A Missing Active Device - Trancitor for a New Paradigm of Electronics
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Abstract: In this article, we first point out a missing active-device while providing its theoretical
definition and impact on electronics. This type of active devices has an inverse functionality of
transistors, and is suggested to be called trancitor rather than transistor because it directly transfers an
input signal into a voltage output. It is expected that a trancitor coupled with a transistor can provide a
minimal circuit configuration, i.e., low circuit complexity, helping virtually to meet the Moore’s law.
And this may also lead to a lower power-consumption and higher speed of circuits compared to a
transistor-only circuit. These are supported with a circuit simulation and simple Tetris-like block
analysis. In this regards, in the future, it should be required to find a trancitor to be another foundation of
electronics along with transistors.
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I. Introduction

The transistor was first invented by J. Bardeen, W. Shockley, and W. Brattain at Bell labs in 1947
as the point-contact device, which was a revolutionary device to our electronics and related industries
with replacing vacuum tubes [1]. And it is currently called a bipolar junction transistor (BJT) as its
compact form [2]. As another type of transistors, a field-effect transistor (FET) was first patented with
its concept by J. E. Linlienfeld in 1926 [3], and was first demonstrated as a metal-oxide-semiconductor
FET (MOSFET) by D. Kahng and M. Atalla at Bell labs in 1959 [4]. Since then, transistors have been
evolved into various forms for a smaller scale and higher performance, including Fin-FETs and
Tunneling FETs (T-FETs) [5,6], while catching up with the Moore’s law. However, the current
transistor technology shows its physical limitation of down-scaling for a higher integration density, thus
difficulty to satisfy with the Moore’s law [7]. Since our current electronics is composed of transistors
only, it is even required to employ a complicated load transistors [8]. Here, it is recognized that the load
circuit is macroscopically playing the role as an inverse function of the main transistor. So, it can be
argued that this usual circuit design principle with a load circuit is an alternative way in the current
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Figure 1: A theoretical list of elementary active devices deduced from 4 possible combinations of the current and
voltage at the input and output, respectively. Here, it is found that trancitors are missing as CCVS or VCVS-type
active devices (Inset: symbolic representations for each category).

situation where a single active device with an inverse relationship with the transistor is missing in the
elementary level.

In this paper, we introduce the missing active device, called trancitor, for the first time. This kind
of active devices directly transfers an input signal into a voltage output whereas a transistor transfers its
input signal into a current output, thus an inverse operation of transistors. This inverse relationship
between a trancitor and transistor can naturally lead to a minimal circuit configuration as a trancitor-
transistor merger in comparison with a transistor-only circuit. Eventually, it can help virtually to meet
the Moore’s law, guiding to a new paradigm of electronics where trancitors and transistors are combined
optimally. To support these arguments, a circuit simulation and simple Tetris-like block analysis are
shown.

II. Background
A. Existing Active Devices — Transistors

Transistors, such as BJTs and FETs, are commonly active devices where the input signal is
transferred into the current at the output, thus it works like a variable resistor [9]. So, it is called
transistor as a combined terminology from transfer and resistor [10]. From a circuit theory point of view



[8], the transistor is included in the category of a current source (CS) controlled by a current (I) or
voltage (V) input. As seen in Fig.1, a BJT is a current-controlled current source (CCCS) with its
governing equation represented as,

Iout:fi(lin):ﬁlin’ (1)

where the output current (Iou) at the collector is a function of the input current (Iin) at the base, and B is
an amplification factor [11]. Note that a BJT can also be modelled as a charge-controlled CS or voltage-
controlled CS [8]. In any case, it is still a CS device. Similarly, FETs are in the category of a voltage-
controlled current source (VCCS), and the basic current formula for the saturation regime in a MOSFET,
the most popular type of FETs [10], is as follows,

Iour:fZ(‘/in):%K(‘/in_VT)z' 2)

Here, Iout is a drain current as the output controlled with a gate voltage as the input (Vin), K is a constant
determined with its device geometry and physical properties of layers in a MOSFET, and Vr is a
threshold voltage [11]. As reflected in Eqgs.1 and 2, BJTs and FETs are commonly current source (CS)
elementary devices.

