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ABSTRACT 
 

In this paper a current-mode square-root circuit with reduced short-channel effect is designed and a 
second order low pass filter is proposed employing the section designed. The circuit proposed is 
suitable for standard CMOS fabrication and analog systems. The proposed filter circuit has been 
simulated with SPICE simulator using 0.35 µm CMOS technology parameters. It is observed that it 
decreases total harmonic distortion THD compared to classical filter employing stack-MOS current-
mode square-root circuit. 
 
Keywords: : current mode square-root circuit, filtering in square-root domain, reducing MOSFETs 
short-channel effect. 
 
1. INTRODUCTION 
Due to the trend towards using lower supply 
voltages, recently more researchers have 
interested in compressing-expanding 
(companding) techniques. The main advantages 
of the circuits employing this technique are large 
dynamic range and suitability for low voltage-
low power applications [1-5]. 

Interest has been clearly focused on log-domain 
approaches, exploiting the exponential I-V law 
of bipolar devices or MOS transistors in weak 
inversion. In the strong inversion region, MOS 
transistors characteristics are described by a 
square law which is the basis for a class of 
translinear circuits termed square-root domain 
circuits [6-8]. In a lot of applications, square-root 
circuit is used by square-root domain circuits [9]. 

Nowadays, due to the decrease in dimensions of 
MOSFETs in IC fabrication technologies, second 
order effects such as short-channel effect causes 
more errors in the MOS transistor and square-
root circuit performance[10]. 

In this paper a new current-mode square-root 
circuit that reduces short-channel effect is 
presented. A second order low pass filter 
employing this circuit is designed which 
decreases the total harmonic distortion THD 
compared to classical filter constructed with 
stack-MOS current-mode square-root circuit. 
The proposed circuit and low pass filter have 
been simulated with SPICE simulator using 0.35 
µm CMOS technology. 
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2. PROPOSED SQUARE-ROOT 
CIRCUIT 
The conventional current-mode square-root 
circuit also known as geometric mean cell have 
two inputs and one output and three of them are 
in current form as shown in Figure 1. 

 

Figure 1. Block diagram of the current-mode 
square-root circuit. 
 
Assuming that the aspect ratios of the transistors 
satisfy the condition  β1=β2=β and β3=β4=2β 
where β is the transconductance parameter of the 
PMOS, current-mode stack MOS square-root 
circuit can be implemented as illustrated in 
Figure 2. 

 
I1 and I2 are the input currents and the output 
current Iout can be obtained at the output node of 
the circuit in Figure 2 as the square-root of the 
multiplying input currents. Decreasing 
dimensions of MOSFETs affects the accuracy of 
the output current [11]. 
 

 

 
Figure 2. Conventional current-mode stack MOS square-root circuit. 

 

 
Figure 3. Proposed higher precision current-mode stack MOS square-root circuit. 
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The newly proposed high-precision current-mode 
stack MOS circuit reducing short channel effects 
can be realized as shown in Figure 3. The 
transistor M18 operates as a resistance where its 
value is controlled by the control voltage Vc. 
Thus output current function of the circuit can be 
controlled [12]. 
 
To verify the square-root circuit, SPICE 
simulations were performed using TSMC 0.35 
µm LEVEL 3 CMOS process parameters for 
simulations. The device dimensions of transistors 
used in square-root circuit are shown in Table 1. 
The power supply voltage is 3V. 
 
 
 
 

Table 1. Transistor dimensions (µm) 
 

 W L  W L  W L 
M1 3 .7 M8 6 .7 M15 12 .7 
M2 3 .7 M9 3 .7 M16 6 .7 
M3 6 .7 M10 3 .7 M17 12 .7 
M4 6 .7 M11 6 .7 M18 6 .7 
M5 6 .7 M12 6 .7 M19 6 .7 
M6 6 .7 M13 6 .7    
M7 6 .7 M14 6 .7    
 
To obtain time domain SPICE simulation results 
of the proposed circuit, the input current I1 is 
taken as a fix current of 1 µA and the current I2 is 
applied as a triangular wave with an amplitude of 
10 µA as shown in Figure 4. 
 
 

 
Figure 4. Input currents I1 and I2 

 
Figure 5. Comparison of output currents and ideal curve. 

