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Abstract This paper presents a high linearity MOSFET-

only transconductor based on differential structures. While

a precise BSIM4 transistor model is introduced through

analysis, the linearity can be improved by mobility com-

pensation techniques as the device size is scaled down in

the nano-scale CMOS technology. When the compensation

utilizes transistors in subthreshold region, rather than the

transistors in saturation region, the value of transconduc-

tance can be maintained. The circuit is fabricated in TSMC

0.18-lm CMOS process. The measurement results show

18 dB improvement of the proposed version, and 65 dB

HD3 can be achieved for a 2.1 MHz 700 mVpp differential

input. The static power consumption under 1-V power

supply voltage is 183 lW. Measurement results demon-

strate the agreement with theoretical analyses.
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1 Introduction

The transconductor is an important building block in the

analog signal processing circuits, such as analog filters, data

converters, voltage controlled oscillators, and multipliers

[1]. The main function of the transconductor is to convert the

voltage applied to the input terminals into current at output

nodes, and the building block is generally referred as a V–I

converter. The linearity of the voltage-to-current conversion

should usually be maintained because the linearity of the

transconductor would determine the linearity of the overall

system. However, this feature is getting harder to achieve,

especially with the low supply voltage.

In recent years, numerous linearization techniques have

been designed and reported [2–4]. The passive resistor,

which is often implemented by the poly-silicon in the

CMOS process, would be used in the high linearity trans-

conductor circuit. Unfortunately, the use of passive resis-

tors would cost larger area and it does not allow continuous

transconductance tuning even using an array of resistors.

Therefore, the transconductors with MOSFET-only con-

figuration was developed. In such a configuration, the lin-

earity of the architecture is limited to below 50 dB owing

to the non-ideal characteristic of the active device. More-

over, the degradation of linearity happens for small feature

sizes of MOS transistors due to the influence of second-

order effects, like velocity saturation and mobility reduc-

tion, under nano-scale CMOS technology [5].

In the paper, the design of a low distortion under low

supply voltage transconductor is presented. The proposed

high linearity transconductor by using mobility compen-

sation technique in the differential structure is discussed in

Sect. 2. In Sect. 3, the measurement results of the proposed

transconductor are discussed. Finally, some conclusions are

presented in Sect. 4.
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2 Operational transconductor amplifier

2.1 Review of the conventional transconductors

Figure 1(a) shows the conventional transconductor, where

the voltage-to-current conversion is obtained by using an

operational amplifier through a passive resistor. The cur-

rent is then sensed and mirrored to the output node. For the

MOSFET-only configuration, a single transistor under

linear region operation, shown in Fig. 1(b), is used to

replace the passive resistor. When the NMOS operates in

the linear region, the drain current can be given, and the

voltage-to-current relationship in Fig. 1(b) can be obtained

as follows

ID;lin ¼ Klin VGS � Vthnð ÞVDS �
1

2
KlinV2

DS ð1Þ

where Klin = lnCox(W/L), W and L are the width and

length of the device, respectively, Cox is the oxide capac-

itance per unit channel area, ln is the low-field mobility,

and Vthn is the NMOS threshold voltage. In the BSIM1

model, the mobility reduction effect is given by ln = l0/

[1 ? h(VGS - Vth)], where l0 is the zero filed mobility of

carriers and h is the mobility reduction parameter. VGS and

VDS are the gate-to-source and drain-to-source voltage,

respectively.

We can find that the output current would not hold a

linear relationship to the input voltage owing to the addi-

tional second term in (1), which thus degrades the linearity

of the transconductor. Previous research reports that

another transistor could be added to cancel out the second

term in (1) based on the large signal square-law equation in

the saturation region, and the -40 dB total harmonic dis-

tortion (THD) was achieved [6]. However, the technique

needs extra operational amplifiers, which implies much

more power consumption. Besides, it would not work well

in the modern nano-scale CMOS technology owing to that

the short channel effect would largely affect the ideal

characteristic of the square-law behavior.

Although the technique reported in [6] is not suitable to

provide the high linearity and low power transconductor in

modern nano-scale CMOS process, we can take the circuit

in Fig. 1(b) to become the differential version. As shown in

Fig. 2, the simple operational amplifiers are formed by

transistors M1 to M2, M3 to M4, and level shifter circuits.

