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Abstract : An adaptively biased linear MOS transconductor is known as a linear transconductor.
However, if the low transconductance is needed, small operating current makes MOSFETs operate
in weak inversion. In this case, the voltage-current characteristic is not expressed as a square-law
characteristic but is expressed as an exponential function. Thus, the factor makes linearity of
the transconductor worse. In this paper, a new design of the adaptively biased linear MOS transcon-
ductor considering the influence of MOSFETs operating in weak inversion is proposed. In the proposed
technique, an adaptive biasing circuit is newly designed for improvement of the linearity deterioration.

Simulation results show that the proposed technique is effective for improvement of the linearity.

Keywords : CMOS, Analog Integrated Circuits, Linear Circuits, Adaptively Biased MOS Transconductors

32 il 17 (2562) VOL.17 (2019)



1. Introduction

A transconductor is a circuit to convert
input signal voltages into signal currents. The
voltage-current characteristic is desired to be
linear. However, the linearity is deteriorated by
non-ideal factors.

An adaptively biased linear MOS trans-
conductor [1] is known as a linear transconduc-
tor. The good linearity is realized by subtraction
of individual differential output currents using
single-end converter. However, the transconduc-
tor has drawbacks; 1) the power supply rejection
ratio (PSRR) and the common mode rejection
ratio (CMRR) are low and 2) the linearity is not
realized if the output currents are taken out from
each of differential output terminals, namely
the individual differential output currents are
not linear. For improvement of the drawbacks,
an adaptively biased linear MOS transconduc-
tor composed of a square current source and a
differential pair [2] has been already proposed.
The transconductor has good properties, such as
high PSRR, higsh CMRR, and good linearity of the
individual differential output currents. However,
if the low transconductance for low power
applications is needed such as biomedical
devices, low operating current makes MOSFETSs
operate in weak inversion. In this case, the
voltage-current characteristic is not expressed
as a square-law characteristic but is expressed
as an exponential function [5][6]. Thus, the
factor makes linearity of the transconductor

waorse.
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In this paper, a new design of adaptively
biased linear MOS transconductor considering
the influence of MOSFETs operating in weak
inversion is proposed. In the proposed technique,
an adaptive biasing circuit is newly designed
for improvement of the linearity deterioration.
Simulation results show that the proposed
technique is effective for improvement of the

linearity.

2. Principle of differential input/output
transconductor

Fig.1(a) shows a basic configuration of the
single-ended type of adaptively biased linear
MOS transconductor. Assuming that MOSFETs
operate in saturation region and the drain
currents obey the square-law characteristic, the
drain currents of M1, M2, and the tail current IS

are expressed as

Iy, = KN(VL - Vs— VT)2
Ly, = Ky(Vg = Vs = Vp)?
Is =y +1yz (1)

where K| is the transconductance factor, V. is
the threshold voltage, and Vs is the common
source voltage of M1 and M2. Assuming that the
input voltages are fully differential signals, V, and

V,, are expressed as

VL=1

Vg =—=Vin . (2)
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From (1) and (2), the source voltage Vs

expressed as

/21{ Is—KN?Vin?
VS _ N1iS N in VT . (3)

2Kn
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Fig.1 Basic Configulation of Adaptively
Biased Linear MOS Transconductor (a) Single-

ended Type, (b) Differential Input/output Type

It is seen from (3) that the source voltage
VS is a function of the input voltage Vin. For
linearization, VS has to be set to constant.

Therefore, the tail current IS is expressed as
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2
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where A is a constant. From (1) - (4), the
single-ended output current is expressed as

Lowt = Im1 = Iyz = 2KyA Vi . (5)

It is seen from (5) that linearity of the
transfer characteristic with single-end conversion
is achieved. The circuit design using this
technique has been reported in the paper [3, 41.
However, in case of the individual differential
output terminals are needed, the individual dif-

ferential output currents are obtained as

Iy = KnVin’ — | Vin + 2
4 \I 2 2 ©)
_ i A
o

It should be noticed from (6) that the
individual differential output currents are
quadratic function of the input voltage. This
means that the linearity of individual differential
output terminals cannot be achieved using the

basic configuration shown in Figl(a).



Fig.1(b) shows a basic configuration of the
differential input/output type of adaptively
biased linear MOS transconductor. In Fig.1(b), the
individual differential output currents Iy and

tL

I e AT€ Siven by

Loutr, = lag — Iz

where lad is the bias current for lineariza-
tion loutL and loutR. In order to eliminate the
nonlinear term, the bias current lad is expressed
as

| Knvin® A (8)

= +-.
ad 4 2

Substituting (8) into (7), |y and [ o are

expressed as

AK
Loutr, = loutr = /TNVL' . 9)

It is seen from (9) that the differential input/
output linear transconductor is achieved using
the basic configuration shown in Fig.1(b). A circuit
design using this technique is described in the

next section.
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Fig.2 Conventional transconductor

