Chapter 6

Sengitivity Analysis of the Optimized

L NA Specification

Following the results of optimization, the 2" order model with the stepwise regression is
applied. We note that the models used should be the same with the optimization anaysis.
We will have three sensitivity analyses corresponding to the three optimal recipes obtained
by optimization. In this chapter, we discuss variation of VB1 parameter, and take the case
of satisfied all specifications with the largest D as the example. The procedure of other

optimal recipes for sensitivity analysisis similar to that.
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6.1 Sensitivity Analysisfor LNA Circuit

By varying a set of critical circuit parameters, we will investigate the sensitivity of seven
responses. Once a quadratic model for each response has been obtained, then it can save
us alot of time to run circuit simulator. To represent fluctuations of circuit performance,
random values of parameters are selected from anormal distribution, and the corresponding

circuit performance is calculated by their response surface models, respectively.

For example, the mean for VB1 input condition is equal to its optimized value, and the
standard deviationis 1 % of itsoptimized value. In order to study the statistical nature of the
LNA circuit performance, we have generated 100 normally and independently distributed
pseudo-random numbers for VB1: The variation of 'seven circuit performance we obtained
is calculated by the response surface models. Figures 6.1-6.7 are statistical distributions
obtained by the sensitivity analysis onithe modelsfor the S11, S12, S21, S22, K , NF, and
[1P3. Table 6.1 presents the results of sensitivity analysis by varying VB1 for the LNA

circuit.

Among the seven figures, S12 obviously skewed to right, and is not a good result. But
its standard deviation is very small so that we can ignore the phenomenon. However, the
variation of each standard deviation is about 1 % of its optimal result, and the mean values
of the seven responses calculated by the 2"¢ order models are in good agreement with the

simulated circuit performance.
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Table 6.1: Sengitivity analysisfor LNA circuit calculated from the
response surface model which is obtained from circuit

simulator by varying VB1. Calculated mean and standard
deviation for seven circuit performances are shown.

Response | Predicted | Predicted | Varied | Actua Actual | Varied
mean Std. Dev. % mean Std. Dev %
S11(dB) | -10.6494 | 0.1335 125 | -10.3764 | 0.0629 | 0.059
S12 (dB) | -39.2682 | 0.00361 | 0.01 | -39.2966 | 0.004969 | 0.01
S21 (dB) | 14.3590 | 0.06470 | 045 | 14.3102 | 0.06005 | 0.42
S22 (dB) | -12.1912 | 0.01380 | 0.11 | -12.2843 | 0.02931 | 0.24
K 7.8886 | 0.04506 | 057 | 7.9452 | 0.04918 | 0.62
NF(dB) | 09459 | 0.00940 | 0.99 | 0.9793 | 0.008145 | 0.86
[IP3(dB) | -5.8384 | 0.06295 | 1.08 | -5.73435 | 0.080059 | 1.37

For the other examples, the mean for .each Input condition is set to be its optimized
value, and the standard deviation is 1 %.0f the optimized value. In order to study the statis-
tical nature of the LNA circuit performance, we generate 100 normally-and-independently
distributed pseudo-random numbers for 10facters.- The variation of seven circuit perfor-
mance we obtained is calculated by the response surface model. Table 6.1 presents the
results of sensitivity analysis by varying 10 factorsfor the LNA circuit. Statistical distribu-
tions obtained by the sensitivity analysis on the models for the S11, S12, S21, S22, K , NF,
and I1P3 are shown in Appendix E. Variation of all responsesfor the LNA circuit islessthan
ten percent of their nominal results, and the mean values of the seven responses calculated

by the 2" order models are in good agreement with the simulated circuit performance.



6.1 : Sensitivity Analysis for LNA Circuit 109

Table6.2:

Sensitivity analysisfor LNA circuit calculated from response
surface models and obtained from circuit simulator by varied
10 factors, displaying calculated mean and standard
deviation for seven circuit performances.

Response | Predicted | Predicted | Varied | Actual | Actua | Varied
mean | Std. Dev. % mean | Std. Dev %
S11(dB) | -10.573 0.558 538 |-10.337 | 0.327 3.15
S12 (dB) | -39.271 0.089 0.23 | -39.300 | 0.084 0.21
S21(dB) | 14.331 0.110 0.77 | 14.286 | 0.101 0.70
S22 (dB) | -12.146 0.217 1.76 | -12.254 | 0.328 2.67
K 7.910 0.093 117 7.958 0.107 135
NF (dB) 0.951 0.0200 200 | 0983 | 00175 | 173
IP3 (dB) | -5.784 0.456 795 | -5.780 | 0.551 9.61
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Figure 6.1: Statistical distribution of the model for S11, whichis

calculated by the sensitivity analysis and using the full 274
order response surface model by varying VB1.
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Figure 6.2:
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Figure 6.4: Statistical distribution of the model for S22, which is
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Figure 6.6:

Figure 6.7:
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6.2 Summary

In this chapter, the sensitivity analyses obtained from the case that satisfied all specifica-
tions with the largest D have been discussed. We calculate the fluctuations of the LNA
circuit performance which isvaried by 1 % VB1 and by 1 % 10 factors for the LNA circuit
as an example. The recipe which we take is stable for studying the LNA circuit perfor-
mance. In the next chapter, we will further discuss the sensitivity analysis of static noise

margin of 6T and 4T SRAM cells.



Chapter 7

Application to Static Random Access

Memory Cell

In this chapter, we firstly introduce 6T and 4T static random access memory (SRAM) cells
with 65 nm MOSFETs in Sec. 7.1. The results of design of experiment will be discussed
in Sec. 7.2. We will perform the sensitivity analysis of the static noise margin (SNM) of

the sram cell by constructing the full 2¢ order response surface modelsin Sec. 7.3.

7.1 The6T SRAM Célls

Figure 7.1 shows atypical static memory cell in CMOStechnology. The MOSFETsused in

our SRAM cells are with 65 nm devices. The SPICE model cards are from semiconductor
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foundry directly. The circuit is aflip-flop comprising two cross-coupled inverters and two
accesstransistors, M3 and M6. The flip-flop consists of two load elements (M4, M5) called
pull-up (load) transistors and two storage elements (M1, M2) called pull-down (driver)
transistors. Data are stored as voltage levels with the two sides of the flip-flop in opposite
voltage configurations, that is, node Q is high and node QB is low in one state and node Q
islow and node QB ishigh in the other resulting in two stable states. The accesstransistors
are turned on when the world line is selected and its voltage raised to VDD, and they
connect flip-flop to the column (bit or BL) line and column (bit or BLB) line. Note that

both the BL and BLB lines are utilized.

Consider afirst read operation, and assume that the cell is storage a”1”. In this case,
Q will be high at VDD, and QB will below at 0 V. Before beginning of the read operation,
the BL and BLB lines are precharged to a high voltage, usually VDD. (The circuit for
precharging will be conjunct with the sensing amplifier.) When the word line is selected,
and M3 and M6 are turned on, we see that current will flow from VDD through M4 and M6
and onto line BLB, charging the capacitance of line BLB. On the other side of the circuit,

current will flow from the precharged BL line through M3 and M2 to ground [47].
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Figure 7.1: A circuit of 6T SRAM cell used in our circuit simulation.

7.2 ThedT SRAM Célls

Figure 7.2 shows atypical static memory cell'in CMOS technology. Two storage elements
(M1, M2) caled pull-down (driver) transistors and two access transistors, M3 and M6 are
included. Consider afirst read operation, and assume that the cell isstoragea”1”. In this
case, Q will be high at VDD, and QB will be low at 0 V. Before beginning of the read
operation, the BL and BLB lines are precharged to an high voltage, usually VDD. When
the word line is selected and M3 and M4 are turned on, we see that current will flow from

the precharged BL line through M4 and M2 to ground.

We consider static noise margin (SNM) during hold and real modes in detail. The cell
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Figure 7.2: A circuit of 4T SRAM cell used in our circuit simulation.

stability is based on the ability of the cell to resist accidental overwrites during different
operating conditions in the presence of electrical noise and process variations. The factors
that influence the cell stability include the device sizing (channel widths and lengths), the

supply voltage, and temperature {47]:

7.3 TheDOE of 6T and 4T SRAM Caélls

Construction of the response surface model for the 6T and 4T SRAM cells use the 25-runs
with face centered cube (CCF) design which consist of one center point, 8 axial points, and

24 cube points. The levels of CCF design for each factor are shown in Tab. 7.1.
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Table 7.1: Thelevels of each factor for 6T and 4T SRAM cédlls.

Factor name level -1 | Level O | level 1
Lq: channel length of the transistor M1 (nm) 60 65 70
Lo channel length of the transistor M2 (nm) 60 65 70
Ls: channel length of the other transistors (nm) 60 65 70
VDD: supply voltage (V) 1.08 1.2 1.38

7.3.1 TheResponse Surface Model for 6T and 4T SRAM Ceélls

The full 27¢ order response surface models of 6T and 4T SRAM cells are shown in below

with coded factors, where the unit of SNM ismV.

SNM(6T) = 168.02 + 8.63L; <4551, +823L; + 5.28V DD (7.2)
— 1.49L7 + 0.38 5 = 0.82L5 —1.70V D D?
—0.011Ly Ly + 0:052 Ly E§ 507514V DD + 0.086 Ly Ls

—0.96L,V DD + 0.70L3V'DD,

SNM(4T) = 170.03 + 6.23L; — 9.86Ly + 10.54L3 + 17.39V DD (7.2)
—1.09L% + 0.69L32 — 0.72L% — 1.24V DD?
—0.087L1 Ly 4 0.026L1 L3 + 1.12L,V DD + 0.31 L5 L3

—1.25L,VDD + 2.24L;V DD,
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Table 7.2: The calculated results of SNM response surface model for
the 6T and 4T SRAM cells using CCF design.

