
222

Original scientific paper

 MIDEM Society

A linear current-controlled floating negative 
resistor
Hamdi Ercan

Department of Avionics, Erciyes University, Kayseri, Turkey

Abstract: In this article, a low voltage CMOS current controlled floating negative resistor which is convenient for integrated circuit 
implementation is designed by using a self-cascode composite transistor. The proposed circuit only required ± 0.75 V as a power 
supply has a simple circuit structure and a low power consumption of which value is only 65 µW. The basic advantages of this circuit 
are a wide tuning range of the resistance value, an acceptable frequency performance and a wide dynamic range. The performances 
of the proposed circuit are simulated with SPICE to confirm the presented theory.
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Linearen tokovno kontroliran plavajoči 
negativni upor
Izvleček: V članku je predstavljen nizko napetostni CMOS tokovno kontrolirani negativen upor, ki je uporaben v integriranih vezjih. 
Upor uporablja samo kaskaden kompozitni tranzistor. Predlagano vezje z napajalno napetostjo ± 0.75 V izkazuje nizko porabo okoli 
65 µW. Glavne prednosti vezja so široko uporovno območje, sprejemljive frekvenčne lastnosti in široka dinamično območje. Teoretični 
rezultati so preverjeni s pomočjo SPICE simulacij.

Ključne besede: negativna uporost, CMOS aktiven upor, tokovno kontrolirano vezje, tokovni način, integrirana vezja
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1 Introduction

In recent years, the disposition of the analog circuit 
design with low-voltage operation capability has been 
raised owing to the fact that it is aimed to consume as 
little power as possible. The low power dissipation is 
an important factor for the weight and life of a battery. 
Thus, the design techniques and device technology for 
low-voltage low-power operation of the analogue cir-
cuits are required [1].

Large areas of the chip are required to obtain resistors 
which can be implemented by using diffusion areas 
in an integrated circuit. Also, these resistors cannot 
be easily adjusted to demanded values. To overcome 
these drawbacks, MOS and bipolar based active resis-
tors topology have been reported in the previous stud-
ies [2-5].

Bipolar-based floating resistor was presented in the 
literature [4, 6]. Though these resistors have a good 
frequency performance, they have not only narrow dy-

namic range but also consume more power than the 
MOS-based active resistors. But at the same time, MOS 
resistors are limited with regard to frequency response 
and electronically tunability.

The voltage-controlled resistors have been used as an 
application in the analog circuit design area [7, 8]. The 
tunable resistance value of these circuits has been re-
stricted by supply voltage. However, they have a wide 
dynamic range. The current-controlled resistors can be 
independently tuned over a wide range by biasing cur-
rent. Also, they have a good frequency performance. 
Recently, active resistors have been used as not only 
positive but also negative resistor in some applications. 
Active positive/negative resistors have been used in a 
lot of implementations such as oscillators, amplifiers 
and filters [4, 9, 10,11].

In this paper, a linear current-controlled negative re-
sistor based on self-cascode composite transistor has 
been introduced. The proposed circuit offers the ad-
vantages of a good linearity, a high dynamic range 
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and low power consumption. This circuit only operates 
at low voltage as ± 0.75 V. Until now, it has not been 
shown that low-voltage negative resistor structures are 
designed in somewhere else. The main contribution of 
this design to the literature leads to use the low voltage 
and low power applications. Having a simple structure, 
the resistance value of the resistor is obtained as the 
positive and negative.

2 Floating negative resistor

Self-cascode composite transistor structure is shown in 
Fig. 1. In practical cases, for optimal operation the W/L 
ratio of the MA should be larger than the W/L ratio of the 
MB, that is, a > 1. Moreover, the transistor MB must be in 
triode region. Depending on the drain voltage, transis-
tor MA can work in saturation region or triode region. 
The aspect ratio (W/L) of the equivalent MOS transistor 
shown in Fig. 1 is decreased. This circuit structure takes 
an advantage in terms of linearity, dynamic range and 
electronically controllable resistance range.

Figure 1: The self-cascode composite transistor.

Fig. 2 indicates the proposed linear current-controlled 
floating negative resistor.

