TIA circuit is that voltage
signals with a large swing amplitude can provide stable output results and avoid the
wrong judgment coming from current signals with a small swing amplitude in current
comparison circuits. In addition, the power consumption of the TIA circuit is 3.65 mW
under the actual input conditions, which is relatively low. Monte Carlo simulation result of
the amplitude-frequency characteristic with 500 calculations is shown in Figure 8a. And
Figure 8b illustrates a Monte Carlo histogram distribution of the gain at 200 MHz. The
histogram roughly presents the characteristics of a Gaussian distribution, and most of the
simulation results for gain are concentrated between 51.2 dB and 52.4 dB. Monte Carlo
simulation results with 500 calculations show that the gain curve is stable.



Inventions 2024, 9, 4 80f9

(a) (b)

90.0 =
85.0 =

Se0]  Number =500

7003 Mean =51.5340
2 65.0 =
=, 60.0
£ 550
- T 50.0
@ “5 45.0 =
. 40.0 =
P 2 3502
30.0 3
25.0 =
20.0 =
15.0 =
10.0 3

5.0 E k
T T T T T Tl T T— T T roorg T 0'07\ T T T T /§ T T T T T T T T T T T T T 1
10® 10° 10" 494 500 51.0 52.0 53.0
Frequence (Hz) Gain at 200 MHz (dB)

Figure 8. Monte Carlo simulation results of the proposed TIA circuit: (a) amplitude-frequency
characteristic with 500 calculations. (b) histogram distribution of the gain at 200 MHz.

4. Conclusions

A new module for a magnetic induction switch is proposed. It is based on a sensing
device made of a PM film and a current comparison circuit. The sensing principle, simu-
lation results, and possible problems of the circuit are analyzed in detail. By introducing
a newly designed TIA circuit to replace the current comparison circuit, a small current
signal can be converted into a voltage signal with a large swing, and the voltage signal can
then be easily handled in the following circuit. The whole circuit shows high gain, a huge
bandwidth, and low power consumption. This outstanding performance helps solve the
problems of a high input impedance, high frequency, and parasitic effect.
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