





. ns

Fig. 4.9: Quaternary input and SPICE simulated output (LSB) for the circuit

inFig. 4.6.
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Fig. 4.10: Voltage on floating gate of MSB in Fig. 4.4 from SPICE

simulations.
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simulations.
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Fig. 4.12: Pre-layout SPICE simulated output of circuit in Fig. 4.7 for al possible
combinations of quaternary input.
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Fig. 4.13: Physical design of the conversion circuit from quaternary logic to binary

logic shownin Fig. 4.7.
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Fig. 4.14: Quaternary input and post layout outputs with 0.1 pF load capacitance.
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Table 4.4: Propagation delay time for the layout of Fig. 4.13
with 0.1 pF load capacitance

Logic Level Transition MSB LSB
(Quaternary Logic) (ns) (ns)
o® 1 - 3.46
1® 2 1.92 4.97
2® 3 - 1.19
3® 2 - 2.10
2® 1 1.52 6.02
1® 0 - 1.02
0® 2 2.03 -
2® 0 1.14 -
0® 3 151 0.70
3® 0 1.22 0.85
o® 1 - 3.45
1® 3 1.43 -
3® 1 1.63 -
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Table 4.5 Comparison of the performance of the present and earlier works

Subject for Ref. Ref. Ref. Present
comparison [15] [16] [18]
CMOS 2mm - 0.7mm 1.5mn
Technology
Voltage Supply 6 volts 5volts 3 volts 3volts
Number of Vy, 1 1 2 1
Transistor Count 28 (30) 30 26 8
Delay inns 36 (13) 3.8 79 6
(worst case) 0.1pFload [ on-chip | 0.1pF load 0.1pF load
Radix r=4 r=4 r=2x r=2¢
Circuit mode Voltage Voltage Voltage Voltage
Layout Area - - - 130%175mm?
Static power Yes Yes No Yes

Note: V, isthreshold voltage of atransistor.
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Fig. 4.15: SPICE ssimulated output of circuit in Fig. 4.7 for al possible
combinations of quaternary input (unit capacitance = 365 fF)
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45 Experimental Results

The design was fabricated in AMI 1.5 mm CMOS process. Fig. 4.16 shows a
photomicrograph of the chip. The MOS model parameters of the fabricated chip are
obtained from the MOSIS (T1AZ) and are listed in Appendix D. The voltage
transfer characteristic of CMOS inverter shown in Fig. 4.1 is smulated with
fabricated MOS model parameters and is shown in Fig. 4.17. The value of F g
(0.66V) and F g (1.64 V) are obtained from voltage transfer characteristics. The
switching threshold voltage (F ;) of CMOS inverter is obtained using equation (2.7),

_ 0.66V +1.64V

t

F =1.15V. (4.19)

The simulation value of 1.15 V agrees with experimental value of 1.1 V. While the
switching threshold voltage with MOS model parameters used for the design is
1.45V (refer equation (4.1)). The voltage on floating gate (F r) of MSB and LSB
obtained using equations (4.2- 4.5) and (4.9-4.12) are compared with F (1.15 V)
and tabulated in Tables 4.6 and 4.7, respectively. It is found that for logic 2 (2 V)
input, the inequality in equation (4.11) does not satisfy. F g should be less than F;
not greater than F, The extracted design from the layout with parasitic capacitances
is resmulated with BSIM3 MOS model parameters of the fabricated design. The
simulation output of MSB and LSB for aramp input of OV to 3V is shown in Fig.
4.18 and Fig. 4.19. The smulation output shows incorrect output at LSB for logic 2
(2 V), which should be LOW instead of HIGH. The fabricated chip is tested for

input ranging from 0 V to 3 V and measured vaues are tabulated.
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Fig. 4.16: Photomicrograph of chip fabricated by MOSIS in standard double-
polysilicon CMOS process.
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Fig. 4.17: Voltage transfer characteristics of a CMOS inverter with W/L = 16

mm/1.6 mMm with MOS model parameters of afabricated design.