The drain currents of transistors M1and M4 can be writ-
ten as,
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ID1 and ID4 are the drain currents of transistors M1 and M4, 
respectively. In addition, VS5 and VS8 are the source volt-
ages of transistors M5 and M8, respectively. From Eqs. 
(1) and (2), the relationship between V1 and V2 shown in 
Fig. 2 can be expressed as
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Current i1 shown in Fig. 2 is given as:
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where kn =µnCox is the transconductance parameter of 
the NMOS transistor. µn is the electron mobility and 
Cox is the oxide capacitance per unit area. I0 is the bias-
ing current. For a very small difference voltage which 
gives 2I0>> (1/2)kn(a/a+1)(W/L)(V1-V2)2 , the current i1 
exhibits a quite linear behavior. As shown in Eq. (4), lin-
earity of the resistance highly depends on the aspect 
ratio (W/L) of the equivalent self-cascode composite 
MOS transistors and the difference voltage. Therefore, 
i1 can be further reduced to:
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In this instance, it is clear that i2 = -i1. The resistance of 
the proposed circuit can be written as
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Figure 2: The current-controlled floating negative re-
sistor.



224

The resistance value can be easily controlled by bias-
ing current as shown in Eq. (6). The proposed negative 
resistor shown in Fig. 2 can be easily converted to the 
positive resistor. A connection is made between the 
gates of transistor M1,  M2  and drain of M2 instead of 
M4’s drain. Additively, the gates of M3 and M4 are con-
nected to the drain of M4 instead of M2’s drain. In this 
case, it is clear that i1 = -i2. So, the definition of the posi-
tive resistance may be as follow:
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The positive resistance of the resistor is able to be easily 
tuned by biasing current, too. Also, building two differ-
ent kinds of in a single circuit is one of the important 
features of the proposed circuit. These features take es-
sential advantages for the analog circuit applications.

For operating at low-voltage, this circuit requires to en-
sure the below-mentioned condition.

 ( ) DSsatTHPSSDD V4VVV +≥−− .   (8)

where VDD and -VSS are the supply voltages of the circuit. 
VTHP is the threshold voltage of the PMOS and VDSsat is 
the drain-source saturation voltage of the transistors. 
The value of the VTHP is approximately 0.4 V for 0.13 µm 
technology [12]. The lower drain currents have values, 
the more drain-source saturation voltage is reduced. 
Thus, the proposed circuit can be operated at low-
voltage. Additionally, the estimation of the proposed 
circuit’s dynamic-range is calculated as
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The dynamic range highly depends on the biasing cur-
rent as shown in Eq. (9). Thus, the dynamic range will 
be expanded for the high values of the biasing current.

3 Simulation results

The proposed linear current-controlled floating nega-
tive resistor was simulated by SPICE owing to approve 
the theoretical approaches. The SPICE model 0.13 μm 
CMOS parameter for the transistors are used in [12]. 
The supply voltage is ± 0.75 V and the aspect ratio of 
the transistors is presented in the Table I.

Table 1: Aspect ratio of the transistors.

Transistor M1 – M4 M5 – M8 M9 – M15

W/L 5/1 1/2 30/0.26

I / V characteristics of the proposed resistor are shown 
in Fig. 3.

Figure 3: I / V characteristics of the proposed resistor.

Both theoretical and simulation results of the proposed 
resistor have been given in Fig. 3. It is shown that be-
haviour of the proposed resistor is highly linear from 
-250 mV to +250 mV. Fig. 4 shows the input voltage ver-
sus the input current of the simulated resistor.

Figure 4: I / V characteristics for the different biasing 
current.

The biasing current of the resistor is varied from 15 µA 
to 45 µA step by step. The resistance value of the resis-
tor can be easily adjusted by biasing current I0 as shown 
in Fig. 4. The frequency response of the proposed resis-
tor is illustrated in Fig. 5.

When the frequencies are increased, it is found that 
the proposed resistor can be operated with the –3dB 
bandwidth of about 148.3 MHz, 195.4 MHz and 222.1 
MHz for 15 µA, 30 µA and 45 µA of the biasing current, 
respectively. Taking into consideration these results, 
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the proposed circuit exhibits a good frequency perfor-
mance.

The variation of the total harmonic distortion with peak 
to peak input voltage for I0 = 15 µA and R12 = 8.7 kΩ is 
displayed in Fig. 6.

Figure 6: THD % versus input voltage.