Response R? | Adj. R? | Std. Dev.
SNM (6T) | 0.9997 | 0.9993 0.097
SNM (4T) | 0.9995 | 0.9998 0.22

where L, is the channel length of the M1 transistor, L, is the channel length of the M2
transistor, L5 isthe channel length of the M3, M4, M5, and M6 transistors for 6T SRAM
cell and is the channel length of the M3 and M4 transistors for 4T SRAM cell, and VDD
isthe supply voltage. Table 7.2 is the information of the SNM response surface models for
6T and 4T SRAM cells using CCF design. We can observe that R-square of two models
are high, and the model explanation is good.-Figure 7.3 shows the trend of SNM for 6T
and 4T SRAM cells which we vary Li and-fswin our observation, the SNM of 4T SRAM
cell is higher than 6T SRAM cell in some-conditions but also lower than 6T SRAM cell in
other conditions. Therefor, the range of variation of the 4T SRAM cell is larger than the

6T SRAM cell.

7.3.2 Model Adequacy Checking for 6T and 4T SRAM Caélls

The residual normal probability plots and scatter plots of the SNM response for 6T and 4T

SRAM cellsare shown in Fig. 7.4. Theresults show that the model assumption is satisfied.
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SNM (mv)

Figure 7.3: A 3D plot of SNM:for 6T and 4T SRAM cells with respect
to L, and Lo.

7.3.3 Accuracy Verification for 6T and-4T SRAM Ceélls

The results calculated from the response surface model and values obtained from circuit
simulator are shownin Tab. 7.3. Scatter plots of values cal culated from the response surface
models versus the values obtained from circuit smulator for 6T and 4T SRAM cells are

shown in Fig. 7.5, respectively. The results show that they are highly linear relationship.
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Table 7.3: Accuracy verification of the response values calculated from

the response surface model and obtained from circuit
simulator for 6T and 4T SRAM cells.

Values cal cul ated Values cal cul ated

from the response | 6T SNM | 4T SNM from circuit 6T SNM | 4T SNM

surface models simulator
Mean (mV) 168.34- | 169:68 Mean (mV) 168.35 | 169.69
Std. Dev. 7.42 15.40 Std. Dev. 7.39 15.43
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7.4 The Sengitivity Analysisfor 6T and 4T SRAM Caédlls

We explore the sensitivity of SNM versus the channel length and the supply voltage for 6T
and 4T SRAM cells. The sensitivity analysisis performed by assuming a normal distribu-
tion for each nominal value. The mean of L, Lo, andLs is Set to be their nominal values
65 nm and VDD is equal to its nominal value, 1:2,V.. The standard deviation is 3.3 % of
each nominal value. And we generate 500 normally and.independently distributed pseudo-
random numbers for four parameters. The variation of SNM we obtained is calculated by
the response surface models for 6T and 4T SRAM cells: .Figure 7.6 and Tab. 7.4 show
the sensitivity analysis of SNM for 6T and 4T SRAM cells, and comparison between 4T
SRAM cell and 6T SRAM cell. The results show the standard deviation of 6T SRAM cell
is smaller than that of 4T SRAM cell. However in the test condition, we take 170 mV as
nominal value and 3.3 % of 170 mV (5.61 mV) as 1-standard deviation. The result shows
that 2 % variation of SNM is out of 3-standard deviation for the 6T SRAM cell. It is half
of 4T SRAM cdll (4.2 %). Thus, the comparison of sensitivity of 6T and 4T SRAM cells

shows that 6T SRAM cell is more stable than 4T SRAM ceall with 65 nm CMOS devices.
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Table 7.4: Comparison of the sensitivity of the SNM for 6T SRAM cell
between the sensitivity of the SNM for 4T SRAM cell. The
mean of L, Lo, andL3 is set to be its nominal values 65 nm,
respectively; and VDD is set to be its nominal value 1.2 V.
The standard deviation is 3.3 % for each nominal value. We
generate 500 normally and independently distributed
pseudo-random numbers for these four parameters.

Mean | Std. Dev.
6T SNM | 167.11 6.172
4T SNM | 169.07 9.178

7.5 Summary

In this chapter, the full 2"¢ order response surface models of 6T and 4T SRAM cells are
shown in Egs. 7.1 and 7.2. The residual:normal.prebability plots and scatter plots of the
SNM response are shown in Fig. 7:4.- Then we generate 100 random numbers for each
factor with uniform(-1, 1) distribution to.verify the accuracy of the SNM response surface
models for 6T and 4T SRAM cells within our high and low level settings. The results
have highly linear relationship. And the results of CCF design are deemed adequate for the
sengitivity analysis, and 4T SRAM cell is more sensitive than 6T SRAM cell. In the last

chapter, we draw conclusions and suggest some issues for a future work.
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Figure 7.6: A comparison of the senditivity ‘of SNM for 6T SRAM cell
and the sensitivity of SNM for 4T SRAM cell. The mean of
Ly, Ly, andLs is set to be their nominal values 65 nm and
VDD isequd toitsnomina value 1.2 V. The standard
deviation is 3.3 % of each nominal value. 4T SRAM cell
shows more sensitive than 6T SRAM cell.



Chapter 8

Conclusions and Future Work

In this thesis, based upon SPICE circuit simulator, a screen design, a central composite
design (CCD), and a 2"¢ order responise surface model (RSM). We have successfully de-
veloped a computational statistics approach for ICs design optimization and sensitivity
anaysis. Two different circuits are explored. one is LNA circuit with 0.25um MOSFETs
and the other is SRAM cells with 65 nm CMOS devices. The results of design of exper-
iment which contain screening design, central composite design, construction of response
surface model, model checking and accuracy verification were shownin Chap. 4. Thethree
optimized cases which satisfy all specifications, minimize the noise figure, and maximize

the voltage gain were provided in Chap. 5. Next the outcomes of the circuit sensitivity
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analysis have been shown in Chap. 6. In the process of sensitivity analysis, the input fac-
tors have been assumed to be normally distributed about their mean. The standard deviation
for each factor have been set as a percentage of its mean values. We note that the results
were acceptable. Theresults presented in thiswork are promising in IC design. The 4T and
6T SRAM cells were also explored by using this methodology and the sensitivity analysis

was successfully analyzed in Chap. 7.

8.1 Conclusions

Taking alow noise amplifier circuit with 0.25 m MOSFET s as an example, we have stated
the computational statistic algorithm. The circuit specification to be optimized includes (1)
the input return loss < -10 dB, (2) the-output return loss < =10 dB, (3) reverse isolation
< -25dB, (4) voltage gain is as great as possible, (5) stability factor > 1, (6) noise figure
< 2 dB, and (7) the third-order-intercept point > -10 dB. To achieve the aforementioned
seven circuit specifications, out-calling circuit ssmulator to obtain circuit performance was
performed and then ten significant results among thirteen parameters were selected from
the screening design. They were the Cmatchl, Cmatch2, Cmatch3, Ldeg, Lmatchl, L1,
W1, VB1, VB2, and VDD. By simultaneously running circuit simulator, a ten-parameter
face centered cube design was then performed in the step of central composite design. We

used the 149 simulation which resultsin constructing the corresponding 2" order response
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surface models for the seven circuit specification.With the 2" order RSM equations, design
optimization and sensitivity analysis of performance have been explored. For the design
optimization, we have obtained the improvement results in the LNA cirduit. For example,
the input return loss in the original performance was -8.756 dB and it was too large. The
output return loss of the original circuit performance -6.137dB was too large. Through our
method, the input return loss of the circuit performance has been reduced and is smaller
than -10 dB. The improved output return loss is smaller than -10 dB at the same time.
Performance sensitivity with respect to certain optimized parameter and/or all parameters
were also investigated by using RSM to an optimized recipe with 100 randomly generated
normal samples. The optimized recipewas right the mean of the normal distribution; and
one per centum of the optimized recipe was assumed to be the standard deviation. Our

result has showed that the optimized recipe was stable to the circuit performance.

Similar methodology was further applied to explore the variation of static noise margin
(SNM) for 6T and 4T SRAM cells with respect to channel length and supply voltage. For
SRAM with 65 nm CMOS devices, our result has showed that 2 % variation of SNM was
out of 3-sigmafor the 6T SRAM cell with 3-sigma variation of parameters. It was half of
AT SRAM cell (4.2 %). Thus, it quantitatively confirmed that SRAM with 6T configuration

was more stable than it with 4T configuration.

In conclusion, we have implemented systematically a computational statistics approach
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to ICs design optimization and sensitivity analysis. Successful application of the method
to study analog and digital circuits has showed its computational efficiency and engineering
accuracy, compared with large-scale SPICE circuit simulations. This approach was suitable

for optimization problems and diagnosis of quantify trade-offsin IC industry.

8.2 Suggestionsto Future Work

Theresult of Sec. 4.2 showswerun at |east three experimentsin order to achievetarget. But
it may not be an effective way to solve the problem when the target is far from the original
performance with multiple responses. Thisisademerit which restricts our optimization. In
future work, one could develop a method which can solvethe condition of target isfar from
the origina performance. Thus, more problems will-be solve-efficiently. Furthermore, we
can also apply the small composite designs to obtain the whole data if we want to design
other complicated circuits to save more CPU time and computing cost. In addition, the
recipes obtained by this work could be used to fabricate chips to compare with the results
of simulation.

