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Abstract—A new low-voltage floating gate MOSFET (FGMOS)
based squarer using square law characteristic of the FGMOS is
proposed in this paper. The major advantages of the squarer are sim-
plicity, rail-to-rail input dynamic range, low total harmonic distortion,
and low power consumption. The proposed circuit is biased without
body effect. The circuit is designed and simulated using SPICE in
0.25μm CMOS technology. The squarer is operated at the supply
voltages of ±0.75V . The total harmonic distortion (THD) for the
input signal 0.75Vpp at 25 KHz, and maximum power consumption
were found to be less than 1% and 319μW respectively.

Keywords—Analog signal processing, floating gate MOSFETs,
low-voltage, Spice, squarer.

I. INTRODUCTION

LOW power consumption increases the battery lifetime
and the reliability of the portable systems. The most

efficient method to reduce the power consumption is lowering
the supply voltage because power is directly proportional to
the square of the supply voltage. A voltage squarer is a useful
non-linear building block [1]-[4] in various circuits such as
multipliers, modulators, phase comparators, etc. This paper
suggests a new squarer circuit based on FGMOS transistors
and shows how FGMOS transistors can be used to reduce the
threshold voltage requirement to get rail-to-rail input dynamic
range and low power/ low voltage operation. Floating gate
MOSFETs have been used to design digital-to-analog (D/A)
and analog-to-digital (A/D) converter [5], voltage-controlled
resistors [6]-[8], electronic programming [9], neural networks
[10], operational transconductance amplifier [11], multipliers
[12]-[17], attenuator [16], and squarers [15]-[17]. The squarer
proposed in this paper is expected to be useful in the area
of low-voltage analog signal processing applications. The
analysis of the second order effects such as channel length
modulation and mobility degradation show that they have little
influence on the proposed circuit. The paper is organized as
follows: the operation of the FGMOS is discussed in section
II. In section III, the squarer using FGMOS is proposed. A de-
tailed analysis of the channel length modulation and mobility
degradation on the performance of the proposed squarer circuit
is presented in section IV. In section V, SPICE simulation
results are presented to verify the theoretical analysis and
to demonstrate the effectiveness of the proposed circuit. The
paper is concluded in Section VI.
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Fig. 1. Structure of an N-input FGMOS transistor

II. OPERATION OF FGMOS

The structure of a typical N-input FGMOS is shown in Fig.
1. The voltage on the floating gate (VFG) is expressed as [18]:

VFG =
∑N

i=1 CiVi + CfdVDS + CfsVSS + CfbVBS + QFG

CT
(1)

where C1,C2,C3....,CN are the input capacitances between
control gate and floating gate,

∑N
i=1 Ci is the sum of N-input

capacitances, Cfd is the overlap capacitances between floating-
gate and drain, Cfs is the overlap capacitances between
floating-gate and source and Cfb is the parasitic capacitance
between floating gate and substrate, Vi is the input voltage
of ith input gate , VDS is the drain-to-source voltage, VSS is
the source voltage and VBS is the substrate- to-source voltage,
CT is the total capacitance of the floating-gate and QFG is
the residual charge.

The total capacitance is given as:

CT =
N∑

i=1

Ci + Cfd + Cfs + Cfb (2)

The residual charge at the floating gate can be neglected us-
ing method suggested in [19]. Therefore equation (1) reduces
to:

VFG =
∑N

i=1 CiVi + CfdVDS + CfsVSS + CfbVBS

CT
(3)

If
N∑

i=1

Ci >> Cfd, Cfs, Cfb, (4)

then equations (2) and (3) are modified as:

CT =
N∑

i=1

Ci (5)
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Fig. 2. Two-input FGMOS transistor

VFG =
∑N

i=1 CiVi

CT
(6)

The current equation for the N-input FGMOS has been
obtained by modifying the conventional MOSFET equation.
The current Ip in the saturation region is expressed as follows:

