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Abstract Use of independently-driven nano-scale double

gate (DG) MOSFETs for low-power analog circuits is

emphasized and illustrated. In independent drive configu-

ration, the top gate response of DG-MOSFETs can be

altered by application of a control voltage on the bottom

gate. We show that this could be a powerful method to

conveniently tune the response of conventional CMOS

analog circuits especially for current-mode design. Several

examples of such circuits, including current mirrors, a

differential current amplifier and differential integrators are

illustrated and their performance gauged using TCAD

simulations. The topologies and biasing schemes explored

here show how the nano-scale DG-MOSFETs may pave

way for efficient, mismatch-tolerant and smaller circuits

with tunable characteristics.
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1 Introduction

In low-power analog systems, current-mode signal pro-

cessing has been usually considered an attractive strategy

due to its potential for high-speed operation and

low-voltage compatibility [1, 2]. These features can be

especially rewarding in the context of mixed-signal system

design in sub-100 nm CMOS era, where SOI substrates

provide a viable platform for active and passive RF device

integration while also hosting ultra-small CMOS devices

for the digital system blocks. However, in most current-

mode circuits, the tuning of circuit response is achieved by

use of extra transistors, leading to losses in area and

performance. Moreover, device mismatch can lead to sig-

nificant reduction in the circuit performance. In the present

work, we explore novel low-voltage analog circuits using

double-gate (DG) MOSFETs, which provide means to

alleviate above concerns by utilizing the new architectural

features and operational modes of these nano-scale

transistors.

Originally proposed as an ideal solution to silicon

roadmap downscaling concerns, the DG-MOSFET has vast

potential also in analog circuit applications as a four-

terminal device, where its response may be conveniently

tuned via secondary gate bias [3, 4]. Due to their ability to

effectively handle GHz modulation, to minimize parasitics

via low-loss SOI substrate and to cross-modulate dual gates

through thin silicon body, these nano-transistors are strong

contenders for highly-integrated analogue RF systems in

lucrative wireless communications market. However, their

RF potential has not been assessed accurately or exten-

sively: there is a clear gap in the literature with regards to

analog circuit applications [5]. We explore this gap in this

work, surveying and exploiting unique features of

DG-MOSFET’s especially within current-mode design

framework [6, 7].

Besides, tunable functionality, the following circuits

provide additional gains in terms of area, power and

parasitics (i.e. speed). This is achieved by using

DG-MOSFET in independently driven mode (IDDG)

where the two gates are physically separated and biased
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differently, as opposed to symmetrically-driven (SDDG)

counterparts used typically in digital applications to max-

imize ION/IOFF ratio [7, 8]. Consequently, it is possible to

build high-performance and low-voltage mixed-signal

systems using DG-MOSFET devices with added benefit of

tunable analog characteristics as well as reconfigurable

logic functionality. This is especially valuable at a time

when performance enhancement via device scaling

becomes exceedingly expensive and difficult, and innova-

tive circuit engineering is sought to elongate the dominance

of Si technology [1]. Although several works that utilizes

DG-MOSFETs in RF mixing applications have been pub-

lished so far [8–10], the tunability of the DG-MOSFETs

have been largely ignored by the analog designers. In the

present work, we will explore several simple analog circuit

blocks built using DG-MOSFETs, in which bottom gate is

used to tune circuit performance. We will show how

compact low-power circuits including current mirrors, a

differential current amplifier and differential integrators

may be built and tuned using TCAD simulations. Conse-

quently we provide valuable insights into novel analog

design strategies and circuits based on DG-MOSFETs.

1.1 Device structure and modeling

DG-MOSFETs considered in this work are chosen to

facilitate the mixed-mode circuit design methodology,

which seeks to integrate analog circuits on the same sub-

strate as digital building blocks with minimal overhead to

the fabrication sequence. This implies using DG-MOS-

FETs with a minimal body thickness (tSi B 30 nm), oxide

insulator thickness (tox B 5 nm) and gate length

(L B 100 nm), and maximum ION/IOFF ratio optimized

normally for minimum switching delay power product

[11]. It is also assumed that both gates have been optimized

for symmetrical threshold VT = ±0.25 V using a dual-

metal process. A generic DG-MOSFET structure based on

these design guidelines, and in agreement with the exper-

imentally demonstrated devices [12] is given in Fig. 1(a).

