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ABSTRACT

This thesis presents a rail to rail CMOS voltage follower and its application for current
feedback operational amplifier. The proposed voltage follower is implemented using a standard
0.13 um CMOS technology. The circuit can operate under the supply voltage of + 0.75 volts
with the output swing as large as 4 0.6 volts (300 Q load). The proposed voltage follower has
low distortion (0.44% @ 3 MHz, + 0.6 volts), large bandwidth (657 MHz) and low output
impedance (18.5 QdB). The current feedback operational amplifier is then designed based on the
proposed voltage follower. The performance of both circuits is verified using HSPICE. Finally,
the layout of the circuits and their post simulations are carried out using L-EDIT and HSPICE

respectively.
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SPICE Model Parameters

IBM 8RF-LM, 8RF-DM (0.13 micron)

g9



RUN: T4BJ (8RF 8LM_DM)

TECHNOLOGY: SCNO13

TRANSISTOR PARAMETERS  W/L

MINIMUM
Vth

SHORT
Idss
Vth

Vpt

WIDE
Ids0

LARGE
Vth
Vibkd
Tilk

Gamma

K' (Uo*Cox/2)

MOSIS WAFER ACCEPTANCE TESTS

VENDOR: IBM-BURLINGTON

FEATURE SIZE: 0.13 microns

N-CHANNEL P-CHANNEL UNITS

0.16/0.12

0.39 -0.42 volts

20.0/0.12
456  -206 uA/um
0.43 -0.41 volts
3.0 -3.0 volts

20.0/0.12
494.0 -264.0 pA/um

50/50
0.11 -0.22 volts

2.5 -2.9 volts
<50.0 <50.0 pA
0.24 0.23 V~0.5

2712 -49.6 uA/V"2

Low-field Mobility 502.65 91.93 cm"2/V*s
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PROCESS PARAMETERS N+ P+ POLY Ml M2 M3 M4 UNITS

Sheet Resistance 3.5 7.0 67 0.15 0.10 0.10 0.06 ohms/sq

Contact Resistance  11.3 11.5 9.5 0.92 1.52 1.80 ohms

Gate Oxide Thickness 32 angstrom

PROCESS PARAMETERS M5 P+BLK PPLY+BLK M8 M6 POLY NON M7 N W
UNITS

Sheet Resistance 0.06 69.1 326.3 0.010.09 1113.4 0.01 544 ohms/sq

Contact Resistance 1.88 2.68 2.15 2.53 ohms

COMMENTS: BLK is silicide block.
CAPACITANCE PARAMETERS N+ P+ POLY N W  UNITS

Area (substrate) 909 1029 985 aF/um”2
Area (N+active) 10833 aF/um”2
Area (P+active) 10318 aF/um”2
Fringe (substrate) 184 190 aF/um

T4BJ SPICE BSIM3 VERSION 3.1 PARAMETERS

SPICE 3f5 Level 8, Star-HSPICE Level 49, UTMOST Level 8

* DATE: Mar 15/05

* LOT: T4bj WAF: 1001

* Temperature parameters=Default

.MODEL CMOSN NMOS ( LEVEL =49
+VERSION = 3.1 TNOM =27 TOX =3.2E9
+XJ  =1E-7 NCH =23549E17 VTHO =0.0667993
+K1 =0.3050401 K2 =-6.64669E-3 K3 =1E-3
+K3B =6.3909133 WO =1E-7 NLX =1E-6
+DVTOW =0 DVTIW =0 DVT2W =0
+DVTO0 =1.0317557 DVTl =0.153617 DVT2 =0.2596789
+U0 =403.8193435 UA =-1.218825E-9 UB =5E-18
+UC  =4.923469E-10 VSAT =2ES5 A0 =2

+AGS =0.9462924 B0 =5.986921E-6 Bl =35E-6
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+KETA =0.0333393 Al =0 A2 =03

+RDSW =150 PRWG =-0.2 PRWB = 0.1964548

+WR =1 WINT = 1.153259E-8 LINT =5.070573E-9
+DWG =-2.811675E-9 DWB =2.549293E-8 VOFF =-0.0670333
+NFACTOR = 2.5 CIT =0 CDSC =24E-4

