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Bulk linearized CMOS differential pair transconductor
for continuous-time OTA-C filter design

B. PANKIEWICZ*, S. SZCZEPANSKI, and M. WOJCIKOWSKI

Department of Microelectronic Systems, Gdansk University of Technology, 11/12 Narutowicza St., 80-233 Gdansk, Poland

Abstract. In this paper, the MOS differential pair driven simultaneously from gates and bulk terminals is described. An approximated
analytical solution of the voltage to current transfer function has been found for the proposed circuit. Four possible combinations of gate and
bulk connections of the input signal are presented. Basing on the configuration giving the best linearity, the operational transconductance
amplifier (OTA) has been designed and compared, by computer simulations, to the amplifier utilizing the gate driven classic MOS pair. 3"¢
order filters using the OTAs with linearized and simple MOS pair have been designed and the resulting parameters have been compared.
Linearization through the presented simultaneous use of gate and bulk terminals seems to be useful for low voltage applications.

Key words: transconductance amplifier, OTA, bulk-driven amplifier, OTA-C filter.

1. Introduction

Linear CMOS operational transconductance amplifiers
(OTAs) are useful building blocks in the design of analog
signal processing systems. The transconductance-capacitor
(OTA-C) approach is often used for continuous-time filter de-
sign [1-6]. For high frequency applications, numerous circuit
techniques to design OTA-C filters have been developed, us-
ing the gate-driven differential pair transconductors as input
stages of the OTAs [7-13]. On the contrary, the transconduc-
tors with bulk-driven differential pair have been proposed for
low frequency OTA-C filter applications [14-21].

This paper presents the differential MOS pair, simultane-
ously driven from gate and bulk terminals. The use of both
terminals gives a possibility to change the V-I converter’s
transconductance in the range of about 60%. Connecting the
signal to the bulk terminal requires that the polarization of the
bulk-source junction would not enter the conducting state. To
fulfill this requirement, input signal buffers in source follower
configuration can be used.

The layout of the paper is as follows: in Sec. 2, the authors
present the differential MOS transistor pair simultaneously
driven from the bulk and the gate terminals, Sec. 3 describes
the proposed differential pair together with the source follow-
ers and four possible connection combinations. The details
about the realization of the OTA amplifier with the lineariza-
tion achieved by the proper voltage bulk control of MOS pair
are given in Sec. 4. An example of 3% order elliptic filter and
the conclusions are presented in Secs. 5 and 6, respectively.

2. Gate and bulk driven MOS pair

There are many papers describing gate driven [7—13] and bulk
driven MOS pairs [14-21]. A simple gate driven MOS pair
unfortunately has poor linearity of voltage to current con-
version, therefore the other voltage to current converters are
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often used when the linearity is important [7]. On the other
hand, the same pair driven from bulk terminals has a much
wider linear region of operation, but its transconductance pa-
rameter is few times lower [13]. Figure 1 presents the circuit
with the MOS pair driven simultaneously from gate and bulk
terminals. Differential input voltage vyp is delivered to the
gate terminals in such a way, that its common mode value is
equal to Vo and the differential part of vyp is delivered
with the gain a. Unfortunately, due to the bulk-source junc-
tion, the common mode voltage level of the bulk terminals
cannot be the same as for the gates. For the NMOS pair, the
common mode level of the bulk terminals should be lower
than for the gates. In this paper, the common mode level for
the bulk terminals is designated as Viopsp. Additionally, it is
assumed, that the signal which arrives to the bulk is attenuat-
ed and the resulting differential voltage is equal to bv;p. The
coeflicients @ and b for the differential voltages reaching the
inputs of NMOS pair are introduced for further investigations
of different configurations in connection to a common mode
level shifter.

i DI :Iss+id i D2 :Iss'i d
Ml M2
o—| <+ —> I—o
V= v V=
V(im;+]/2avm > V(,\,G-I/Zav,,)
[0 S —