Ip =
Kp

2

{
VDD −

(∑N
i=1 CiVi

CT

)
+ |VTp|

}2

(7)

where

Kp = μpCOX
W

L
(8)

is the transconductance parameter, μp is the mobility, COX is
the gate-oxide capacitance per unit area, W/L is the aspect
ratio of the transistor, and VTp is the threshold voltage of
the FGMOS. In the 2-input FGMOS transistor shown in Fig.
2, voltages Vb (dc bias voltage) and VIN (input voltage) are
applied at the two terminals. Due to the bias voltage Vb the
threshold voltage VTp adjusts itself to a new value VTp,equ :

VTp,equ =
VTp − Vbk11

k12
(9)

where k11 = C1/CT , k12 = C2/CT are the capacitive
coupling ratio and CT (= C1 + C2) is the total capacitance
of the floating-gate. By choosing appropriate values of Vb,
k11, and k12 in (9), the threshold voltage (VTp,equ)of the
FGMOS becomes lower than the threshold voltage (VTp) of
the conventional MOSFET [20].

III. FGMOS BASED SQUARER

The proposed FGMOS based squarer is shown in Fig. 3.
The squaring function is being performed by M1, M2, M3,
and M4 which are 2-input FGMOS transistors, whereas M5,
M6, M7, and M8 which are used for proper biasing are MOS
transistors. All these transistors are biased in the saturation
region. The transistors M1, M2, M3, and M4 are perfectly
matched i.e.

Kpi = Kp, VTpi = VTp, andki1 = ki2 = k1 (10)

where i=1, 2, 3, 4. The transistors M5 and M6 form the
current mirror and M7 and M8 set the bias current. From Fig.
3, it is evident that there is no body effect. The output current
Io is given as

Io = I1 − I2 = (Ip1 + Ip2) − (Ip3 + Ip4) (11)

Fig. 3. Proposed FGMOS based squarer

where Ip1, Ip2, Ip3, and Ip4 are the currents through M1,
M2, M3, and M4 respectively and are obtained using (7), as
follows

Ip1 =
Kp

2
{VDD − k1(Vb + VIN ) + |VTp|}2 (12)

Ip2 =
Kp

2
{VDD − k1(Vb − VIN ) + |VTp|}2 (13)

Ip3 =
Kp

2
{VDD − k1Vb + |VTp|}2 (14)

Ip4 =
Kp

2
{VDD − k1Vb + |VTp|}2 (15)

where VIN is the input voltage, Vb is the bias voltage
of FGMOS, and VDD is the supply voltage. Substituting
equations (12)- (15) in (11), we get:

Io = Kpk
2
1V

2
IN (16)

From equation (16), it is clear that the output current Io

is dependent upon input voltage and independent of the bias
voltage Vb. The proposed squarer requires a fully differential
input voltage with a proper common-mode DC voltage, which
is provided by bias voltage Vb . If the capacitive coupling
ratio is chosen as K1 = C1/CT = 0.5 and the bias voltage Vb

is connected to the power supply VDD , the squarer will be
biased at half of the supply voltage. From equation (5) it is
clear that the input dynamic range of the squarer has increased.
It is observed from the above analysis that the bias voltage Vb

in 2-input FGMOS reduces the threshold voltage as well as
increases the input dynamic range.

