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Abstract—The possibility of sensitivity increasing of magnetic field sensors by combining different
types of sensitive elements in one sensor circuit is experimentally investigated. For this purpose, four new
sensor constructions are proposed: based on bridge circuit, based on magnetotransistor in combination
with magnetodiode or with second magnetotransistor and with frequency output. More thermostable and
radiation-resistant sensor with 10 times greater sensitivity than in conventional two-diode bridge sensor is
obtained with four polar magnetodiodes in bridge circuit, instead of two non-polar ones. Sensor
constructions with two-collector magnetotransistors in combination with two polar magnetodiodes or one
additional magnetotransisior are described. The sensitivity of such devices is 6 and 4 times higher
compared to single-transistor sensors, while their temperature stability and radiation resistance increase.
Relaxation generator circuit based on unijunction transistor is proposed as magnetic field sensor with
frequency output. Inclusion of additional magnetodiode in generator circuit increases sensitivity by 2.3
times in comparison with single-transistor sensor and improves environmental stability, The described
devices can be used as effective magnetic field sensors in wireless communication networks,

DOT: 10.3103/80735272720070043

1. INTRODUCTION

The world leader in standards development for radio clectronics, clectrical enginecring and hardware for
computing systems and networks, [EEE Institute of Electrical and Electronics Engineers, along with
BigData, CloudComputing and Cybersecurity, sct further development of Internet of things concept (1oT). It
assumcs the presence of ubigquitous sensor network and executive networks on intelligent objects.

This development is limited by wired and fiber-optic communications, because of their high price and
implementation complexity. Therefore, researches on creation radio-controlled contactless executors and
wireless autonomous sensors of physical values are relevant at present [1, 2].

Magnetosensitive devices are widely used in executive networks as hitless switches, eddy current motors
and in sensor networks as electronic compasses [3, 4], systems of RAM and long-term memory [5, 6],
sensors of various values (pressure, movement, shaft speed etc.), in electronic ignition systems of
automobiles.

Currently ultrahigh magnetoelectric sensors allowing to register fields with induction 10 2 [7] and
resonator sensors with sensitivity of 92 uV/mT [8] are developed. However, rather a long magnetic circuit
made of special composite material with strong piezoelectric coupling [7] is used in magnetoelectric sensor
constructions, and production of multilayer microconsole of resonator sensor [8] requires jewelry accuracy.

Constructions of combined sensors with several physical phenomena for sensitivity increasing are
known. For example, there are ferroprobe fluxgate principle of measurement in a sensor based on giant
magnetoresistance [4], or magnetic concentrators in a highly sensitive sensor based on magnetic tunneling
Junction [9], or combination of an active magnetic circuit with a tunnel magnetoresistive magnetometer [ 10].
However, such techniques require several different technologies, which greatly complicates sensor
construction, energy consumption, and dimensions.
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Fig. 1. MD structure.

Hall scnsors still are the most common magnctic devices [11, 12]. However, they consumge significant
energy, and their sensitivily is small (with order of 100 VA A-T)), which requires additional ampliliers. In
addition, the indications ol these devices depend on external lactors, such as temperature and ionizing
radiation. At the same time, a wircless sensor should have low energy consumption, high sensitivity and be
environmentally stable,

The main advantage of wircless sensor networks is ability to monitor in the most inaccessible places and
in extreme conditions, Therefore, much attention is paid to temperature stability and radiation resistance of
designing detectors for such networks [7, 12].

Semiconductor magnetosensitive deviees are widely used in modermn radio controlled  automation
systems and sensor networks, since they are highly energy efficient, can significantly change certain
elecirical properties with magnetic field changes, and are easily integrated into wireless syvstem electronic
circuils.

semiconductor resistors  are widely used as vanous  sensors  (magnetoresistors, thermistors,
photoresistors, etc.). Usually they are included in a bridge circuit with four elements. two of which are
sensitive to the measured inlluence (semiconducior resistors), and two other are passive load resistors [13].
The disadvantage of these sensors is their sensitivity to other influences in addition to measurcd magnetic
field. For example, indications of magnetoresistors are influenced by temperature and radiation, This
reduces measurement accuracy of the required parameter. In semiconductor injection devices (diodes,
transistors) such disadvantages can be compensated,

Improving etficiency and environmental stability of semiconductor injection magnetic field sensors by
combining several magnetically sensitive elements with different sensitivity to varlous environments in one
electrical circuit 1s the aim of this work. This method is applied to three magnetic field sensor constructions:
bridge magnetodiode sensor, sensors based on magnetotransistor, and sensor with frequency output based
on unfjunclion lransistor.