Application of the systematically statistical method can be extended to more RF, analog,
and digital ICs, such as. (1) the operation amplifier; (2) the phase locked loop circuit; (3)
the digital to analog converter; (4) the analog to digital converter and; and (5) other novel

device architectures of SRAM cells.
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Appendix A

Contour Plotsof the Optimal Recipe for

the CCF Design

In this appendix the completed-contour plots of the optimal recipe for the case of satisfied

all specifications have provided here.

139



140 Appendix A : Contour Plots of the Optimal Recipe for the CCF Design
1.35 Si1 5.95
1.29 5.68
o -13/8522 -12 /1648 =
B 1.23 -14.6322 -13/0085 © 541 4
| ]
. 1S
[a) -
i 5.1
1.16 e
4 .12.1648
- 11
48
110 T T T 7 T T T
688.4 726.6 764.9 8031 8414 688.4 726.6 764.9  803.1 841.4
A: Cmatchl A: Cmatchl
S11
5.50 0.825 Si1
-11.32
525 0.787 4
-13\8522 -1%.1648 o
— om
=5.00 -14.§959 -13.4085 > 0.750
R T
4.75 — 0713
4.50 T T T 0.675 | | |
A: Cmatchl A: Cmatchl
S11 =
5.95 —Iprediction -10.70 0.26 Si1
1
-12 11.976
5.68 - -1 0.26 -
%g -14.9429
= 541 T 025 o3 . -11,7182
£ = 11
- -13.
L
5.14 — -12 0.25
-11
4.87 T T 0.24 , , ,
11 1.225 1.2875 1.35 1.1 1.1625 1225  1.2875 1.35
D: Ldeg

D: Ldeg




141

5.50

5.25

5.00

G WL

4.75

4.50

F L1

0.825

0.787

0.750

H: VBl

0.713

0.675

S11

-1N5765

<11.0969
Prediction

-10.70 |

11

T
1.1625

T T
1.225 1.2875

D: Ldeg

1.35

-11

0823

E: Lmatchl

S11

-11.0021
-11.9619 -11.9619
10.0422
-12.9217
T T T
4.87 5.14 5.41 5.68

E: Lmatchl

5.95

H: VBl

0.825 S11

0.787

0.750

0.713

0.675 I I }

1.1 1.1625 1.225 1.2875 1.35
D: Ldeg
S11

5.50

550 S11

10.8576__ [Prediction 10.7
450 : . .
0.24 0.245 0.25 0.255 0.26
F: L1



142 Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

0.825 Si1 0.825 Si1
-10.8596 _|Prediction -10.70 Prediction -10.70
0.787 /_/-,19@/——
I —
o -10 s}
> 0.750 >
T T
/%W/
0.713 - 0.713 -9.6
9 -0.09562
-9.09682
0.675 | | | 0.675 | I |
0.24 0.245 0.25 0.255 0.26 45 4.75 5 5.25 5.5
F: L1 G:wi
1.35 512 5.95
1.29 - 5.68 —
—
(@] e
2 Fa—
3 1.23 4 g 5.41
a —! ‘
"
1.16 5.14 -
1.10 | | | 4.87 I | |
688.4 726.6 764.9 803.1 841.4 688.4  726.6 764.9 803.1 841.4
A: Cmatchl A: Cmatchl
5.50 S12 0.825 S12
38,
5.25 38 0.787 -
—
m
s 00 z 0.750
5.00 - R .. 0.750 4
? 38 T
O
4.75 o 0.713
Prediction <38.4923
4.50 I ; I 0.675 I I ;
688.4 726.6 764.9 803.1 841.4 688.4 726.6 764.9 803.1 841.4

A: Cmatchl A: Cmatchl



143

3.44

3.36

3.12

E: Lmatchl

4.87

0.825

0.787

0.750

H: VB1

0.713

0.675

-39.2094

-39.171

T T T
1.946 1.997 2.048 2.099

B: Cmatch2

| T T —
11 1.1625 1.225 i 28 R,

D: Ldeg
S12

-38.8141

-38.7001

T T T
1.1 1.1625 1.225 1.2875

D: Ldeg

2.150

1.35

‘GIWL

B35t

&
z

~

E Lmatchl

5.95

5.68

5.41

5.14

4.87

5.50

5.25

5.00

4.75

4.50

2.8215

2.7608

2.7000

2.6393

2.5785

1.946

- 8.83
-39.0497

3927 ———cer

-30.2257

=39.162

0983

<39.0345

T T T
1.997 2.048 2.099

2.150

B: Cmatch2
S12

<38.1709
-38.3906

<38.6103

Prediction _-39.27

T T
1.1 1.1625 1225 1.2875 1.35
D: Ldeg
S12
-390908
e -39/1654 390162
i -38.9416
T T T
1.1 1.1625 1.225 1.2875 1.35

D: Ldeg



144

Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

J: VB2

H: VB1

0.26

0.26

0.25

F L1

0.25

0.24

2.8215

2.7608

2.7000

2.6393

2.5785

0.825

0.787

0.750

0.713

0.675

-39.0199

E: Lmatchl

S12

-38.9834

T T
4.87 5.14 5.41

%9.04

5.68 5.95

E: Lmatchl

-38.9266
-38.8133
-38.6999
T T |
0.24 0.245 0.25 0.255 0.26
F: L1

G'wL

H: VBl

5.50

S12

iction  -39.27
4.50 T T T
4.87 5.14 5.41 5.68 5.95
E: Lmatchl
5.50 S12
-38.3423
525 —
-38.712
sloo 4
&78; 11—
-39.0816
Prediction  -39.27
4.50 T T T
-0:24 0.245 0.25 0.255 0.26
F: L1
0.825 S12
0.787
0.750
0.713
0.675
55




145

2.8215

2.7608

J: VB2

2.7000

2.6393

2.5785

2.8215

2.7608

2.6393

2.5785

2.150

2.099

2.048

B: Cmatch2

1.997

1.946

S12 28215 S12
2.7608
-38.5809
-38[8275 > 2.7000 _ -39.0543
= -39.)828
26393
-38.5343
: : 2.5785 . . :
5 5.25 55 0.675 0.7125 0.75 0.7875 0.825
G: W1 H: VB1
edictio 9
L 2.8215
<39.2405
- 2.7608
-39.1397
[a] <39.0984
— 9 2.7000 -
- ] -39.0274
- 216393
- -38.9563
T T T = 2.5785 T r |
0.675 0.7125 0.75 0.7875 »"  0.825-: 2.5785 2.63925 2.7 2.76075  2.8215
H: VB1 J: VB2
S21 135 S21
3.7368
129 3.9228
| Prediction 14, 3 123 41088
14/4089 a
4.2947
- 1.16 -
14.3602 \%
T T T 110 T T T
688.4 726.6 764.9 803.1 841.4 688.4 726.6 764.9 803.1 841.4
A: Cmatchl A: Cmatchl



146

Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

E: Lmatchl

H: VBl

E Lmatchl

5.95

5.68

5.41

514 4 14.4853

4.87

0.825

0.787

0.750

0.713

0.675

5.95

5.68

5.41

5.14

4.87

14.6095

14,4232
4.3611
T T T
688.4 726.6 764.9 803.1 841.4
A: Cmatchl
S21
14.4561
14.0631
13.67
] 13.2769
12.8838
T T T
688.4 726.6 764.9 803.1 841.4
A: Cmatchl

14.5087

T T
1.946 1.997 2.048

T
2.099 2.150

B: Cmatch2

C: Omatch3

G WL

S21

5.50

Prediction 14.35
4.50 . .
688.4 726.6 764.9 803.1 841.4
A: Cmatchl
3.44 S21
14,
14,2689
336
14 3765
3 14/388
3.28
14[4476
320, 14
689
=342 i ; ;
- 1:946 11997 2.048 2.099 2.150
B: Cmatch2
1% S21
14.0754
5.25
14.1493
5.00 -
475 -
14.3708
14.35
4.50 . . .
1.946 1.997 2.048 2.099 2.150
B: Cmatch2



147

H: VvB1

H: VB1

F L1

0.825

0.787

0.750

0.713

0.675

0.825

0.787

0.750

0.713

0.675

0.26

0.26

0.25

0.25

0.24

S21

Prediction  14.35

2754

13.9011

3.5269

— 13.1526
ez

so1

7 1433871

.5943

T T T
11 1.1625 1.225 1.2875 1.35

D: Ldeg

K: VDD

T T T
1.946 1.997 2.048 2.099 2.150
B: Cmatch2
S21
_w—/
—
<
O
N Al sl
¥/ w
T 131200 o]
——— 127505 N _————]
T T k. =
3.12 3.2 328 "G, 3. 30 ETETTTSE
C: Cmatch3

G Wi

2.8215

2.7608

2.7000

2.6393

2.5785

5.95

5.68

5.41

514

5.50

5.25

5.00

4.75

Prediction 14,

-1
T T T
1.946 1.997 2.048 2.099 2.150
B: Cmatch2
S21
14\1234
13.p348
13.7462
13.5676
T T T
1.1 1.1625 1.225 1.2875 1.35
D: Ldeg
S21
13.523
138577
i 14.024%§ 13.§908
141915
Prediction 14,
I T T T
11 1.1625 1.225 1.2875 1.35
D: Ldeg



148 Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

0.825 szl 2.8215 Szl
0.787 o 2.7608 Prediction  14.35
é‘ o 14.3417 13,599 13.67§1
0.750 o 27000 o 19819
i 13.2073 > 141008
=
0713 127543 2.6393
12.3014
0.675 T T T 2.5785 T T T
11 1.1625 1.225 1.2875 1.35 11 1.1625 1.225 1.2875 1.35
D: Ldeg D: Ldeg
S21
0.26 S21 5.50
14.4967
0.26 14.5902 5.25
b E 14.4183
I 025 - 14.6836 ) (D 5.00 ‘-1 -
025 - 14.777 4.75. —H\" '
y I/I I y | | I
4.87 5.14 5.41 568 595 [ B e il 541 568 595
E: Lmatchl ‘ E:Lmatchl
0.825 S21 2.8215 S21

