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ABSTRACT

The low-voltage/low-power techniques are used as an integral part of the design process for
any modern electronic device. To achieve downscaled supply voltage and a resultant low-
power operation, an extensive research of such techniques is required. Flipped voltage
follower (FVF) is an analog cell that can operate under low supply voltage environment and
consumes less power and can be used for designing the analog circuits. With the advantages
offered by it, it has presented itself as a promising substitute of other conventional low-

voltage/low-power techniques.

The research work includes designing of class-AB level shifted flipped voltage follower
(LSVFVF). The level shifter is used to increase the swing of flipped voltage follower. In the
proposed circuit bulk-driven MOSFET is used as a current source which improves the
sourcing capability and symmetrical slew rate for class-AB operation. The circuit has
input/output swing of 1.01 V/0.809 V, wide bandwidth of 750.92 MHz and low output
resistance of 106.78 Q. The applications of the proposed circuit as current sensing cell and
differential structure using LSVFVF cell are also presented. The proposed circuits have been
designed and simulated in Cadence Virtuoso Analog Design Environment using BSIM3V3
180 nm CMOS technology. The comparison of the proposed LSVFVF with flipped voltage
follower cells available in literature shows that the proposed LSVFVF can be used in

designing of analog circuits.
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CHAPTER 1
INTRODUCTION

Nowadays, design strategies for electronic devices are aimed at achieving higher portability.
The need of portability in the devices places restriction on size and power consumption of the
battery [1]. If the device needs frequent charging of the battery, consumers will not buy that
device and device will exit early from the market. So, the reduction in power consumption is
important to maximize the run time of batteries with minimum size and weight allocated to
batteries. With the reduction in supply voltages, power consumption can be reduced.

The low-voltage/low-power (LV/LP) techniques are used during the design process to
achieve low supply voltage operation which results in low power dissipation [2]. Over the
past few years, there has been an increase in the number of portable devices that offer long
lasting battery lifetime. Keeping this in mind it can be inferred that various LV/LP techniques
are already prevalent in the market. The LV/LP design techniques for low supply voltage
operation of analog circuits are sub-threshold MOSFETS [1-6], bulk-driven MOSFETS [1-3,
5-7], self-cascode structures [1-3, 5], floating gate MOSFETs [1-3, 8-9]. However, with
scaling down of technology a constant improvement in these techniques is in demand.
Flipped voltage follower (FVF) cell overcomes the limitations of the previously mentioned
techniques and can operate under low supply voltage [10, 11].

In this chapter conventional LV/LP techniques are discussed. The motivation behind the

research work is also presented followed by organization of thesis.

1.1 CONVENTIONAL LV/LP TECHNIQUES

To increase the portability in electronic equipment market, electronic devices are designed to
operate at low supply voltage and consume less power. The LV/LP techniques are developed

to increase the portability are discussed as follows:

1.1.1 Sub-Threshold MOSFETSs

In this technique, the MOSFETS operate in sub-threshold or weak inversion region for gate-
to-source voltages (Vgs) less than the threshold voltage (V). The drain current in this region
is due to the diffusion of minority charge carriers because circuits make use of supply
voltages less than the threshold voltages of the device [2]. The conduction in the sub-
threshold region was considered as a current leakage and was undesirable [12]. However, it

has gained prominence as an ultra-low power technigque over the past few years.



The reduced supply voltage decreases the power consumption of circuit. The advantage of
sub-threshold operation is reduced input-referred noise contribution as compared with the
saturation-region. There are various limitations also on the use of sub-threshold MOSFETSs.
The frequency response of sub-threshold circuits is poor because of the usage of sub-
threshold currents. To obtain high gain the device width has to be increased and this limits
the speed of operation of the sub-threshold circuits. The sub-threshold approach is best suited
for low performance applications, such as RFID tags and wireless sensor nodes, where speed

of operation may be compromised.
1.1.2 Bulk - Driven MOSFETSs

In MOSFETs the biasing current through its drain is required to perform any signal
processing task. In conventional MOSFETSs this biasing current flows when gate voltage
more than threshold voltage is applied. In bulk-driven MOSFETS, input voltage is applied at
bulk terminal and the gate terminal is connected to fixed biasing voltage which helps in
forming the conducting channel between source and drain of MOSFET. Due to the
availability of this channel the device operates in the depletion-mode. The channel width gets
modulated according to the input voltage applied at the bulk terminal and the voltage may be
zero, positive or negative. This voltage does not need to overcome the threshold voltage and
thus bulk-driven MOSFET can work under low supply voltage [1-3].

The transconductance of bulk-driven MOSFET is smaller than conventional MOSFET.
Isolation of bulk terminal is required in bulk-driven technique [5-7]. During fabrication to
have isolated bulk terminals different wells are required. This increases the area consumed

and results in high capacitance. Therefore, the frequency response is also degraded.

1.1.3 Self - Cascode structures

With the downscaling of CMOS technology, it is possible to utilize the advantages of high
density circuits and systems. But with scaling, output impedence decreases due to channel
length modulation. This results in low gain of the circuits. To improve the gain, output
impedence of the circuits should be increased. The cascoding technique increases the output
impedence and thus improves the gain. A limitation associated with cascoding of MOSFETSs
is the decreased output signal swing. Self-cascoding technique overcomes the limitation of
conventional cascoding technique [1-3, 5].

The output impedance can be improved by choosing threshold voltages of first transistor
greater than that of second transistor. This can be achieved by multiple threshold technology,

which is very expensive.



1.1.4 Floating Gate MOSFETSs

The Floating Gate MOSFET (FGMOS), otherwise similar to a conventional MOS transistor,
has an additional gate called the floating gate. In FGMOS the polysilicon gate is surrounded
by an insulating oxide layer on all sides and is electrically isolated from the rest of the device.
As there is no DC path to ground for this polysilicon gate, leaving it floating. The signal
inputs are applied to the transistor through an insulating oxide layer deposited on top of the
polysilicon layer and connected to polysilicon layer capacitively [1-3]. This oxide layer forms
the control gate. When multiple inputs are applied, it is called multi-input floating gate
MOSFET (MIFG MOSFET) [8].

Due to the programmability of the threshold voltage of FGMOS devices it can be used in low
voltage designs [8, 9]. The problem with the use of FGMOS is charge gets trapped at the
floating gate during fabrication. So, FGMOS cannot be fabricated using conventional
technology and this increases the cost. The trapped charge also results in large DC offsets.
The other disadvantage is FGMOS devices offers low gain because of low output impedence.