Note: F4 =066V adFgy=164V.
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Table 4.6: Voltage on floating gate of MSB for corresponding
quaternary inputs (F = 1.15V)

Quaternary Input | Voltage on Floating

Gate (F ),V
0 0.15 Fe<F,
1 0.98 Fr<F,
2 1.82 Fe>F,

3 2.65 Fe>F,
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Table 4.7: Voltage on floating gate of LSB for corresponding

quaternary inputs (F ;= 1.15 V)

Quaternary Output of #1 | Voltage on Floating
Input Gate (Fp), V
0 HIGH (3V) 0.96 Fe<F,
1 HIGH (3V) 154 Fr>F,
2 LOW (0V) 1.25 Fe>F,
3 LOW (0V) 1.84 Fr>F,
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MSEB, ¥

Fig. 4.18. Quaternary input and SPICE simulated output (M SB) for the circuit
shown in Fig. 4.7 with MOS model parameters of the fabricated design.
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Fig. 4.19. Quaternary input and SPICE simulated output (LSB) for the circuit shown

in Fig. 4.7 with MOS model parameters of the fabricated design.
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Figure 4.20 shows the experimental results from oscilloscope. The measured
values are compared with simulated data with MOS model parameters used for
design, MOS model parameters of fabricated chip and are summarized in Tables 4.8
and 4.9, respectively. Figures 4.21 and 4.22 shows the corresponding plots. From
measured and simulated data we observe, the maximum voltage that has output
corresponding to logic 2 is (1.6 V). Table 4.10 summarizes the voltages of the
quaternary logic inputs that give appropriate binary output. With 1.6 V as logic 2,
the design is re-simulated with MOS model parameters of fabricated chip for all
possible transitions in input and is shown in Fig. 4.23 with 0.1 pF load capacitance.
The layout extract is also re-simulated with 1.6 V as logic 2 and is shown in Fig.
4.24. The layout extract is simulated with MOS model parameters of fabricated chip
for al possible transitions in input to compare smulated and measured propagation
delay. A piece wise linear input with 5 nsrise and fall time and 1 us pulse width is
given asinput. A 15 pF load capacitance is added at the output as probe capacitance.
The output drivers driving the pads are considered for simulations to obtain accurate
results. The smulated output of MSB and LSB is shown in Fig. 4.25. The
propagation delay of the smulated results from Fig. 4.25 is compared with

measured values and is tabulated in Table 4.11.
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Figure 4.20: Decoder circuit transfer characteristics.
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Table 4.8: Output at MSB is compared with simulation data with MOS
model parameters used before and after fabrication and fabricated chip

Quaternary Output voltage at M SB
Input Simulated Simulated Measured
(Design) (Fabricated)
V) V) V) %)
0.0 0.0 0.0 0.001
0.1 0.001 0.0 0.001
0.2 0.001 0.0 0.001
0.3 0.001 0.0 0.001
0.4 0.001 0.0 0.001
0.5 0.001 0.0 0.001
0.6 0.002 0.0 0.001
0.7 0.002 0.0 0.001
0.8 0.004 0.0 0.001
0.9 0.008 0.0 0.001
1.0 0.015 0.0 0.001
1.1 0.024 0.0 1.02
1.2 0.039 0.034 3.0
1.3 0.057 2.29 3.0
14 0.098 2.99 3.0
15 0.214 3.0 3.0
16 1415 3.0 3.0
1.7 2.99 3.0 3.0
1.8 3.0 3.0 3.0
1.9 3.0 3.0 3.0
2.0 3.0 3.0 3.0
2.1 3.0 3.0 3.0
2.2 3.0 3.0 3.0
2.3 3.0 3.0 3.0
2.4 3.0 3.0 3.0
2.5 3.0 3.0 3.0
2.6 3.0 3.0 3.0
2.7 3.0 3.0 3.0
2.8 3.0 3.0 3.0
2.9 3.0 3.0 3.0
3.0 3.0 3.0 3.0
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Table 4.9: Output at LSB is compared with simulation data with MOS
model parameters used before and after fabrication and fabricated chip