+CDSCD =0 CDSCB =0 ETAO0 =6.359207E-3

+ETAB =-4.233343E-3 DSUB =1.223577E-3 PCLM = 1.5799827

+PDIBLCI1 = 0.2867087  PDIBLC2 = 0.01 PDIBLCB = 0.0112055
+DROUT =1 PSCBEI =8E10 PSCBE2 =1.211871E-6
+PVAG =0.0464201 DELTA =0.01 RSH =35
+MOBMOD =1 PRT =0 UTE ==15

+KT1 =-0.11 KTIL =0 KT2 =0.022

+UAl =431E-9 UB1 =-7.61E-18 UCl =-5.6E-11

+AT =33E4 WL =0 WLN =1

+WW =0 WWN =1 WWL =0

+LL =0 LLN =1 LW =0

+LWN =1 LWL =0 CAPMOD =2

+XPART =0.5 CGDO =4.88E-10 CGSO =4.88E-10

+CGBO =1E-12 CJ] =8406222E-4 PB =0.8007143

+MJ  =0.5156277 CIJSW =223899E-10 PBSW =038

+MJSW =0.2174993 CIJSWG =3.3E-10 PBSWG =0.8
+MJSWG =0.2174993 CF =0 PVTHO =-2.808916E-4
+PRDSW =0 PK2 =9.573716E-4 WKETA =-2.707223E-3
+LKETA =7.484916E-3 PUO =13.3340682 PUA =3.045756E-11
+PUB =0 PVSAT =2.004803E3 PETAO =1.003159E-4

+PKETA =-6.58928E-4 )

.MODEL CMOSP PMOS ( LEVEL =49
+VERSION = 3.1 TNOM =27 TOX =3:2E9
+XJ =1E-7 NCH =4.1589E17 VTHO =-0.2130346

+K1 =0.1106589 K2 =0.0707348 K3 =0
+K3B =14.4425626 WO =1E-6 NLX  =9.045662E-7

+DVTOW =0 DVTIW =0 DVT2W =0
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+DVTO =0 DVTlI =0 DVT2 =-03
+U0  =119.1796283 UA  =1.619573E-9 UB = 3.06882E-21

+UC  =5.179257E-11 VSAT =1511726ES A0 =2

+AGS =0.1882555 BO =9952617E-7 Bl  =2.290511E-6
+KETA =0.0455986 A1 =0.5158596 A2 =0.3797097
+RDSW =105 PRWG =-0.5 PRWB =0.5

+WR = l WINT =0 LINT =2.926066E-9

+DWG =-1.710228E-9 DWB =-6.70213E-10 VOFF =-0.1022829
+NFACTOR = 1.5332272 CIT =0 CDSC =24E-4
+CDSCD =0 CDSCB =0 ETAO = 1.099049E-3
+ETAB =-0.5 DSUB =15 PCLM =1

+PDIBLCI = 0.0394469  PDIBLC2 =10.1 PDIBLCB = -1E-3
+DROUT =0 PSCBE1 =8.800575E9 PSCBE2 = 2.546897E-9
+PVAG =0.3818944 DELTA =0.01 RSH =7

+MOBMOD =1 PRT =0 UTE =-15

+KT1 =-0.11 KTIL =0 KT2 =0.022

+UAl =431E-9 UB1 =-761E-18 UCl1 =-5.6E-11

+AT =3.3E4 WL =0 WLN =1

+WW =0 WWN =1 WWL =0

+LL =0 LLN =1 LW =0

+LWN =1 LWL =0 CAPMOD =2

+XPART =0.5 CGDO =227E-10 CGSO =227E-10

+CGBO =1E-12 Cl] =1.174299E-3 PB =0.8276031

+MJ  =0.4115893 CJSW =1.330127E-10 PBSW =0.8022552
+MJISW  =0.1000669 CISWG =422E-10 PBSWG =0.8022552
+MISWG =0.1000669 CF =0 PVTHO =-7.202113E-4
+PRDSW =18.5184276 PK2 =1.134368E-3 WKETA =0.0338156
+LKETA =5.598742E-3 PUO =-0.7839356 PUA =-3.84783E-11
+PUB =0 PVSAT =-50 PETAO =-1.993538E-4

+PKETA =-5.751486E-3 )
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A High Performance Rail-to-Rail CMOS Voltage
Follower

Weerachai Nakhlo and Varakorn Kasemsuwan

Department of Electronics, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang
Chalongkrung Rd., Ladkrabang District, Bangkok 10520, THAILAND Email:kkvarako(@kmitl.ac.th