1.1.5 Flipped Voltage Follower

The voltage follower (VF) is used to transfer the voltage from the circuit having high output
impedence to the circuit having low input impedence. It avoids loading effect. Voltage
Follower must have high input impedance, low output impedance, unity voltage gain.

The output impedence of voltage follower is not low enough. To decrease the output
impedence, transconductance can be increased. The transconductance can be increased by
increasing the aspect ratio of transistor. But this is not acceptable in deep submicron
technologies, since the main aim is to reduce the transistor size. Also, the power dissipation
will increase with increment in aspect ratio [13]. The current sinking capability of voltage
follower is poor due to biasing current source and voltage gain is also less than unity [13].

A modified form of voltage follower known as flipped voltage follower has improved
characterstics as it can operate under low supply voltage environment and has low output
impedence compared to voltage follower. FVF has large current sinking capability due to the
low impedance at the output node [13, 14]. Also, the gain of flipped voltage follower can be
altered by scaling aspect ratio of MOSFETs [15]. It is a cascode amplifier with shunt
feedback and is called as flipped because it is biased at the drain side. FVF operating at low
supply voltage can be used in designing differential pair circuits [16], amplifiers [16] and
filters [17]. However, the conventional FVF has limited input/output swing and asymmetrical

slew rate (class-A operation) [13]. Several class-AB modifications of the flipped voltage
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follower cell have been presented in the literature, which offers different electrical features

i.e. large input/output swing and symmetrical slew rate [18-23].

1.2 MOTIVATION

In portable electronic equipment market, to have longer shelf life of batteries, analog and
mixed mode electronic devices require designing of analog circuits to operate at low supply
voltage levels [2]. The analog circuits are decomposed into several sub circuits which can be
called as analog cells. These analog cells are designed to operate at low-voltage, which
further reduces the power dissipation of the analog circuit [3]. The low-voltage/low-power
analog circuits can be designed by using flipped voltage follower cell (FVF) as an analog cell
[10, 11]. FVF being a relatively new LV/LP technique has not been discussed as much in
literature as the other prevalent methodologies. FVF offers advantages of low supply
voltages, low power dissipation and hence increased device portability. Therefore with
further research in this domain this technique will effectively replace the other LV/LP
techniques that suffer from significant drawbacks.

Therefore, the motivation behind the research work recorded in this report was to design
class-AB flipped voltage follower as a LV/LP analog cell. A comparison of performance
parameters of proposed class-AB FVF with FVFs available in literature is done to observe

advantages offered by proposed cell.

1.3 ORGANIZATION OF THE THESIS

The organization of thesis is as follows:
Chapter 1 introduces the LV/LP techniques and described advantages offered by flipped

voltage follower over the other LV/ LP techniques.

Chapter 2 presents a brief description of the research that has been reported in literature in the

field of FVF based analog circuits.

Chapter 3 describes the proposed class-AB level shifted flipped voltage follower and its

applications.

Chapter 4 addresses the simulation results of the proposed circuits. The results have been

compared with the similar circuits available in literature.

Chapter 5 concludes the report while also mentioning the future possibilities to carry forward

the research in this domain.



CHAPTER 2

LITERATURE SURVEY

The chapter discusses the research work which has been carried out on the flipped voltage
follower (FVF) cell reported by various authors in the recent years. A succinct review based

on the study of papers is as follows:

FVF cell used for designing low-voltage/low-power analog circuits has been identified in
[10] which overcome the limitations of conventional source follower. FVF cell operates at
low- voltage and can also provide class-AB behaviour. A large variety of applications based
on the way the cell is employed such as current mirrors, differential pairs and

transconductance operational amplifiers are also discussed.

Torralba et al. [24] presented CMOS class-AB buffer which operates under low-power
conditions and maintains high slew rate. The class-AB buffer is implemented using
differential FVF (DFVF) but it has limited input swing. The input swing is increased by
adding DC level shifter in the proposed circuit and by constructing buffer with only PMOS
DFVF.

A high speed current sensor based on FVF (FVFCS) used for testing of mixed signal circuits
is proposed in [25]. FVFCS has low supply voltage requirement, very low input impedence

and can sink large currents. The high gain and high bandwidth is achieved using FVFCS.

FVF based MOS translinear loops (TL) operating at low voltage is reported in [26]. In the
conventional low-voltage TL techniques, loop transistors operate in weak inversion region
resulting in poor matching characterstics. But, in the proposed technique square law of MOS
transistors is exploited in strong inversion and saturation region which overcomes the
limitation of conventional techniques. FVF create a low impedence node where the controlled
DC reference voltage can be established for the TL loop. The proposed technique can be used
to build either static nonlinear computational circuits or dynamic linear and nonlinear
circuits. The circuit implementing the square root of input current using MOS TL loop with

FVF is also presented.



Lopez-Martin et al. [27] presented a current conveyor based on low-voltage/low-power FVF
cell. FVF provides it high input impedence, low output impedence, accurate copying of
voltage, high speed for a given current consumption. The simulation results show that the
proposed current conveyor is better in terms of bandwidth, supply voltage and power
consumption as compared to conventional current conveyors. The application demonstrated

is universal biquadratic filter which is designed using three CCI1+ blocks.

The op-amp with a complimentary flipped differential pair (CFDP) at the input stage is
introduced in [16]. The rail-to-rail op-amp operation is achieved using CFDP. The supply
voltage requirement is decreased by two drain-source saturation voltages as compare to op-
amp with complimentary conventional differential pair. The constant transconductance gain
is maintained in the proposed circuit with the use of control circuit based on flipped

differential pair.

Angulo et al. [18] has modified the conventional voltage follower (VF) and introduced a
voltage follower with class-AB operation with no additional power dissipation. The circuit
has been designed using quasi-floating gate (QFG) technique. A comparison between the
proposed VF and conventional VF has also been reported in which it is observed that QFG
based VF offers lower total harmonic distortion and improvement in terms of slew rate and

bandwidth as compare to conventional VF.

The flipped voltage follower providing class-AB operation is reported in [19]. The folded
version of the proposed circuit to increase the voltage swing has also been presented. The
circuits need few extra devices and small increase in power dissipation compared to other
class-A and class-AB modifications of FVF cell but have improved sinking and sourcing
capability at the output stage. The output voltage is maintained consistently constant with

respect to input.

Fayomi [28] suggested FVF based fully differential sample-and-hold circuit. The fully
differential operational transconductance amplifier (OTA) is developed using the proposed
sample-and-hold circuit, where FVF is used as differential pair at the input stage. The use of
FVF at the input stage enables a psuedodifferential class-AB operation and supply power
required for the operation of OTA is reduced. The clock signal doubler is used to overcome

the limitation of input sampling switches due to low-voltage supply. The applications such as



pipelined, flash and successive approximation ADCs can be designed using the proposed

circuit.

