











Figure 3.10: Layout of Shunt Regulator System
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3.6 Conclusion

The circuit designed by Bennet shows good initial work towards an integrated
battery charger system. The design is simple and simulates very well using discrete
BJT models. When integrated circuit parameters were used in simulation, the circuit
did not perform well. Therefore, the shunt regulator system as designed by Bennet

is well suited for a discrete implementation, but not for integration.
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Chapter 4

Integrated Recharge Circuit Design and Fabrication

4.1 Overview

Another way to regulate the current to the battery is to use a series regulator,
which will solve some of the shunt regulator problems. A series regulator controls the
current flowing into the battery with a switch. The switch allows for more control of
the current and eliminates a few problematic devices required by the shunt regulator.
Namely, the diode and PNP transistor from the shunt regulator will not be necessary;
the switch assumes both jobs.

Design considerations along with some advantages and disadvantages of the
series regulator are discussed in this chapter. The feasibility of the design was demon-
strated through the construction and testing of a discrete circuit. After successfully
testing the discrete circuit, the complete system was designed for AMI 1.6pum CMOS
process and sent to MOSIS for fabrication.

4.1.1 Basic Structure

The series regulator is shown in Figure 4.1} Much like the shunt regulator, a
voltage reference block creates the desired charging voltage (V,.r) and the comparator
checks the battery voltage against V. to determine an end of charge. Unlike the
shunt regulator, a transistor switch controls the current flow between the solar cell and
the battery as shown in the figure. The design of each component will be discussed

more completely in Section
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Figure 4.1: Simplified Schematic of Series Regulator System

4.2 Discrete Implementation and Testing

A model of the circuit was tested using standard discrete components and
a stand-alone fabricated microbattery. A micropower op-amp compares the battery
voltage and a reference voltage created by an external power supply. A discrete
NMOS power transistor controls the current to the battery. The solar cell powers the
amplifier and charges the battery.

After connecting the microbattery, the system was charged and discharged
many times; the measured results are shown in Figure [£.2l The figure shows the
battery voltage as it was discharged by the battery testing system and recharged by
the discrete circuitry. A 150 Watt incandescent bulb was used as the light source.
The discrete components prove that the series regulator will work. The test also
determined that the solar cell is too large for the battery. The battery will have a
longer life if the charging current is lower. The solar cell produces a current in the
milli-Ampere range and the open circuit voltage is about 5 Volts. If desired, a smaller
solar cell can be designed to produce a lower current. The lower current will extend

the life of the battery.
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Figure 4.2: Cycling the Microbattery With a Discrete Series Charger.

4.3 System Design

This section discusses each of the basic blocks in detail. It also examines vari-
ous influential design decisions. The most important decisions include the following:
the kind of switch that should be used, how to start up the voltage reference, and

how to bias the comparator.

4.3.1 MOS Switches

Integrated circuit design allows for many different implementations of a simple
switch. The simplest switch can be implemented with just one transistor. The tran-

sistor acts as a high impedance path when it is turned off and a low impedance path
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when it is turned on. A low impedance will allow current to flow through the transis-
tor and charge the battery. The NMOS and PMOS transistors both have advantages

and disadvantages as switches when used in the system of Figure [4.1]

4.3.1.1 PMOS Switch

A PMOS transistor will pass higher voltages more effectively than an NMOS
transistor. Assuming the input to the PMOS switch is more than a threshold voltage
above the gate voltage, Equation indicates that the PMOS transistor will be on
until the output voltage is the same as the input voltage. This allows for a lower solar
cell voltage.

Vour = max(Vi,, V, — V;) (4.1)

Unfortunately a PMOS switch suffers from some practical implementation
problems. The well around the PMOS transistor must be tied to the highest voltage,
effectively reverse biasing the p-n junction created by the n-well and the p-diffusion.
If the p-n junction becomes forward biased, the device will act much like a PNP
bipolar transistor, similar to the diode and PNP of Section [3.3.3. The solar cell will
be at a slightly higher voltage than the battery during charging; therefore in this
state the n-well should be connected to the solar cell, preventing the p-n junction
from forward bias operation. However, when the battery is charged and the solar cell
is low or off, the well should be connected to the battery side to prevent the battery
from discharging through the p-n junction. This makes it impossible to use just one
transistor as a switch.