Ve = Vg, =
Veat1/2bvy, 2 Vers=1/2bv,,
Vs
Fig. 1. NMOS differential pair driven both from gate and bulk ter-
minals
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Using the standard square-law model for two identical
NMOS devices M1 and M2, their drain currents can be de-
scribed as:

ip1 = Iss +iqa=K(Vas1 — Vr1)?
(D
= K(Vome + 0.5avrp — Vs — Vip)?

and
ipy = Iss —iqa = K(Vasa — Vra2)?
(2)
= K(VCMG — 0.5aU1D — VS — VT2)2,

where
K= 0.5u,LCOXW/L,

Vri2 = Vro + (\/PHI+VSB1,2 - \/PHI) :

W and L are the width and the length of MOS devices, re-
spectively, p, is the mobility of carriers, Cox is the oxide
capacitance by unit area, Vp is the threshold for V=0, PHI
is the surface potential (about 0.6V), Vsp is the source-bulk
potential and -, is the bulk effect parameter. Taking into the
account the bulk voltages, which alter the threshold voltages
of MOS devices, the drain currents 7 p; and 7 po can be rewrit-
ten as:

ip1 = Iss +iqa = K(Voag + 0.5avrp — Vs — Vi )?
= K[VCMG + 0.5avrp — Vg

— (\/PHI Vs — Vi1 — ¢PHI>}2

(3)
= K[VCMG + 0.5av;p — Vg
— (\/PHI Vs Vemn — 1/2bv,D—\/PHI)] ’
and
ip2 = Iss —iq = K(Veme — 0.5avip — Vs — Vira)?
- K[VCMG — 0.5av1p — Vs
— (\/PHI Vs — Vpa — \/PHI)] ’ @

= K{VCMG — 0.50/[)]D — VS

A <\/PHI + Vs — Voms + 1/2bvrp — \/PHI)r.

After the square root of both sides of (3) and (4) and
the subtraction of the resulting equation, one can obtain the
following equation:

Viss +ia—VIss —ia
VK

:CLUID+'77L(\/PHI+VS_VCMB+1/25UID ®)

— /PHI + Vs —Vears — 1/2me).
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Unfortunately, Eq. (5) cannot be solved against 74, as it
can be done for the standard gate driven pair. However, it is
possible to make an estimation using the Taylor expansion of
the square root term. The part of the right side term of Eq. (5)
can be approximated as:

VPHI + Vs — Voup + 1/2bvip

—/PHI +Vs — Voup — 1/2burp

_ 5 VPHI+Vso—Vous by
(4PHI + 4Vso — 4Veup) ' ©

(6)

VPHI +Vso — Voun
(APHI + 4Vso — 4Voup)

33
7007

7 VPHI+Vso—Vous

4 (4PHI + 4Vso — 4Voup)
where: Vg is the constant value of the voltage seen at Vg for
vrp = 0, this voltage can be obtained by the calculation of
the operating point. Unfortunately, taking into the account the
bulk effect, there is no analytical solution for Vg, but neglect-
ing the bulk effect only for the operating point calculations,
the voltage Vs can be approximated as:

Vso = Vema — Vro — VIss /K. @)

As (6) is an odd function of v;p, all even terms of Taylor ex-
pansions are equal to 0. Taking only the first order coefficient,
Eq. (5) can be approximated by:

VIss +ta—VIss —ta
VK

byn
2/ PHI +Vso — Voun

5,5
=b’vip + ...,

~ avrp + VID (8)

byn
= a+ .
ID( 2\/PHI+VSO—VCMB>
Finally, the output current ¢4 of gate and bulk driven dif-
ferential pair can be approximated by (9):

iq ~ < Al ) VIssKvrp

a—+
2v/PHI +Vso — Voun

©)

by, >2 K
Afl—={a+ v2 .
\/ ( 2y/PHI + Vso — Voun) 4lss P

Similarly, as for the gate driven pair, Eq. (9) is valid only for
the limited range of the input voltage:

