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Abstract

Junction gate field - effect transistors have a significant role in the modern electronics. Simulation of the
electronic schematics is a crucial part of the modern devices development. At the present time an existent
model are used. A drawbacks of the exiting JFET models, with are commonly used during electronic
schematics simulation a described. For the tasks of precision simulation the simple approximation
functions and switching conditions lead to accuracy loss. A general purpose and specialized hardware and
software complex was created to acquire measurement data. This measurement complex gives as
possibility to acquire measurement data in automatic and semi-automatic modes. A bulk amount of data
about selected JFET species was collected. According to this data a new model was proposed. This model
allows us identify parameters in sequence, which significantly decreases the possibility of the
identification errors. Proposed model requires more complex calculations to achieve results, and more
data to conduct parametric identification. But as the result, new model provides better agreement with
experimental data, especially in low-voltage regimes. New model allows us to decrease simulation error
level from the 20% to 1—5%. The proposed model provides better qualitative conforming to the
experimental data.
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1. Introduction

In modern electronics schematics, junction-gate field-effect transistors (JFETs) are not as
commonly used separately as, for example, field-effect transistors with an isolated gate (MOSFETs).
On the other hand, JFETs are widely used as part of more complex structures, such as the input
stages of operational amplifiers with high input impedance, current sources in measurement
equipment, and miscellaneous low-current sensors [1,2]. Low resistance in the “on” state makes
these devices applicable in relaxation systems [3]. Since amplifiers with a JFET input have high
input impedance, they may be used as microphone preamplifiers for high-quality condenser and
electret microphones in smart-home voice assistants, “nanny” cameras, and voice control
systems [4]. The same property allows us to implement home security systems based on
piezoelectric vibration sensors [5], ion chamber smoke detectors, thin-film gas sensors, and
pressure and humidity MEMS sensors for climate control [6]. Some of the even-harmonic mixing
properties of the JFET are valuable in audio design [7,8].
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The possibility of essential current control without significant current in the control circuit
without tending to on/off mode makes these devices preferable in the satellites, small IoT devices
and wearable equipment, where power sources have really restricted capabilities. Therefore,
creating new models with increased accuracy is an important task in the design of modern
electronic devices, especially when limiting power consumption.

2. Related work

Obliviously, a formidable amount of models are used with clear success during design and
development. And during these processes well-known JFET models are used [9,10,11,12,13]. Some
of the models are devoted to the modern SiC, GaN devices [12,14]. Essential efforts was made if the
field of physical background justification [10,13,15].

However, most of these models, especially used in the well-known electronic circuits simulation
software, like those based on the ng-spice simulation engine [16,17,18,19,20,21], Itspice
engine [21,22,23,24-26], demonstrates limited applicability when JFET is used outside common
working modes. Moreover, unusual working modes with low current value may be used when the
task is to provide sensors current stabilization in a limited power budget, especially in cosmic and
autonomous systems.

As an example, let’s examine IV, characteristic and its derivative for the BF-245C JFET. This
data was acquired by the qucs-s [27] simulation software, which, in turn, uses ngspice engine.
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Figure 1: I(V,,) characteristic and its derivative, obtained via qucs-s simulation program.

As we can see, this plot consists of three distinct parts. While the first (cut-off) and the second
(quadratic) parts have good confirmation with the real world, the third region, which is
represented by the quadratic dependence in this model, not so precisely represents the real device
behavior. One of the significant features of the JFET is near to linear current dependence in this
range up to break-down. The plot on the fig. 1 shows, that model, used in the ngspice engines, have
parabolic characteristic in this area. Moreover, different JFETs demonstrate distinctive behavior at
the junction area between send and third parts.

Another essential phenomena, which is not covered by this model, is dependence of the cut-off
voltage (V) from the drain-source voltage (Vi). The existence of this dependence is well-known,
but not represented in the existent model.

One of the significant limitations of the existent models is the extremely simplified object
representation and boundary conditions. Usually assumed, that channel has a simple form of
rectangular thin film. The gate junction is assumed to be a flat one-dimension structure. Real
devices now have a more complex structure. Moreover, the realization details are not publicly
available. Even with these details assumed to be known, it is required a supercomputer and



elaborated quantum simulation software to achieve the correct result. This approach is not suitable
for real electronic schematics simulation, where simple and fast calculated algorithms are required.

3. Research objectives

In accordance with the above, the research goals are treated as follows:

1. Provide a simple static JFET model, suitable for the electronic schematics simulation and
capable to represent more features of the real device. The new model should provide a
better match with experimental data, possibly at the expense of increased model
complexity.