The FVF based single-transistor-control low-drop-out (LDO) regulator is discussed in [29].
The proposed LDO is stable for different output capacitors, equivalent series resistances and
load currents and offers more stability than conventional LDO. It is discussed that proposed
LDO is also stable when there is no output capacitor. The loop bandwidth of the proposed

regulator is high for both with capacitor and without capacitor at the output.

Haga and Kale [20] introduced a bulk driven flipped voltage follower. In the proposed circuit,
replica-biased bulk-driven MOSFET is used for the input device to remove the DC level
shift. Because of class-A type, it has poor sinking capability and cannot drive large loads at
high speed. The proposed circuit is modified to class-AB type to overcome the problem of
class-A type circuit. The modification improves the sinking capability at the output and the
circuit offers advantages in terms of low-power consumption and high-power driving
capability. To attain a virtual short between input and output, input current and input

capacitance should not be large.

A class-AB buffer which is modified version of flipped voltage follower is proposed in [21].
A comparison between the standard buffer (class-A and class-AB type), conventional FVF
buffer (class-A and class-AB type) and proposed class-AB FVF buffer is reported. The
proposed buffer has higher slew rate and less setting time than class-A conventional FVF
buffer. It offers higher bandwidth, low output impedence, higher linearity than standard class-
AB buffers. The proposed FVF shows improvement in output swing compared to standard

class-AB buffer and conventional FVF buffer (class-A and class-AB type).

Blakiewicz [30] presented an improved version of FVF and low-dropout voltage regulator as
an application of FVF is also presented. The conventional FVF has poor stability for large
capacitive loads and poor time response to the output current changing from low to high
value. The proposed FVF overcomes the limitation of conventional FVF with small increase

in the complexity of circuit and offers better frequency and time responses.

The current comparator circuit is designed using FVF with voltage at the output in [31]. The
comparator circuit required small area and less propagation delay. The circuit has rail-to-rail

output swing and fast rise and fall time.



Dingcyhan [14] described three different class-A voltage followers. Two of them are
conventional source follower and flipped voltage follower. The third voltage follower is the
proposed circuit which is the level shifted version of flipped voltage follower. The level
shifter technique increases the input and output voltage swing. The proposed circuit offers
wide bandwidth and low output resistance. The various performance parameters of the three
circuits and compared and proposed follower is found to be suitable for low voltage

applications.

FVF based current mirror (FVF) current mirror using Dynamic Threshold MOS (DTMOS)
technique is presented in [32]. The supply voltage and threshold voltage is lowered due to the
use of body effect. Three different structures have been reported to show the effect of
DTMOS technique in conventional FVF current mirror and one of them is found to be

suitable for low-voltage applications. But the fabrication of DTMOS is difficult.

Haga [33] presented a voltage follower that operates at low supply voltage. The quasi-
floating gate (QFG) and bulk-driven technique are used in the proposed circuit which allows

the circuit to operate under low supply voltage environment.

A capacitor-free low-dropout voltage regulator based on FVF which uses digital detecting
technique is proposed in [34]. This technique replaced large capacitors and resistors used for
transient coupling. The digital detection circuit consumes less power and is small. In the
proposed circuit slew rate has been increased at the gate of power transistor by detecting the
dynamic changes inside the circuit. Load-transient recovery time is decreased and fast-

transient response is obtained.

Molinar-Solis et al. [22] presented a bulk-driven configuration of flipped voltage follower.
The proposed circuit does not need any additional devices and is a modified version of
conventional FVVF where current source is replaced by bulk-driven transistor to achieve class-
AB operation. A symmetrical slew rate and increased current sourcing capability is achieved

with the use of proposed circuit.

FVF based voltage adder is reported in [35]. The adder is used as a basic building block to
design analog multiplier. The biasing and signalling of multiplier has been done by using four
such adders. The percentage of distortion is less due to the presence of undesired harmonics.
The application of the proposed circuit as a amplitude modulator has also been presented.
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Centurelli et al. [23] proposed class-AB flipped voltage follower. The proposed topology is
similar to [21], but to avoid an additional pole, common-gate auxiliary amplifier is used. The
resulting circuit shows linear behaviour for large signal swings and better frequency

response, enables faster settling time, consumes less power and has improved phase margin.



CHAPTER 3

PROPOSED CLASS-AB LEVEL SHIFTED FLIPPED VOLTAGE
FOLLOWER CELL

In this chapter level shifted version of flipped voltage follower (LSVFVF) is proposed.
Section 3.1 discusses description of the proposed circuit. Analysis of the circuit is presented

in section 3.2. In section 3.3 applications of proposed LSVFVF are discussed.

3.1 CIRCUIT DESCRIPTION

The conventional FVF and proposed level shifted version of conventional FVF cell
(LSVFVF) are shown in Figures 3.1 and 3.2, respectively. The constant current source Ig
used for biasing in the conventional FVF cell is implemented by transistor M3 with its bulk
terminal connected to drain end as an adaptable current source in the proposed circuit. The
input (V) is applied at the gate terminal and output (Vo) is drawn from the source terminal
of transistor M. In the feedback path, transistor M, connected between the gate of transistor
M; and drain of transistor M, is used as a level shifter. The bias voltage (Vgias) at gate
terminal of transistor M3 adjusts gate-source voltage of transistor M3 (Vgsms) and it results in
constant bias current in the branch M;-Ms. The voltage variations at node ‘X’ are transferred
to node Y’ through transistor M,. Consider, if input voltage (Vn) increases sharply causing
decrement in voltages Vx and Vy. The decrement in voltage Vx increases the source-bulk
voltage of transistor M3 (Vsgm3) that allows transistor M3 to provide a higher current, which
results very large sourcing current in capacitive load C_. The decrement in voltage Vy reduces
the gate-source voltage (Vesmi1) Which turns off transistor M. Further, when input voltage
(Vin) decreases, the voltages Vx and Vv increases. This increases the current in transistor
My, resulting in a large sinking output current in capacitive load C. In Figure 3.2, the dotted

line is used when body effect is not considered for the transistor M.
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Figure 3.1 Conventional FVF [13]
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Figure 3.2 Proposed Level shifted version of class-AB FVF (LSVFVF)

3.2 ANALYSIS OF LSVFVF
3.2.1 DC Analysis

DC analysis is performed by assuming the circuit under DC equilibrium conditions. As
transistor M3 used as a current source it is kept in the saturation region. To keep transistors
M;, M, and My in saturation region, their drain-source voltages must follow the condition

given as

Vbsm1,2,4 = Vpssatmi,2,4 aNd Vpssarmi24 = Vesmi,24 — V1 (3.1)
where V7 is the threshold voltage.
11