ABSTRACT

A simple rail-to-rail  CMOS voltage follower is
presented.  The circuit is developed based on a
conventional class AB voltage follower. The circuit is
designed using a standard 0.5 pm CMOS technology and
HSPICE is used to verify the circuit performance. The
circuit operates under the supply of + 1.5 V. The voltage
follower can drive £ 1.3 V to the 300 Q with the total
harmonic distortion of less than 0.8 % at the operating
frequency of 3 MHz. The power dissipation is | mW.
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1. INTRODUCTION

An integrated voltage follower is an essential part of
many analog VLSI systems. At present, most system
requirements make it necessary for the follower to be able
to drive low resistive loads while, at the same time,
handle large output swing and maintain low harmonic
distortion. Several class AB voltage followers have been
proposed to achieve this goal. One among the most
popular approaches for realizing such follower is to
employ a pseudo source follower which has a pair of
complementary common source MOS transistor [1— 3].
Pseudo source follower offers small output impedance
and, at the same time, can handle large output swing
compared to a simple common drain type source
follower.  However, this approach suffers from the
difficulty in the control of the quiescent current as a
result of the random threshold voltage and high
transconductance of the complex feedback circuit. In
addition, compensation capacitor is required to improve
the stability and transient response. Kadanka et al. [4]
proposed wild swing voltage follower without feedback.
The circuit contains both BJTs and MOS transistors and
is based on a double buffer implemented in the class AB
emitter follower configuration. BJTs are employed as a
core part and connected as an emitter follower due to
higher transconductance over MOS transistor and less
mismatch in base emitter voltage (AVgg) between npn
and pnp compared to that of gate-source voltage (AVgs)
of NMOS and PMOS. The circuit shows good dynamic
performance, good stability and low power dissipation.
The circuit implementation however requires BiICMOS
process. M. Neag [5] and O. Oliaei [6] proposed voltage
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followers using internal feedback technique. The
circuits show good frequency response, low output
impedance and good linearity. However, the output
swing is limited to one overdrive voltage and one
gate-source  voltage (Vp.t)is) making  them
unsuitable for low voltage applications.

This paper presents a simple CMOS rail-to-rail
voltage follower. The circuit is capable of handling
large output voltage swing with low harmonic
distortion. The circuit operates under +1.5 V supplies
and can drive £ 1.3 V to 300 Q with a total harmonic
distortion of less than 0.8%. The bandwidth of the
circuit is found to be 323 MHz. The power
dissipation under quiescent condition is 1 mW.
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Fig. 1: A conventional voltage follower

2. CIRCUIT DESCRIPTION

A conventional voltage follower is shown in Fig. I.
The circuit consists of four transistors (My;, Mya,
Mp, and Mp,) connecting in a simple complementary
fashion. This follower provides good control and
high effectiveness in the usage of the quiescent
current.  Due to its simplicity, the frequency
characteristic is very good and determined by the
time constant associated with the input and output
nodes. In addition, the circuit has relatively low
voltage offset which is determined mainly by the
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transistor mismatch. However, this conventional
follower suffers from three main drawbacks which are:
1) the linearity is rather poor and strongly dependent on
the ratio between the biasing and output current, 2) high
output impedance due to reduced transconductance (g, )
of the MOS transistor and 3) a limitation in the linear
output swing. One possible solution is to employ pseudo
source follower because it provides better output swing
and low output impedance. The output swing is only
limited by the overdrive voltages of the two output MOS
transistors while the output impedance is reduced by the
action of error amplifiers within the feedback loop.
Unfortunately, pseudo source follower suffers from the
difficulty in the bias current control and speed limitation
due to error amplifiers.

Fig. 2 shows the proposed circuit that alleviates all
these problems. The circuit is developed based on a
symmetrical voltage follower described in Fig. 1. Four
transistor (Myy.n2 and Mpps) work as a conventional
voltage follower while M, g,, Myg,, Mnips and Mg
consist to be additional circuit enabling rail to rail
operation. The operation of the circuit can be explained
by considering three different input signal amplitudes as
follows.