0.787 — 2.7608 -
14.2996

0.750 — 13.9282

13.5568
0.713 — 2.6393 o
13.185:

12.814

H: VB1

27000

J: VB2

0675 , , , 25785
487 514 5.41 5.68 5.95 4.87

E: Lmatchl E: Lmatchl



149

G.Wi

H VBL

K: VDD

5.50

5.25

5.00

4.75

4.50

0.825

0.787

0.750

0.713

0.675

2.8215

2.7608

2.7000

2.6393

2.5785

H: VB1

S21 0.825
- 0.787
0.750
- 0.713
; : : 0.675
0.24 0.245 0.25 0.255 0.26
F: L1
s21 2.8215
Prediction 14.35
14.1862
. 2.7608
13.814 g
- i F'%..2.7000
" R
13.4418 .
. 13.0696 1 2,6393
12.6974
. . —— 25785
45 4.75 5 .5 o0 ae—
G: W1
2.8215
- 2.7608
13l842
13.4938
. 13.1456 142002 -5 2.7000
¢ 2
1b.7675
- 2.6393
. . . 25785
0.675 0.7125 0.75 0.7875 0.825

S21

14.5584

14.1474

13.7363

13.3253

12.9143

0.24

T T T
0.245 0.25 0.255

F: L1
S21

0.26

- 124633

0.675

1 T T
0.7125 0.75 0.7875

H: VB1

0.825

4.2407

2.5785

T T T
2.63925 2.7 2.76075

J: VB2

2.8215



150 Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

2150 — S22 5.50
-11.6339
-11.8556

2.099 — -12.0773 5.25

Prediction  -12.17

-12.0467
5.00 —

-12.0773
-12,1306
1.997 -11.8556 475 o
/M -12.2146

- 11905 m
4.50

2.048 —

G WL

B: Cmatch2

1.946 T T T T T T
688.4 726.6 764.9 803.1 841.4 688.4 726.6 764.9 803.1 841.4
A: Cmatchl A: Cmatchl
0.825 S22 3.44 S22
-12.222
o Prediction  -12.17
0.787 - 336 —
. g
30.750 - g 378" =
T -12.8615
o
<12.4303
0713 — 320" 13.4459
42,6377
0.675 I I I L) I I I
688.4 726.6 764.9 803.1 o 8414 1946 1.997 2.048 2.099 2.150
A: Cmatchl : B: Cmatch2
S22 2
1.35 5.95 1o Prediction
1.29 5.68 —
12,3144
-
_g’ -11.4835 S
123 -12h1224 -12.1p24 'g a1 12.041
- 123 -11)6444 s
A 3
]
-11/8835
1.16 - 514 —
Prediction  -12.17
110 T T T 4.87 T T T
1.946 1.997 2.048 2.099 2.150 1.946 1.997 2.048 2.099 2.150

B: Cmatch2 B: Cmatch2



151

F L1

H: VB1

K: VDD

Prediction 12.17 522

JVB2

G: WL

E: Lmatchl

0.26
0.26 —
111.7895
-11[7895
0.25 - -119918 -119918
11.p87
0.25 —
0.24 I T 1
1.946 1.997 2.048 2.099 2.150
B: Cmatch2
0.825 S22
-12.1967
0.787 —
11.p42
-116936 -11.9451
0.750 -
-11.p451
0.713 —
0.675 T T T
1.946 1.997 2.048 2.099 2 10T
B: Cmatch2
Prediction  -12.17 bo
2.8215
2.7608 —
27000 11.6829 -11.6$29
-11.4272
2.6393 —
-11.9386
1
2.5785 T T T
1.946 1.997 2.048 2.099 2.150

B: Cmatch2

5.50

5.25

5.00

4.75

4.50

2.8215

2.7608

2.7000

2.6393

2.5785

5.95

5.68

5.41

5.14

4.87

S22

1187
a [-11.895
Prediction -12.17
T T T
1.946 1.997 2.048 2.099 2.150
B: Cmatch2
S22
11.6936
_ [Brediction 1217
1-12.1967
11.6936
-11.9451
_{11f44p -11.94
T T T
1.946 1.997 2.048 2.099 2.150
B: Cmatch2
S22
—r]Prediction -12.17 |
T12.2144
712.2862
-12.358
-12.4298
s |

T T
11 1.1625 1.225

D: Ldeg

T
1.2875

1.35



152 Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

2.8215 S22 0.825 S22
-11.99
2.7608 0.787
-12.1623
N o
Q >
= 27000 T 0750
2.6393 0.713
-12.3346
2.5785 . . . 0.675 . . :
11 1.1625 1.225 1.2875 1.35 45 4.75 5 5.25 5.5
D: Ldeg G: w1
5.9 K K
5 {Prediction 7.90 ] 5.50
5 7.48013
84909 . __________________-—-——-""“"""______
568+ 525 7.56352
% //
91 -
. - 7.64691
E 541 - 2 06 _//_.
Nr' 0]
w | e
514 775014 475 " ]
ed 0] 90
4.87 ; ; ; laln0 . . .
688.4 726.6 764.9 803.1 8414 776884 726.6 764.9 803.1 841.4
A: Cmatchl . A: Cmatchl
0.825 K K
Pred on 90
7.88157
0787 568
= 8.39116
- |  sorses ] g 8.A2351
x 0750 | 8.27620 - 541 — AW
] w 8.25(33
8.47366
o8 4———— | 514
o eeme 795586
0.675 I T T 4.87 T T T
688.4 726.6 764.9 803.1 841.4 1.1 1.1625 1.225 1.2875 1.35

A: Cmatchl D: Ldeg



153

0.26

0.26

0.25

0.24

0.825

0.787
|
L o.750
T

0.713

0.675

0.26
0.26
0.25
0.25

0.24

J.51204
T T T
11 1.1625 1.225 1.2875 1.35
D: Ldeg
K
>
-
I T T ! =
11 1.1625 1.225 - 1.2875 1357 o
D: Ldeg
K Prediction 7.90
7.78506
7.66295
i
7.54084 §
. T
7.41872
7.29661
T T T
4.87 5.14 5.41 5.68 5.95

E: Lmatchl

4.50

2.8215

2.7608

, 2.7000

2.6393

25785

0.825

0.787

0.750

0.713

0.675

icfion 7.90

T T T
11 1.1625 1.225 1.2875 1.35
D: Ldeg
Prediction 7.90 K
8.3M053
7.93816 641
7.79403
T T T
11 1.1625 1.225 1.2875 1.35
D: Ldeg
K
Prediction 7.90
7.79775
8.01467
N 8.2316
i 8.44852
8.66545
T T T
4.87 5.14 5.41 5.68 5.95
E: Lmatchl



154

Appendix A : Contour Plots of the Optimal Recipe for the CCF Design

4.50

2.8215

2.7608

2.7000

J: VB2

2.6393

2.5785

2.8215

2.7608

2.7000

J: VB2

2.6393

2.5785

Prediction
T T T
0.24 0.245 0.25 0.255 0.26
F: L1
K
749526
7 7.88998 7.6Q053
T T
0.24 0.245 0.25
F: L1
K
7.74884 7.53104
7.66494
7.49713
T T
5 5.25 55

0.825

0.787

0.750

H: VBL

0.713

0.675

0.825

0.787

H\/B1

0l713

~-0.675

2.8215

2.7608

2.7000

J: VB2

2.6393

2.5785

0.750" =

K
T T T
0.24 0.245 0.25 0.255 0.26
F. L1
K
7.50834
05149
T T T
45 4.75 5 5.25 55
7| 8.79039
8.30669
— 850854
T T T
0675 07125 0.75 0.7875 0.825
H: VBl



155

K: VDD

E Lmatchl

E: Lmatchl

2.8215

2.7608

2.7000

2.6393

2.5785

5.14

4.87

5.95

5.68

541

5.14

4.87

Prediction 7.90

K
8.63434 8.17081
- 257 904
7.70727
T
0.675 0.7125 0.75 0.7875 0.825

K: VDD

H: VB1

0.87558
T T T o Fagr-
688.4 726.6 7649 © 803.1 JEHE =
A: Cmatchl
— Prediction 0.95 NF
0.983352
—
_ 0.913775 —
o
0.890583
T T T
11 1.1625 1.225 1.2875 1.35
D: Ldeg

2.8215
2.7608

2.7000

2.6393

2.5785

0.825
0.787
0.750
0.713

0.675

0.26

0.25
0.25

0.24

1 | T
688.4 726.6 764.9 803.1 841.4

Prediction 7.90

87245

| 7.82843

7.78442
T 7ras
7.69639
T T T
25785 263925 27 276075 28215
J: VB2
NF
0.917654

0.981699

1.04574

1.17384

A: Cmatchl

NF Prediction 0.95

0.9155884

0.849511

T T 1
4.87 5.14 541 5.68 5.95

E: Lmatchl



156

Appendix A : Contour Plots of the Optimal Recipe for the CCF Design
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Appendix A : Contour Plots of the Optimal

Recipe for the CCF Design
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Figure A.1: Contour plotsof the optimal recipe for the CCF Design.
Plots 1-14, from the left column to the right one, are for
S11; plots15-34 arefor:S12; plots 35-60 are for S21; plots
61-74 are for:S22; plots 75-92 are for K; plots 93-102 are
for NF; and plots 103-126 are for 11P3. The X-axis and
Y-axis are constraint of factors, and contour plots show the
spread of seven circuit performance.



Appendix B

Netlist of LNA Circuit

In this appendix the netlists of the LNA circuit aré'shown below.