Using equation (3.1), the boundary condition for output voltage (Vo) can be obtained as

Vo < Vx — Vpssarmz (3.2)
Vo = Vpssartm1 + Vy — Vesm (3.3)
Using equations (3.2) and (3.3), the output voltage (Vo) is bounded as

Vbssatm1 + Vy — Vosm1 < Vo < Vx — Vpssarmz (3.4)

Using equation (3.1), the drain-source voltage of transistor M, in saturation condition can be
written as

Vbssatma = Vx — Vy — Vrma (3.5)
Using equations (3.4) and (3.5), swing at the output node (Vosw) is calculated as

Vosw = Vbssatma + Vrma + Vesm1 — Vbssatmi — Vbssatmz (3.6)

From equation (3.6), it is clear that swing at the output node can be increased if Vpssami, 2 IS
as small as possible. To lower the value Vpssami, 2, the gate-source voltages of My 2 (Vesmi, 2)
should be minimum, but it must follow the condition (Vs > V1 + nkT/q where 7 is in the
range 1<n <3 and kT/q is the thermal voltage at room temperature ~ 26mV) given in [36] to
avoid weak inversion region. For the worst case 1 =3 has been chosen for the design of the

proposed circuit and hence, the minimum value of Vgs— V-t has been obtained as 100 mV.

Using equations (3.1) and (3.5), the upper bound for input voltage (Vn) is given as

ViN < Vosma + Vpssatm1 + VM1 + Vrme (3.7)
The lower bound for input voltage (V) is given as

Vin 2 Vo + Vrmz OF Vin 2 Vpssatm1 + VM2 (3.8)
where Vpsm1 = Vo = Vpssatma

Using equations (3.7) and (3.8), the boundary condition for input voltage (Vn) can be written
as

Vbssatm1 + Vrmz < ViN < Vesma + Vpssatm1 + Vv + Vime (3.9)
The swing at the input node (Vsw) is calculated as

Visw = Vesma + Vv (3.10)

Due to body effect, threshold voltage of transistor M is considered as Vtmz = 1.2 Vromz2 [22].

The minimum power supply voltage requirement of the proposed circuit can be calculated as
Vbbp(min) = Vbssatm1 + Vrm1 + Vrme (3.11)
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3.2.2 AC analysis

AC analysis of the proposed circuit is performed and the small signal gain (Ay), output
resistance (r,") and open loop gain (AoL ) are calculated by using small signal model of the
proposed circuit.

3.2.2.1 Gain (Av)

The small signal model of the proposed LSVFVF is shown in Figure 3.3.The gain (Ay) of the
LSVFVF can be calculated by applying KCL at node Dy; as

Vema—Vo _ Vo Vo
gmM2 (Vin - Vo) — 8mbM2 Vo + r = 8mM1 8mM4 VGSM4 FoMa + + R_
oM2 ToM1 D

(3.12)

where gmm1, 2 4 are the transconductances of transistors My 2, 4, mbm2 IS the transconductance

due to body effect of transistor M, and rqwg4 IS the output resistance of transistor M.

Substituting the value of Vggya = HgVL‘: in equation (3.12), we get
mM4ToM4
1 gmM18mM4ToM4 | _ 1 1 1
8mMm2Vin + Voma (romz T e marons ) =V, (rom to o TRy T 8mmz T gmbMZ) (3.13)

Dy Dyss » Gay G
Gbgm\QVGS)Q GD Zmn2VBsM2 © Tonp G/ 2 Vesas (W) G Vesns S ton 7
S)n S)B
Swa > Gan Dyn o Vo

Zani4VGsn %Iom QD gma Vosu %Tom %RD

Dy S

A4
Figure 3.3 Small signal model of proposed LSVFVF

Using approximation gmr, >> 1, equation (3.13) is modified as

m m o] 1
gmm2Vin + Vema ( - —gIT;iMT::MT4) =V, (R_D + 8mMmz + gmbMZ) (3.14)
Now, Applying KCL at node Dys, we get
Vema—Vo \%
SmM2 (Vin - Vo) — 8mbM2 Vo + GrM4 = —8mbmMm3 VGM4 - rGM4 (3-15)
oM2 oM3

Using approximation gmro, >> 1, equation (3.15) is modified as

13



\Y + -V;
VGM4 — Yo (8mM2+8mbM2)—Vin 8mM2 (316)
8mbM3

Using equations (3.14) and (3.16), the gain of LSVFVF circuit is given as
Ay = o = BmMz__ (3.17)

Vin - (8mM2+8mbMm2)

3.2.2.2 Output resistance (r,')

The output resistance (r,) of the proposed LSVFVF is calculated by assuming that the gate
terminal of transistor M, is connected at ground potential and a voltage source (Vo) is
connected at the output terminal, which supplies current I, in Figure 3.3.

Applying KCL at node Dy, we get:

Vv -Vo Vo
SmM2 (_Vo) — 8mbM2 Vo + G;:# = 8mM1 8mM4 VGSM4— Tomsa + ToM1 + Io (3-18)
Substituting the value of Vegys = —SM&— equation (3.18) can be written as
1+8mMaTloMa
1 1 _ _ 1 _ 8mM18mM4ToM4
VO (gmMZ + SmbM2 + FoM1 + I'oMZ) - IO VGM4 (roMZ 1+8mMaToMa ) (319)
Using approximation gmf, >> 1, equation (3.19) is modified as
Vo(gmMZ + gmbMZ) = I0 - VGM4 ( - %) (3-20)
Now, Applying KCL at node Dys, we get
Vema—Vo \Y%
8mmz2 (—Vo) — Bmbmz Vo + GFL = —8mbM3 Vems — rGM4 (3.21)
oMz2 oM3

Assuming gmlo >> 1, equation (3.21) is modified as

Vs = Vo (gn;anzb‘:imbmz) (3.22)

Using equations (3.20) and (3.22), the output resistance is given as

r,I — gmbM3(1+ gM4r0M4) (3 23)
°  (gM2+8mbM2)(BM18MaToMa+ BmbM3+ EmbM3EMaToM4) '

3.2.2.3 Open loop voltage gain (AoL)

To calculate the open loop voltage gain (Ao.) the small signal model is redrawn as shown in
Figure 3.4, where input voltage source Vy is connected at the gate terminal of transistor M,
and open loop voltage is taken at the drain of transistor M, (Vx).