1
lurp| < (a+ il ) HUss 4
- 2V PHI + Vso — Vousn K

Defining the term in the first parenthesis of (9) as gain factor
GF:

bYn >
GF =|a+ . 11
( 2/PHT T Vao — Vorrs (b
Equations (9) and (10) can be rewritten as:
K
’L'd%GF\/IssK’U[D\/l—GFQZlI ’U?D7 (12)
Ss
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1 [2I5s
< — /=2 =y, . 1
lvrp| < ar\V & IDMAX (13)

The GF term has the physical meaning of the transconduc-
tance gain in respect to the simple gate only driven MOS
pair’s transconductance. Additionally, in order to prevent from
significant bulk currents, the bulk-source junction should be
reversely biased and this condition can be more difficult to
meet than (13).

3. Gate and bulk driven MOS pair
with level shifter

Due to the bulk-source semiconductor junction, the simulta-
neously driven from gate and bulk terminals differential MOS
pair from Fig. 1 must have different common mode input volt-
age levels Vo and Viepsp. The simplest way to obtain such
a shift is to use the MOS device in a source follower (CD)
configuration. Figure 2(a) presents such a circuit. Using the
standard square-law models for MOS device, the voltage shift
between the input and the output can be estimated as:

Vsarrr = Ip/Ki1+ Vi1
= VIs/K1 + Vo + 9 (VPHI + Vs ~ VPHI) (14)

=~ \/IB/Kl + Vro.

a)

Vin
O
Vour
o
b)
V[)U VD[) V[)[)O
I,
Vin MI Vour
o | » o Lo
I
Vs Vs

Fig. 2. Signal level shifters (a) source follower, (b) twin source fol-
lower

Bull. Pol. Ac.: Tech. 62(1) 2014

For a single MOS voltage follower, the voltage shift can-
not be lower than the threshold voltage of the MOS device.
If the reverse shift is required, the PMOS device should be
used instead of the NMOS one. The changes of the shift volt-
age can be made by the change of the bias current Ip. If
smaller shifts than the threshold voltage of MOS device are
required, double NMOS and PMOS source followers can be
used. For such a circuit, the voltage shift can be estimated
using (15).

Vsurrr =/ Ip1/K1+ Vri — /Ip2/ Ko + Vi

= VI51/K1 + Vion + 7 (VPHI + Vspi—VPHI)

5)

—VI2/Ks+ Vrop +7p (\/PHI + VBSQ*\/PHI)
~/Ip1/Ki+ Vron — /I2/ K2 + Vrop.

For the twin source follower, both positive and negative volt-
age shifts can be generated.

The source followers from Fig. 2 have its bulk terminals
tied to the power supply lines Vss and Vpp, accordingly. Due
to this, a small signal gain Agy for circuit from Fig. 2(a) is
much lower than ideal 1 and it can be expressed as:

Vout o Todm
- b
Vin, 1+ 716Gm + roGmb

(16)

Asp =

where 7, is the internal resistance of the bias current source
Ip, gm = 2+/K11p is the gate small-signal transconductance,
Jmb = \/Kllgfyn/(\/PHI + Vspa) is the bulk small-signal
transconductance and Vspq is the constant bulk-source volt-
age in the operating point of the source follower. Assuming
that r, is high comparing to 1/g,, and using the equations for
both small-signal transconductances, the final source follower
gain Agp can be expressed as:

(17)
_ 2/ PHI 4+ Vspi
Yo + 2/ PHI + Vg1

For the real source followers, the gain expressed by (17) is in
the range 0.65-0.85, depending on the MOS devices’ dimen-
sions and the bias current used. Twin source follower has its
gain more dumped and it can be estimated using:

Vout 2v/PHI 4+ Vgp1
Vin, Yn + 2/ PHI + Vspy

2/ PHI 4+ Vggo
1Vp| + 2/ PHI + Vgsa

As stated before, the MOS pair driven simultaneously
from gate and bulk terminals has to use signal level shifters.
To preserve the proper bulk terminal polarization of the
NMOS pair, the gates’ common level should be shifted up