.options brief nomod accurate probe INGOLD = 2

Jlib’RFMODEL.I" TT_RFMOS

lib’RFMODEL.I" RF-MACRO

.global .param rfpower=-30 rfamp="sqrt(0.4* pwr(10,(rfpower/10)))’ temperature=300
.Inc ”Inaparameters’

XLNA OUT VDD_L GND_L VB1VB2IN LNA

VRF IN2 GND sin(0 'rfamp’ 2.15g 000) ac 1

VB1VB1GND 0.75

VB2VB2GND 2.7
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VDD_L VDD_L GND 2.7

Vnull GND_L GND 0

Routl OUT GND 10MEG

Rsource IN IN2 50

Rstab IN GND 2K

.op

.net v(out) VRF rin=50 rout=50

.noise v(out) VRF 1

.probe noise inoise onoise

.probe nf=par(’ 10* 10g10(i noi se(m)*inoise(m)/(1:66e-20* 50))’)
.ac DEC 500 500meg 59

.print noise(m)inoise onoise nf=par(':10*og10(inoise(m)* inoise(m)/(1.66e-20* 50))")

.end

To make a genera working environment, a replacing mask scheme is proposed for

simulation based circuit optimization. A example mask file is shown below:

.SUBCKT LNA OUT VDD_L GND_L VB1VB2IN
CCIN N_10 N_9 20p

CCMATCH1 N_10IN $CCMATCH1$f
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CCMATCH2 N_5 0OUT $CCMATCH2%$p

CCMATCH3 GND_L OUT $CCMATCH3%$p

LLBOND N_9N_6 $L LBONDS$n

LLCHOKEVB1N._61u

LLDEG N_8 GND_L $LLDEGS$n

XLLOAD VDD_L N_5 spiral turn

LLMATCH1N_10GND_L $LLMATCH1$n

XM1N_7N_6 N.8 GND_L NMOS_RFWS5 LR=$XM 1L $u WR=$XM 1W$u NR=$XM IN$
XM2N_5VB2N_7 GND_L NMOS_RFW5 LR=$XM 2L $u WR=$XM 2W$u NR=$XM 2N$
XRRLOAD VDD_L N_5 spira _turn

.ENDS LNA

As shown above the keyword covered with $'is the position where parameters should

paste on. The RF compact spice netlist we apply is show below.

mcore n1 n2 n3 n4 nch_rf33w5 w=5u |=Ir m=nr ad=0.0 as=0.0 pd=0.0 ps=0.0
rd D nl 1e-5

rg G n2’(0.175+173.8/nr-9.532/(nr* [r* 1e6))* nmos_rgfac’

rs Sn3’1.3574/(log10(nr/2+1.0))+1.26722'

rsubl n6 n4’(99.5294/nr-0.11765)* nmos_rsubfac’
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rsub2 n5 n4 ’(99.5294/nr-0.11765)* nmos._rsubfac’

rsub3 n4 B ' (-42.43+5469.1/nr)* nmos_rsubfac’

rds n7 n3' 373.76-34.76/(nr* sgrt(Ir* 1e6))’

ddb n6 n1 ndio_rf33w5 area="nr/2.0*0.82u*5u’ pj="nr* (0.82u+5u)’

dsb n5 n3 ndio_rf33w5 area="(nr/2.0+1.0)*0.82u*5u’ pj="(nr/2+1.0)* (0.82u+5u)* 2’

cdsnl n7 ' (-7.87+0.873* nr/sgrt(Ir* 1.0e6))* 1.0e-15°



Appendix C

Netlist of SRAM Ceélls

In this appendix the netlists of SRAM Cells are showin bel ow.

(1) Thenetlist of 6-T SRAM

.protect

Jib’cIn651p_1k _postsim_V1dO.I" tt

.unprotect

.options post = 2 acct = 2 dccap = 1 nomod
.global vdd! gnd!

.param gnd! = 0 sup = $sup$ vdd vdd! 0 DC sup
vw1 4 0DC sup

vbl150DC sup
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vblb 6 0 DC sup

M132gnd! gnd! nchw=1ul=$L1$

M2 2 3gnd! gnd! nchw=1ul =$L2$
M3542gnd' nchw=1ul =$L3$
M6346gnd nchw=1ul =9$L3%
M4 3 2 vdd! vdd! pchw =1ul = $L 3%

M5 2 3 vdd! vdd! pchw =1ul =$L3$
vgq20

.DC vq 0 sup 0.0012 *sweep In1 60n 70n 1n

.END

(2) Thenetlist of 4-T SRAM

.protect

Jib’cln651p_1k _postsim_V1dO.I’ tt
.unprotect

.options post = 2 acct = 2 nomod
.global vdd! gnd!

.param gnd! =0 sup = $sup$

vw1 40 DC gnd!

vbl150DC sup
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vblb 6 0 DC sup

M132gnd! gnd! nchw=1ul=$L1$

M2 2 3gnd! gnd! nchw=1ul =$L2$
M3466pchw=1ul =$L3%
M42455pchw=1ul =$L3%

vg20

.DC vq 0 sup 0.0011 *sweep In1 60n 70n 1n
.END

As shown above the keyword covered with $ is the position where parameters should paste on.
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A Example of Design Expert 6.0.6
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1. Execute Design-Expert 6.0.6 Trial

3 MyDesign - Design-Expert 6.0.6
File: Edit View Display Options Design Tools Help

B’“IEII |=|e| &2
1=

Open new design

Welcome to Design-Expert!
Tao get started, click on the File menu and select either
1. New Design

or
2. Open Design

HIUM

Ready

2. Choose one design

3 C:AProgram Files\DEG6Trial\DA TAYMyDesign dx6 - Design-Expert 6.0.6

File Edit ¥iew Display Options Design Tools Help

|| | | kd

Crossed

Mixcture

Resp onse Surface 1

Factorial

ractional factorials can be used for screening many factors to find the significant few. The color coding represents the
design resolution: Green = Res V, Yellow = Res IV, and Red = Res IIl.

Mumber of Factors

2 Level Factorial
Irregular Fraction
General Factorial

D-Optimal
Plackett Burman 112
Taguchi OA Fract
Full 114 118 1ME
Fract. Fract. Fract
1/4 1/8

Experiments

Replicates: |1 Blocks: |1 - Center points per block: |0

Cancel Continue ==

Ready NUM
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3. Determine the number of factors

File Edit

¥iew Display Options Design Tooks  Help

| &l 2]

Factorial
Crossed
Mixture

Response Surface

Ji
Box-Behnken
3-Level Factorial
Hybrid

One Factor
Pentagonal
Hexagonal
D-Optimal
Distance-Based
Modified Distance
User-Defined
Historical Data

Ready

Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial peints), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for “Factor lows and highs entered in terms of alpha”™. Then adjust low and high levels as
If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels

High

needed
Mumeric Factors} m 2 to 10}

Categorical Facters] i 0to 10)
Mame ‘ Uni| : Low

A &

B :

c o

o —

E -1

F 4

G e

H -1

[~ Factor ranges entered in terms of alpha

Type: [1/8 Fraction > Boeks: |1 ]
Points.
Not center points 148
Center points 10

alpha = 3.36359 M 158 experiments

1
1
1
\
1
1
1
1

Ex: 10 factors

Cancel Continue ==

N1TH

4. Key in th

e factor names

File Edit

| % |safe|

Wiew Display Options Design Tools  Help

dl

Factorial
Crossed
Mixture

Response Surface

=
Box-Behnken
3-Level Factorial
Hybrid

One Factor
Pentagonal
Hexagonal
D-Optimal
Distance-Based
Modified Distance
User-Defined
Histerical Data

Ready

Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial peints), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha™
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categoerical factor levels.

Mumeric Factors: |10 ~| (2to 10y
Categorical Factors: |0 ~| (0to 10}
—blcic | Low

Name
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Ldeg
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VB1
VB2

|z]e|n|m|2|o|=]>
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1%

[~ Factor ranges entered in terms of alpha

Type: [1/8 Fraction - Blocks: [1 -
Points
Not center points 148
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alpha = 3.36359 Options. 158 experiments
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Ldeg
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L1
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VB1

VB2
VDD

Then adjust low and high levels as

Cancel Continue ==
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5. Key in natural values

File Edit Yiew Display Options Design Teols Help
||| % |5|@] =2

factorol Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factarial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha”™. Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels

Crossed
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Response Surface

Numeric Factors: |10 ~| (2to 10}
Categorical Factors: |0 ~| @to 10y 688.4 841.4
= | |
Box-Behnken Name | Units T + T = 1.946 2.15
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Hybrid Al Cmatch1 688.4 3.12 3.44
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D-Optimal - . .
Distance-Based =D Ldeg 11 1.3 4.87 5.95
Modified Distance e Lmatch1 487 595 0.24 0.26
User-Defined =
Historical Data &=|r L1 0.24 0.26 4.5 55
G WA 45 55
H VB 0.675 0.825 0.675 0.825
“|d VB2 25785 28215 2.5785 2.8215
Kk VDD 2 5785 28215 2.5785 2.8215

I~ Factor ranges entered in terms of alpha

Type: | 1/8 Fraction Blocks:

Points.
Not center points 148

Center points 10

alpha = 3.36359 Options. 158 experiments

Cancel Continue ==

Ready NUM

6. Choose one type of design

B3 C-Program Files\DX6 Trial\D A TAVMyDesign dx6 - Design-Expert 6.0.6
File Edit ¥iew Display Options Design Tools  Help

|sw|&] & |=al@] 2|

Facterial Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for “Factor lows and highs entered in terms of alpha™ Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels
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Crossed
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Respense Surface
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Box-Behnken MName | Units | Low ‘ High |
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STz FEEDT BB Cratch2 1.946 215
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Hexagonal Cle Cmatch3 3.12 3.44
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Distance-Based J=H [ Ldeg 11 1.35
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User-Defined =