Using two transistors would overcome the well biasing problem. Each transis-
tor would sit in its own well, one tied to the battery and one tied to the solar cell.
The back-to-back diodes created by the well and substrate eliminate the discharge
path by isolating the solar cell and battery. If the switch is conducting, Equation
[4.1] shows that the voltage across the transistor is approximately zero, which is not
sufficient to forward bias the diode.

Even with the well problem solved, turning off the switch is difficult when the

solar cell is not providing sufficient energy. To turn off the two-transistor switch, the
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gate voltages must be higher than both the battery and the solar cell voltage. If the
voltage is not high enough for both transistors to be off, the well biasing problem
returns. When the battery is low, the solar cell should power the circuitry that
drives the gate voltage. Conversely, when the solar cell is producing little energy,
the battery should power the circuitry. Unfortunately, the battery would lose energy
when it powers the circuitry. This problem requires a sophisticated solution increasing

the complexity of the comparator.

4.3.1.2 NMOS Switch

The NMOS transistor does not suffer from the turn-off problems of the PMOS
switch. The transistor turns off when the gate voltage is low. So when the solar
cell is low, the comparator is off, and the switch will be off, eliminating the need to
power any circuitry with the battery. The single supply simplifies the design of the
comparator considerably.

The NMOS transistor does not suffer from the forward biased p-n junction
problem like a PMOS switch. The substrate of the NMOS is tied to the lowest
possible voltage, which is ground for this single supply design.

The NMOS transistor does not pass high voltages as effectively as a PMOS
transistor. The gate voltage of the NMOS transistor must be a threshold above the
battery voltage to allow current to flow. This relationship is similar to that stated in

Equation and is shown in Equation [£.2]
Vour = min(Vip, Vy = V) (4.2)

Since the gate voltage is never higher than the solar cell, the voltage across the con-
ducting transistor will always be V;, the threshold. This voltage across the transistor
requires that the solar cell maximum voltage be higher than the battery by at least
a threshold (increased by the CMOS body effect); thus a larger solar cell is needed.
To create a higher open-circuit solar cell voltage, more P-N junctions can be used.
The NMOS switch is used for this design because of its simplicity. The NMOS

will allow for simple control circuitry, with the disadvantage that a slightly higher
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solar cell voltage must be used. The solar cell must be able to provide a voltage at

least V;( 1V') higher than the battery’s charging voltage.

4.3.2 Voltage Reference

= o

| % |

I P2 |

| e - - - - - - - = = - = — - = Startup Circuitry
I T T T T T

I
I
I
I
I

Figure 4.3: MOSFET Voltage Reference and Startup Circuitry

The voltage reference used for this project is a novel idea introduced by Fi-
lanovsky [11] and further developed at Brigham Young University by David Dai [12]
and Dr. Don Comer. The voltage reference relies on the thermal properties of the

mobility of electrons and transistor threshold voltage.
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Filanovsky explains that a constant current forced through a diode-connected
transistor creates a stable gate voltage of 13ppm /°C. The gate-source voltage is given

by
21p
Mncox(W/L) 7

Very

where Vs is the voltage required to allow the current Ip through the transistor. V,
varies —2mV//°C, much like a p-n junction in typical voltage references. In charts
given by Casey [13] the resistance of doped silicon rises slightly from 300K to 400K.
The rise in resistance indicates a drop in mobility, which causes a rise in V..
Through balancing the drain current and size of a MOSFET, a voltage refer-
ence can be created with a very small error over a large range of temperatures [12].
The schematic of the voltage reference is shown in Figure [£.3] The reference is cre-
ated by forcing a constant current through the diode-connected transistor Ny. The

closed-loop gain of the op-amp is about three, resulting in a transistor current of

3Vie = Vas _ o Vas

R R~

Ip = (4.4)

Once the reference circuit is biased in its normal operating condition, the current
through Ny varies minimally; thus the output of the voltage reference varies only
slightly as well. Figure [4.4] shows the simulated voltage reference versus temperature
change. As temperature increases, so does Vg, until it peaks and starts to lower again.
The overall voltage change over the 0 to 100°C range is 0.38%