(18)
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or the bulks’ common level should be shifted down, in re-
spect to the input common mode level. Additionally, the bulk
terminals can be connected straight or crossed in respect to
the gates, realizing the positive and the negative values of the
bulk gain b, respectively. Summing all the combinations for
one MOS pair with two source followers, four combinations
of the resulting amplifier have been proposed, as shown in
Table 1. Plot of the transconductance g,,,, which is defined as
the current’s ¢4 derivative in respect to the input voltage v;p,
is plotted in Fig. 3 for all four configurations. According to
Eq. (12), the output cur rent is scaled proportionally to GF
and the nonlinear term under the square root is squared. In this
way, when GF is smaller than one, the linearity of the circuit
is improved. The shifter gain Agy is always smaller than 1, so
the best linearity is obtained when the shifters-followers are
connected to gates, while bulk terminals are crossed (fourth
row in Table 1). Such a circuit configuration is presented in
Fig. 4.

The input voltage at which the amplifier saturation oc-
curs can be calculated from (13). Similarly, one can calcu-
late the input voltage level v;pg,ror at which the output cur-

rent 4 reaches the relative error equal to F/ from the expres-
sion (19).

K
GF\/IssK’U]D\/l - GF2—’U%D
4]55
Z (1 - E) GF\/ KISSU[D.

Solving (19) for v;p, denoted as the boundary condition
VIDError, the following result has been obtained:

4Iss 1/ 2
rror — ——=—\/1-(1-F
VIDE VK GF (1-E)

=V2Vipmaxy/1— (1 —E)%

19)

(20)

From (20) it is obvious, that for the higher linearity, a
higher current Igg and a lower factor K is required. Unfor-
tunately, such a change needs the higher values of the gate
to source voltages for the MOS devices, what requires the
increased power supply voltage. Alternatively, one can low-
er the GF factor and the increased linearity can be obtained
without a need of the increased power supply voltages.

Table 1
Possible connections of the level shifters to the NMOS gate and bulk driven pair

No. Connection of the source follower of gain Agpy Resulting value of gain factor
A
1 followers to the bulks, bulks straight GF = (1 + SHn )
2/PHI +Vso — Veus
A
2 followers to the bulks, bulks crossed GF = (1 — SHn )
2/PHI +Vso — VouB
: Tn
3 followers to the gates, bulks straight GF = (A s + )
£ ¢ 2v/PHI+ Vg0 — VoemB
4 followers to the gates, bulks crossed GF = (A SH — In )
2v/PHI+ Vg0 — VoemB

3

=

&

E

21.0 [

g

Y

=

B

5

S 0.5 i ‘ '

S |- 7/ Tablé L rowior g\ \Ste
3 3 il >
) 2

‘4
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v [V]

-1.0 -0.8

Fig. 3. The plot of the transconductance (12) versus input voltage

for all four configurations shown in Table 1. The presented transcon-

ductance is normalized to small-signal transconductance of a simple

gate driven MOS pair. The plot is made for the following values

of the parameters: Iss = 10 pA, K = 28 ,uA/VQ, Asyg = 0.8,
Yn = 0.4, Vso — Ve = 0.5V and PHI = 0.6 V

80

Vewt1/2vy,

t I/DD Vl)l) j
21.82\'

M3 M4
Ly,

Fig. 4. NMOS pair driven simultaneously through gate and bulk
terminals with the gates connected to voltage shifters and with the
crossed bulks. It refers to the row 4 in Table 1
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8 | L TTTRRRY
<
= 6
)
= 4
s Equations (12, 17):
) Numerical solution of (5):

2 Spice AMS C35 BSIM simulation:

0

0 01 02 03 04 05 06 07 08 09 1.0
vll)[V]