Quaternary Output voltage at L SB
Input Simulated Simulated Measured
(Design) (Fabricated)

V) (V) (V) (V)
0.0 0.0 0.0 0.001
0.1 0.021 0.0 0.001
0.2 0.029 0.0 1.1
0.3 0.034 0.017 3.0
0.4 0.055 0.359 3.0
0.5 0.095 2.99 3.0
0.6 0.100 3.0 3.0
0.7 0.154 3.0 3.0
0.8 0.296 3.0 3.0
0.9 1.810 3.0 3.0
1.0 2.98 3.0 3.0
1.1 2.99 3.0 0.93
1.2 3.0 3.0 0.001
1.3 3.0 2.74 0.001
1.4 3.0 0.0 0.001
1.5 3.0 0.0 0.001
1.6 3.0 0.0 0.001
1.7 0.027 0.0 1.16
1.8 0.041 0.009 3.0
1.9 0.050 0.331 3.0
2.0 0.093 2.997 3.0
2.1 0.100 3.0 3.0
2.2 0.156 3.0 3.0
2.3 0.300 3.0 3.0
24 1.841 3.0 3.0
2.5 2.945 3.0 3.0
2.6 2.99 3.0 3.0
2.7 3.0 3.0 3.0
2.8 3.0 3.0 3.0
29 3.0 3.0 3.0
3.0 3.0 3.0 3.0

132




R f————————— e
+Sim(design)
—®—Sim(fab)
—®— Measured
2
=
1)
2]
=
1
0 : : :
0 0.5 1 1.5 2 2.5 3
Quat-In, V

Fig. 4.21: Output MSB is compared with simulated output with MOS model parameters used for (a) design (b) fabricated (c)
measured.
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Fig. 4.22: Output L SB is compared with simulated output with MOS model parameters used for (@) design (b) fabricated (c) measured.

134



Table: 4.10: Summarizes the voltages of quaternary input for design and experiment

Quaternary | Quaternary
Input Input MSB LSB
(design) (meas) simulated | measured | smulated | measured
(V) (V) M) M) M) V)
0.0 0.0 0.0 0.001 0.0 0.0
1.0 1.0 0.01 0.001 30 30
2.0 1.6 3.0 3.0 0.09 0.001
3.0 3.0 3.0 3.0 30 3.0
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Fig. 4.23: SPICE simulated output of circuit in Fig. 4.7 for all possible combinations
of quaternary input with 0.1 pF load capacitance.

Note: (1) MOS model parameters used for simulation are that of fabricated chip

(2) Logic 2 used for smulationis1.6 V.
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Fig. 4.24: Quaternary input and post layout outputs with 0.1 pF load capacitance.
Note: (1) MOS model parameters used for simulation are of fabricated chip
(2) Logic 2 used for smulationis 1.6 V.
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Fig. 4.25: Post layout simulation output with 15 pF load capacitance.
Note: (1) MOS model parameters used for ssimulation are of fabricated chip
(2) Logic 2 used for smulationis1.6 V.
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Table 4.11: Comparison of propagation delay time between simulation and
measured values. Simulated results are on fabricated device

Logic Level MSB LSB
Transition Simulation | Measured | Simulation | Measured
Quaternary Logic (ns) (ns) (ns) (ns)

o® 1 - - 11 13
1® 2 11 12 13 -
2® 3 - - 9 10
3® 2 - - 12 15
2® 1 11 10 17 20
1®0 - - 10 11
o® 2 12 14 - -
2® 0 8 9 - -
o® 3 11 12 8 9
3® 0 8 10 7 9
o® 1 - - 11 13
1® 3 11 12 - -
3® 1 10 11 - -
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Chapter 5