This voltage reference is sensitive to changes in threshold just as the voltage
reference designed by Bennet. The voltage reference is linearly affected by the change
in threshold. The threshold can change by 0.35V, this results in a 0.6V change in
the reference output. As shown in Equation if the threshold voltage increases, so
does V,,. However, as mobility decreases, the resistance that controls Ip increases,
thus decreasing Ip. Therefore the largest effect of process variation comes from the
threshold voltage. The process variations can be overcome by trimming or adjusting

the resistors.
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Figure 4.4: Reference Voltage vs. Temperature

4.3.2.1 Startup Circuit

The voltage reference has two stable operating points. The first stable op-
erating point occurs when all the voltages and currents are zero. When current is
flowing through the diode-connected FET and the amplifier is creating a non-zero
voltage, the second operating point is established. The second operating point is the
one desired to produce the reference voltage.

A startup circuit is required to ensure that the reference returns to the desired
operating region after conditions of low power and restart. The startup circuit senses
when the output of the reference is low and if the solar cell can provide enough energy
to turn on the voltage reference. A sensor is implemented with an inverter designed
to have a very low switching point. The inverter changes the analog voltage into
a discrete signal, which indicates that the voltage reference is biased at the wrong
operating point.

As seen in Figure [4.3] when the reference output is low, inverter I1 signals a

digital ‘1’. A second inverter uses the digital signal to control a PMOS transistor
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that allows current to flow directly from the solar cell to the diode-connected transis-
tor. When the reference returns to normal operation, the output is higher than the
switching point of the first inverter. The first inverter produces a logic low level and
second inverter turns the PMOS current injector off by driving its gate to a high volt-
age. The voltage reference is then unaffected by the startup circuitry during normal
operation.

The switching point of the inverter is governed by

Mn(W/L)n
Vie + Vip + (Vm\/ k(WD) )
V:ewitch = WD) . (45)
Hn n
L+ v,

In the AMI-ABN process the ratio of p,/p, is about 3. Commonly, digital circuits

have equal length transistor gates. The previous equation simplifies to

Vie + Vip + (Viny/ 552
Vawiteh = f"+ éWTW) . (4.6)

The switching voltage is controlled by the ratio of the widths of p and n transistors.

This design requires the solar cell voltage (V) be limited to ensure the switch-
ing point of the inverter is lower than the reference voltage. If the solar cell voltage
is too high, the digital signal will always be on and the solar cell will continuously
drive current into the voltage reference. The continuous current does not allow the
voltage reference to generate a proper temperature-independent voltage. To allow for
larger solar cell voltages, inverter I1 is designed to have a low switching point. The
NMOS transistor was designed to be eight times larger than the PMOS transistor.
This limits the solar cell to a maximum of about 7V. The lower limit of the solar cell
is about a threshold above the desired full battery voltage, or about 3V. This range

of voltages can be easily realized with about four to ten stacked solar cells.

4.3.2.2 Amplifier

The amplifier isolates the voltage reference from the power supply and pro-
vides a stable current to the diode-connected MOSFET. As shown in Figure [4.5] the

amplifier is a differential input, single ended output with two gain stages. The input
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Figure 4.5: Voltage Reference Amplifier

transistors are PMOS so that the inputs can be much lower than the solar cell voltage.
The diode-connected MOSFET in the voltage reference is biased at a slightly higher
voltage than the threshold voltage.

The amplifier is compensated with a large capacitor to increase stability. The
capacitor limits the speed of the amplifier, but since the reference voltage signal
requires little bandwidth, speed is not a concern. Once the voltage reference starts
up it should not vary. The time required to startup the voltage reference is much

faster than the time required to charge the battery.

4.3.3 Comparator

The comparator drives the switch that regulates the flow of current into the
battery. This design does not require a high-speed, clocked comparator that is typ-
ically used in analog to digital converters. The comparator is an amplifier that has
adequate gain to control the switch. If the reference voltage is higher than the battery
voltage, then the output of the amplifier will be high and the switch will allow current
to flow to the battery. To ensure that the switch blocks the flow of current to the
battery at the right battery voltage, high gain is required. The higher the gain, the
closer the battery voltage will be to the reference voltage at the end of charge. Fig-