2. Develop a method to identify the parameters of this model, preferable with minimal human
interaction. This method must provide model coefficients with minimal human interaction,
and, consequently, lower error level.

4. Materials and methods

Development of this class of models is impossible without a bulk amount of measured data. Hand-
made measurements are theoretically possible, but error-prone and amount of spent time will be
enormous. So, to provide the required amount of experimental data special programmable
measurement equipment must be created. We must take into account, that this data is wrangling
and subjected to numerous errors.

First of all, we need to determine the measured values and the corresponding ranges. The set of
values to measure is limited: drain-source voltage ( Vi), gate-source voltage (V,;) and drain current
(I). Moreover, the voltages under consideration must be not only measured, but controlled in the
given ranges.

The ranges of the measured and/or controlled values are defined by the devices under
investigation. To provide wide band of parameters, not crossing the borders of available resources,
the following set of low-power JFETs was chosen: BF245B [28], J111 [29], J112 , MMBF4391 [30].
This set provides an essential range of V,, values, slightly different forms of the dependencies
under consideration, but the maximum values are limited enough to be measured by the available
and designed equipment. The working V, range is -10.0V. The maximum drain current,
according to datasheets, is roughly 100 mA. The drain-source voltage is limited to 30 V. This range
is not so convenient to control, but the over power limitation does not give us the possibility to use
the full voltage range. On the one hand, this fact slightly limits model applicability. On the other
hand, this gives us a chance to use already created equipment as a part of the measurement system.

The proposed central part of the measurement system is developed programmable control and
measurement system “cube” (fig 2). This system provides both manual and programmable control
and measurement of such values: 2 analog output channels with -10..10 V range (12 bit resolution),
4 analog input -9..9 V range (16 bit resolution, high impedance), 8 “slow” digital input channels, 8
“slow” digital output channels, 4 “fast” digital input channels with timer-based measurement
capabilities, 4 “fast” digital output channels with PWM, LWM.



Figure 2: Front panel of the “cube” measurement system.

The core of this system is a STM32F407VGT microcontroller. The firmware provides us the
possibility not only to manually measure and control required values, but to do this under program
control. As the user-visible programming language the C-alike interpreter is used. It was derived
from open-source “pico-c¢” project [31] and adopted to measurement needs. Programs may be
loaded both with UART interface and USB flash drive. The results may be stored the same way, not
counting the LCD screen.

Taking into account the characteristics above, we can measure both V, and Vy by the “cube”
directly via analog input channels. The V,, value we can control by the analog output channel
without extra parts. Unfortunately, the analog output channel is not powerful enough to drive
JFETs at full required power. So, an external power supply RD6006P [32] was used to drive V. This
decision adds some amount of manual control during measurements, but this amount was
acceptable.

To measure the I; value, an additional device was required. To measure current on the “high
side” across a small (0.1-1 Ohm) shunt resistor without significant errors, a specialized amplifier
board with the AD8221 — a precision instrumentation amplifier [33,34] — was developed and used
(Fig. 3). A high common-mode rejection ratio (approximately 130 dB) allows us to measure the
voltage drop across a shunt resistor on the high side with negligible errors. Measuring current on
the low side under these conditions would lead to significant errors in V, measurement. After
amplification (x99.97), the current signal was measured by an analog input channel. All
measurement and control channels were calibrated using a precision SDM3035 multimeter. The
calibration results show that in the range of -9 to 9 V, the error does not exceed 0.1% if the thermal
conditions are stable. However, outside of this range, the error grows significantly, up to full phase
reversal. This can be mainly explained by the limited input range of the TL072 operational
amplifier in the input stage of the measurement block. The main source of current measurement
error was assumed to be the shunt resistor's thermal instability. For the reasons above, the total
measurement error does not exceed 1%. It is worth mentioning that the input stage of the TL072
amplifier is based on an integrated JFET pair, which provides high input impedance and really low
non-linear distortions.



Figure 3: Specialized amplifier board with AD8221.