Applying KCL at node Dy, we get

Vx—-Vr Vr

gmmz (=VR) = 8mbmz VR + —— = 8mm1 Wy + - (3.24)
oM2 oM1

Using approximation gmro, >> 1, equation (3.24) is modified as

Ve _ —(—BmM (3.25)

Vy gmM2+8mbM2

14



Applying KCL at node Dys, we get

Vx-V \%
8mM2 (—VR) — 8mbm2 VR + : = —gmbms Vx — . > (3.26)
oM2 oM3
Using approximation gmr, >> 1, equation (3.26) is simplified as
\4:3 gmbM3
— =03 27
Vx  8mMz2+8mbM:2 (3.27)
Hence, using equations (3.25) and (3.27) open loop gain (AoL) can be written as
AoL| = 22 (3.28)
SmbM3
G]Il L G)[S DMl D)LS L] G'.\[4 .
o Vy
@ gmVesn @ ZutniVBsn % Tonz @ msVasu @ Soons Vasus % Loz
N
v San2 S
v} N
Snas Gan : Dy
+ M1 Y GSM1 M1
() Vy @ § ) % o
S1[1 %7
N

Figure 3.4 Small signal model of proposed LSVFVF to calculate open loop voltage gain

Suppose body and source of M, are at the same potential (shown in the Figure 3.1 using
dotted line) then Vsg=0. Substituting gmpm2=0 in equations (3.17), (3.23) and (3.28), the gain

(Av), output resistance (r,) and open loop voltage gain (Ao.) are modified as

\%
Ay = —° = EmM2z _ 4 (3.29)
Vin gmM2
1+ r
ré) — gmbMS( M4 0M4-) (3.30)
gM2(8M18M4roMa+t 8mbM3+ EmbM38MaloM4)
_ 8mM1
|AoL| = ——— (3.31)
8mbM3

3.2.3 Stability analysis

The two poles of the proposed circuit at nodes ‘X’ and ‘Z’ are given as
Wx = 8mbma/ Cx (3.32)

wz = gmmz2/CL (3.33)
15



where Cyx includes the parasitic capacitances due to transistor M, and compensation capacitor
Cc and C, is the load capacitance.

For small capacitive loads i.e. C;, < 20 pF, pole at node ‘X’ (wy) is dominant and pole at
node ‘Z’ (wyz) is non-dominant. Using equations (3.28) and (3.32), the gain bandwidth
product (GBW) is given as

GBW = g.m1/Cx (3.34)
The condition w; > GBW ensures the phase margin of atleast 45° [2]. Using equations (3.33)
and (3.34), stability condition can be derived as

CL < (8mm2/8mm1)Cx (3.35)
Now, for large capacitive loads i.e. C;, = 20 pF, pole at node ‘Z’ (w) is dominant and pole
at node ‘X’ (wy) is non-dominant. Using equations (3.28) and (3.33), the gain bandwidth
product (GBW) is given as

GBW = (8mm18mm2)/(8mbm3CL) (3.36)
Using equations (3.32) and (3.36), stability condition can be derived as
CL = (gligmMZ/grznbM3)Cx (337)

For the proposed circuit we have considered the value of C less than 20 pF which ensure the

stability condition given in equation (3.35).
3.3 APPLICATIONS OF PROPOSED LSVFVF
3.3.1 Current sensor based on proposed LSVFVF

Current sensing cell shown in Figure 3.5 is realized using proposed LSVFVF. All the
transistors are biased in the saturation region. The input current (l,n) is applied at node ‘Z’
and this node is called as current sensing node. The impedence at node ‘Z’ is low due to the
presence of shunt feedback. Therefore, the voltage at current sensing node does not change
and it can source large variations in input current. The LSVFVF transfers the input current
variations at node ‘Z’ to voltage variations at node ‘Y’. The input current is replicated by
transistor Ms using voltage at node ‘Y.

The output current (lp) is measured at drain of transistor Ms_ The relation between output and
input current is obtained as

Io =In+15 (3.38)

where Ig is the current flowing through the bulk-driven transistor Ms.
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Figure 3.5 Current sensor based on proposed LSVFVF
3.3.2 Differential structure using proposed LSVFVF

The differential structure using proposed LSVFVF cell shown in Figure 3.6 is realized by
adding the source terminal of transistor Ms at node ‘Z’ operating in saturation region. The
output impedence is low due to shunt feedback at node ‘Z’. Therefore, for large currents
flowing through transistor Ms, the voltage at node ‘Z’ remains constant. The bias voltage

(Vg) and input voltage (V) are applied at gates of transistors Ms and My, respectively.

Vgias Ipns
—
LI
M,
W
IN
M;
Y |
|
\l/ IBIAS Ml

47 GND

Figure 3.6 Differential structure using proposed LSVFVF
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If Vin = Vg and aspect ratios of both the transistors are equal then the drain currents flowing
through the transistors M, and Ms are given as

lom2= lpms = I (3.39)
where Ig is the current flowing through the bulk-driven transistor Ms.

If V\n # Vi then difference of voltages (V\n— Vg) generates current variations in transistor Ms
and the increase in current follows the MOS square law.

The characteristic of differential structure using proposed LSVFVF cell is that the output is
available as both current through transistor Ms and voltage at node ‘X’ and output current can

be larger than biasing current Ig.

18



CHAPTER 4

SIMULATION RESULTS

The proposed circuit is designed and simulated in Cadence Virtuoso Analog Design
Environment using BSIM3V3 180 nm CMOS technology.

Using the drain current equation of saturation region, the voltages Vpssatmi, Vpssatmz and
Vpssatma are obtained as 82 mV, 88mV and 83 mV respectively. But in section 3.2.1, we have
already discussed that the minimum value of Vpss: should be atleast 100 mV. Therefore,
Vpssatm1,2.4 = 100 mV has been chosen for the design of proposed circuit. Due to body effect,
the threshold voltage of transistor M, (V1om2) is obtained as 0.585 V and without body effect
the threshold voltage of transistor M, (V1m2) is obtained as 0.48 V. Therefore the value of
Vw2 IS obtained as 1.2 times Vtomz, Which we have already considered in section 3.2.1. The
minimum value of the required supply voltage is calculated using equation (3.11) as 1.175 V
and hence, 1.2 V is decided to use as a supply voltage for the proposed circuit. Using
equations (3.6) and (3.10), the output swing (Vosw) and input swing (V,sw) are calculated as
0.96 V and 1.06 V respectively. Also, the small signal gain is calculated as 0.805 using
equation (3.17).