3. Circuit design of differential input/
output transconductor

Fig.2 shows the adaptively biased linear MOS
transconductor [2] using the technique described
in section 2. In Fig.2, M1 and M2 compose a
differential pair, M4 — M6 and the operating
current 10 compose a square current source. The
current mirror composed of M3 and M7 supplies
the tail current IS , whose current amplification
factor is set to a = 1. The current mirror
composed of M8 — M10 supplies the bias current
ID, whose current amplification factor is set
to f = 1/2. The drain currents of M4 — M6 are

expressed as

Iys = KN(VL —Vsg — VT)Z
Iys = KN(VR — Vspg — VT)Z
IM6 = IO = KN(VB - VSB - VT)Z ) (10)

where Vg is the common source voltage

of M4 - M6. The bias voltage V, is realized by a

simple active voltage divider, and is given by
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VB=§(VL+VR)=0 . (11)

From (10) and (11), Vg is expressed as

DEB ::_:J;%“_V% . (12)

The drain currents of M7 and M8 are given
by

IM7:IM4+IM5+IM6_IO (13)

Ing = Iy + Iys -

From (10) - (13), IS and lad are expressed as
Iz = Is = % 4 21, (14)
KnVin
Invo10 = lag = N4 + 1o

From (7) and (14), the individual differential

output currents are expressed as

I A (15)

louer = loutr =

It is seen from (15) that the transfer

characteristics of the transconductor are linear.

Gm [uS]

-04 -02 0 0.2 0.4
Vin [V]

Fig.3 Transconductance Characteristics

36 Uil 17 (2562) VOL.17 (2019)

Fig.3 illustrates simulation result of the
transconductance characteristics for various
operation currents of the transconductor shown
in Fig.2. Fig.3 shows that if the operating current is
small, e.s. /0 = 1pA = 3pA, the transconductance
characteristics are not flat. The deterioration
is caused mainly by two cores of differential
pairs M1 — M2 and M4 — M5 operating in weak
inversion. Thus, the drain currents is not
expressed as the square-law characteristic but
is expressed as the exponential function [5][6].
Assuming that M1 — M2 and M4 — M5 operate in
weak inversion, the drain currents are expressed

as

Iyy = Ipo exp( Lovs= VT)

Iz = Ipoexp (VR s )

V- VSB VT)

Iyg = Ipg €Xp (
Iys = Ipg exp (

VSB VT) (16)

where /DO is the reverse saturation current, n
is the subthreshold slope factor, and U, = KT/q
is the thermal voltage that k is the Boltzmann’s
constant, T is the absolute temperature and g
2), and

(16), the tail current I realized by the square

is the electronic charge [5][6]. From (2), (1

current source is expressed as

Is = Ipo (1 + exp (22 ))e p(m). (17)

2nUr

From egs. (2) and (16), the source voltage

Vi is expressed as



2 Is

Vin too(+exp(52))
Vs =—=—-Vr +nUrlog| ——————=). (18)

Substituting egs. (17), (18) is rewritten as

Vs = Vzﬂ —Vy 4+ nUylog [exp (— ZIO/K—NW”‘)] (19)

2nUr
From eq. (19), IM1 and IM2 are rewritten as

2 IO/KN+Vin)
2nUr
24 Io/KN—Vin) (20)

2nUr

Iy1 = Ipg €Xp (

Iz = Ipg €Xp (

The output current is expressed as

Lot = Ipo (exp( Vin ) - 1) exp (Z‘/T—;]VT_VL“) .(21)

2nUr

The transconductance is expressed as

_ Ip Vin 2\/1 /KN_Vin
Gm - anj'r (eXp (n_UT) + 1) €Xp ( OZHUT > ’ (22)

It is found from eq. (22) that the transcon-
ductance is not flat due to MOSFETs operating
in weak inversion, as shown in Fig.3. A technique
to alleviate this problem is described in the next

section.

Fig.4 Proposed Transconductor
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4. Proposed transconductor

From eq. (22) and Fig.3, it should be
noticed that the transconductance deviation for
low operating currents increases according as
amplitude of the input voltage V. increases. In
order to alleviate the problem, the smaller tail
current /¢ at high amplitude of the input voltage
is needed. Therefore, a new design of the square
current source to realize such a tail current Igis
proposed.

Fig.d shows the proposed transconductor,
which is realized by introducing MOS resistors
M11 and M12 into the transconductor shown in
Fig.2 The MOS resistors are employed to control
the tail current I supplied to the differential pair,
which is different from the source degeneration
operating. The gate nodes are connected to Vg
Because M11 and M12 operate in the triode
region, the drain currents are expressed as

%
Iua1a2) = 2¥Vy (_VSB —Vr— %) Vbs» (23)

where vy is the aspect ratio of M11 and
MI12.V s the drain-source voltage of M11 and
M12. From (23), the equivalent resistance Req is

expressed as

1 1
R = = .
eq alp(11,12) 2yKnN(=Vsg—VT-Vps) (24)
dVps

The drain currents of M4 and M5 are

expressed as

nur
VR—VSB—RquMs—VT) (25)
nur

Ina = Ipo exp(

Ins = Ipo EXP(
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From (12) and (25), the tail current I
realized by the square current source is

expressed as

Is="TW(B,) -W(B,) ,

Req

where

24/1,/Ky = V;
exp <M> ID()Req

2nUr
B, =
! nUy
2/1y/Ky + Vi
exp (Tm IDOReq
B, = ,
z nUr

and W(z) is the Lambert’ s W function, which

is defined as

z=W(2)exp(W(2)) . (27)