2D simulations of this structure are accomplished using

DESSIS [13] in drift-diffusion approximation for carrier

transport, which is sufficient for low-power circuit-con-

figurations explored here.

Fig. 1 (a) The DG-MOSFET device structure used in this work has a

gate length Lg = 100 nm, a body thickness tSi = 10 nm and oxide

thickness tox = 2 nm, typical values for those digital applications. (b)

DG-MOSFET circuit symbols

Fig. 2 (a) ID–VGtop characteristics of an n-type DG-MOSFETs used

for different bottom gate bias conditions. For comparison symmetric

(Vtg = Vbg) drive case is also included. Insets show the same data

in the semi-log scale. (b) ID–VGtop characteristics of an p-type

DG-MOSFETs used for different bottom gate bias conditions
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Figure 1(b) shows the circuit symbols for both n-type

and p-type DG-MOSFET transistors. A typical transfer

curve for an asymmetrically biased n-type DG-MOSFET

and p-type is presented in Fig. 2, where the drain current

through the top-gate is studied as a function of bottom gate

bias. Clearly, the threshold of individual DG-MOSFETs

can be modified using this approach. However, it must be

pointed out that the resulting independently driven devices

(IDDG) are always inferior to symmetrically driven

counterparts (SDDG) in terms of transconductance and

sub-threshold performance, under equal geometry and bias

conditions. Thus bottom-gate tunability comes with a

reduction in intrinsic DG-MOSFET performance, a price

well justified by variety of circuit possibilities, as explored

below.

2 Tunable current mirrors

The simple current mirror (CM) (see Fig. 3(a)) constitutes

one of the simplest yet most important design blocks for

analog circuit engineering. It can be used to copy reference

currents or set operating points across the integrated analog

circuit blocks. Normally, depending on the ratio of tran-

sistor width between the input (reference) and output

branch, the mirror characteristics can be set, which is

constant once the circuit is built. In our case, however, a

similar gain factor can be easily obtained, and dynamically

changed, by appropriate bottom biases of DG-MOSFETs

used in the mirror block, as shown in Fig. 3(b). Tunability

not only greatly enhances the variety of applications for

this otherwise simple circuit, but could also lead to area

and/or power savings over similar circuits built using bulk

MOSFETs. Even for the modest bottom-bias conditions at

the output transistor (Vseto B 1 V), it is possible to achieve

mirror ratios around 100. This can be visualized in

Fig. 3(c), plotting the relation between the output current

(Iout) and output node (Vout) for constant Iin at different

setting voltage (Vseto). Alternatively, Fig. 4(a) shows the

relation between output current and setting voltage (Vseto)

for different input currents (Iin). The inset of this figure

shows the current ratio versus bottom-gate setting voltage.

(a) (b)

(c)
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Fig. 3 (a) Simple current mirror based on conventional CMOS

transistors. (b) Simple current mirror based on DG-MOSFET. (c) The

output current versus output voltage for DG-MOSFET simple current

mirror

Fig. 4 (a) Output current for different reference voltage Vref (e.g. IIN)

versus output setting-voltage (Vseto). The inset shows the mirror ration

between the output and input stage of the mirror. (b) Comparison of

the required voltage across the input transistor of the simple DG

current mirror in three configurations: SDDG (conventional: no

bottom gate control) and IDDG with two different bias voltages.

Higher the bottom gate bias lower the input supply needed
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In tunable DG CM circuits, the voltage required across

the input DG device mirror is a fraction of that required for

conventional MOS current mirror (Fig. 4(b)) simulated in

SDDG configuration. Note that output impedance of the

simple CM is remarkably lower, while total currents are

larger (see Fig. 3(c)), than the previously published

examples by Kumar et al. [14]. This previous work was

based on long (1 lm) DG-MOSFETs, as opposed to

100 nm devices used here and could not take into account

short channel effects accurately due to model limitations.

Our TCAD analysis adequately resolves short channel

effects as can be understood by decreasing output resis-

tance. This compromise in output conductance can be

easily offset by adapting a modified cascade CM, shown in

Fig. 5(a), which is suitable for low-voltage operation. The

cascade CM design retains all aspects of tuning in the

simple CM while improving output as shown in Fig. 5(b).