ure shows the final battery voltage versus the comparator gain as determined by
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simulations. A large gain was achieved using a cascode amplifier with NMOS inputs
as seen in Figure 4.6, NMOS input transistors allow for higher input voltages, like
those produced by the voltage reference and battery during normal operation. Thus,
two different amplifiers were designed for this system. The voltage reference op-amp
has PMOS inputs, requires a compensation capacitor, and requires two stages. The
comparator-amplifier is a single-stage, cascode amplifier with no compensation ca-
pacitors required. The cascode amplifier does not drive resistive loads as does the

two stage amplifier. The gain of the cascode amplifier is

1
Ay = — §g,2nrfls. (4.7)

The cascode devices generate a higher output resistance that gives the amplifier higher
gain, thus reducing error in the end-of-charge sense point. The gain of the amplifier
was simulated to be over 55dB According to Figure [£.7] the comparator will control
the battery voltage to within 5mV of the reference voltage.

The biasing circuit for the amplifier is also shown in Figure [4.6, The biasing
circuit uses replica bias techniques to ensure proper operating conditions over process

and temperature.

4.4 Simulations and Results

The simulations of the circuit include all four operating regions of the system.

The four regions are:

High energy from the solar cell and discharged battery

High energy from the solar cell and charged battery
e Low energy from the solar cell and discharged battery
e Low energy from the solar cell and charged battery.

The most important simulation results are obtained in the region where the
battery is discharged and the solar cell produces energy as seen in Figure [£.9] This

region shows the battery charging to the reference voltage and then leveling off as
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desired, with the charging current going to zero. The battery is modeled as a large
capacitor approximating the curve of Figure 2.1, The oscillation in Figure [4.9is the
point where the voltage reference reaches the desired value; this oscillation can be
removed by increasing the compensation capacitor. The other simulation conditions,
depicted in Figures[d.10]through [£.12] show no activity for the other operating regions,
which indicate proper operation (e.g. the battery remains charged when there is not
enough solar cell energy in Figure . Figure m show simulation results for all
regions sequentially in time. The system starts with a discharged battery and full
solar energy, then the solar energy is removed and the battery is discharged via an
external current source. The solar energy is then increased and the battery charges

back to the desired level.
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Figure 4.9: Discharged Battery and Solar Energy
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4.5 Power Dissipation

The power dissipation of the battery charger was simulated using two different
solar cell currents. If the solar cell is producing 50uA the voltage reference consumes
about 8uA and the comparator consumes about 5uA. That results in 23.6uW dissi-
pated by the reference and 14.75uW dissipated by the comparator. With the solar
cell current, the battery receives 37uA.

When the solar cell is producing 10 A the comparator dissipates 4.57uWW and
the comparator dissipates 5.18uW. The system will take much longer to recharge the
battery but that is mainly due to the lower current produced by the solar cell and

not by the power consumption of the charger.

4.6 Integrated Circuit Implementation

The series regulator suffers from some of the same limitations at the shunt
regulator. Namely, the resistors are very large, taking up a lot of room on the chip.
The voltage reference depends on the threshold voltage of the diode-connected tran-
sistor, which can vary from chip to chip. It is recommended that a non-resistor based
reference [14] be used for the next version of the design.

Design tools provide a way to compare the layout and the schematic, ensuring
they match. The logical connections are compared, ensuring that all the devices
are connected properly. The physical sizes of all the devices, including resistors and
capacitors, are also compared. If the design correctly simulates and passes the layout
versus schematic (LVS) check, it has a much higher chance of working as designed.

Layout-versus-schematic checking was used in this design.

4.6.1 Two Systems on Chip

Two systems are laid out on the chip as seen in Figure |4.14] The first system
consists of all the devices but does not have any capacitors or resistors connected to it.
The resistors and capacitors will be added externally to test and adjust the system.

This provides for design testability and the highest flexibility, since these devices are
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prone to variation. The second system on the chip is complete with all the biasing

resistors and feedback connected; it is a complete charger for the microbattery.

4.6.2 Fixing the problems

The resistors take up about 2/3 of the chip. They are large because they
are used to limit the current into the low-power amplifiers. Two of the key resistors
are intertwined, reducing the mismatch between the resistors. Two other resistors
bias the amplifiers. If they vary from their target values, the amplifiers will not be
drastically affected. One final resistor sets the bias current on the voltage reference. If
that resistor varies, the reference voltage will also vary also. Both sides of the resistor,
along with the sides of the voltage reference feedback resistors, contain taps that can
be accessed through pins. These taps allow adjustment of the total resistances by

adding external resistors in parallel.