The DC transfer characterstics of the proposed circuit is shown in Figure 4.1 for the input
voltage (Vn) in the range of 0 < V |y <3 V. From Figure 4.1, the output voltage swing (Vosw)
and the input voltage swing (Visw) are observed as 0.80 V and 1.01 V, respectively. The
value of Vosw and V sy show good agreement with the calculated values. The DC transfer
characterstics of the proposed circuit without body effect is shown in Figure 4.2. From Figure
4.2, the output voltage swing (Vosw) and the input voltage swing (V,sw) are observed as
0.826 V and 0.84 V, respectively. Figure 4.3 shows the DC transfer characterstics of the
circuit when Igjas is replaced by MOSFET. From Figure 4.3, the output voltage swing (Vosw)
and the input voltage swing (Vsw) are observed as 0.820 V and 1.028 V, respectively.
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Figure 4.1 DC transfer characterstics of proposed LSVFVF (with body effect)
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Figure 4.3 DC transfer characterstics of proposed LSVFVF (Igas is replaced by MOSFET)

The AC analysis of the proposed circuit has been performed with small signal AC magnitude
of 300 mV with dc offset voltage of 1 V. From the frequency response shown in Figure 4.4,
the small signal gain (Av) is observed as 0.80 and the bandwidth is 750.92 MHz for C_ =1pF.
The frequency response of the proposed circuit without body effect is shown in Figure 4.5.
From the plot, the small signal gain (Av) and the bandwidth are obtained as 0.99 and 685.97
MHz, respectively for C =1pF. The values of small signal gain with body effect and without
body effect show a good agreement with the calculated values. The frequency response of the
proposed circuit when Igjas is replaced by MOSFET is shown in Figure 4.6. From the plot,
the small signal gain (Av) and the bandwidth are obtained as 0.8 and 490.60 MHz,
respectively for C_ =1pF.
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Figure 4.4 Frequency response of proposed LSVFVF (with body effect)

[Name
——
E - «("/Vin" Presult "ac”

1.2

11

1.0

0.9

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

0.0

mag(v("/Vo" ?result "ac”))/mag(v("/Vin" ?result

'l

H1
685.971MHz

[ T TTTTI T T 17T

10° 10" 10° 10° 10* 10° 10° 10’ 10®

freq (Hz)

T TTTTI T TTTTI T TTTTI T TTTTI T TTTTI T TTTT

T TTTTI

T TTTTT]

10° 10"
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Figure 4.6 Frequency response of proposed LSVFVF (lgas is replaced by MOSFET)

Figure 4.7 shows the transient response of the proposed circuit for which a square input pulse
of 300 mV (Vpeak) with offset voltage of 1 V at 1MHz is applied. The load capacitance (C\)
is selected as 15 pF. From Figure 4.7, it is observed that output voltage (Vo) exactly follows
the input voltage (Vn). The symmetrical slew rate is calculated as SR™ = 31.58 V/usec and
SR = 27.9 V/usec whereas asymmetrical slew rate of conventional FVF is SR* = Ig/C = 4.33
V/usec. Figure 4.8 shows the sourcing and sinking output current capability and the sourcing
and sinking capabilities on rising and falling transitions of input signal are observed as 15.2
Is and 6.9 Ig respectively. Figures 4.9 and 4.10 show the transient response and the current
sourcing and sinking capabilities on rising and falling transitions of input signal of the
proposed circuit without body effect, respectively for capacitive load C =1pF. The transient
response and the current sourcing and sinking capabilities on rising and falling transitions of
input signal of the proposed circuit when Igas is replaced by MOSFET for capacitive load

C_=15pF are shown in Figures 4.11 and 4.12, respectively.
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Figure 4.7 Transient response of proposed LSVFVF (with body effect)
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To estimate the total harmonic distortion (THD) of the proposed circuit a sinusoidal wave of
600 mVpp with dc offset voltage of 1 V is applied at the input terminal. The percentage of
THD for various frequencies is plotted in Figure 4.13 and it is observed that the THD of the
proposed circuit is less than 2% upto 4.4 MHz.
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THD(%
=

0.8
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0.4 -
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02040608 1 12141618 2 22242628 3 32343638 4 4244
Frequency (MHz)

Figure 4.13 Variation of THD (%) with Frequency (MHz)

The corner analysis is performed to measure the circuit performance when there are extreme
variations in process, voltage and temperature values. If all the variations produce acceptable
results then there is largest possible yield of the circuit. The circuit is observed at five corners
to check the circuit’s performance under extreme conditions: typical NMOS typical PMOS
(TT), slow NMOS slow PMQOS (SS), slow NMOS fast PMOS (SF), fast NMOS slow PMOS
(FS), fast NMOS fast PMOS (FF). Since, the chances of the circuit failure are maximum at
these process corners, the designers must account for process variations in their designs.

The corner analysis of the proposed circuit is done with temperature and supply voltage as
design variables. During simulation, the lowest supply voltage (VDD—-10% of VDD) with
highest temperature (125°C) is applied for SS corner and the highest supply voltage
(VDD+10% of VDD) with lowest temperature (—55°C) is applied for FF corner. The process

corners to obtain the simulation results for the proposed LSVFVF are listed in Table 4.1
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Table 4.1 Corners Table

Corners Supply voltage Temperature (°C)
(VDD)
TT 1.2 27
SS 1.08 125
SF 1.2 27
FS 1.2 27
FF 1.32 -55

The simulated DC transfer characterstics and frequency response of proposed LSVFVF for

different process corners (TT, FF, SS, SF and FS) are shown in Figures 4.14 and 4.15

respectively.
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Figure 4.14 DC transfer characterstics of proposed LSVFVF for different process corners
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Figure 4.15 Frequency response of proposed LSVFVF for different process corners for
CL=1pF

The various performance parameters i.e. input swing, output swing, gain and bandwidth for
different process corners are tabulated in Table 4.2. From Table 4.2, it is evident that the

proposed LSVFVF operates at all the corners within the acceptable range.

Table 4.2 Performance parameters of the proposed LSVFVF for different process corners

Corners —
TT SS SF FS FF
Parameters |
Input Swing 1.01V 1.1V 1.25V 0.8V 0.88v
Output Swing 0.80V 0.864 V 099V 0.631V 0.716 V
Gain 0.800 0.794 0.794 0.805 0.807
Bandwidth(C =1pF) | 750.92MHz | 249.13MHz | 93.90MHz | 772.79MHz 1.56GHz
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Table 4.3 compares the performance parameters of proposed LSVFVF with FVF cells
available in literature considering the body effect. It has been observed that the proposed
LSVFVF has higher input/output swing, wider bandwidth and lower output resistance than
similar FVF cell available in literature [22]. The gain, slew rate, power dissipation and
sourcing capability of the proposed LSVFVF are also improved. In the proposed LSVFVF
when Igas is replaced by MOSFET then also large input/output swing, low output resistance

and large current sourcing capability is achieved.