The measurements were conducted using the following procedure. First of all, a sample JFET
was connected to the measurement system. Then, under manual control a small amount of data
points was acquired. During these tests critical checks like maximum power, junction temperature
were conducted. If the results of these tests were not satisfactory, then the voltage ranges were
adjusted. Then a program, loaded on the flash drive was used to semi-automatically iterate over Vj
and Vi, On the outer loop, the V,, value was set manually by the hint shown on the LCD screen.
Inner loop (V,,) was iterated fully automatically. On each measurement point all voltages (including
power supply) and I; current was measured and placed in the UART output stream. Herewith,
given and measured control voltages were compared, and in the case of more than negligible
discrepancies - measurement process was interrupted with error message. On the controlling
computer side all data was stored to the file by the “picocom” - terminal program. All data was
represented in the textual form - one line per measurement point. The acquired I(Vy,Vy)
dependencies in the 3-D form are represented in the figure 4.
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Figure 4: The experimental I(Vy,V,,) dependencies for the selected JFET samples.



5. Model synthesis

The main goal of this research is to provide suitable for the declared goals I{Va,V,) dependence.
According to numerous previous analytical and approximation-based studies [9,10-13], this
dependence is complex, consists of several regions, and requires an essential number of parameters.
So, the new model cannot depend on a small number of parameters. Simultaneous parametric
identification of complex non-linear models, taking info into account cut-off areas and different
modes - extremely non-trivial task, where small measurement errors can lead to fully inadequate
model construction. So, to diminish the risk of such wrong modeling, a sequential approach, based
on physical background was implemented.

First of all, we should obtain V(Vy) dependence — as cut-off voltage V,, can be measured
independent of all other parameters. This dependence is often neglected, but ignorance of this
really small change can lead to wrong identification of other parameters. But the measurement of
Veso using its formal definition can provide us wrong results — as small current fluctuations can be
treated as the start of real current. To achieve more adequate results, we can use the known
fact [4,5,6] that the initial I(V,;) dependence at constant V, resembles a quadratic function with
good precision, and approximate this function. During this approximation, we must keep
maximum I, to really small values, approximately < 0.5 mA, to prevent usage of other modes. On
the contrary, too low current limit can decrease precision too, as in this case we use smaller
amounts of data points and measure small current, where errors have essential influence. The inner
gnuplot “fit” command was used to make this approximation.
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Figure 5: Experimental and approximated I{V,,) dependence for J112 JFET.

We approximate drain-source current (fig. 5) in this region as

0’ Vgs<VgSO

kq(VgS—Vgso)z, otherwise

)%

I, Vg

(1)

We should obtain V,, and k, values for every observed V, value. To simplify expressions, we
will denote Vo~V as V.

Examination of the acquired in the previous step dependence V,(Vy) for all samples allows up
to make a conclusion, what a simple second-order polynomial is enough for adequate
representation (fig. 6).
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Figure 6: Experimental and approximated V( V) dependencies for J112 and BF245B JFETs.

So, for the V(Vi) we will use following approximation:

~ 2
VgsO(Vds)NagsO+Vdsbgso+Vdngso’ 2)

where a0, by, Coso — coefficients, describing particular JFET. In the datasheets the ag coefficient
denoted as Viyom, other coefficients are ignored in most cases.

From the representation (1) we can derive one more approximation: k(Vy) (fig. 7).
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Figure 7: Experimental and approximated k4 V) dependencies for J112 and BF245B JFETs.

After several iterations, the following approximation was chosen for ky(Vy):

Vds
k| V 4|=a,|tanh vt Vs
X : )

where ayg, Vig, kg — parameters, obtained during function fitting.

Having obtained this starting point, we must choose the next stage: approximate I{V,) with
constant V;, and combine these approximations over different V,, or in the opposite direction. Both
approaches were tested, and the first one demonstrated best results. So, let’s examine the Id(Vy,)
form. Or better, I{Vy,) to use results from (1). In most non-degenerate cases we can observe 3 parts:
cut-off, quadratic part, and near-no-linear part. The transition from cut-off to quadratic part can be
done without problem. It seems natural to make transmission from the quadratic to linear part with
the condition of equal derivatives in the left and right side from the junction point. This approach



leads to errors — may be not significant in common cases, as on frequently used schematics this
region is often avoided [7,13]. Moreover, in most models the condition of the junction point is
chosen as Vy=(V,—V,y). But the results of measurements show us that this assumption is not

correct, and such models may be used only outside junction point. So, the following approximation

is proposed:

_ (Vds “Cra ’
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v
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The results of such approximation are presented on figure 8.
Is A BF245B V=4 Iy A Ji12 Vas=4
0.009 T T T T T T 0.06 T T T T T T T T
exper exper
oops f MM i .
L -]
0.007 asﬁ: o 3
Vas
0.006 F Vg~~~ E E
0.005 |- ]
0.004 |- E
0.003 |- ] N
0.002 |~ 1
0.001 |- 7 ]
0 Losca L 1 I I I I VgnV Vg,-,V
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 4
Figure 8: Comparisons of the approximation (4) with experimental data for J112 and BF245B

JFETSs.