4.7 Conclusion

This chapter presented a charger design that implemented a constant-current
charging method using a voltage end of charge indicator and a series current regulator.
The current to the battery is controlled using an NMOS switch. When the battery
voltage is the same as a reference voltage created by a diode connected MOSFET and
an amplifier, a comparator will switch the MOSFET to prohibit current to flow to
the battery. The concept was tested using discrete components and was successful.
The series regulator was designed to be implemented in an integrated circuit and was
sent to MOSIS to be fabricated. At this time, the recharger integrated circuit has

not been tested.
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Chapter 5

Conclusions and Future Work

5.1 Conclusion

Recent advances in system-on-chip technology have led to work on autonomous
systems—systems that can run remotely for an extended period of time. Microbatteries
designed at Brigham Young University are ideal energy storage components for an
autonomous system. These batteries provide energy storage in a small area integrated
onto a chip. This energy can supply peak currents to aid in sensing or transmitting
data.

When the microbattery is part of an autonomous system, an integrated battery
charger must control the power from an energy harvesting device such as a solar cell or
piezoelectric transducer. The battery charger must be easy to integrate, low power,
efficient, and simple. Several battery charger architectures were considered and a
constant current, voltage reference indicator, series-regulated system was chosen for
this research.

The two methods of charging the battery were investigated; they are variations
of the constant current charging architecture. The first method, originally designed
by Bennet as a discrete system, used a shunt regulator. As the battery nears the
end of charge, the excess power supplied by the solar cell is shunted to ground. This
system works well as a discrete systems but neither a PNP shunt transistor nor an
isolation diode is easily constructed in a typical CMOS process.

This thesis introduced a series regulator that controls the current to the battery

using a switch. The switch can completely turn on and off the current flow to the
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battery. The design is very simple and is more suitable for integration. The series

regulator is simple and effective at controlling the charging cycle of the battery.

5.2 Future Work

The research has made significant progress towards an integrated battery
charger system. The integration of this research provides a complete battery charger

control in a single chip.

5.2.1 Testing

The chip was fabricated by MOSIS and was not returned at this point of
writing. Testing of the chip will determine the effectiveness of integrated microbattery
charger. Simulations of the chip did produce promising results, but the end result is

still undetermined.

5.2.2 Voltage Reference

The MOSFET voltage reference is not fully developed, implemented, or tested.
However, simulations show good potential for success. More work can be done to
limit the variation and lower the power of the voltage reference. A different voltage
reference architecture that limits uses of large resistors may also be considered to

reduce the required chip area.

5.2.3 Other Batteries

Other microbatteries, besides the NiZn batteries, are being developed at Brig-
ham Young University. These batteries require different charging voltages and have
different charging characteristics. Li-lon batteries are of great interest because of
their high energy density.

All the batteries being developed need to be extensively characterized to de-
termine optimal charging voltages, currents, and temperatures. The thermal charac-

teristics of the batteries are unknown; the battery may need to charge to a different
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voltage at a different temperature and this should be accounted for by the recharge

circuit.

5.2.4 Programmability

With different batteries and possibilities of series combinations of batteries,
programmability would increase the utility of the battery charger. Currently, the
charging voltage is set in the integrated circuit and only way to change it is to use ex-
ternal resistors. These resistors could be placed inside the microchip and the reference

voltage can be “programmed” by varying the combinations of resistors.

5.2.5 Precision

Due to process variation each battery charger will be slightly different. To
overcome the variation, trim resistors are added externally. The low power require-
ment demands the use of large resistors that introduce error in the design. If more

advanced processes were used to fabricate the chip, more precision can be achieved.
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Appendix A

Chip Data Sheet

A.1 Overview

The following pages contain the data sheet for the chip. The data sheet ex-
plains the pin names and connections. It also explains the proper way to connect

external components to the battery charger system.
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Multidisciplinary Microsystem Design and Integration Group

General Description

The MMIDIO2 contains two versions  but allows for adjustments through
of a charging system designed to  tap pins that can adjust the
charge the NiZn batteries designed  resistances by adding more in
at Brigham Young University. The  Parallel.