Fig. 5. The output current and the transconductance for the cir-
cuit from Fig. 4, using Eqs. (12), (17), with the numerical solution
of the expression (5) and simulated using SPICE and AMS C35
BSIM MOS models. The plots have been made for the following

values of parameters: Ky = 56 pA/V?, Kp = —20.7 puA/V?,
(W/L)J\ll,Q = 1/2, (W/L)]\4374 = 2.5/1, VTOn = 0.4979 V,
Vronp = —0.6915 V, PHI = 0.6 V, v, = 04, v, = —04,

Vop —Vss =33V, Iss =10 pA and Ip =5 pA

To confirm the assumptions and the analyses, the comput-
er simulations were done. Figure 5 presents the comparison
of the output current for the circuit of Fig. 4 calculated us-
ing Egs. (12), (17) with numerical calculations of (5) and

VDD A VDD V, DD A

Mblb

Mbl

with SPICE simulations using BSIM AMS C5 models. As it
can be observed, Egs. (12), (17) give a reasonable accuracy
comparing to SPICE simulations.

4. Design of the linearized
Bulk-driven CMOS OTA

As an example, a fully differential operational transconduc-
tance amplifier has been designed and simulated, using AMS
C35 CMOS technology. As it is n-well process, only the
PMOS devices can be designed with bulk terminals not con-
nected to the highest positive voltage. Due to this, PMOS pair
is used in the input stage. All other PMOS and NMOS devices
have their bulk terminals connected to Vpp or Vsg terminals,
respectively. The schematic diagram of the OTA is presented
in Fig. 6. The transistors M1-M2 form the differential pair
with the bulk terminals used for linearization, similarly as in
Fig. 4. The devices M3 and M4 are the source followers, with
the current sources built with Mb6 and Mb7. The transistors
Mb1-Mb4 are the current mirrors with the devices Mblb-
Mb4b, which form CMFB working in deep ohmic region.
The current source Ipras is copied to the input pair as well
as to the source followers and the output stage. The devices
M5-M8 form the output current mirror. Small capacitors Ccq
and C¢o are used for frequency compensation.

VDD I/DD I/DD
Mb2b Mb3b Mb4b
Mb2 Mb3 Mb4

1/2v,,

Ml M2

M3 l: :I M4

-1/2v,, l_l

I—l

lour 990 4—O0>—9 Lour

v( T

l IBIAIS

I_
b
M8

D

A

l V. M2

l V v VS’S VSS

SS

Fig. 6. Schematic diagram of the proposed OTA
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Table 2
The simulation results of the OTAs

OTA designed according
to Table 1 row 4

OTA designed using
single MOS pair

Supply voltage 33V 33V
Power consumption 58 uW 32.9 uW
Transcounductance 3.914 uS 7.301 pS

Transconductane change for Ipras = 2 pA-3 pA

3.54 uS — 4.24 uS
17.8% change

6.62 uS — 7.81 puS
16.3% change

Open loop voltage gain

40.1 dB 45.7 dB

3 dB frequency of output current (for uncompensated OTA)

68.4 MHz 135.7 MHz

Integrated input referred noise (0.001-10 MHz)

700.5 uVRrrms 313.7 uVRrMm s

THD (@ 100 kHz)

—40dB @ Vip =0.43V —40dB @ Vip =0.18V

Dynamic range (@ THD = —40 dB) 52.8 dB 52.2 dB
CMRR (WC @100 MC @ 0.5% V7 and K) 58 dB 533 dB
PSRRT (WC @100 MC @ 0.5% Vi and K) 70.6 dB 51.9dB
PSRR™ (WC @100 MC @ 0.5% Vp and K) 56 dB 73.2 dB
Vinorrser (WC @100 MC @ 0.5% Vi and K) 32 mV 14.5 mV
Equivalent differential input capacitance 15.1 fF 15.9 fF
Equivalent differential output capacitance 4.7 fF 4.7 tF