Conclusion and Future Work

An integrated circuit design is presented for the conversion of ternary bits
into binary bits using multiple-input floating gate MOSFETS. The floating potential
diagrams have been used to design different building blocks of the conversion
circuit. The principle of MIFG transistor, calculating weighted sum of all inputs at
gate level and switching transistor ON or OFF depending upon calculated voltage
greater than or less than switching threshold voltage is utilized. The full integrated
circuit is designed and simulated in standard 1.5 mm digital CMOS technology. The
circuits are simulated in SPICE with MOSIS BSIM3 model parameters. The
physical layout for the circuits is drawn using L-EDIT version 8.2. The post layout
simulations included interlayer and parasitic noda capacitance to make the
simulation more readlistic. The circuits are designed for balanced ternary logic (-1, O,
+1) unlike previous circuit found in literature, which uses (0, 1, 2) ternary logic.

The output bit maximum propagation delay is 8 ns with 0.1 pF simulated
capacitive load. With 15 pF smulative capacitive load, the output bit maximum
propagation delay is 13 ns. The physical layout of the design occupies an area of
432" 908 .

A simple conversion sheme from quaternary to binary bit is also presented
in a standard CMOS process using multiple-input floating gate MOSFETS. The
designed circuit was fabricated in AMI 1.5 mm n-well CMOS process and was
tested for performance. All quaternary logic levels agree with the corresponding

binary bits except the logic 2 (2 V), which was measured at 1.6 V for logic 2 due to
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possible process variations. The conversion circuit from quaternary logic to binary
logic achieved a great improvement in the number of devices. A reduction of more
than 75% in transistor count was obtained over the previous designs. The circuit can
be easily embedded in digital CMOS design architectures and used in a sensor
readout electronics for transmission of data with reduced bandwidth requirements
over along distance [47]. The output bit maximum propagation delay is 6 ns with
0.1 pF simulated capacitive load and 17 ns with 15 pF load. The physical layout of
the design occupies an area of 130" 175 rmt.

51 FutureWork

The circuits were designed for conversion from multivalued (ternary and
quaternary) logic to binary logic. An attempt to convert binary logic to multivalued
logic using the multiple-input floating gate MOSFETS can be made. In future, the
work could be extended to convert multivalued logic (radix 8 = 2%) to binary logic.
An important aspect of designing circuits using floating gate devices is determining
the value of unit capacitance “C”, which effects the layout area and performance of
the circuit. Thus efforts should be made to determine the optimum value of unit
capacitance that can be implemented.

The practical design aspect of smulating floating gate MOSFET in SPICE
using low-level models is still an issue. Manufactures do not provide models for
simulating floating gate MOSFETS, hence a specia technique to simulate these

devices with standard MOS models is required.
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Appendix A

Input Circuit Files

* Circuit file to obtain the I-V Characteristics of floating gate nMOS transistor.
* B2 Spice default format (same as Berkeley Spice 3F format)

M112 0 0Bsm3 05 nmos | =1.6u w=4.0u

C2 2 3 500ff

* Drain to Source voltage (PWL)

V310DC 3V PWL (OnsOv 300ns 3V)

* Different Gate to Source voltages

V430DCO

*V430DC1

*V430DC15

*V430DC?2

*V430DC 25

*V430DC3

.model Bsm3_05_nmos nmos (BSIM3 level parameters used shown in Appendix B)

.OPTIONS gmin = 1E-12 reltol = 1E-4 itl1 =500 itl4 = 500
+ rshunt = 100G

.TRAN 1ns 300ns0 1nsuic
IC

.END
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* Circuit file used to obtain the |-V Characteristics of floating gate pM OS transi stor
* B2 Spice default format (same as Berkeley Spice 3F format)

M112 0 0Bsm3 05 pmos | =1.6u w=4.0u

C2 2 3 500ff

* Drain to Source voltage (PWL)

V310DC 3V PWL (OnsOv 300ns-3V)

* Different Gate to Source voltages

V430DCO

*V430DC-1

*V430DC-15

*V430DC -2

*V430DC-25

*V430DC-3

.model Bsm3_05 pmos pmos (BSIM 3 level parameters used shown in Appendix B)