2. BRIDGED MAGNETODRDIODE SENSORS

Magnetodiodes (MD) are one ol the first Lypes ol magnetcally sensitive semiconductor devices that have
wide practical application [14, 15]. Typical MD is the p —» junction with long n-base. Commercially
available KD301 type devices are not polar, and for planar KD303 and KD304 types MDs magnetic ficld
direction changes reduce only sensor sensifivity in low magnetic tields,

MDD, structurally closed to industrial KID301 tvpe devices, which has s-region on one side surface of
base with high recombination rate ol injected charge carriers, are proposed W oblain pul.i]‘ magnetic feld
sensor (Fig. 1), With MD switching-on in the forward direction, holes injected from the p i junction are
divided into two flows: one 1o s-region, where holes recombine with electrons, and second to the ohmic
contact ot r-base. MDD resistance is completely determined by the concentration of holes filling the base with
length equal to the hole diffusion length.

In operation as magnetic field sensor, the current I'is passed through MI and the voltage drop across it is
measured

U =i{Ry + AR), (n

where Ry is the MD resistance with magnetic induction B — 0, AR is the resistance change in the external
magnelic held perpendicular w current direction.

Lorente foree acts on the injeeted holes when magnetic feld is direeted rom the observer @8 (Fig. 1). 1L
deflects them towards s-region, where they recombine on the surface states. Accordingly, holes
concentration in base decreases and its resistance increases, which corresponds to the plus sign in (1). When
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Fig, 2. Sensor bridge cireuit of four polar W1s, Fig. 3. Output characteristic of sensor based on bridge circoit

ol Tour polar WS at dilferent supply vollage.

the magnetic field polarity changes toward the observer .5, the holes flow deviates from s-region to ohmic
contact of #-base, and recombination rate and base resistance decrease. In this case, in the formula (1) “plus™
sign changes to “minus.” Magnetosensitivity is characterized by the value y = ALVAR,

As noted above, only two sensing elements are used in four-clement bridge measuring circuits [13, 16].
The advantage of MDis over magnetoresistors is that measuring bridge with four sensors can be built. For this
purpose, the most promising polar MD are used, which resistance grows for one polarity magnetic field, and
for the opposite polarity falls down. The magnetically sensitive sensor circuit is presented in Fig. 2. This
method ol sensor characierisues improving by several sensor elemenis combining with the opposile sign of
sensitivity has already been used in [ 17] for radiation detector.

In the absence ol magnetic feld, the resistances ol all MDs are the same, and the vollage in diagonal of
the bridge is L=, In this case, the varable resistor serves for precise zero sctting,

The flux of injected holes into MDI1 and MD3 bases deviates towards s-region. and their resistance
increases when magnetic field of the indicated polarity is switched on (Fig. 2). For other pair MD2 and MDA,
flux of holes deviates from s-region, and their resistance deercases. The current in cach vertical pair of MD is
practically independent of the magnetic field

T=e/(2Ry). (2)

Increase in the resistance of one MD is almost completely compensated by reduction in the resistance of
second MD. Here £ means the apply voltage.

As Tollows [rom (1) Uy =1 (B + AR) Us =1 (By — AR), so the voltmeter indications are
U =U) U =2IAR =cAR T Ry, k)

Aswe can see from (3), the voltage U grows with increase in MD resistance change in magnetic fleld AR.
Voltage L' polarity is reversed with the opposite direction of magnetic field (2B,

Sensor consisted of two MID pairs with the opposite sign of magnetosensitivity has two signiticant
advantages. Firstly, it is high stability of zero at 8 = 0. since under any external influences, the resistance By
of all four MDs changes in the same way. Secondly, oulputl vollage is less alTected by various types ol
ionizing radiation.

Their resistivity p changes most strongly with irradiation of semiconductors, which in this case leads to
one-sided change in Ry and AR ol all four MDs. Therelore, their ratio, and henee output signal of the bridge
sensor, 15 much less sensitive to madiation than signal of the sensor based on one or pair of MDs. Ttis
obvious, as for any bridge measurement circults, procedure for sensitive elements selection with the same
temperature coeflicient is required.

In experimental studies of sensor sensitivity based on four polar MDs bridge circuit at different
temperatures and after radiation exposure, the laboratory samples of polar MDs were used. They are
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structurally similar to industrial K301 type MDs [13], but with addition of increased recombination rate
region. Selection of bridge elements with the same temperature coeflicients was carried out.

The output characteristic of the sensor hased on four polar MDs bridge circuit for various values of
supply voltage is shown in Fig. 3.

The magnetic sensitivity of these bridge sensors in magnetic lelds up w 01T at supply voltages £ = 10
and 30 V arc equal to 97 and 208 VT, respectively. [tis an order of magnitude higher than in sensors based
on one KD301 type MD. We achieve this through four sensitive MDDz and the region with high
recombination rate.