While transistors M7 and M8 operate in the linear region,

the input voltage variation can be passed down to the

source of transistors M5 and M6, and converted by tran-

sistors M7 and M8 for one voltage-to-current conversion

path. We should note that the Vsf voltage is composed by

simple source follower. Therefore, the second term in (1)

can be cancelled out by inherent differential structure, and

the linear relationship would be given by

Iout ¼
Klin VGS � Vthnð Þ

1þ h VGS � Vthnð ÞVin ð2Þ

The equation shows that the linear voltage-to-current

conversion could be obtained by taking short channel effects

into consideration. Unfortunately, high order nonlinearity

components still occur in the V–I conversion, especially for

our nano-scale technology because (1) is resulted from the

analysis of an approximation.

2.2 The transconductor by using transistors

in saturation region

Figure 3 shows the transconductor by using transistors in

saturation region [7]. To see how the circuit works, we

should at first deal with the drain current of the linear

Fig. 1 a The conventional

transconductor. b The

MOSFET-only transconductor
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region transistor in more details. A precise LEVEL 54

BSIM4 transistor model is expressed as [8]

ID;lin ¼ Klin

VGS�Vthnð ÞVDS� 1
2
aV2

DS

1þ h VGS�Vthnð Þ

� �

� 1þReqKlin

VDS

VGS�Vthnð ÞVDS � 1
2
aV2

DS

1þ h VGS�Vthnð Þ

� �� ��1

ð3Þ

where Req is the default device equivalent resistance in the

linear region. In the equation, the value of a would be set to

one for simplification. In the BSIM4 model, parameters UA

and UB are the coefficients of the first and second order

mobility degradation due to a vertical field. In this paper, we

choose h = s 9 UA, where s is a constant parameter rela-

tive to device length. The coefficient UB of the second order

mobility degradation is not considered here due to smaller

impact in distortion terms.

By giving VGS,7 = VGS,8 = Vtune, VDS,7 = Vcm ? vd/2,

and VDS,8 = Vcm - vd/2, where Vcm is the input common-

mode voltage and vd is the differential voltage, we can derive

the differential voltage-to-current characteristic of MOS

transistors M7 and M8. To analyze the linearity of the VDS

voltage against the drain current, a Taylor series expansion is

used and then the relationship would be expressed by

Fig. 2 The differential

transconductor

Fig. 3 The modified

transconductor by using

saturated transistors
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ID;lin ¼ ID7 � ID8

¼ a1;linvd þ a2;linv2
d þ a3;linv3

d þ a4;linv4
d þ � � � ð4Þ

where

In the equation, the even-order harmonic terms can be

cancelled out by the differential structure. In real circuit

implementation, the matching can be maintained by care-

fully layout technique, and a value of less than 2% can be

achieved. Thus the third-order harmonic distortion would

become the dominant component.

In this transconductor, the other saturation region tran-

sistors based on the differential structure are used to

compensate the third-order harmonic distortion. The con-

cept of the topology comes from that the output current of

the saturated transconductor in the differential pair also

suffers the problems of short channel effects as the feature

size of the transistors is chosen to be small, and thus the

output current is given by

ID;sat ¼
Ksat VGS � Vthð Þ2

2 1þ h VGS � Vthð Þ½ � ð5Þ

where Ksat is the device parameter of saturation region

transistors. By giving VGS,11 = Vcm ? vd/2, and VGS,12 =

Vcm - vd/2, a Taylor series expansion is introduced and then

the voltage-to-current relationship would be expressed by

ID;sat ¼ ID11 � ID12

¼ a1;satvd þ a2;satv
2
d þ a3;satv

3
d þ a4;satv

4
d þ � � � ð6Þ

where

a1;sat ¼
Ksat Vcm � Vthð ÞVthn 2þ h Vcm � Vthð Þ½ �

1þ h Vcm � Vthð Þ½ �2

a3;sat ¼
�Ksath

1þ h Vcm � Vthð Þ½ �4

We can find that the dominant distortion of the

saturation region transistor occurs due to the short

channel effects in the third-order harmonic component

under the topology of the differential structure. The

introduced transistor in the saturation region seems to

provide another distortion term. However, although the

third-order harmonic terms of (4) and (6) have the same

signs, we can put the output node of saturation region

transistors in the opposite position as corresponding to the

linear region transistors. Thus, when fixed values of

parameters are given, the aspect ratios of compensated

transistors can be found to achieve a highly linear voltage-

to-current conversion. However, the main disadvantage of

the modified circuit is the reduced transconductance.