B. Missing Active Devices - Trancitors

Revisiting Fig.1, it is also recognized that two other active devices can naturally be deduced.
However, to the best of our knowledge, current-controlled voltage source (CCVS) and voltage-
controlled voltage source (VCVS) types are missing in the elementary level, which are commonly
voltage source (VS) devices. Due to the absence of these devices, a transistor-based circuit alternatively
employs a complicated load circuit macroscopically operating as those elementary devices [8]. And this
gives rise to a high complexity and power-consumption. In other words, if there exists, the VS
elementary device can directly provide a voltage output without a sophisticated load circuit, while
minimizing a circuit complexity and power-consumption. This category of devices is transferring its
input into a voltage signal at the output working like a capacitor. So, it can be named trancitor as a
compound word of transfer and capacitor. The analytical forms of governing equations for CCVS and
VCVS-type trancitors can be expressed assuming their transfer-linearity, respectively,

Vou =8, =1, 3)
‘/out :gZ(‘/in):av‘/in’ (4)

where oi and o are transfer coefficients between the input and output in CCVS and VCVS-type
trancitors, respectively. And these coefficients are determined and specified when a respective device
concept and physical mechanisms are found. Note that the dimension of o is a resistance given from
Vout/ Iin in Eq.3 while oy in Eq.4 is dimensionless.
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Figure 2: (a) Schematics of a simple voltage amplifier only based on transistors (i.e. transistor-only circuit).
Here, T1 and T2 are P-MOSFETs while T3 and T4 are N-MOSFETs. And transistors T1 to T3 compose a load
circuit to have macroscopically an inverse function of the main transistor T4. (b) Circuit diagram of a trancitor-
transistor combination to be a voltage amplifier with an equivalent functionality to the transistor-only circuit. (c)
Transient waveforms of the input and output signals for each case. (d) Total current and power-consumption as a
function of time for each circuit. (e) Plot of the voltage gain versus frequency comparing the transistor-only case
with the other case where a trancitor and transistor are combined.

III. Theoretical Perspectives
A. Trancitor-Transistor Combination

Among those missing devices, particularly, the CCVS-type trancitor can be paired with the
MOSFET (VCCS) since they are in an inverse relationship with each other. This implies that they can
provide a minimal configuration of their circuit. In other words, the trancitor-transistor merger can lead
to a lower circuit complexity compared to a transistor-only configuration. For example, a voltage



amplifier can be designed with one trancitor and transistor. And its characteristic equation is easily given
from the compositional function of Eqgs.2 and 3, as,
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In addition, the voltage gain (A,) is derived from the first derivative of (5) with respect to Vi,, as follows,

A=YaKV, -V,). (6)
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To support these arguments, a circuit simulation is performed employing a standard MOSFET model
with K = 2x10” C/V?-s, and the CCVS-type trancitor model based on the Hall device model with &; =
10*Q [12]. As shown in Figs.2a and b, while a FET-only circuit employs a complicated load circuit to
convert a current signal into a voltage signal, a trancitor-transistor pair shows a minimal complexity with
providing the same function as the FET-only voltage amplifier circuit (see Fig.2c). Indeed, both circuits
exhibit the voltage gain (A,) of 10 at a low frequency. For K = 2x107 C/V%-s, W/L = 50, and &; = 10*Q,
the calculation with Eq.6 gives the same value of A,. Note that, compared to one of the simplest versions
of a homogeneous FET amplifier circuit (see Fig.2a), an operational amplifier (i.e. op-amp) may be a
better example of a high complexity, where much more transistors are employed to achieve high gain
and low output impedance [8]. Besides, a power consumption of a trancitor-transistor circuit is also
reduced due to a supply voltage (Vsupiy) lowered by the absence of load transistors (see Fig.2d). As
another merit, it is also found that the cut-off frequency of paring a transistor with a trancitor is higher
than that of the other case based on transistors only, implying a higher operating speed (see Fig.2e). This
can be explained with a lower input impedance of the trancitor loadcompared to the FET-only load. Here,
it is expected that such a simple circuit seen in Fig.2c can play the role as a very complicated op-amp
composed of much more transistors even in comparison with the circuit shown in Fig.2a.