Historical Data | ™ L1 0.24 0.28
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H|H VB1 0.675 0.825 P
| ush the button
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Kk VDD 2.5785

Typ

Center points 10

alpha = 3.36359 Options. 158 experiments

Cancel Continue ==
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7. Determine the replication of the center points

CAProgram Files\DE6 TrialiDA TA\MyDesign dah — Design- Expert 6.0.6
Fil= Edit ¥iew Display Options Design Tools Help

||| & || &2
el Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha™. Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels.
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=] W 4.5
H VB1 0.675
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Cancel Continue ==
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8. Change the replication of the center points

B3| C:\Program Files\DE6 Tria\DA TA\MyDesign dx6 - Design-Expert 6.0.6
File Edit ¥iew Display Options Design Tools Help

||| || =2

o Central Composite Design
Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha”™. Then adjust low and high levels as
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9. Finish design matrix construction, next step

File Edit Wiew Display Options Desizo Tools Help
|=|d]| &|@(@ =] 2]

Factorial

Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha™. Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels.
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Categorical Factors: |0 ~| 0to10)

Crossed

Mixture

Response Surface

Box-Behnken Name | Units | Low

3-Level Factorial A

Hybrid Ala Cmatch1 688.4

One Factor Bla Crmatch2 1.946

Pentagonal —

Hexagonal Lc Cmatch3 312

D-Optimal D:

Distance-Based L [2) Ldeg 11

Modified Distance E:|g Lmatchi 487

User-Defined ?

Historical Data 1= L1 0.24
(= Wi 45
H:H VB1 0.675
Salfl| VB2 25785

K VDD 25785

I~ Factor ranges entered in terms of alpha

Blocks: [1 ~]

Type: | 1/8 Fraction

Foints.

Push the button

Not center points 148

Center points 1

alpha = 3.36359 149 experiments

Cancel Continue ==

Ready

10. Determine the number of _Fésponé 7 A7

B3 CAProgram Files\DE6Trial\DA TA\MyDesizn dx6 - Design-Expext 6.0.6
File Edit Yiew Disploy Options Design Tools Help

D= |co|mm| 2|
' Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha® Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categarical factor levels.

P
Responses: | [1 ~
z Choose 1
Central Composite
Mame (5 —|ts

Response 1;

5

T

-1

o

10

11 ~

<= Back Continue ==

Ready WU
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11. Input the response name

es\DEG Trial\D A TAYM yDesign dxb - Design-Expert 6.0.6
File Edit View Display Options Design Tools Help

D[=d| &%(@| 22|
| Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for “Factor lows and highs entered in terms of alpha™. Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels.

Responses: |1 vl

Name Units |

- |

=)y

Ex: K factor

== Back | Continue == |

Ready |

B3 C:AProgram Files\DE6 TrialDA TANMyDesign dxf - Design-Expert 6.0.6
File Edit Wiew Display Options Design Toolz: Help

EEEERECTERD]
| Central Composite Design

Each numeric factor is varied over 5 levels: plus and minus alpha (axial points), plus and minus 1 (factorial points) and the center-point. To
check for infeasible extremes, click the option for "Factor lows and highs entered in terms of alpha™ Then adjust low and high levels as
needed. If categorical factors are added, the central composite design will be duplicated for every combination of the categorical factor levels

Responses: |1 vl

MName Units |
K factor ‘

Central Composite

Push the button

<=gack || continue >

|
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13. Key in the response values according to design matrix

[ C:\Progrom Files\DE6 Trinl\DA TAVMyDesizn dx6 - Design-Espert 6.0.6

Ele Edit Yiew DisplayOptions Design Took Help
Dl »|c(@ &2
[ notes for MyDesign.dx6 Factor § Factor 6 Factor 7 Factor § Factor 9 Factor 10| | Response 1 45
Std | Run Block E:E E:E G:G H:H Jud KoK K factor
e Lmatch1 L1 wi VB1 VB2 VDD
2] Evaluation | 1 e7 Block 1 487 0.24 450 0.82 282 25
pLl e | 2 &9 Block 1 4.87 0.24 4.50 0.68 2.82 2.4
Qfm'l(m::;“u';’:‘"a”ze”} | 3 =2 Block 1 487 024 480 0 68 2568 26
Humerical = D Key in response values 2= 9
Graphical | 5 2 Block 1 253 25
Point Prediction 6 115 Block 1 487 024 450 0.52 8 2.5
[ 7 4 Block 1 487 0.24 450 0.82 282
I Block 1 4.87 0.24 4.50 0.68 2.82 EE: -
| 9 15 Block 1 487 0.24 450 0.82 253 25
[ 10 114 Block 1 4.87 0.24 4.50 0.68 2.58 2.5
| 11 s Block 1 487 0.24 450 0.68 282 25
[ 12 119 Block 1 4.87 0.24 4.50 0.52 2.82 2.5
| 13 136 Block 1 487 0.24 450 0.68 282 25
| 14 96 Block 1 4.87 0.24 4.50 0.52 2.82 2.9
| 15 =6 Block 1 487 0.24 450 0.82 253 25
_| 16 108 Block 1 4.87 0.24 4.50 0.68 2.58 2.9
I R Block 1 595 0.24 450 0.82 253 25
[ 18 s Block 1 5.95 0.24 4.50 0.68 2.58 2.9
| 19 46 Block 1 595 0.24 450 0.68 282 25
| 20 83 Block 1 5.95 0.24 4.50 0.52 2.82 2.9
| 21 124 Block 1 595 0.24 450 0.68 282 25
| 22 18 Block 1 5.95 0.24 4.50 0.52 2.82 25
[ 23 110 Block 1 595 0.24 450 0.82 253 25
3 24 473 Rinrk 1 1 n24 4 AN N RA 2 AR 2 A
Reody NUM

14. Design summary

[J C:\Documents and Settings\konkon\PiE\MyDesign dxh - Design-Expert 6.0.6
File Edit ¥iew Display Options Design Tools Help

D=(E| %[ 82

I[D Notes for MyDesign.dx6 |
Design Summary

¥\uatiun =
e __|Study Type Response Surface Experiments 149
factorianalyzed) |_|Initial DesigiCentral Composite Blocks Mo Blocks
ization __|Design ModeQuadratic
HETED __|Response  Name Units Obs Minimum  Maximum Trans Model
e Y1 K factor 149 6.26 9.85 Nons Linear
int Prediction =
” Push the button Factor Name Units Type Low Actual High Actual Low Coded High Coded
A A Cmatch1 Mumeric 688.40 541.40 -1.000 1.000
_|B B Cmatch2 Mumeric 1.95 215 -1.000 1.000
_|C c Cmatch3 MNumeric 312 344 -1.000 1.000
_|D D Ldeg MNumeric 1.10 1358 -1.000 1.000
|3 E Lmatch1 Mumeric 4.87 595 -1.000 1.000
| I§ F L1 MNumeric 0.24 0.26 -1.000 1.000
|G G Wi MNumeric 450 50 -1.000 1.000
_ |+ H VB1 Mumeric 068 082 -1.000 1.000
| J VB2 Mumeric 2.58 2.82 -1.000 1.000
K K VDD Mumeric 258 2.82 -1.000 1.000

Ready NUM
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15. Construct model

3 C-ADocuments and Settingstkonkons \MyDesign dx6 - Design-Expert 6.0.6

File Edit Wiew Display Options Design Tools Help

D || (5|0 5|2

I[[:l Notez for MyDesign.dx5
5t o st | s

Order: ,m
- Model [Polynomial =]
factor{Anatyzed) 'olynomia =

imization |

LnEnE Intercept
A

raphical
Hoint Prediction

Push the button

ErxcIpgmmoom

o m
[SIN¥]

[E]

M
M
M
M
M
M
r
M
M
M
M
M
M
M
M

&1

G2
Hz
)2
Kz

g o

Ready

NUM

16. Choose one model type 7 &

File Edit Wiew Display Options Design Tools Help
D||d| # w8 =[]
I[D Notez for MyDesign.dxS
g Made! Resefts Graphs
Order: | | Quadratic
Modified
Emmel Moder Push the button
L_'] Optimization [
i | Quadratic ~
Humerical I Interf Cubic
Graphical ]
] Point Prediction M B
[} c
Il D
[y E
[} F
Il G
[} H
] J
[} K
M Az
M B
[y c=
n 2
M 2
[ 2
M 2
N |2
M J2
[y K2 >
Ready NUM
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17. Model summary

3 CADocuments and Settingstkonkon\S WM yDesign dx6 - Design-Expert 6.0.6

File Edit ¥iew Display Options Design Tools Help

D] & |me| @ 2| Push the button

W3 tiotes for myDesign.dxe
Design Mo/ il |
Status | ‘ | ‘ 5
= Y| ﬂ;s:A,B,C,D,E,F,G,H,J,K
M| Analysis
L7 K factorianatyzed) [—
.. 17 Optimization 2] Design Matrix Evaluation for Response Surface Quadratic Model
Numerical |
Graphical | No aliases found for Quadratic Model
¥ Point Prediction
| Degrees of Freedom for Evaluation
| Model 1
| Residuals a3
Lack Of Fit 83
| Fure Error 2]
| Corr Total 148
| B Power at 5 % alpha level for effect of
Term StdErr* VIF Ri-Squared 1/2 5td. Dev. 1 Std. Dev. 2 5td. Dev.
| A 0.088 1.00 0.0000 804 % 99.9 % 99.9 %
s B 0.088 1.00 0.0000 804 % 99.9 % 99.9 %
| | c 0.088 1.00 0.0000 804 % 99.9 % 99.9 %
B D 0.088 1.00 0.0000 804 % 99.9 % 99.9 %
B E 0.088 1.00 0.0000 804 % 99.9 % 99.9 %
| | F 0.088 1.00 0.0000 G604 % 99.9 % 99.9 %
B G 0.088 1.00 0.0000 804 % 99.9 % 99.9 %
H 0.088 1.00 0.0000 804 % 99.9 % 99.9 % b
Ready MU