2.3 The modified transconductor by using transistors

in subthreshold region

In order to maintain a large transconductance value with

the high linearity performance, subthreshold region tran-

sistors are used to replace saturation region transistors as

shown in Fig. 4. By giving a voltage shifter to make sure

the subthreshold operation, the drain current of the sub-

threshold region transistors can be expressed as

ID;sub ¼ I0

Ww

Lw

� �
e

VGS
nVT 1� e

�VDS
VT

� 	
ð7Þ

where Ww and Lw are the width and length of the device,

respectively, I0 is the process-dependent parameter, n is

the subthreshold slope factor, and VT is the thermal

voltage. Again, a Taylor series expansion is introduced

while the voltage follower is well maintained, and

then the voltage-to-current relationship would be

expressed by

ID;sub ¼ ID11 � ID12

¼ a1;subvd þ a2;subv2
d þ a3;subv3

d þ a4;subv4
d þ � � � ð8Þ

where

a1;sub ¼
I0

nVT

Ww

Lw

� �
e

Vcm�Vsf
nVT

a3;sub ¼
I0

24 nVTð Þ3
Ww

Lw

� �
e

Vcm�Vsf
nVT

The third-order harmonic distortion term would be

decreased by smaller device width and smaller input

common-mode voltage. In the 0.18-lm CMOS process,

a1;lin ¼
Klin ReqKlinV2

cm þ 4 VDD � Vth � Vcmð Þ 1þ ReqKlin þ h

 �

ðVDD � VthÞ
� 
� �

2þ ReqKlin 2 VDD � Vthð Þ � Vcm½ � þ 2ðVDD � VthÞh
� �2

a3;lin ¼
�4ReqK2

lin 1þ h VDD � Vthð Þ½ � 1þ ReqKlin þ h

 �

ðVDD � VthÞ
� 


2þ ReqKlin 2 VDD � Vthð Þ � Vcm½ � þ 2ðVDD � VthÞh
� �4
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typical parameters are Vthn = 0.54 V, Vthp = -0.65 V,

lnCox = 47 lA/V2, h = 0.095/V, VT = 26 mV, I0 =

43.54 nA/V2, n = 2.2. In our simulation, the optimized

value is achieved by giving (Ww/Lw) = 14 9 (Ws/Ls),

where Ws and Ls are the width and length of the saturation

region transistor, respectively. When the optimal sizes are

designed, the combined current would provide a higher

transconductance with minimized third-order distortion

term. In Fig. 5, large signal simulation shows the function

of differential input voltage to transconductance variation,

where the expected performance is shown and matched

with theoretical prediction.

3 Experimental results

The chip was fabricated in TSMC 180-nm CMOS process.

The chip micrograph is shown in Fig. 6 with the area less

than 27.1 9 10-3 mm2. These three transconductors use

almost the same area. A supply voltage of 1-V was

employed over the circuits. The third-order harmonic dis-

tortion (HD3) measured with a sinusoidal tone of 0.7 Vpp

amplitude at the speed of 2.1 MHz is shown in Fig. 7.

Figure 7(a) shows the performance of the differential

transconductor without any linearity enhancement circuit,

and the measured HD3 of 47 dB is obtained. In Fig. 7(b),

the HD3 is improved, but the transconductance decreases as

well. Then, the HD3 in Fig. 7(c) is shown to about 65 dB, a

18 dB improvement with the same transconductance value

as compared with Fig. 7(a). For the power consumption of

the designed circuit, the nominal static power consumption

of transconductor in Fig. 7(a)–(c) is 175, 180, and 183 lW,

respectively. Thus, the linearity can be highly improved

with less than 4% of the increased power.

4 Conclusions

A novel differential transconductor under nano-scale

CMOS technology has been reported. It is based on the

Fig. 4 The modified

transconductor by using

subthreshold region transistors

Fig. 5 The simulated Gm ranges of the proposed transconductors

Fig. 6 The chip micrograph
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principle that the third-order harmonic distortion term

could be cancelled by the addition of the two drain current,

one in the linear region and the other in the subthreshold

region, to improve the linearity while the transconductance

is maintained. The technique employed leads to a signifi-

cant improvement of the linearity performance in the

voltage-to-current conversion in the MOSFET-only topol-

ogy. We can conclude that the transconductor could be

provided as a high linearity building block in low voltage

applications.
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