.OPTIONS gmin = 1E-12 reltol = 1E4 itl1 =500 itl4 = 500
+ rshunt = 100G

.TRAN 1ns300ns0 1nsuic
IC

.END
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* Circuit file to obtain the Transfer Curve for the nMOS floating gate transistor
* B2 Spice default format (same as Berkeley Spice 3F format)

M31 2 0 0Bsm3_05 nmos | =1.6u w =4.0u

C32 3 500ff

* Gate to Source voltage

V53 0DC 1 PWL (Ons—2v 500ns 3v)

*Different Drain to Source voltage

V61 0DC 1V

*V61 0DC2V

*V61l 0DC 3V

.model Bsm3_05_nmos nmos (BSIM3 level parameters used shown in Appendix B)

.OPTIONS gmin=1E-12 reltol = 1E-4 itl1 =500 itl4 =500
+ rshunt = 100G

.TRAN 1ns500ns0 1nsuic
AC

.END
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* Circuit file used to obtain the Transfer Curve of floating gate pMOS transi stor
* B2 Spice default format (same as Berkeley Spice 3F format)

M11 2 0 1Bsm3 pmos | =1.6u w=4.0u

C2 2 3 500ff

*Gate to Source Voltage

V23 0DC-1PWL (0Ons2v 500ns -3v)

* Different Drain to Source Voltage

V31 0DC-1V

*V31 0DC-2V

*V31 0DC-3V

.model Bsm3_pmos pmos (BSIM3 level parameters used shown in Appendix B)

.OPTIONS gmin = 1E-12 reltol = 1E4 itl1 =500 itl4 = 500
+ rshunt = 100G

.TRAN 1ns500ns0 1nsuic
AC

.END
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* Circuit file to obtain the voltage transfer characteristics of floating gate CMOS inverter
* with various capacitors as shown in Fig. 2.14

* B2 Spice default format (same as Berkeley Spice 3F format)

M15 4 0 0Bsm3 05 nmos | =1.6u w=8.0u
M25 4 22 22Bsm3 pmos | =1.6u w =38.0u

C16 4 500ff

* Supply Voltage VDD

V122 0DC3V

* Gate voltage Vin

V26 0DC 3 PWL (OnsOv 120ns 3v)

*other capacitors used for obtaining the curves
*C6 0 4 20ff

*C70 4 40ff

*C822 4 20ff

*C9 22 4 A0ff

*output node : 5

.OPTIONS gmin = 1E-12 reltol = 1E-4 itl1 =500 itl4 = 500
+ rshunt = 100G

.TRAN 1ns120ns0 1nsuic
IC

.END
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Appendix B

Design MOSFET Model Parameters

nMOS Model Parameters

.MODEL NMOS NMOS (
+VERSION = 3.1
+XJ=1.5E-7

+K1 = 0.8198806

+K3B = -8.3769938
+DVTOW =0

+DVTO = 2.9769564
+UO0 = 459.4465085
+UC = 1.344E-11
+AGS = 0.1157472
+KETA = -3.548797E-3
+RDSW = 1.421987E3
+WR=1

+XL =0

+DWB = 3.973063E-8
+CIT=0

+CDSCB =0

+DSUB = 0.317372
+PDIBLC2 = 2.946108E-3
+PSCBEL1 = 5.402825E8
+DELTA =0.01

+PRT =0

+KT1L =0
+UB1=-7.61E-18

+WL =0

+WWN =1

+LLN =1

+LWL =-9.461E-20
+CGDO =2.2E-10
+CJ=4.188753E-4
+CJSW = 3.196259E-10
+CJISWG= 1.64E-10
+CF=0

+PK2 = -0.0250774

LEVEL =49

TNOM = 27

NCH = 1.7E17
K2=-0.0815723

WO = 1E-8

DVTIW =0

DVT1 = 0.4298091
UA = 1E-13

VSAT = 1.676264E5
BO = 2.856769E-6
Al =5.378248E-4
PRWG = 0.0206332
WINT = 2.860502E-7
XW=0

VOFF=0

CDSC = 2.4E-4
ETAO = 0.0428326
PCLM = 2.4796867
PDIBLCB =-8.49120E-3
PSCBE2 = 3.692234E-5
RSH = 83
UTE=-1.5
KT2=0.022
UC1=-56E11
WLN =1