IV. SECOND ORDER EFFECTS

In this section the effects of channel length modulation and
mobility degradation on the proposed squarer are discussed.
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1) Channel Length Modulation Effect: The current Ip of
2-input FGMOS including channel length modulation effect
is

Ip =
Kp

2
{VDD − k1(Vb + VIN ) + |VTp|}2 (1+λVDS) (17)

where λ is the channel length modulation parameter. Con-
sidering this effect, equations (12)- (15) are modified as

Ip1 =
Kp

2
{VDD − k1(Vb + VIN ) + |VTp|}2 (1 + λVDS1)

(18)

Ip2 =
Kp

2
{VDD − k1(Vb − VIN ) + |VTp|}2 (1 + λVDS2)

(19)

Ip3 =
Kp

2
{VDD − k1Vb + |VTp|}2 (1 + λVDS3) (20)

Ip4 =
Kp

2
{VDD − k1Vb + |VTp|}2 (1 + λVDS4) (21)

Substituting equations (18)-(21), VDS1 = VDS2 and
VDS3 = VDS4 in equation (11), we get:

Io = Kpk
2
1V

2
IN (1 + λVDS1)

+ Kpλ(VDD − k1Vb + |VTp|)2(VDS1 − VDS3) (22)

For smaller values of drain-to source voltages VDS1 and
(VDS1 − VDS3) , the effect of channel length modulation in
(22) can be neglected.

2) Mobility Degradation Effect: The current Ip of 2-input
FGMOS including mobility degradation effect is

Ip =
Kp

2
(VDD − k1(Vb + VIN ) + |VTp|)2

(1 + θ(VDD − k1(Vb + VIN ) + |VTp|)) (23)

In (23), θ(VDD − k1(Vb + VIN ) + |VTp|) << 1, where
θ is the mobility degradation parameter. Using Taylor’s series
expansion and neglecting the higher order terms, equation (23)
is approximated as

Ip =
Kp

2
(VDD − k1(Vb + VIN ) + |VTp|)2

∗ (1 − θ(VDD − k1(Vb + VIN ) + |VTp|)) (24)

Considering this effect, equations (12)- (15) are modified as

Ip1 =
Kp

2
(VDD − k1(Vb + VIN ) + |VTp|)2

∗ (1 − θ(VDD − k1(Vb + VIN ) + |VTp|)) (25)

Ip2 =
Kp

2
(VDD − k1(Vb − VIN ) + |VTp|)2

∗ (1 − θ(VDD − k1(Vb − VIN ) + |VTp|)) (26)

Ip3 =
Kp

2
(VDD − k1Vb + |VTp|)2

∗ (1 − θ(VDD − k1Vb + |VTp|)) (27)

Fig. 4. I-V characteristic of the proposed squarer

Fig. 5. Frequency spectrum of the proposed squarer for VIN = 0.75VPP .

Ip4 =
Kp

2
(VDD − k1Vb + |VTp|)2

∗ (1 − θ(VDD − k1Vb + |VTp|)) (28)

Substituting equations (25)-(28) in equation (11), we get

Io = Kpk
2
1V

2
IN (1 − 3θ(VDD − k1Vb + |VTp|)) (29)

From equation (29), we see that the term (VDD − k1Vb +
|VTp|) << 1, causes only the gain error. Since output current
is the square of the input voltage, mobility degradation effect
can be neglected.

V. SIMULATION RESULTS

The proposed squarer circuit has been simulated using
SPICE in 0.25μm CMOS technology. The squarer operates at
the supply voltages of ±0.75V . Fig. 4 shows the simulation
results of the squarer. The I-V characteristic in Fig. 4 shows
the squaring function behaviour for the input voltages (VIN )
from −0.75V to 0.75V . The spectrum of the output waveform
is shown in Fig. 5. From Fig. 5, it is observed that the
total harmonic distortion (THD) is less than 1% for the input
voltage VIN = 0.75VPP . The simulation results are consistent
with the theoretical results calculated by (16). The total power
dissipation of the proposed circuit is 319μW.
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VI. CONCLUSION

In this paper a new low-voltage FGMOS based squarer has
been proposed. The proposed squarer operates at the supply
voltages of ±0.75V . It has rail-to-rail input range, low power
dissipation and fairly low THD. The analysis of the channel
length modulation and mobility degradation effects show that
they have little influence on the proposed squarer circuit. The
simulation results have been presented to demonstrate the
feasibility of the proposed squarer.
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