Lxperiments have shown that impact of external influences on the sensor with four sensitive MDs is
much weaker than on one MD. The magnetic sensitivily changes by no more than 1.5% in the lemperature
range 0-60 °C according to the expenmenml data. Also we experimentally established that after t]le
irradiation of sensor samples with Co” o garmma quanta, the oulpul signal does not change up 1o 107 R
exposure level, in contrast to sensor with two MDs, where the output signal changes by more than 0% at the
same radiation.

Thus, in the bridge measurement circuit with two pairs of polar magnetodiodes, not only increase in
sensor sensitivity is achieved, but also rise in its thermal stability and radiation resistance.

3. SENSOR BASED ON DOUBLE-COLLECTOR MAGNETOTRANSISTOR

A double-collector magnetotransisior (DMT) has the widest measurement range and the highest
magnelic sensitivity of all semiconductor devices [18], [19]. Its structure and connection circuit are shown in
Fig. 4. Typicallv, resistors are used as loads in collector circuits.

Injected from enutter charge carriers are distributed equally between two collectors, Their currents are
equal, and the potential difference between them is U'=10. With the indicated in Fig. 4 direction of magnetic
ficld, carrier flux 1s deflecied towards collector C1, 1 cwrent inereases, and polential decreases.
Accordingly, collector current U2 decreases and potential increases. As a result, with the magnetic field
induction B growth, the voltage L/ between collectors goes up.

Characteristic L7 — f{B) is linear up to the values of magnetic induction & ~ (.4 T with the sensitivity of
about 60 VST at £ = 100 V. In strong magnetic fields the carriers’ redistribution between collectors ends, and
sensor sensitivity drops.

Polar MDs oriented relative to DMT as shown in Fig. 4 are proposed as load in DMT collector circuits to
expand the measurement range and increase the magnetosensitivity. In this case, MDD} resistance grows and
MD2 resistance declines when magnetic polar direction is turned on. It leads to additional decrease in U,
increase in Uy and larger growth of the output signal £

Two MDs introduction into DMT circuit enhances noise immunity, simultaneously with increase in
sengitivity. This sensor, similar 1o sensor based on four MDs, can be considered as the bridge consisting of
two MD and two DMT collectors resistances. The effect of temperature or radiation is appeared in decrease
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Fig. 5. Bridge circoit of two DR Ts Fig. 6. Output characteristic of sensor hased on twe DTS
with opposite comluchivily. at different of supply voltage.

in diffusion movernent length of injected carriers m all elements of the bridge. These changes compensate
gach other and noise immumty of sensor increases.,
In experiments we used the planar DMT based on s-silicon with the resistivity p — 200 Q.cm, the distance

between collectors 1s 150 pm, and the emitter width 1s 30 pm. The above-described polar MDs similar to
industrial KD301 tvpe MDs, but with addition of increased recombination rate region, were used as
additional sensitive elements.

The magnetic sensitivity of such sensor based on DMT and two additional MDs increases to 350 VT at
supply voltage & = 1200V, The experiments shown that in the temperature range (0—60 “C the magnetic
sensitivity varies by no more than 1.8%, Also we experimentally established that after the irradiation of
sensor samples with Co™" gamma quanta, the output signal does not change up to 10° R exposure level,

Inp-#-p DMT sensors instead of two MDs we canuse second n-p-n DMT with emitter connected to the
negative contact of power supply and collectors cross-connected with collectors of first DMT (Fig. 5). This
circuit is the measurement bridge formed by four collectors of two DMTs, With the indicated direction &8
the currents of C1 and C2 collectors go up and fall down, respectively. It leads to the bridge imbalance and
increase in the voltage U

The experimental studies used the same DMT as in the circuit shown in Fig, 4. DMT pairs with the same
temperature coefficients were selected for measurements. The output characteristic of the sensor based on
two DM Ts 15 presented in Fig. 6 lor different supply voltage.

The magnetic sensitivity of this combined sensor based on two DM T's in the magnetic fieldsup to 0.4 T is
equal to 16d and 232 VT at e = 100 and 200 WV, respectively.

The experiments shown that in the temperature range 0-60 “C the magnetic sensitivity varies by no more
than 1.2%,. Also we expenimentally established that after the imadiation of sensor samples with Co™" gamma
quanta the output signal does not change up to 107 R exposure level,

Thus, we achieve the gain in the detector sensitivily and also expanded measurement range, thermal
stability and radiation resistance growth for DMT in combination with two polar MDs or with another DMT.