18. Graph of model summary

File Edit ¥iew Display Options Design Tools Help
D || o [B[m| &% «— | Push the button
L1 Notes for MyDesign.dxs
T Maef Resoits
Status
A DESIGN-EXPERT Plot se StdErr of Design
i il KfactoriAnalzed) | oigErr of Design
L LA » Design Points
Mumerical
Graphical X=A A
Point Prediction Y=BB 510
Actual Factors
Cc:C=328
D:D=123
E E=541 @
F:F=025 i 2.05 4
G:G=5.00
H-H=075
J:J=270
K
2.00 —|
1.95 -
£88.40 72665 764.90 80315 841.40
= E +
[ F +[  Detaur | AA
Er HE o Term | El HUM
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19. Start to estimate the surface response model

B3 CADocuments and Settings\konkon\s$if\MyDesign. dx6 - Design-Expert 6.0.6

Di|@| |58

File Edit Wiew Display Options Design Tools Help

2]

lI_0 nMotes for MyDesign dxs
: De=sign
:| Status

K facter(Analyzed)
L_'I Optimization

=| Numerical
| Graphical
¥:| Point Prediction

Eeady

===

Push the button

After you have entered your response data in the Design Layout view,
choose a response by clicking on the corresponding node under Analysis.
MNow follow the steps displayed as buttons across the top of the view:

1. Transformation. Select response node and and choose transformation.

2a. Fit summary (RSM/Mix). Use this to evaluate models for RSM and Mixture.

2b. Effects (Factorials). Choose significant effects from graph or list.

3. Model (RSMIMix). Choose model order and desired terms from list.

4 Analysis of Variance (ANOVA). Analyze the chosen model and view results.

5. Diagnostics. Evaluate model fit and transformation choice with graphs.

6. Model Graphs. Use these to interpret and evaluate your model.

NUM

1 " . M
= v | 3

20. Transformation of the response or not

3 C:ADocuments and Settings\konkony i fiMyDesizn dx6 - Design-Expert 6.0.6

File Edit Wiew Displaw Options Design Tool: Help

O || % |G| =2
[_Tl-ﬂutzsesficlgrnl-WDeslgn.dxﬁ %‘ Minal ‘ ANEEA | agnastics # |

Status
i B Ewvaluation
Analysiz

-8
L

Griphical
Point Prediction

Step 1: Push
the button

To anahyze this response, click on theabowve icons in successing

: _ Step 2: Choose function to
Transformation Equation
transform

Sguare root None {lambda = 1.0}
Matural log
Baze 10 log ‘5{':‘_\.‘
Inwverze sqrt
Inverse =
Power =
Logit H L
ArcSin =grt =

&

Fredictad Valus

U se with a typical response.

Responses ranges from 6.262 to 5.845. Ratio of max to min iz 1.57234 A ratio
greater than 10 u=ually indicates a transformation is required. For ratios les=s than
3 the power transforms have little effect.

JURi) &)
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21. Observe the initial result

B CADocuments and Settings\konkon\SE MM yDesign dxh - Desizn Expert 6.0.6

File Edit ¥iew Display Options Design Tools Help
D= «|oe Sl
||i:| Notes frJrMyDEslgn dx6 | e | T | | g |
| | | | | =

r— ..
| 7 WARNING: The Cubic Model is Aliaseth<

e B Push the button

H Numerical | Sequential Model Sum of Squares
Graphical bl Sum of Mean F
¥ Point Prediction ) Source Squares DF Square Value Prob = F
e Mean 9298 51 1 9298 51
] Linear 9477 10 9.43 558952 < 0.0001
| 2FI 214 45 0.048 58.53 = 0.0001
Quadratic 0022 10 2 242E-003 349 0.0007 Suggested
= Cubic 0.053 74 T.195E-004 739.05 < 0.0001 Aliased
B Residual 8 762E-006 9 9.735E-007
s Total 938550 149 63.06
|| "Sequential Mode! Sum of Squares™ Select the highest order polynomial where the
| additional terms are significant and the model is not aliased.
| Model Summary Statistics
| B Std. Adjusted Predicted
| Source Dev. R-Squared R-Squared R-Squared PRESS
| Linear 0.13 0.9771 0.9755 0.9728 264
act LT A annn A anoo n ano4 noan e
Ready NUM

22. Choose one type of the reSponse’éuﬁ‘faﬁ:e deeI

FJ C\Docoments and Settings\konkon X HMyDesign dxh - Design-Expert 6.0.6
File Edit View Display Options Design Tools Help

D] &[22 &2 =
MZ3 notes for MyDesign.dxs
= Iamsform | gt o ARTYA |M| St |

Status

.. =] Ewvaluation e
i Process Order: |Linear -

o Setoction: [ETETNNE < Push the button

MNumerical

Graphical
i.. ¥:] Point Prediction

|

A [
B [y
c [
D [
E [y
F [
G [y
H [
J [
K [
Az
Bz
cz
D2
Ez
Fz
Gz
Hz
Jz

]

Eeadxr N
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23. Change linear model to a 2 " order model

3 CADocuments and Settingstkonkon\ st M yDesign dx6 - Design-Expert 6.0.6

File Edit ¥iew Display Optons Design Tools Help

D ||| & ||| =2
1[0 notes for MyDesign dxs

7| Design

=] Status
2] Ewaluation
H| Analysis

;;—I Optimization

Numerical

Graphical
] Peint Prediction

Eeady

Process Order:

Selection:

| Quadratic

cubic |

Intercept

ZEZZZZIZ3E3F

GEQTIMPCDExcIpmMmMOOD>

1

.

Push the button

HUR

24. Complete the 2 ordermodel construction

FJ CADocuments and Setlings\konkon\ st M yDesign dx6 - Design-Expert 6.0.6
File Edit ¥iew Digplay Options Design Tools Help

D=6 o |G

2]

N2 notes for MyDesign dxs
I Design

=| Status

. 2] Ewaluation

H] Analysis

i. i) Optimization
Mumerical
Graphical

Point Prediction

Eeady

—— .. A

Add Term |

—

Process Order: | | CQuadratic - I

Selection: |Manual >

|

BErcInmmooms

K]

NEEATIRE

IZIIIIZIIZIIIZIIZIIIZIZIIZZ

=3l
om

MUK
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25. Observe the ANOVA table

3 C:ADocuments and Settings\konkon\SLE\MyDesign dx6 - Design-Expert 6.0.6 CEE

File Edit ¥iew Display Options Design Tools Help
D[(@| 1[R[ &2 B
Notes for MyDesign.d=x8
2| | oty | o | R fomeen] i |
= | | | | -
Rl :WEB to right click on individual cellsw
E e | |Response: K factor PUSh the bUtton
| Drtoanan | ANOWA for Response Surface Quadratic Model
Numerical __|Analysis of variance table [Partial sum of squares]
Graphical EE Sum of Mean F
T __|Source Squares DF Square Value Prob = F
_ |Model 96.94 65 1.49 232460 < 0.0001 significant
k]| A 0.027 1 0.027 42.38 < 0.0001
o B 1.923E-007 1 1.923E-007 2.997E-004 0.9852
| G 7.692E-009 1 7.692E-009 1.199E-005 0.9972
| | D 12.03 1 12.03 18748.06 < 0.0007
EE E 0.72 1 0.72 112534 < 0.0001
= = 12.82 1 12.82 19989.28 < 0.0007
= G 5.85 1 5.85 10683.31 < 0.0001
| H 61.07 1 61.07 95183.74 < 0.0007
o J 0.032 1 0.032 49.12 < 0.0007
| K 1.22 1 1.22 1902.62 < 0.0001
A2 B6.049E-005 1 6.049E-005 0.094 0.7596
| B2 1.724E-007 1 1.724E-007 2.887E-004 0.9870
| S o= 1.724E-007 1 1.724E-007 2.687E-004 0.9870 -
< >
Feadx JORENE

26. Normal plot of residuals = EERT N

File Edit ¥iew Display Options Design Toolz Help

IDDID“IEI |5 S| 2| < Step 1
N-utzzsf;:lgrnr.WDeslgn.dxﬁ | ¥4 | | e - nsisf

Status

“] Ewaluation DESIGH-EXFERT Plot i
E = pESIGH Normal Plot of Residuals

S :l Optimization
Humerical =8

Graphical
Point Prediction

Normal % Probability

F— Step 2

REIALE ¥5
Run
RS 7S, .