Moreover, it also does not result in a major drawback for

the supply voltage, except a minor increase from simple

CM. Once again for comparison, Fig. 6 also contrasts the

required voltage across the both input devices (M1 and M2

in series) of cascade IDDG CM to conventional (SDDG)

case, indicating the low-voltage (and low-power) potential

of the IDDG configuration.

As shown from the simulation results the DG current

mirror has major advantages over conventional MOS cur-

rent mirror such as lower voltage supply and power

dissipation (lower VIN) and tunability without the use of an

extra transistor (less area and parasitics). Insight gathered

on the CM circuits will be valuable for more complicated
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Fig. 5 (a) Cascade current mirror based on DG-MOSFET (b) Output

current versus output voltage for DG-MOSFET cascade current

mirror at IIN = 130 lA and Vseti = 0.8 V

Fig. 6 Comparison of the required voltage across the input transis-

tors of the cascade DG current mirror in three configurations: SDDG

(conventional: no bottom gate control) and IDDG with two different

bias voltages. Higher the bottom gate bias lower the input supply

needed

Fig. 7 DG differential current

amplifier
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current-mode circuits blocks investigated in the following

sections, which uses a number of such CM in differential

topology to built amplifiers and filters.

3 Turnable current ampliÞer

The tunable current amplifier is built using two simple

DG current mirrors (Mn1,Mn2) and (Mn4,Mn5) as shown

in Fig. 7. Where the bottom gates of transistors Mn2 and

Mn5 are used for output setting voltage (Vseto), while the

bottom gates of transistors Mn1 and Mn4 are used for

input setting voltage (Vseti). PMOS current mirrors (Mp1–

Mp4) are used to set output common mode voltage to

zero. So it is possible to achieve appreciable gain and

bandwidth programming using various biasing schemes

for the bottom-gate control voltages on the input and

output sides (Vseti, Vseto), as shown in Fig. 8(a) and (b).

By combining biasing schemes in Fig. 8(a) and (b), it

should be possible to tune both gain and bandwidth in a

single stage. Once again, this is achieved without the use

of extra transistors found in conventional CMOS circuits,

thus reducing area, supply and power requirements

considerably.

Fig. 8 (a) Gain versus frequency response of the differential current

amplifier for various setting voltage pairs (Vseti = Vseto). The inset

plots the extracted tuning curve for the amplifier. The case for

Vseti = Vseto = 0.0V is also given for comparison. (b) Gain versus

frequency response of the differential current amplifier for equal

setting voltages (Vseti = Vseto). The inset plots the simulated tuning

window for the bandwidth (BW, f-3dB) of the amplifier. Note that the

BW may be tuned without change in the gain

Fig. 9 (a) CMOS differential current integrator. (b) DG differential

current integrator. (c) DG differential tunable current integrator
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4 Current-mode integrator

The proposed current mode fully differential integrator is

modified version of the current mode fully differential

integrator proposed in [15, 16] (see Fig. 9(a)). As shown in

Fig. 9(b) the integrator consists of two DG simple current

mirrors. The number of DG transistors used to build the

proposed integrator is eight transistors, while the integrator

(in Fig. 9(a)) used 12 transistors. In case of using cascade

current mirror instead of simple current mirror to improve

the performance of the integrator, we will need 16 DG

transistors for proposed integrator, instead of 24 transistors

needed for conventional CMOS integrator. The tunable

current-mode integrator is shown in Fig. 9(c).Where we

added the PMOS current mirrors (Mp1–Mp4) to set output

common mode voltage to zero during changing the setting

voltage (Vset). Figure 10 shows the frequency response of

the fully differential tunable current integrator for different

setting voltage (Vset). Where the current ratio between Iout

and Iin can be adjusted by the setting voltage (Vset).

5 Conculsions

Unique and novel examples of low-power current mode

analog circuit blocks based on DG-MOSFETs have been

investigated. Using mixed-mode (device + circuit) TCAD

simulations, we have shown how the bottom-gate of

independently driven DG-MOSFETs may be used to

design and test current mode analog circuits with tunable

performance metrics. In particular, we have provided

examples for a tunable simple current mirror, a tunable low

voltage cascade current mirror, a tunable current amplifier

and a tunable current integrator. The circuits and biasing

schemes explored here show how the nano-scale

DG-MOSFETs may pave way for efficient, tolerant and

smaller circuits with tunable characteristics.
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