Table 4.3 Comparison of proposed LSVFVF with FVF cell available in literature

Proposed LSVFVF
Parameters Class- AB FVF [22] | Proposed LSVFVF | (Igias is replaced by
MOSFET)
Input Swing 0.534 101V 1.028 V
Output Swing 0.353 0.809 V 0.820 V
Gain 0.78 0.80 0.80
(f%f'gl’ff;i) 200 MHz 750.92 MHz 490.60 MHz
Output resistance 220 Q 106 Q 138 Q
Bias current (Ig) 40 pA 65 HA 65 HA
o (?LR:iSpF) 29 Vs 31.58 Vs 31.48 Vs
o CSLE-lSpF) 27 Vs 27.9 Vs 12.18 Vs
S&gﬂ”ﬁiggg;t 111g 152 15 15.38 Ig
S(}Z'F'Q?ffé{fpﬁt 104 Ig 6.9 Is 315

Table 4.4 presents the comparison of proposed LSVFVF with similar FVF cells available in
literature (when body effect is not considered). It is observed from Table 4.4 that the
maximum gain, maximum input/output swing and minimum output resistance is achieved in

case of proposed LSVFVF. The proposed LSVFVF has higher symmetrical slew rate.
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Table 4.4 Comparison of proposed LSVFVF with FVFs (without body effect) available in

literature
Parameters | | Convention | Class- AB Class- AB FVF using Proposed
al FVF [21] FVF [23] level shifter LSVFVF
FVF [23] [14]
Input Swing ——— — — 05V 0.84 V
Output Swing 0.5V 0.826 V
Gain 0.9 0.95 0.95 0.97 0.99
Bandwidth
(for C,=1pF) 260 MHz 200 MHz 170 MHz 1150 MHz 685.97 MHz
Output 730 Q 760 Q 115k Q 193 Q 144 Q
resistance ’
Bias current
(Ie) 7.4 pA 9.8 HA 8.3 HA 65 MA
SR+ 7.4V/ 42 v/ 116.6 VV/
(for C.=1pF) < VIHS HS -0 VIUS
SR- 145 V/ 50 V/ 120.5 V/
(for C.=1pF) HS HS S
Sourcing 1.08 1 20.48 | 1871
current o B o 1B ©f 1B
(for CL.=1pF)
Sinking 28.37 | 9.63 1 2.89 |
current =B oo 1B 07 18
(for CL.=1pF)
Power
Dissipation 9 pw 11 pw 10 pw 52 pW 24 pw

(for C.=1pF)
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The DC transfer characterstics of LSVFVF based current sensor is shown in Figure 4.16 for
the input current (ln) in the range of 0 < I)y < 50 pA. From Figure 4.16, it is observed that
the output current (lo) follows the input current (I;n) with dc offset current (Ig = 65pA).
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Figure 4.16 DC transfer characterstics of current sensor based on proposed LSVFVFCS

The DC transfer characterstics of differential structure using proposed LSVFVF is shown in
Figure 4.17. From Figure 4.17 it is observed that the current through transistor Ms (Ipms)

increases with the increase in (Vy— V) following the MOS square law.
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Figure 4.17 DC transfer characterstics of differential structure of proposed LSVFVF
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CHAPTER S
CONCLUSION AND FUTURE SCOPE

5.1 Conclusion

The research work in the thesis presents class-AB level shifted version of conventional
flipped voltage follower (LSVFVF). The LSVFVF has higher input and output swing because
of level shifter circuit and increased current sourcing capability and symmetrical slew rate for
class-AB operation because of bulk-driven MOSFET used as a current source. The current
sensing cell and differential structure using LSVFVF cell are also presented as an application
of LSVFVF. The proposed circuits are simulated in Cadence Virtuoso Analog Design
Environment using BSIM3V3 180 nm CMOS technology. Based on the comparison with the
flipped voltage follower cell available in literature, it is concluded that the LSVFVF has wide
bandwidth and low output resistance. The process corner analysis shows that the proposed
circuit can work under extreme conditions of the design space. The proposed LSVFVF has

high gain and is thus capable of handling large signal swings.

5.2 Future Scope

The research work in the thesis proposes LSVFVF that can be used as an analog basic
building cell in the designing of various analog circuits such as current conveyors, current

mirrors, operational amplifiers, multipliers, adders, filters, low-dropout regulators etc.
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APPENDIX A