As was mentioned before, these approximations make sense only for one fixed V. To provide a
more general and common model, we must try to find quite simple, but usable dependencies for all
coefficients from (4).

The ky(V.) approximation (5) is not a trivial, but gives us good results:

The results are represented on figure 9.
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Figure 9: k,(V,) approximations for J112 and BF245B JFETs.

The V,; coefficients approximated as follows:

vV s-V s
Vgslzkgsl tanh —& o8 +kgsll(vds_vg510) . (14)

gs1l

The results are represented on figure 10. These results demonstrates, that using V, value as V,,;
is possible only in very rare conditions, as the experimental Vi (Vy) curves, in general, have the
only intersection point.
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Figure 10: V,,(V,) approximations for J112 and BF245B JFETs.

The results of the k, approximation (4) are represented on figure 11.
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Figure 11: k (V) approximations for J112 and BF245B JFETs.

All of the coefficients in equations (4)—(14) should be provided in the case of new model
utilization. The equations under consideration have relatively complex form, but provide us
sufficient approximation level for the essentially different samples.

6. Results and verification

To verify the usability of the new model we need to compare experimental data with simulation,
taking into account coefficients, obtained in one point, but using (5)-(7) expressions. It is
impossible to correctly represent simulation errors on the one plot, so slices on Vy=const and
Vg=const will be represented.

In the figure 12 comparison results was presented at V,=const.
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Figure 12: Experimental data, new model, and ngspice model simulation results V,=const.

In the case of the using standard SPICE model parameters, the results of the simulations were
incomparable - even they cannot be represented in the same plot with experimental data. To
achieve satisfactory results with old model, the corresponding parameters from the new model
were used. This is not the sign of the unusability of the old model — precision simulation often
requires parameters adjustment. But even with these adjustments the proposed model has
significant difference from the classic one. The difference in the I; values reached 20%, whereas
new model give near the 5% in the worst case. Moreover, new model provided qualitative better
conforming to the experimental data, which, in turn, gives us the possibility not only to acquire
more precise simulation results in the common ranges, but to extrapolate simulation out of these
bounds.



In the figure 13 comparison results was presented at V;=const
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Figure 13: Experimental data simulation results V =const.

These plots demonstrate not so eye-visible differences in comparison with the previous ones,
but the common result is the same. This is not unusual, as they uses the same data, but in the
different point of view. The error levels have the save values too.

It is worth to take into account, that presented plots are the small and less precise part of the
overall experimental data. For the each of the four samples 40—200 data sets (slices) where acquired
and simulated. Most of these slices demonstrate approximately 1% of the simulation error. As an
exception to the rule, it should be noted that measurements are made at very low currents, when
the relative accuracy of the change drops, as well as at extreme current values, when heating
becomes significant.

The curve comparison results allow us to statement, that new model provides not perfect, but
really good approximation for the different JFET samples. Some of the required features was
acquired by the creation process, other — as a result of sequential approximation. The exact form of
equations (4)-(13) may be treated as somewhat “magical”, but it was created after large amount of
“try—check” iterations. As a drawback, new model requires more parameters, but it is unavoidable
in the case of different complex dependencies.

The similar results were obtained with other voltage ranges and different samples. No essential
simulation errors were detected. On the 3-D plots only the minimal eye-visible differences can be
observed. These figures are not provided here, as no distinct visual differences are observed in
comparison with Figure 4.

7. Conclusions

Existing JFET models are generally adequate, but do not provide us with some significant
properties, especially near boundary conditions. The new model allows us to decrease errors and
provides better qualitative conformity with the experimental data. The proposed method for the
sequential measurements of the model parameters essentially simplifies the process, reducing the
number of simultaneously calculated parameters. The proposed model, in spite of some drawbacks,
provides a better level of conformity with this real data. The main drawback, in our opinion, is the
somewhat artificial origin of equations (4)-(17). Also, it is worth taking into account that due to
equipment limits, the thermal characteristics of the new model still remains to be investigated. This
can be a task for future research. The hardware and software developed during this research can
supply researchers with the required background to conduct measurements in a nearly automatic
mode and collect data for both model synthesis and verification. Moreover, the acquired results can
allow us to improve measurement hardware to diminish the detected drawbacks.
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