Case I: Vss+Vpsatmpst |VTp l <Vin £Vpp—Vosarver— Vin

In this case, My,» and Mp, > work as conventional
voltage follower. M, and M, are connected as common
sources and their output signals are passed to gates of
My; and Mp;, which are connected in common source
configuration as well, respectively. Both My; and Mp;
serve the duty to source and sink current to the load. The
output impedance of the circuit is reduced due to two
negative feedback loops at the output formed by My,, M,
and My; and Mp,, M, and Me;. To demonstrate this

Vdd

100

fact, assuming that the output voltage signal is pulled
high, the signal is then amplified via My, and M,
which are connected as common gates. As a result,
the voltages at drains of M, and M, are forced to go
high and My; p; finally force the output voltage to be
low. Straightforward small signal analysis shows the
output impedance as

R !

(1 + Bt o) gw-:“ * gmp‘rnq‘nhi]

(n

Rran:t.m:; =

Case Il: Vin> Vpp = Vosams: —Vin

In this case, My;.; and M, are forced to be in the
cutoff region. The voltage at the drain of M, is
forced to go low causing Mp; to source the current to
the load. The output voltage in this case is capable to
swing within one overdrive (¥p.anses) of the positive
supply and output impedance R,..cu. iy Of the circuit
is given by

1 (2)
sl g...,.‘.r..(uh.l)

Rt r Cusetry =

Case [l : Viy < Vs + Vpsarmss + |VTPI

In this case, Mp,.; and M, are forced to be in the
cutoff region. The voltage at the drain of M, is
forced to go high causing My; to sink the current
from the load. The output voltage in this case is
capable to swing within one overdrive (Vp.uams) of
the negative supply and output impedance R« ue 1)
is given by

: (3)
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Fig. 2: Proposed rail to rail voltage follower
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The quiescent current (/) of the proposed follower is
well controlled and can be chosen by properly scaling the
size of the transistor Mg. By writing KVL around the
loop consisting of M, Mg and My, one can show that
the quiescent current satisfies the following equation

i =1,.,~:“1J =

2 2,

—— 2|+ [+

1. (W (W (W
BHRr <[2)
\ \ L i L ki L \H

From (4), it is obvious that one can increase the
quiescent current (/) by reducing the aspect ratio (W/L)
of Mg or increasing the aspect ratio of Mp; and My;.
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3. EXPERIMENTAL RESULTS

To evaluate the performance of the proposed circuit, the
simulation is performed using HSPICE with a 0.5 pm
CMOS technology under the supply voltages of £ 1.5 V.
The aspect ratios of transistors are summarized in Table I.
The simulations results show high performance
characteristics, namely low output impedance, low
harmonic distortion, large linear output voltage swing,
wide bandwidth and low power dissipation.

Fig. 3 shows DC transfer characteristics. As seen, the
proposed follower can drive + 1.3 V to 300 Q with good
linearity. Fig. 4 shows transient response of the circuit
with an input amplitude of 3 V,,, and frequency of 3 MHz
to the 300 © load. It is found that the total harmonic
distortion is less than 0.8% when the input amplitude is
2.6 V,,. Fig. 5 shows frequency response of the circuit
and the bandwidth is found to be 323 MHz. Fig. 6 shows
output impedance of the circuit with different input
frequencies. As seen, the output impedance is only 6.8 Q
at low frequency. Fig. 7 shows total harmonic distortion
versus various input voltages at 3 MHz. The power
dissipation is found to be 1 mW.

4. CONCLUSION

A simple rail-to-rail CMOS voltage follower is presented.
The circuit is developed based on a conventional class
AB voltage follower. Few transistors are added enabling
the circuit to obtain low output impedance and large
output voltage swing. The circuit performance is verified
using HSPICE and the follower can drive + 1.3 V to the
300 € load with the total harmonic distortion of less than
0.8 % at the operating frequency of 3 MHz
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Table 1: Aspect ratio of transistors
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Transistors Aspect Ratios (W/L)

Mg, Mg 9.8/1
Mg 137.5/1
Mgy 22/0.5

Mas, Mgs 2.5/1
Mge 34.5/1
Max 6.3/0.5
My 1.3/0.5
M 13/0.5
Mp, 5/0.5
Mg 43.5/0.5
My 26/0.5
My 6/0.5
Muy; 161.5/0.5
Mps 640.5/0.5
Mg 1.3/1
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Fig. 3: DC transfer characteristics
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Fig. 4: Transient response of the circuit
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