CM dc output voltage change 22 mV 34 mV

The OTA from Fig. 6 and the OTA utilizing only the
PMOS pair (without source followers at the input and with
bulk terminals tied to Vpp), were simulated and compared.
The simulation results are summarized in Table 2. It can be
observed that the high linearization has been achieved, as
compared to a simple MOS pair. Unfortunately, the noise in
the linearized OTA is higher, resulting in the same levels of
the dynamic range for both realizations of the amplifiers. The
3dB bandwidth of the linearized amplifier is about two times
smaller than the reference one, based on MOS pair. While the
transconductance is also two times smaller, the linearized am-
plifier is more suitable for lower frequencies and bandwidth
degradation is not really important. Offset currents at the out-
put of the amplifier for both amplifiers have similar values,
but it is higher for the amplifier with lower transconductance,
when referred to the input. Small capacitors Co1 and Ceoo are
used for frequency compensation.

The main advantage of the linearized amplifier, in respect
to the single MOS pair, is the possibility to enhance the linear-
ity without the need of increasing the power supply voltage,
as it has been explained in Sec. 3, Eq. (20).

5. OTA-C filter design

As an example, a third-order elliptic filter has been designed
and simulated using the OTA from Fig. 6. The normalized
passive prototype filter is given in Fig. 7 and its active im-
plementation is shown in Fig. 8. Figure 9 presents the ob-
tained simulated amplitude frequency response. Table 3 in-
cludes simulated parameters of the filter.

C,=0.2016

— i

’_NW\_‘
L,=0.9624

I 1

C,=1.203 C,=1.203

R=1

Fig. 7. Normalized passive prototype of the 3" order elliptic filter

o

T;"

Fig. 8. Active single output OTA implementation of the ladder filter of Fig. 7
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Table 3
Simulation results of the filter. The filter type: 37¢ order elliptic low-pass with designed 1 MHz cut-off frequency

Value

Parameter

Filter

with the linearized OTAs

implemented Filter implemented

with classic OTAs using PMOS

of Fig. 6
Supply voltage 33V 33V
Power consumption 464 mW 321 mW
Simulated cut-off frequency 1.004 MHz 0.993 MHz
Notch depth —72 dB —62 dB
DC gain —0.35dB —0.09 dB
Integrated input referred noise (0.01-1 MHz) 362 uVrnms 159 uVrnms
THD (@ 100 kHz) —40dB @ Vip =0.52V —40dB @ Vip =0.26 V
Dynamic range (@ THD = —40 dB) 60.1 dB 61.3 dB
DC gain change (@100 MC @ 0.5% V7 and K) —0.638 — —0.145 dB —0.38 - +2.2 dB

Cut-off frequency change (@100 MC @ 0.5% V7 and K)

994.5-1015.6 kHz

958-1012 kHz

V()l T/ VI\ [dB]
2

-50

-60

0.01 0.03 0.1 0.3 1 3 10 30

Frequency[MHz]

100

Fig. 9. Simulated response of the filter from Fig. 8 with the OTA
from Fig. 6, simulated using SPICE and AMS C35 BSIM MOS
models

6. Conclusions

This work presents the MOS transistor pair driven simulta-
neously from gate and bulk terminals, for which the approxi-
mated analytical solution of the V-I transfer function has been
found and the configuration of the greatest linearity of the V-
I converter has been proposed. For this configuration, fully
differential OTA amplifier has been designed and its para-
meters have been compared with the amplifier using classic
differential pair of MOS transistors. Finally, two elliptic 3rd
order filters have been designed, using the proposed amplifier
and the classic one. Both the amplifiers and the filters have
similar signal to noise dynamic ranges, but the proposed lin-
earized amplifier is capable of processing signals of greater
values, at the cost of introducing more noise, comparing to
the classic MOS pair based amplifier. The linearized MOS
pair presented in this paper can be used at lower power sup-
ply voltage than the classic differential pair with similar large
signal properties. This is particularly important due to the
continuous trend of decreasing the power supply voltages in
modern CMOS processes.
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