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ABSTRACT  
A CMOS voltage-to-current converter with exponential 
characteristic is presented in this paper. The concept of Taylor 
series expansion is used for realizing the exponential 
characteristic. The proposed exponential V-I converter is 
composed of a current-to-current squarer and a linear V-I 
converter with the use of linearization technique. Based on a 0.25 
µm CMOS process, simulations show a 23 dB of linear-output 
current range and the linearity within 20 dB with error less than ± 
0.5dB is achieved. The total power consumption is below 0.2 mW 
with 1.25 V supply voltage. The proposed circuit can be used for 
the design of an extremely low-voltage low-power variable gain 
amplifier (VGA). 
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1. INTRODUCTION 

Low-voltage low-power VLSI circuits are of particular 
interest in the field of microelectronics. The demands for low 
voltage systems are driven by the factors of technology, design, 
and market. With the reduction of power supply voltage, many of 
the existing CMOS analog building blocks, designed to operate 
with higher supply voltages, will lose a significant amount of 
operating range and need to be reconsidered.  

With advances in CMOS digital signal processing technique, 
CMOS became a main fabrication process for analog and mixed 
signal processing circuitry. The exponential V-I converter is an 

important component for the implementation of VGA and 
automatic gain control amplifier (AGC) which are widely used in 
analog signal processing such as in hearing aids, disk drive, and 
telecommunication applications [1,2]. Unfortunately, there is no 
intrinsic logarithmic MOS device that operates in saturation                      
region which helps to design dB-linear V-I converters. Although 
CMOS has exponential characteristics in weak inversion, for some 
high speed design, the circuit could be too slow. 

The exponential function can be easily achieved in bipolar 
technology, however, bipolar techniques for AGC, VGA are not 
compatible for monolithic CMOS-based analog and mixed-signal 
circuits. On the other hand, the BiCMOS technology may not 
provide a cost-effective design solution.  

One method to generate the exponential characteristics is 
using the “pseudo-exponential” function [2,3]. Alternatively, the 
Taylor series expansion concept can also be used for the 
implementation of the exponential characteristic. By applying the 
Taylor concept, a linear-logarithmic function can be obtained by 
using two building blocks; a linear V-I converter and a V-I 
squarer to realize the first-order and the second-order of the 
Taylor’s polynomial as in [4]. However, for low-voltage 
applications, the linear V-I converter has significant drawback due 
to the reduction of the linear output current range [5]. 
Furthermore, the V-I squarer in [4], since it is composed of two 
identical V-I converters above, provides less linear-output current 
range and consumes higher power. 

To overcome these difficulties, this  paper proposes a new 
approach that uses two building blocks to achieve the exponential 
function. A low-voltage low-power current-to-current converter 
[6] is used instead of a voltage-to-current squarer as in [4] such 
that the power consumption of the overall circuit is reduced 
extremely, and a linear V-I converter [5] with the application of 
linearization technique such that it can operate with extremely low 
supply voltage. 

 
2. BASIC PRINCIPLE AND PROPOSED 

FUNCTIONAL BLOCK DIAGRAM 
According to the Taylor’s series expansion, a general 

exponential function can be expressed as 
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where a and x are the coefficient and the independent variable, 
respectively. Obviously, if a ≥ 1 and  x≥  1 the exponential 
function cannot be implemented by a low-order polynomial. The 
exponential function can be approximated with small deviation by 
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eliminating the higher order terms if |ax| << 1. By neglecting the 
terms higher than second-order in Eq. 1, the approximated 
equation can be given as.           
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A new functional block diagram to realize the approximated 
Taylor’s polynomial is given in Fig. 1. The second-order 
polynomial is synthesized by combining a low-voltage low-power 
V-I converter with linearization technique and a current squarer 
[5].    
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Figure 1:  Proposed functional block diagram. 

 
In Fig. 1, the output current (Iin) of V-I linear converter is 

multiplied by K1 and K2 to generate the two currents K1Iin and 
K2Iin, respectively. The K2Iin signal goes through the current 
squarer, which has the transfer function as shown in Eq. 7, and the 
output of the current squarer is added with K1Iin to form output 
current like in Eq. (2). 

From Fig. 1, the output current as an exponential function is 
given as  

           

)3(
162

12

8
2

2
0

22
2

0
10

0

22
2

10









++=

++=

I
IK

I
IKI

I
IK

IKII

inin

in
inout

 

In Eq. (3), I0 represents the bias current of the current squarer [7]. 
To satisfy the condition of exponential function as in Eq. 2. From 
Eq. (2) and (3) the coefficient a and the independent variable x, 
have to satisfy the following condition 
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From Eq. 5, the exponential characteristic can be easily obtained 
by proper setting of the multiplying factors K1, and K2. The 
multipliers can be easily implemented using current mirrors such 
that the exponential function depends only on process parameters. 
While in [4], three coefficients have to be adjusted. 
  
3. V-I LINEAR CONVERTER DESIGN 
The V-I linear converter is shown in Fig. 2. Typically, the input 
swing of a differential amplifier is limited by threshold voltage of 
the core transistors and the excess voltage of the current sinks or 
sources. This results in a narrow window for differential-input 
voltage swing with low voltage applications.  