B. Impact on Moore’s Law

In order to further examine the complexity of the trancitor-transistor circuit, we employ a simple
Tetris-like block analysis for a possible generalization and visualization [13], while comparing it with
the case of the transistor-only circuit. Here, as shown in Fig.3a, the transistor and trancitor are
conceptually modelled as T and U-shaped blocks, respectively, since they are an inverse form with each
other. Here, we assume that the electrical function of each device is corresponding to the geometrical
form of it. Note that a validity of the provided Tetris analysis is subject to changing or improvement of a
market demand and technology node. Based on the T-shaped blocks only, a square area needs four of
them to fully cover itself (see Fig.3b). In contrast, merging the T-shaped block with the U-shaped block
easily makes an even smaller square with just two of themselves (see Fig.3c). In this case, assuming that
the critical dimension (A) and the functionality of each case are maintained, the area consumption is
reduced by more than 43% compared to the T-shaped blocks only, as indicated in Figs.3b and 3c. For
the same area of the square, four of the T-shaped blocks need to be scaled down to fit there. Indeed, its
critical dimension is shortened by 25%, as labeled in Figs.3c and 3d. This implies that the mixture of the
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Figure 3: (a) Definition of each block. Here, the T-shaped and U-shaped blocks are representing MOSFETs and
trancitors, respectively. (b) 4Ax4A square filled with four of T-shaped blocks. (c) 3Ax3A square covered with one
T-shaped and U-shaped block. Here, the yellow area indicates a 43% reduction in comparison with the 4Ax4A
square. (d) Square filled with four of T-shaped blocks scaled to be the same area as the 3Ax3A square. Here, the
critical dimension becomes smaller by 25% compared to other cases. (e) Typical layout of the transistor-only
circuit seen in Fig.2a, which is the practical case for the 4Ax4A square with 4 T-shaped blocks. (f) Example layout
for the trancitor-transistor pair of the circuit shown in Fig.2b, representing the case of the 3Ax3A case. (g) Plot of
the effective density of transistors versus year, where an effect of the combination with trancitors on Moore’s law
is indicated.

U-shaped (trancitor) and T-shaped blocks (transistor) without down-scaling can make the same effect as
four of transistors scaled down by 25% (i.e., reduced dimension, A = 0.25)). Here, we assume that the
trancitor has the most minimal U-shape shown in Fig.3a. Note that it can be larger depending on actual
technology and layout of the trancitor. With this, the increase rate in the effective density of transistors
(Cepor), is calculated with,

1
gEDOT = (7
(

1-4/A)
By Eq.7 for A = 0.25, Cepor is found to be 1.78 as marked in Fig.3g. Practically, those effects would be
more than those because a practical layout of transistors needs a more spacing and margins between
many different layers, as seen in Fig.3e [14]. Moreover, a high performance voltage amplifier based on
transistors only needs many transistors more than 4. This means that the Tetris block analysis shown
here provides a worse case than the practical situation. Consequently, these results support that the



incorporation of a trancitor into an existing transistor technology would help virtually to meet the
Moore’s law (see Fig.3g).

In this respect, a combination of trancitors and transistors can give a more minimal design of
circuits compared to a transistor-only case for the same functionality. And its simplicity would be useful
especially for thin film technologies fabricated with a low cost process of a large critical dimension
[15,16]. And a low power consumption of a trancitor-transistor circuit can also be an essence
particularly for wearable electronic systems in the internet-of-things (IoT) where a battery lifetime
should be extended [15,17]. In addition, it is also expected that a trancitor-transistor pair would be
suitable for a neuromorphic circuit where a low complexity and high processing speed are essential [18].
These suggest that trancitors would bring a new paradigm of electronics where trancitors and transistors
are making an optimum state with their inverse relationship.

IV. Conclusions

It is found that there is a missing elementary active-device to be called trancitor as an inverse form
of a transistor. While our current state of electronics is composed of transistors only, it turns out that the
absence of a trancitor makes electronic circuits very complicated with employing sophisticated loads. So,
it is important to find the trancitor for a new paradigm of electronics coupled with transistors, leading to
a lower complexity, lower power-consumption, and even higher operating speed of their circuit
compared to a transistor-only circuit. These suggest that it would be essential for futuristic electronics,
such as thin film electronics, wearable and neuromorphic systems, where those performances are crucial.
Finally, it is strongly implied that the proposed trancitor concept may be one of the only ways to go
beyond CMOS electronics, where a totally different operating principle should be applied while
revolutionizing our electronics in a more fundamental way, along with trancitors, rather than just scaling
down the existing transistors for meeting the Moore’s law.
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