WWL =-6.554e-20
LW=0

CAPMOD =2

CGSO =2.2E-10

PB =0.99

PBSW =0.1

PBSWG =0.1
PVTHO =-0.0848114
WKETA = -0.0208937
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TOX =1.41E-8

VTHO = 0.6783469

K3 =21.2872824

NLX =1E-9

DVT2W =0

DVT2 = -0.1314503
UB = 1.566796E-18
A0 =0.5671021
B1="5E-6

A2 =0.3584167

PRWB = 0.0174913
LINT = 3.762151E-8
DWG = -1.572821E-8
NFACTOR = 0.9112552
CDSCD =0

ETAB =-1.388924E-3
PDIBLC1 = -0.5457422
DROUT = 0.726107
PVAG = 9.248005E-3
MOBMOD =1
KT1=-0.11

UA1 =431E-9

AT =3.3E4

WW =0

LL=0

LWN=1

XPART =0.5

CGBO = 1E-9

MJ = 0.4464981

MJISW = 0.1128874
MJISWG = 0.1128874
PRDSW = -400.6457406
LKETA = 2.577922E-3)



pMOS Modd Parameters

.MODEL PMOS PMOS (
+VERSION = 3.1
+XJ=1.5E-7

+K1 = 0.5370998

+K3B =-0.9286477
+DVTOW =0

+DVTO = 2.9562583
+U0 = 237.0052372
+UC =5.45512E-11
+AGS = 0.1458591
+KETA = -2.767583E-3
+RDSW = 2.565262E3
+WR=1

+XL =0

+DWB = 1.114661E-8
+CIT=0

+CDSCB =0

+DSUB = 0.0150846
+PDIBLC2 = 2.588158E- 3
+PSCBE1 =7.275362E9
+DELTA =0.01

+PRT =0

+KT1L =0
+UB1=-7.61E-18

+WL =0

+WWN =1

+LLN=1

+LWL =6.268E-21
+CGDO = 2.36E-10
+CJ=7.230164E-4
+CJSW = 2.598254E-10
+CJSWG = 6.4E-11
+CF=0

+PK2 = 3.73981E-3

LEVEL =49

TNOM = 27

NCH = 1.7E17
K2=-0.0122252

WO = 6.54045E-8
DVTIW =0

DVT1 = 0.5245313
UA = 3.45997E-9
VSAT = 2E5

BO = 1.07758E-6
Al=0

PRWG = -0.0526966
WINT = 3.631054E-7
XW=0

VOFF = -0.046905
CDSC = 2.4E-4
ETAO0=3.183212E-4
PCLM = 2.4099721
PDIBLCB =-0.0999382
PSCBE2 = 7.138855E-10
RSH =105.1
UTE=-15
KT2=0.022
UC1=-56E11
WLN =1

WWL =-1.205E-20
LW=0

CAPMOD =2

CGSO = 2.36E-10

PB = 0.9520106
PBSW =0.99
PBSWG =0.1
PVTHO = 5.98016E-3
WKETA = 4.758951E-3
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TOX =1.41E-8