Model file of NMOS

Generic PDK BSIM3V3 Spectre nmos1.scs

model nmos1_int bsim3v3

type=n Imin=0.18e-6 Imax=0.501e-6 wmin=0.4e-6 wmax=10.001e-6 minr=1e-60 tnom=25
+version=3.1 tox=toxn xj=1.6e-7 nch=3.9e+17 lIn=1 lwn=1 win=1 wwn=1 lint=1e-8 II=0
+lw=0 Iwl=0 wint=1e-8 wl=0 ww=0 wwI=0 mobmod=1 binunit=2 xI=-2e-8 dlxn xw=0
+dxwn dwg=0 dwb=0 Idif=9e-8 hdif=hdifn rsh=6.8rd=0 rs=0 vth0=0.48 dvthn Ivth0=1.18e-8
+wvth0=-7.08e-9 pvth0=-3.07e-15 k1=0.49 1k1=4.82e-8 wk1=-1.67e-8 pkl=-4.58e-15
+k2=0.03 Ik2=-2.01e-8 wk2=6.03e-10 pk2=5.87e-16 k3=0 dvt0=0 dvt1=0 dvt2=0 dvtOw=0
+dvtlw=0 dvt2w=0 nIx=0 w0=0 k3b=0 vsat=84638 Ivsat=-0.0002 wvsat=0.001 ua=-5.07e-10
+lua=-5.58e-17 wua=-4.34e-17 pua=2.42e-23 ub=1.98e-18 lub=4.99e-26 wub=-2.70e-26
+pub=-5.53e-32 uc=7.19e-11 luc=1.46e-17 wuc=-3.71e-19 puc=-1.43e-23 rdsw=170
+prwb=0 prwg=0 wr=1 u0=0.04 [u0=5.93e-10 wu0=-5.3%e-10 pu0=5.68e-16 a0=0.54
+la0=7.71e-8 wa0=1.31e-7 pa0=-6.57e-14 keta=-0.027 lketa=1.75e-9 wketa=2.62e-9 al=0
+pketa=-9.24e-16 a2=0.99 ags=0.039 lags=-8.58e-9 wags=-1.49e-9 pags=6.84e-16 b0=0
+b1=0 voff=-0.13 Ivoff=1.25e-10 wvoff=5.07e-9 pvoff=-2.82e-15 nfactor=1 cit=0.0002
+lcit=1.32e-10 wcit=4.29e-11 pcit=-1.97e-17 cdsc=0 cdscb=0 cdscd=0 eta0=-0.0003
+leta0=1.93e-10  weta0=3.35e-11  peta0=-1.54e-17  etab=0.0014 letab=-6.99e-10
+wetab=4.11e-11 petab=1.89e-17 dsub=0 pclm=0.97 Ipclm=7.37e-8 wpclm=2.16e-7
+ppclm=-1.59e-15 pdiblcl=1e-6 pdiblc2=-0.0035 Ipdiblc2=4.38e-9 wpdiblc2=-1.24e-9
+ppdiblc2=5.71e-16 pdiblcb=0.01 drout=0 pscbel=4e+08 psche2=1e-6 pvag=0 delta=0.01
+alpha0=6.27e-8 beta0=11.60 kt1=-0.23 Ikt1=1.96e-9 wkt1=1.35e-9 pktl=1.97e-15 kt2=-
+0.027 1kt2=-3.83e-10 wkt2=-5.19e-9 pkt2=1.23e-15 at=20000 ute=-1.09 lute=-6.90e-8
+wute=-4.80e-7 pute=6.18e-14 ual=1.22e-9 ub1=-5.72e-20 lub1l=-1.26e-25 wubl=-1.61e-24
+pub1=2.31e-31 ucl=1.07e-10 lucl=-1.73e-17 wucl=-1.51e-16 pucl=3.17e-23 kt1l=0 prt=0
+cj=cjn pb=0.69 mj=0.36 cjsw=cjswn pbsw=0.69 mjsw=0.20 cjswg=cjswgn pbswg=0.69
+mjswg=0.44 cgdo=cgon cgso=cgon cta=0.001 ctp=0.0006 pta=0.0016 ptp=0.0016 js=8.38e-
+6 jsw=1.6e-11 n=1 xti=3 capmod=2 ngsmod=0 xpart=1 cf=0 tlev=1 tlevc=1 dlc=3e-9
+noimod=2 noia=5.0e+19 noib=4.0e3 noic=-4.0e-13 em=3.0e+07 ef=0.883
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Model file of PMOS

Generic PDK BSIM3V3 Spectre pmos1.scs

model pmosl_int bsim3v3

type = p Imin=0.17e-6 Imax=0.501e-6  wmin=0.4e-6 wmax=10.001e-6 minr=1e-60
+tnom=25 version=3.1 tox=toxp xj=1.7e-7 nch=3.9e+17 IlIn=1 Iwn=1 win=1 wwn=1
+lint=1.5e-8 11=0 Iw=0 Iwl=0 wint=1.5e-8 wl=0 ww=0 wwI=0 mobmod=1 binunit=2 dxlp
+xw=0 dxwp dwg=0 dwb=0 Idif=9e-8 hdif=hdifp rsh=7.2 rd=0 rs=0 vth0=-0.43 dvthp
+lvth0=-1.37e-8 wvth0=-8.48e-9  pvth0=5.43e-15 k1=0.75 lk1=-1.21e-8 wk1l=-1.56e-7
+pk1=1.88e-14 k2=-0.04 1k2=6.06e-9 wk2=5.28e-8 pk2=-7.49e-15 k3=0 dvt0=0 dvt1=0
+dvt2=0 dvtOw=0 dvtlw=0 dvt2w=0 nIx=0 w0=0 k3b=0 vsat=130812 lvsat=-0.00036
+lua=6.66e-17 wua=9.31e-16 pua=-1.27e-22 ub=1.71e-18 lub=-7.86e-26 wub=-+1.10e-24
+pub=1.21e-31 uc=-2.69e-11 luc=5.12e-18 wuc=-1.38e-16 puc=7.55e-24 rdsw=530 prwb=0
+prwg=0 wr=1 u0=0.0063 lu0=2.97e-10 wu0=1.59¢-9 pu0=-2.39e-16 a0=0.38 la0=1.91e-7
+wa0=6.28e-7 pa0=-1.11le-13 keta=0.016 lketa=-1.31e-9 wketa=7.53e-9 pketa=-1.55e-15
+al1=0 a2=0.4 ags=0.0068 lags=5.95e-9 wags=1.68e-8 pags=-7.56e-15 b0=0 b1=0 voff=-0.13
+lvoff=5.74e-10 wvoff=2.75e-9 pvoff=-2.44e-15 nfactor=1 cit=0.00013 Icit=4.80e-11
+pcit=3.58e-18 cdsc=0 cdscb=0 cdscd=0 eta0=-0.00047 leta0=2.56e-10 etab=0.00067
+letab=-3.47e-10 dsub=0 pclm=0.84 IpcIm=7.067e-8 wpclm=7.40e-8 ppclm=-3.33e-14
+pdiblcl=1e-6 pdiblc2=0.0096 Ipdiblc2=1.70e-10 wpdiblc2=-2.10e-9 ppdiblc2=9.45e-16
+pdiblcb=0.01 drout=0 pscbel=3.5e+08 psche2=5e-7 pvag=0 delta=0.01 alpha0=8.93e-7
+beta0=22.68 kt1=-0.22 Ikt1=-4.41e-9 wkt1=1.69e-9 pktl=4.61e-16 Ikt2=-3.22e-9 at=10000
+wkt2=-9.67e-9 kt2=-0.017 pkt2=2.43e-15 ute=-0.58 lute=9.19e-9 wute=-5.58e-8
+prt=0pute=-3.93e-16 ual=1.22e-9 ub1=-1.64e-18 lub1=7.95e-26 wubl1=1.12e-25 ef=1.064
+publ1=-3.52e-32 ucl=-5.64e-11 luc1=1.18e-17 wucl=1.13e-16 pucl=-1.48e-23 kt1l=0 prt=0
+cj=cjp pb=0.89 mj=0.4476 cjsw=cjswp pbsw=0.89 mjsw=0.37 cjswg=cjswgp pbswg=0.89
+mjswg=0.37 cgdo=cgop cgso=cgop cta=0.001 ctp=0.0004 pta=0.0016 ptp=0.0016 js=4.92
+jsw=9-10 n=1 xti=3 capmod=2 ngsmod=0 xpart=1 cf=0 tlev=1 tlevc=1 dic=2e-9
+noimod=2 noia=7.0e+19 noib=8.0e3 noic=5.4e-12 em=3.0e+07
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