battery charger runs on very lower

current that can be supplied from  The system contains a voltage
a small solar cell array. reference, based on  mosfet

variables, and a comparator used to

The MMIDIO2 contains two versions switch the current to and from the
of the system. One version is a battery.

development system that requires

all resistance and capacitances to Features

be added externally. This allows
the designer to compensate for
unknown process variables and
variations. Four resistors and one
capacitor are required. The
second version is self-containing

Two Separate systems

Included voltage Reference
Resistance Taps for “programming”
Development system

# Name 10 Definition
1 V_Bat 1/0 Connection to the Battery
2 R_Bias1 170 Bias Resistance 1
3 V_Comp 0 Comparator Qutput
4 V_Ref_i 1 Vref Input
10| GND 170
31 GND 170
32 Vref_Bias 1/0 Bias Resistor for Vref
33 C_Comp 1/0 Compensation Capacitor
34| Vref_V_div 1/0 Vref Resistor Comp
36 R_Bias2 1710 Bias Resistance 2
37 V_Ref_o 0 Vref Qutput
38) SC_Comp 1/0 Power for Comparator
39 SC_Vref 170 Power for Vref Gen
40  SC_Switch 170 Power to Battery
v_Bat (] 1 40 [] sC_switch
R_Bias1 [] 2 39 [] sC_vref
System 1 allows for test and control v_comp ] 2 38 [ sc_comp
: V_Ref_i 4 37 V_Ref_o
of the battery charger by allowing all VD”ME : T gum
passive components to be connected de o5 |7 enp_pad
externally. System 2 has all passives g- 24 [ vrer v_siv
integrated onto the chip and cna be sones & ®Jccm
. " " Batt_out (] @ —_ 32 [] Vref Bias
tuned using the "tap” pads. wode 2  whow
cn 2 30
2 2 29 [
# Name 10 Definition [ &E 28 [] GND
18| V_Bias_Tap |1/0| Tap to change Ref Bias [ R g
19 | Vref_div_Tap | 1/0]|Tap to change Ref Gain vo_Pad [ 18 2]
20 V_Bat 1/0| Battery Connection 0 25 [] GNp_Pad
21 SC_In 170| Solar Cell Connection g |
22|  V Ref 170 Connection To Vref Vret Bins_Tap [ 18 2 IV comp
23] VComp | O Comparator Out vret.an_Tap (] 12 2 1 VRet
28 GND 170 v_Bat [] 20 21 [] sc_in

Figure A.1: Specification Sheet
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Figure A.2: Connection Diagram

Table A.1: Discrete Components and Sizes

Name Device Size
R1 Resistor 3MQ
R2 Resistor 1MSQ
R3 Resistor 1MQ
R4 Resistor | 1.5M€2
R5 Resistor 3MS
C1 Capacitor | 4pF+
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Appendix B

Device Sizes

Table B.1: Reference Amp Device Sizes

Devices Size | Multiplier
P0-P3 20/3.2 4

P4 20/3.2 1

N2, N4-N7 | 20/3.2 2

RO 3MS)

Co 4pF

Table B.2: Cascode Comparator Device Sizes

Devices Size | Multiplier
P0-P3 20/3.2 4
P4-P9 20/3.2 1
NO-N3 20/3.2 4

N4 40/3.2 4
N5-N6, N11 40/3.2 1

N7, N112-N14 | 20/3.2 1

N9, N15 20/3.2 2
N10 40/3.2 2

RO 3MS)

95



56



Appendix C

Transistor Models

C.1 Overview

This appendix lists spice models used to design the chip. These models can

be found on the MOSIS website.

C.2 Lot Information

T29V SPICE BSIM3 VERSION 3.1 PARAMETERS

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

* DATE: QOct 24/02

* LOT: T29V WAF: 8202

* Temperature_parameters=Default

C.3 NMOS

.MODEL CMOSN NMOS ( LEVEL = 49
+VERSION = 3.1 TNOM = 27 TOX = 3.11E-8
+XJ = 3E-7 NCH = 7.5E16 VTHO = 0.5226871
+K1 = 0.9213463 K2 = -0.0814952 K3 = 4.1421676
+K3B = -1.9875411 WO = 1.685077E-6 NLX = 1E-8
+DVTOW =0 DVTiW =0 DVT2W =0
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+DVTO = 0.8910709 DVT1 = 0.2700411 DVT2 = -0.2009103