VTHO = -0.9341243
K3 =3.7496262

NLX =1E-9

DVT2W =0

DVT2 = -0.0997267
UB=1E-21

A0 =0.8887791
B1=5E-6

A2=03

PRWB = -0.0674531
LINT = 3.573418E-8
DWG = -3.251632E-8
NFACTOR = 0.9565103
CDSCD =0

ETAB = 2.302539E-5
PDIBLC1 = -0.1320417
DROUT = 0.3140708
PVAG = 0.5287847
MOBMOD =1
KT1=-0.11

UA1 = 431E-9

AT =3.3E4

WW =0

LL=0

LWN=1

XPART =0.5

CGBO = 1E-9

MJ = 0.4950624
MJISW = 0.2998526
MJISWG = 0.1245165
PRDSW = 14.8598424
LKETA =-3.900197E-3)



Appendix C

Simulating Floating Gate MOS Device

One of the practical design issues of using floating gate devices is validation
of eectrical simulation. Since manufactures do not provide models for floating gate
devices, techniques to simulate floating gate devices using standard MOS models
must be devised. Other difficulty in ssimulating floating gate devices is the inability
of the smulator to converge when floating nodes exists. Hence an initial operation
point of the circuit must be introduced. Few approaches for this problem are given
in references [43-46]. In reference [43], the solution was to use an initial condition
(.IC) afeature in smulator. While in [44,45] they used additiona networks formed
by resistors and voltage controlled voltage sources (VCVYS) to establish initial
voltage on floating gate. Villegas et. al., [46], suggests to initialize all the input
voltage sources to zero, before running the simulation, which would alow to set an
appropriate operating point when using floating gate devices.

The equivalent circuit of a MIFG inverter when used for electrica
simulation is given in Fig. C.1. When the circuit is simulated in SPICE it fails to
converge at floating gate. Hence a large resistance in the range of 1E12 ohms was
placed from floating gate to ground as shown in Fig. C.2. The resistor gives an
initial voltage on floating gate as well as an effect of open circuit from floating gate
to ground. The voltage on floating gate from simulations is found to match the
theoretical calculations.

When designing circuits using floating gate devices, the switching threshold

voltage of the circuitsis often changed as explained in section 2.5 and in Fig. 2.15.
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When capacitor C; is used with DC voltage source as input to the
capacitance, the ssmulator recognizes it as a DC storage capacitor, instead of a AC
coupling capacitance and blocks the voltage. The DC voltage source is replaced
with a piece-wise-linear voltage source by using which the ssmulator simulates the
capacitor as a coupling capacitance. Taken the above considerations for simulating
circuits having floating gate devices, the experimental results of circuits failed when
MIFG inverters were cascaded.

The circuits are simulated in B2 SPICE with MOSIS BSIM3 MOS model
parameters. The B2 SPICE uses an option RSHUNT = 100 G, which places a
resistor of 1E11 from every node in the circuit to ground. Thus giving an open

circuit effect and as well avoiding floating nodes in the circuit.
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Appendix D

MOSFET Model Parameters of the Fabricated Chip

NMOS Model Parametersfor 1.5-nm technology (T1AZ)

.MODEL NMOS NMOS (
+VERSION = 3.1
+XJ=3E-7

+K1 = 0.9317355

+K3B = -1.6036239
+DVTOW =0

+DVTO0 = 0.6287112
+UO0 = 690.3302409
+UC = 5.597668E-11
+AGS = 0.1405777
+KETA = -5.491058E-3
+RDSW = 3E3
+WR=1

+XL =0

+DWB = 3.86526E-8
+CIT=0

+CDSCB = 5.248867E-5
+DSUB =1

+PDIBLC2 = 1.779838E-3
+PSCBEL = 2.6186E9
+DELTA =0.01

+PRT =0

+KT1L =0
+UB1=-7.61E-18

+WL =0

+WWN =1

+LLN =1

+LWL =0

+CGDO = 1.75E-10
+CJ=2.922743E-4
+CJSW = 1.31563E-10
+CJISWG = 6.4E-11
+CF=0)