4. SENSOR BASED ON UNLIUNCTION TRANSISTOR GENERATOR WITH MD
Sensors with frequency output are of particular interest for digital wireless sensor networks [20]. These
devices have number ol advaniages over current oulpul converters. They can be commected direetly o digital
systems without ADC, They have relatively low cost, high sensitivity, ability to work n conditions of
increased EMI level, as a result of noise immunity of frequency modulated signal.
For sensors based on umjunction transisior (UJT) generator, the outpul parameter 1s the [requency ol
renerated signal as a function of measured intluence [21], UJT 15 a semiconductor plate with ohmic contacts
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al the ends (B1 and B2) and the emitter p—n junction (E) between them. The E-B1 inputl circuil
voltage-current charactenistic has the scetion of negative differential S-type resistance, and is characterized
by the triggering voltage L, and the valley voltage U, .

The relaxation generator circuit as magnetic field sensor is givenin Fig, 7, The magnetic ficld sensor with
frequency outpul can be assembled om single UIT transistor if & simple resistor for capacitor O charging is
used as load in the emitter circuit,

In this case, the capacitor O is charged to the voltage .. emitter junction opens, and capacitor is
discharged to the voltage U7, |, then process repeats. The oscillation frequency of the generator fis defined as
follows:

!
I= S (4
cLs Leify =Ll

where [ is the charging current in current generator mode. U 18 the triggering vollage, Uiy is the valley
virltage of LT,

The E-B1 vircuil does nol difTer from any long base p—x junciion and, similarly o MD, the injected into
LT base charge carriers with switched on magnetic field are dellected 1o the surlace by Lorente loree and
recombine on the surface states, As a result, UJT base resistance rises, which means that the valley voltage
U g of UTT grows, it leads to increase in the oscillation frequency fof generator in accordance with (4).

The operation of single-transistor sensor is carmied out on KT117 type UIT, The dependence of the output
frequency vs the magnetic induction for sensor with equivalent resistance R instead of MD (Fig. 7y at C —
.00 pF and &= 20V 15 presented i Fig, § (eurve 7). The magneue sensitivity ol such sensor is 34 HaT.

The injecied into MD base charge carriers are deflected by Lorentz force from the surface to the ohmic
contact of MD base when resislor £ is replaced by MD (Fig. 7) with indicated magnetic ficld dircetion. Asa
result, the MT) base resistance decreases, and the capacitor charging current [ through MDD increases, which,
in accordance with (4), leads to additional growth in the oscillation frequency /. Thus, the magnetic
sensitivity of this sensor grows.

In expenmental measurements we used discussed above polar MDs, Dependence of the trequency vs the
magnclic nduction for sensor with MD (Fig, 7)at C=0.01 pF, £=20V is shown in Fig_ 8 (curve 2). Adding
further MT) to generator circuit increases its sensitivity to 7% Hz'T,

The experiments shown that in the temperature range 0—60 "C the magnetic sensitivity varies by no more
than 1.9%. Also we experimentally established that atter the irradiation of sensor samples with Co™ gamma
guania, the owpul signal does not change up 1w 107 R exposure level. This conlirms assumplions based on
the model (4) that under external influences, such as temperature or radiation, changes in UJT triggering
voltage Uiy, valley voltage U7, and current I through MD (4) mutually compensate each other, which
improves frequency stahility.

Thus, the replacement of resistance in UJT emitter circuit with magnetodiode provides not only magnetic
sensitivity growth, bul also leads W merease i the sensor notse immumnily, that 15 ofien more important for
practical applications of sensor,
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5. CONCLUSIONS

The effectiveness of several sensitive elements combination method for the sensor magnetic sensitiviry
improving is experimentally confirmed by the example of (our circuits of magnetic leld sensors.
Combination of polar magnetoscnsitive semiconductor injection clements with the same temperature and
radiation sensifivities makes it possible to design thermostable and radiation-resistant magnetosensors
without loss of energy efficiency. Slight power comsumption magnification is achieved by significant
increase in sensitivity of devices,

The measurement bridge circuit with four sensitive MDs instead of conventional bridge circuit with two
sensitive MDs creates thermostable, radiation-resistant sensor with sensitivity 10 times higher than in
two-diode sensor.

Such increase in temperature stability and resistance to irradiation ot sensors 1s confirmed experimentally
using DMT in combination with two MDs or one additional DMT, while the sensitivity of devices rises 6 and
4 times, respectively.

Dependence of the output frequency vs the magnetic induction of external field for UIT sensor in
combination with MD in the relaxation generator cirewil is experimentally investigated. ML use improves
the magnetic sensitivity of sensor with frequency output by 2.3 times compared 1o conventional UJT sensor.

Described devices can be used as magnetic field sensors in wireless communication networks, since only
standard element base is used in their design. They are easily integrated into digital networks, very energy
clficient, and have increased thermal stability and radiation resistance.
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