The variation of the THD with input signal amplitude 
for a biasing current of 15 µA as shown in Fig. 6 is il-
lustrated. We can evidently see that the THD value is 
0.465 % at 250 mVp-p. It is depicted that the THD val-
ues obtained according to different peak to peak input 
voltages are acceptable values. Also, the total power 
consumption of the proposed circuit is obtained as low 
value as 65 µW. The resistance of the proposed circuit 
has been calculated as both theoretical and simulation. 
The negative resistance of the proposed resistor for dif-
ferent bias currents is shown in Fig. 7.

The negative resistance is able to be tuned from 5.9 
kΩ to 243 kΩ when the biasing current is adjusted be-
tween 0.1 µA and 60 µA. Note that, this circuit has a 
wide range negative resistance (R12).

Noise is a main contributor to the inaccuracy of the 
analog circuits. The main source of the noise in a MOS 

transistor is the thermal noise owing to the thermal ef-
fect of the electrons in the resistive channel. The volt-
age noise of a MOS transistor is given in Eq. (10).
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where k is Boltzmann’s constant and T is the tempera-
ture. gm and r0 are the transconductance and output re-
sistance of the MOS transistor, respectively. Due to the 
fact that gm can be changed by the drain current of the 
transistor, the noise of the proposed circuit indicated in 
Fig. 2 depends on the biasing current.

A noise analysis of the negative resistor was performed 
in SPICE. Therefore, in accordance with SPICE results, 
the noise contributions of each transistor to the total 
output voltage noise are given in Table II.

Table 2: Noise sources of the proposed negative resis-
tor.

Transistors The voltage 
noise  

(V2/Hz)

Transistors The voltage 
noise  

(V2/Hz)
M1 6.72x10-18 M9 2.60x10-15

M2 2.24x10-18 M10 6.80x10-16

M3 1.08x10-19 M11 6.80x10-16

M4 0.67x10-19 M12 19.77x10-20

M5 62.83x10-18 M13 7.03x10-21

M6 71.17x10-18 M14 1.70x10-18

M7 21.38x10-21 M15 1.00x10-30

M8 21.38x10-21

Total voltage noise 64.07 nV/√Hz

Figure 5: The frequency response of the proposed re-
sistor.

Figure 7: The negative resistance versus bias current.
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The resistance value of the proposed circuit is -6.31 kΩ 
for I0=45 µA. The total voltage noise for the proposed 
circuit which has -6.31 kΩ resistance value is 64.07 
nV/√Hz. The main contributors to the total noise are 
the three transistors M9, M10 and M11. Total voltage nois-
es can be obtained as 57.544 nV/√Hz, 63.003 nV/√Hz 
and 64.070 nV/√Hz for I0=15 µA, I0=30 µA and I0=45 µA, 
respectively. In other words, the total voltage noise is 
strongly depends on transconductance as shown in Eq. 
(10).

The negative resistance having a wide tuning range is 
an important advantage for the analog circuit applica-
tions. The comparison of the performance parameters 
belongs to some resistors and the proposed negative 
resistor is displayed in Table III.

If the circuits are compared in terms of supply voltage, 
the proposed negative resistor requires a small supply 
voltage. As shown in Table III, the total harmonic dis-
tortion of the proposed circuit is lower than the others. 
Moreover, this circuit consumes low power of which 
has only 65 µW value. The total voltage noise has not 
been studied in other cited paper. However, the total 
voltage noise of the proposed circuit can be obtained 
as 64.07 nV/√Hz.

4 Conclusion

In this study, the self-cascode composite transistor 
based a linear current-controlled floating negative 
resistor has been presented. The circuit required low 
supply voltage as well as ±0.75 V consumes low power 
about 65 µW. In addition, the circuit has highly basic 
circuit structure. The behaviour of the proposed resis-
tor is highly linear from -250 mV to +250 mV. The value 
of the proposed resistance can also be adjusted from 
5.9 kΩ to 243 kΩ with perfect correspondence between 

the theoretical and simulation results by changing the 
value of the bias current. The total voltage noise and 
THD values of the proposed circuit have been calcu-
lated as 0.465 % and 64.07 nV/√Hz, respectively. Finally, 
we expect that such a tunable behaviour of the pro-
posed negative resistor could highly be appropriate 
for the low voltage integrated circuit realizations, con-
sidering into the perfect resemblance between all the 
simulated and theoretical performances.
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