LEVEL =8

TNOM =27

NCH = 7.5E16

K2 =-0.0642401
WO = 1E-7

DVTIW =0

DVT1 = 0.3396

UA = 2.107409E-9
VSAT = 1.101194E5
BO = 2.36604E-6
Al=0

PRWG =-0.0257109
WINT = 7.640524E-7
XW=0

VOFF = -0.052426
CDSC=0
ETAO0=-1

PCLM = 1.1865082
PDIBLCB =-0.1
PSCBE2 = 5.988929E-10
RSH = 51.8
UTE=-1.5
KT2=0.022
UC1=-56E11
WLN =1

WWL =0

LW=0

CAPMOD =2
CGSO =1.75E-10
PB = 0.9688488
PBSW =0.99
PBSWG=0.99
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TOX =3.07E-8
VTHO = 0.5946428
K3 = 8.1988053

NLX =1E-8

DVT2W =0

DVT2 = -0.3380439
UB = 1.45864E-18
A0 =0.6538174
B1=5E-6

A2=1

PRWB = -0.0343409
LINT = 2.383339E-7
DWG = -2.045861E-8
NFACTOR = 0.7700134
CDSCD = 2.966891E-6
ETAB =-0.4998094
PDIBLC1 = 7.872555E-3
DROUT = 0.0559194
PVAG =0.2015173
MOBMOD =1
KT1=-0.11

UA1 = 431E-9

AT =3.3E4

WW=0

LL=0

LWN=1

XPART =05

CGBO = 1E-9

MJ = 0.5144895
MJSW =0.1
MJISWG=0.1



pMOS Mode Parametersfor 1.5-nm technology (T1AZ)

.MODEL PMOS PMOS (
+VERSION = 3.1
+XJ=3E-7

+K1 = 0.4513608

+K3B =-2.2238332
+DVTOW =0

+DVTO = 0.4531522
+U0 = 236.8923827
+UC =-1.08562E-10
+AGS=0.2171952
+KETA = -7.084748E-3
+RDSW = 3E3
+WR=1

+XL =0

+DWB = 3.857544E-8
+CIT=0

+CDSCB = 1.091488E-4
+DSUB = 0.2873
+PDIBLC2 = 1E-3
+PSCBE1 =3.341988E9
+DELTA =0.01

+PRT =0

+KT1L =0
+UB1=-7.61E-18

+WL =0

+WWN =1

+LLN=1

+LWL =0

+CGDO = 2.09E-10
+CJ=2.966784E-4
+CJSW = 1.607959E-10
+CJSWG = 3.9E-11
+CF=0

LEVEL =49

TNOM =27

NCH = 2.4E16

K2 = 2.379699E-5
WO = 9.577236E-7
DVTIW =0

DVT1 = 0.6231695
UA = 3.833306E-9
VSAT = 1275415E5
BO =2.51061E-6
Al=0

PRWG = 0.1936825
WINT = 7.565065E-7
XW=0

VOFF = -0.0877184
CDSC = 2.924806E-5
ETAO0=0.15903
PCLM = 4.4941362
PDIBLCB =-1E-3
PSCBE2 = 1E-3
RSH = 76.4
UTE=-15
KT2=0.022
UC1=-5.6E-11
WLN =1

WWL =0

LW=0

CAPMOD =2
CGSO = 2.09E-10
PB = 0.741159
PBSW =0.99
PBSWG = 0.99

)
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TOX =3.07E-8

VTHO = -0.8476404
K3 =3.166569E-7

NLX = 3.166569E-7
DVT2W =0
DVT2=-05

UB = 1.487688E-21
A0 =0.6161235
B1=8.008378E-7
A2=0.364

PRWB = -0.0872641
LINT = 8.759328E-8
DWG =-2.13917E-8
NFACTOR = 0.2508342
CDSCD = 1.497572E-4
ETAB = 6.381554E-3
PDIBLCL1 = 6.848725E-3
DROUT = 4.153603E-3
PVAG=15

MOBMOD =1
KT1=-0.11

UA1 = 431E-9

AT =3.3E4

WW =0

LL=0

LWN=1

XPART =0.5

CGBO = 1E-9

MJ = 0.4269642

MJISW = 0.1168473
MJISWG = 0.1168473
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