+00 = 669.3870114 UA = 1.764533E-9 UB = 1.085708E-18
+0UC = 3.820457E-11 VSAT = 1.10563E5 AO = 0.5636702
+AGS = 0.1074063 BO = 2.428059E-6 B1 = BE-6

+KETA = -4.173792E-3 Al =0 A2 =1

+RDSW = 2.954897E3 PRWG = -0.0608257 PRWB = -0.0397134
+WR =1 WINT = 6.852624E-7 LINT = 2.190496E-7
+XL =0 XW =0 DWG = -2.146929E-8
+DWB = 4.267813E-8 VOFF =0 NFACTOR = 0.6186703
+CIT =0 CDSC =0 CDSCD =0

+CDSCB = 5.3651E-6 ETAO = -1 ETAB = -0.5327237
+DSUB =1 PCLM = 1.3190106 PDIBLC1 = 0.0129789
+PDIBLC2 = 3.783518E-3 PDIBLCB = -0.1 DROUT = 0.0907944
+PSCBE1 = 5.501192E9 PSCBE2 = 1.260724E-9 PVAG = 0.2557599
+DELTA = 0.01 RSH = 53.2 MOBMOD =1

+PRT =0 UTE = -1.5 KT1 = -0.11

+KT1L =0 KT2 = 0.022 UA1l = 4.31E-9
+UB1 = -7.61E-18 UC1 = -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 = 1.79E-10 CGS0 = 1.79E-10 CGBO = 1E-9

+CJ = 2.633758E-4 PB = 0.9823017 MJ = 0.5653097
+CJSW = 1.569584E-10 PBSW = 0.99 MJISW =0.1

+CJSWG = 6.4E-11 PBSWG = 0.99 MJISWG =0.1

+CF =0 )

*

58



C.4 PMOS

.MODEL CMOSP PMOS ( LEVEL = 49

+VERSION = 3.1 TNOM = 27 TOX = 3.11E-8

+XJ = 3E-7 NCH = 2.4E16 VTHO = -0.8476404
+K1 = 0.4513608 K2 = 2.379699E-5 K3 = 13.3278347
+K3B = -2.2238332 WO = 9.577236E-7 NLX = 7.534987E-7
+DVITOW =0 DVTIW =0 DVT2W =0

+DVTO = 1.1623904 DVT1 = 0.3238803 DVT2 = -0.0499006
+U0 = 236.8923827 UA = 3.833306E-9 UB = 1.487688E-21
+UC = -1.08562E-10  VSAT = 1.844017E5 AO = 0.2402221
+AGS = 0.1463634 BO = 3.616274E-6 Bl = bE-6

+KETA = -1.069813E-3 Al =0 A2 = 0.364

+RDSW = 1.928149E3 PRWG = 0.1775431 PRWB = -0.1874418
+WR =1 WINT = 7.565065E-7 LINT = 8.486462E-8
+XL =0 XW =0 DWG = -2.13917E-8
+DWB = 3.857544E-8 VOFF = -0.0877184 NFACTOR = 0.2508342
+CIT =0 CDSC = 2.924806E-5 CDSCD = 1.497572E-4
+CDSCB = 1.091488E-4 ETAO = 0.26103 ETAB = -0.0163174
+DSUB = 0.2873 PCLM = 0.015015 PDIBLC1 = 1.001279E-3
+PDIBLC2 = 1E-3 PDIBLCB = -1E-3 DROUT = 0.0237243
+PSCBE1 = 3.353579E9 PSCBE2 = 5.021337E-10 PVAG = 14.984985
+DELTA = 0.01 RSH =77.9 MOBMOD =1

+PRT =0 UTE =-1.5 KT1 = -0.11

+KT1L =0 KT2 = 0.022 UA1l = 4 .31E-9
+UB1 = -7.61E-18 UC1 = -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 = 2.33E-10 CGSO = 2.33E-10 CGBO = 1E-9
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+CJ
+CJSW
+CJISWG
+CF

*

3.035635E-4
1.82197E-10
3.9E-11

0

PB
PBSW
PBSWG
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0.7392918
0.99
0.99

MJ
MJISW
MJISWG

0.4278001
0.1406384
0.1406384
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