Bl Factor |

Outlier T | | | | |
=] cnolsgkss -2 57 -1.31 -0.08 122 248
Leverage
Rotual . .
[=]] BoxCox Studentized Residuals

Ready Wk
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27. Scatter plot of residuals versus the predicted values

B3 €ADocuments and Settings\konkon\ St \M yDesign dx6 - Design-Expert 6.0.6
File Edit ¥iew Display Optons Design Tools Help

Design
Status
- %] Ewaluation

i_'l Optimization

: Numerical
Graphical

Point Prediction

= outlier T
(]| Coak's
Leverage
PREDICTED V5.
Actual
Box Cox

D[ - |%e| &2
I[D Notes for MyDesign.dxg

m| mﬁw| Maie! | o [ S |

DESIGN-EXPERT Plot
K factor

Studentized Residuals

Push the button

Ready

Residuals vs. Predicted

200 —

-2.00 —

Predicted

N1k

28. Other plots

B3 CADocuments and Setingstkonkon i MyDesizn dx6 - Design-Expert 6.0.6

Design

| Status

- %] Ewaluation
Analysiz

A'_.'] Optimization
: MNumerical

:| Graphical
<] Point Prediction

Diagnostics Tool [X

v Studentized

Normal
BROEREILITY
RESIDUALS U5,

EESIDUALS US.
Factor |

File Edit ¥iew DisplayOptons Desizn Tools Help
D|=|d| = S2)
I[[:I MNotes for MyDesign.dxg

m| mgﬂ| Modtel | ¥ B Misgrastics # |

DESIGN-EXPERT Plot
K factor

Studentized Residuals

Outlier T
Coons
[]| Leverage
= L)
fictual
Box Cox

Ready

= |

Push these button

Residuals vs. Run

2.00 —

-2.00

u]

148

Run NMumber

UM
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29. Contour plot - AB factors

3 C:ADocuments and Settings\konkon\s M yDesign dx6 - Design-Expert 6.0.6
Eile Edit ¥iew Display Options Design Tools Help
D|=|d| [0 S 2

1 notes for MyDesign.dxs

ramtan| sufpyyy| Mo | mnan |momencl [N | 51 the button

. B Evaluation

Fiis DESIGN-EXPERT Plot - K fa_CtOF
P-L-l L K factor

W FeinEii & Design Points
Mumerical

:| Graphical X=A A
7] Paint Prediction Y=BB

210 —

Actual Factors

205 _g 7.8696 7.3;447 [F:e7924] [7.88421][7.88208] &

T
Il
o
N h
(&)
B:B

Factors Tool 5] 2.00 —

AT 195 T ¢ \
‘7 Di: - ? 582.40 T26.65 764.90 80315 841.40
_I E: I+
‘1 Ff 2 | Default | ALA

‘—I GF I-'lTerm AB >

Nk

F3 C:\Documents and Settings\konkontstiMyDesign. dx6 - Design Expert 6.0.6

Eile Edit Visw DisplayOptions Design Took Help
D] &|%=|s| S(2)
(1 Notes for MyDesign.dx6 At Mol
Status
o] Evaluation
| DESIGN-EXPERT Plot e K factor
LR T K factor
Numerical ¢ Design Points
Graphical
1. %] Point Prediction X=AA
Y=B:B 2.10
Actual Factors
C:
D:
E: Eﬂ 205 —@ 7.8856 TBZA4T [F87924] [7.88421] [7.88908 Py
: m
G
H:
J:
K .
200
B o
F AA = Ad
) A
v - lec
= ; 1.95 T + T
g | |BE 686 40 72665 764.90 80315 841 40
= D + BF
: | —1BG
5 E; + BH
: e Push the button A A
7. F: I+ BK
- F +lemlss i
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31. Optimization

3 C:ADocuments and Settings\konkonWEE\MyDesizn.dx6 - Desizn-Expert 6.0.6

D|=(d| &[%|2

File Edit ¥iew Display Options Design Tools Help

2]

EEX

2 notes for MyDesign.d=6
Lo Design

Status

{ i %] Evaluation

E Analysis

Mumerical

Graphical
Puoint Prediction

Eeady

Push the button

Optimization Choices

1. Numerical Optimization - set goals for each response then
click on solutions to generate optimal conditions.

2. Graphical Optimization - set minimum or maximum limits for each response
then create an overlay graph highlighting an area of operability.

3. Point Prediction - enter your desired operating conditions and discover
your predicted response values with confidence intervals.

NUM

32. Determine the range Of factor A

[ C:ADocuments and Settings\konkont £ M yDesign. dxf - Design-Expert 6.0.6

File Edit ¥iew Display Options Design Tools Help

Ready

D= % |58 =[]
N Motes for MyDesign dxs
: : Lriteris m_l_
De=ign
Status Step 1
i i ] Ewaluation B 25 A S 2
PR o
i H] Analysis g L p
. L] Kfactor(Analyzed) | | Goal lm
L_'] Optimization g = e
Graphical :‘ |I=im'rt5: |€’E’B-4 |341-4 4_ Step 3
... ¥] Point Prediction K i weights: | |
Options... Importance:
688.40 841.40
A

HUM
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33. Determine the target value of K factor response

3 CADocnments and Settings\tkonkon A M yDesign dx6 - Design-Expert 6 0.6
File Edit ¥iew Display Options Design Tool: Help

D] 5|58 =2

I[:I Notes for MyDesign dx6
TR Pl Solitions | Graphs

»~| K factor

Push the button

B
c
)
1 E
-1 K factor(analyzed) | |p S | Ml
L4 Optimization S Upper
J is minimum Ii
Graphical K — s target -
e IZ In range
Point Prediction

Options... Importance:

6.262 9.846

K factor

Feadxyr NTIR

34. Determine the upper value, Iower" value and
weights of K factor responsé BEE P e

3 CADocuments and Settings\konkonW VM yDesign.dx6 - Design-Expert 6.0.6
File Edit W¥iew Display Options Design Tools Help

~
D|w(@| 4|58 Sl
I[D Notes for MyDesign.dx6
: Vil M Softions | Graphs
De=ign
Status
B ~
%] Evaluation C ~| Kfactor
H| Analysis E
i _U K factor{Analyzed) | | Goal |i= maximum et Key in ValueS
_'| Optimization S e T A
! Limitd: [6.262 9.646
Graphical K — =
: S v Wei L
Point Prediction Weightq: |1 |

== == - &=

-

6.262 9.846

K factor
Ready UM
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35. Summary of ten numerical solutions

i - [y

Bl Bl Yorw DwplayOpions Despn Tooks Help
T ——
|- mE Design
| it |
s I I I e
11 K ractorasayzes)
L3 opmeassen | Lower Uppar Lowar Uppar
| |Hame Goal Limit Limit  Weight  Weight Importance
= PP, |l s m range 6884 B414 1 1 3
Pt e [ |= is in rangs 1845 218 1 1 3
| e s in range 112 344 1 1 3
| |o 5 m range 11 135 1 1 3
|_|E i® in range 487 5395 1 1 3
_F s i range 02 0% 1 1 3
| |s % m range 45 55 1 1 3
| |4 % i range 06rs 0.825 1 1 3
| | i in ranga 25785 28215 1 1 3
_k 5 rarge 25785 24215 1 1 3
K factor mamize 6262 9 846 1 1 3
: Solutions
|| Humber & B c o 3 ¥ G H 4 K Kilactor Desirability
L 1 BE4 210 12 13 £0 026 450 088 i) 271 D 76T 0978
B 2 840,74 185 44 135 585 026 486 068 282 280 963907 0942
| | 3 698,40 200 39 135 535 026 450 068 218 286 954935 0817
4 9118 208 341 130 592 026 156 088 2r 282 9560 0916
il 5 71046 195 an 135 509 076 450 068 273 276 947504 0897
[ § 698,81 195 316 1.3 584 025 482 068 266 282 932065 0.856
i) 7 648,40 206 344 135 488 026 544 068 2m 276 997 079
| | [} 84140 212 344 135 a8 036 478 068 266 76 50541 arrs
e | 4 707 68 165 a2 1133 513 024 458 068 282 263 085709 0724
] 1 648 40 203 312 130 592 024 5.06 068 282 261 8519 0646
: 10 Salutions found ¥
< »
WM

&
-

/is close to 1 as better

Fle Edil Yiw DiglyQptions Desips Tools Help
Ol e % e Sl

[0 Notes for UyDesgn de —m

- 2f] Desin
fa en sovorn il 2 [ 3 |« sl ]v]s]o]|n] |
La) Euakation

- M Annbesis

LI w tmetaetanaiyzed)

o L= <1 . i " | . [

| Graphical

| 3 GES 40 84140 185 215 312 34
W) Poiet Pradictien
A= 80841 B=210 C=32
110 135 487 595 024 0%
D=135 E=5853 F=026
4.50 5.50 0E8 o082 258 282
G=450 H=068 J=2T9

Desirability = 0.978

Push the button

K=2TT K factor = 9.TE8T1




Appendix E

Sensitivity Analysis by Varying Ten

Factorsfor the LNA Circuit

In this appendix, statistical distributions obtained-by the sensitivity analysis on the models
for the S11, S12, S21, S22, K ,NF, and |11P3 have provided here. we generate 100 normally
and independently distributed pseudo-random numbers for 10 factors and seven responses

obtained is calculated by the response surface model.
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Figure E.1: Statistical distribution of the model for S11, whichis
calculated by the sensitivity analysis and using the full 24
order response surface model by varying 10 factors.
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Figure E.2: Statistical distribution of the model for S12, whichis
calculated by the sensitivity analysis and using the full 2
order response surface model by varying 10 factors.
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Figure E.3: Statistical distribution of the model for S21, whichis
calculated by the sensitivity analysis and using the full 2
order response surface model by varying 10 factors.
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Figure E.4: Statistical distribution of the model for S22, which is
calculated by the sensitivity analysis and using the full 274
order response surface model by varying 10 factors.
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Figure E.5: Statistical distribution of the model for K, whichis
calculated by the sensitivity analysis and using the full 274
order response surface model by varying 10 factors.
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Figure E.6: Statistical distribution of the model for NF, which is
calculated by the sensitivity analysis and using the full 274
order response surface model by varying 10 factors.
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Figure E.7: Statistical distribution of the model for 11P3, whichis
calculated by the sensitivity analysis and using the full 274
order response surface model by varying 10 factors.
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