Fig. 2 shows the V-I linear converter that is used in this work 
[7]. The V-I converter shown in Fig. 2 combines the two 
previously reported linearization techniques: source degeneration 
using MOS transistors M13 and M14 [8], and class-AB 
linearization [9]. This circuit provides rail-to-rail differential input 
range. Fig. 3 shows the comparison of the V-I converter 
performance based on [5] and the circuit shown in Fig. 2 . 
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Figure 2: The proposed highly linear V-I converter 
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Figure 3: Comparison of V-I converter performance based on 

[8] and the circuit shown in Fig. 2. 
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Figure 4: The V-I characteristic of the V-I converter shown in 

Fig. 2 for various Vbias1. 

As can be seen from Fig. 3, the addition of the degeneration 
transistors M13 and M14 in Fig. 2 leads to almost perfectly linear 
V-I characteristic. In Fig. 2, a fixed transconductance can be 
obtained by controlling the bias voltage Vbias1 of the load 
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transistors M3 and M4. Fig. 4 shows the V-I characteristic of the 
circuit shown in Fig. 2 for various Vbias1. In Fig.4, the V-I 
characteristic stays linear for various slopes. 

The output current Io1 - I02 is a linear function of the differential 
input voltage Vd, where Vd = Vin+ - Vin- as shown in Fig. 2. 

 
4. CURRENT SQUARING CIRCUIT 

The current squaring circuit adopted from [6], which 
consumes extremely low power, is shown in Fig. 5. It can be 
shown that, in Fig. 5, the output current Isq is given by [6] 
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where I0 is the bias current as shown in Fig. 5. 
As Vbias2 in Fig.5 varies, the I0 changes such that the constant 

I0 in Eq. 3 is modified, leading to the modification of the overall 
V-I dB-linear characteristic. 
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Figure 5: The current squaring circuit [6]. 

 
In Fig.5, biasing the circuit with a current source has the 

additional advantage of making the transfer function independent 
of process parameters and operating temperature. In order to keep 
all devices in the ON state the input current must be restricted 

within the range 02 4IIK in < . 

 
5. SIMULATION RESULTS 

Fig. 8 shows the complete circuit of V-I exponential 
converter, which represents the circuit implementation of the 
proposed block diagram shown in Fig. 1.  

In Fig. 8, four transistors (M11, M19, M15, and M17) form a 
current multiplier by a factor of K1, and other four transistors 
(M11, M18, M15, and M16) form a current multiplier by a factor of 
K2. 

In Fig. 8, for a given value of Vbias2, the corresponding current 
I0 is defined. The input current Iin in Eq.(3), in order to satisfy the 
condition |ax| << 1 in Eq.(2), should satisfies the condition |K1Iin| 
< 2I0. Otherwise, the deviation of the approximated Eq.(2) from 
Eq.(1) will be increased. The bias voltage Vbias1 can be adjusted to 

get the I-V curve that satisfies |K1Iin| = 2I0 at |Vd|=VDD/2. In this 
case, overall input voltage swing is from -VDD/2 to +VDD/2, and 
14 dB-linear output current could be obtained. Adjusting Vbias1 for 
higher value of Iin can lead to higher range of dB-linear output 
current. However, the range of input voltage swing is reduced. 
The performance of normalized-dB V-I characteristic with Vbias1 = 
0.62 V is shown in Fig. 6, in which 22 dB-linear output current 
range is achieved, and 18 dB-linear of linear performance with 
error less than ±0.5 dB over the range of Vd from -0.25V to 0.3V. 
Fig. 7 shows the normalized dB-linear V-I characteristics of the 
complete exponential V-I converter in Fig. 8 for various Vbias1.  

As summarized in table 1, higher dB-linear range can be 
achieved with sacrificing in the input voltage swing. As can be 
seen in Table. 1, a 20 dB-linear output current with error less than 
±0.5 dB can be obtained with Vbias1 = 0.56 V. The dB-linear range 
can be programmed by adjusting Vbias1 and Vbias2.  
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Figure 6: The normalized dB-linear performance of the 

exponential V-I converter at Vbias1 = 0.62 V. 
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Figure 7: The normalized dB-linear performance  with 

different Vbias1. 
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Figure 8: The complete schematic of the proposed exponential V-I converter. 
 

Table 1. The summary of the performance of the proposed V-I converter 
 

Vbias1 [V] 0.56 0.6 0.65 0.7 0.8 

Output current range Iout [dB] 23 22.5 21 18 14 
Output current range Iout with 

error less than ±±±± 0. 5dB 20 19 16 13 12 

Input voltage swing Vd[V] -0.12÷0.15 -0.2÷0.25 -0.25÷0.3 -0.35÷0.35 -0.4÷0.45 
 

 
6. CONCLUSIONS 

A novel approximation function to realize the exponential 
relation which is found in almost all VGA circuits is presented 
with programmable dB-linear range for extremely low-voltage 
low-power applications. The average power consumption is less 
than 0.2 mW at 1.25 V supply voltage. The proposed V-I 
converter can achieve 20 dB-linear output current with the error 
less than ±0.5 dB. The proposed circuit could be used in the 
design of an extremely low-voltage and low-power VGA. 
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