 
The output currents of the circuit proposed and 
conventional circuit are observed and simulated 
with the ideal square-root function as shown in 
Figure 5. 
 

The maximum current errors of the conventional 
circuit and the proposed circuit are about      0.71 
µA and 0.04 µA, respectively. As expected, the 
characteristic of the output current of the 
proposed circuit shows approximately ideal 
square-root function. Vc control voltage is 2.55V.  
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3. SECOND ORDER LOW-PASS 
FILTER USING PROPOSED 
CIRCUIT 
The transfer function of the second order filter 
can be written as; 

2 2

2 2

( ) o o

o
o

as b s cH s
s s

Q

ω ω
ω ω

+ +
=

 
+ + 
 

     (1) 

Assuming that a=0, b=0 and c=1, this equation 
converts to the transfer function of the second 
order low-pass filter as; 
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According to the state-space approach, the 
original transfer function can be mapped into the 
state-space equation as; 
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where x1, x2, y and u are state variables, output 
and input signals, respectively. Let the node 
voltage V1 and V2 be the state variables x1 and x2, 
where a voltage signal U denotes the input u, 
then the equation (3) can be rewritten as; 
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Multiplying both sides of equation (4) with a 
constant C; we obtain 
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For MOSFET operated in saturation region, 
voltages of the nodes can be expressed as; 
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Substituting equation (6), (7) and (8) in (5), the 
following expressions can be written; 
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The pole frequency ωo can be tuned by changing 
the DC current as shown below; 

C
IC

I o
o

o
o

β
ω

β
ω .. 22

=⇒=   (10) 

Thus, the state-space equation becomes; 
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According to the equation (11), square-root 
domain second order low pass filter can be 
realized by using three square-root circuits, two 
load capacitor, two DC bias current sources, 
three n-type MOSFETs and current-mirrors. 
Figure 6 shows a circuit diagram of the square-
root domain second order low pass filter. U is the 
DC biased input voltage and V1 is the desired 
output voltage. The DC bias current Io is used to 
control the position of cutoff frequency of filter 
[13, 14].  
 
The DC bias currents are taken equal as Io1=Io2 
and changed from 0.2µA to 12.5µA for 
C1=C2=1pF. The gain-frequency curve of the 
second order low pass filter is shown in Figure 7, 
transient analysis of the filter is shown in Figure 
8. 
 
Three proposed current-mode square-root 
circuits are used in this filter structure. When Io 
DC bias current is changed, cutoff frequency of 
the filter changes from 830KHz. to 4.63MHz. 
Thus f3dB frequency of the filter can be adjusted 
in a frequency range of 3.8MHz. The pole 
frequency tuning range of the second order low 
pass filter is shown in Figure 9. 
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Total Harmonic Distortion (THD) curve of the 
second order low pass filter is illustrated in 
Figure 10. MATLAB graph is depicted for 
conventional square-root circuit and for the 
proposed square-root circuit respectively for 

frequency of the input signal f=100KHz and 
f=250KHz. As expected, THD values of the filter 
using the proposed circuit is less than THD 
values of the filter using the conventional circuit.  

 

 
Figure 6. Square-root domain second order low pass filter. 

 

 
Figure 7. Gain-frequency curve of the SRD second order low pass filter. (Io 0.2µA-12.5µA). 

 

 
Figure 8. Input and output voltages of the second order low-pass filter. 
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Figure 9. Frequency tuning range of the filter. 

 
Figure 10. Total Harmonic Distortion curves of the filter. 

 
4 . CONCLUSION 
In this paper a novel high precision current-mode 
square-root circuit is proposed. The output 
current function can be controlled by the control 
voltage Vc. This circuit decreases the output 
current errors of the square-root circuit especially 
employing short-channel MOS transistors. A 
second order low pass filter using this circuit is 
designed. It decreases THD compared to filter 
employing conventional current-mode square-
root circuit. When Io DC bias current is changed 
from 0.2µA to 12.5µA, the cutoff frequency f3dB 
of the filter can be adjusted in a  frequency range 
of 3.8 MHz. for C=1pF. All circuits are analyzed 

with SPICE simulator using TSMC 0.35 µm 
CMOS technology. The topology proposed 
provides new possibilities in the design of 
analogue filters. 
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