Substituting (26) into (18), the source voltage

VS is rewritten as

IpoReg| 1+ “Vin
DoReq exp nUr

nUT(W(B1)-W(B2))

Vs = Vzﬂ—VT + nUrlog

From (16) and (28), the drain currents of M1

and M2 are expressed as

_ W(B1)+W(B3)
IMl - nUT [Req(l‘FeXp(_zin))l
_ W (B1)-W(By)
Iy = nUy [—Req(“eXp(Vzﬂ))l . (29)

From (29), the output current /out is

expressed as
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] 9

(30)

lout = - tanh (52) (W(By) + W (B,)).

2nUr

The transconductance is expressed as

G. = 1 W(B1)+W(B3)
m 2Req cosh( Vin )

2nUr

L [(—W(Bl)+W(BZ))tanh(z‘:li:r)]

(+W(B)(A+W(B2))

ZReq (31)

An equation for optimization of y using
maximally flat approximation method [7] is
obtained as

d%Gm
dVinz

|(Vin:0) = 0 . (32)

Solving (32), the optimum value of Req is

given by
nUr nUT—7\/IO/KN (33)
Req = 7Ipo exp( 7nUr ) '

From (24) and (33), the optimum value of y

is obtained as

7 Io/KN—nUT
y = 7Ipo EXP(T> (30)
2nUTKN(=Vps—Vs=VT)
)[Jjj—xl |J e xa d M <y M
Mis »—] l Ius Imh
—> —
11 o— o Iz
llm I.ml
n® 'y b [Ms L KL_": :"_lgn
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Fig.5 Circuit Configuration of Proposed Transconductor
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Table 1 Principle Parameters of Used Model
Ku WAV | Ve M| Ur[mV] | 0 | I Al
121 0.41 26.0 1.47 4.62

5. Simulation

In order to confirm the validity of the
proposed technique, simulation was carried
out. The used program software is SIMetrix. In
simulation, 0.18um BSIM3 Model is used[8]. The
principal parameters of used model are listed in
Table 1. The supply voltage is £0.9V. The circuit
configuration of the proposed transconductor
used in simulation is shown in Fig.5. The optimum
aspect ratio of the MOS resistors obtained from
(34) is vy = 19.08. In the simulation, vy is set to 19.

The transconductance error Gmer[%] is defined as

— Gmmax_Gmmin) 35

Grior (—Gm(o) x 100 (35
where G and G___. are the maximum

mmax mmin
Gm and the minimum G_ in the input range,
respectively. G_(0) is the G_at V. =0 V. The
m m n
input range is + 1.0 V.

loutL,ToutR [pA]
o
T T T T T T T

T T T T T 7T
\

Vin[V]

Fig.6 Transfer Characteristic
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Table 2  Transconductance Error Gmer

1uA 3uA 5uA 9uA

Gner for each of |,
[%] [%] [%] [%]

Proposed 9.226 | 5802 | 7.493 | 5.755

Conventional 102.2 | 25.17 | 7.545 | 5.258

Fig.6 illustrates transfer characteristics
of the proposed transconductor. It is seen
from Fig.6 that the linearity deterioration for
low operating currents is improved using the
proposed technique. Fig.7 illustrates normalized
transconductance characteristics (Gm/Gm(0)).
The transconductance errors are listed in Table
2. From Fig.7 and Table 1, it should be noticed
that the proposed transconductor has good
linearity compared with that of the conventional
transconductor. This means that the MOS
resistors are effective for the low operating
currents while they affect the transfer charac-
teristics little for the high operating currents.
Fig.8 illustrates normalized transconductance
characteristics of the proposed transconductor
for various vy. It is seen that element sensitivities
of the MOS resistors are small. The total
harmonic distortions (THDs) of the conven-
tional transconductor and the proposed one are
plotted in Fig.9 for 10 = 1pA. The sinusoidal input
is 10kHz and the input signal amplitude is 0.1V
- 0.5V. It should be noticed from Fig.9 that the

THD of the proposed transconductor is improved.
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Fig.7 Normalized Transconductance Characteristics

(a) Conventional Transconductor

(b) Proposed Transconductor
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6. Conclusion

In this paper, a new design of the adaptively
biased linear MOS transconductor considering the
influence of MOSFETSs operating in weak inversion
has been proposed. For low operating current,
MOSFETs operate in weak inversion, and the
voltage-current characteristic is not expressed as
the square-law characteristic but is expressed as
the exponential function. Thus, the factor makes
linearity worse. In the proposed technique, the
adaptive biasing circuit has newly designed
for improvement of the linearity deterioration.
Simulation results have shown that the proposed
technique is effective for improvement of the

linearity.
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