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How to Create Robust Designs with High Yield and 1st Pass Success

This presentation describes and
demonstrates a unique design
methodology to help designers

Main Effect of Resistor R on Gain
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produce first-pass success
designs with high yield, while
eliminating design iterations
and saving an enormous
amount of time and money

Works with all latest
ADS releases
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Perform Monte Carlo yield

analysis on initial design ||-

- Monte Carlo Yield Analysis on Initial Design
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Next, use DOE to find
the cause of the yield
problem and fix it

Final Monte Carlo Yield
Analysis on Fixed Design

Monte Carlo Yield Analysis on Final Fixed Design
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How to Create Robust Designs with High Yield and 1st Pass Success

This presentation describes and
demonstrates a unigue design
methodology to help designers
produce first-pass success designs
with high yield, while eliminating
design iterations and saving an
enormous amount of time and money
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Current solution

2- 3 wafer runs

Low / moderate yield
Sensitive design

Widely varied output
Long time to finish design
High costs

Late to market

Improved solution

1 wafer run [1St pass]
High yield

Robust insensitive design
Consistent output

Fast time to finish design
Low costs / saves money

First to market



A Design Process with Massive Benefits

Characteristics of a Robust Design

« A design that works and meets specs no matter what
 First-Pass success

* Insensitive to process variation

 Insensitive to external factors

« Consistent outputs with low variability

« High performance and high yield
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Design Process for Robustness
A design process for all type of customers

/ Design Parameters
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Agenda — Part |

 [Introduction

* Real examples of “DOE-based” robust designs
« X-Band MMIC amp

« K Band up converter macro cell

* Presenting the “Robust Design-Methodology”

* Introducing “Design of Experiments” (DOE)

 Tutorial on DOE using a system-level example

« System-Level: Real Story (applying DOE on a System-Level tray with cascaded modules
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Agenda — Part Il

* Introducing “Yield Sensitivity Histograms” (YSH)

« Practical Examples using DOE and YSH

MMIC & MIC: DOE and YSH on a “MMIC PA” and on a “MIC LNA”
>> Full-Factorial & Placket-Burman DOE examples with Cloud HPC

Board-Level: Demonstrate the power of YSH on an oscillator with surface-mount components

High-Speed Digital: Applying DOE & YSH on Eye-opening with ChannelSim

EM-Level - RFPro: DOE & YSH using Parametrization & Swept-analysis on substrate parameters

e Conclusion

A\ KEYSIGHT



Two Unique Tools in ADS (DOE ad YSH)

Help Pinpoint Yield Problems in Designs

A\ KEYSIGHT

Design of Experiments (DOE)

Two amazing tools in ADS

Yield Sensitivity Histograms (YSH)

Gain

12.85
13.01
14.52
14.71
12.93
13.09
14.61
14.81

Design of Experiments (DOE)

Pinpoint the problem & fix it

4——\

YSH detect

« Sensitivecom

« Sensitive Specs -
for Specs trade-off
without having to re-
yield analysis

Enter your Specs here: =
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Yield Sensitivity Histograms




Simplified Robust Design Flow

Variation in substrate In ADS, run
parameters have some statistical analysis
Run the simulations Perform MC Yield analysis effects on the response on the parameters
C R (' MC Yield Analysis ) Layout R 8 _ _ )
EM Analysis MC Yield Analysis
Schematic Capture ‘ RFPro DOE
DOE parametrization & swept analysis YSH
U y, \_ YSH ) Y, \_ y

Make the Design Robust Assess the change in response

Yield Analysis

Yield Analysis on Initial Design

Yield Analysis @ 1.8 GHz

w
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Monte Carlo Yield Analysis on Final Fixed Design . B
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Two MMIC X-band Amplifiers - Fabricated on the same wafer

Real fabricated example

1) Used a standard 2) Used a robust Design of Experiments (DOE)
AN KEYSIGHT design technique based design technique



Real MMIC Designs - Fabricated on The Same Wafer
Wafer-Probed Results

Standard Design Technique DOE based Design Technique ]

Wafer Probed Measurement of Gain and $22 Wafer Probed Measurement of Gain and $22
30 16 30

16
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L-12 i 12

L-18 18

[ 24 24

-4 . : . r . v v . r . . - -30 . . -30
700 725 750 775 800 825 850 875 900 925 950 975 10.00 9.00 925 950 975 1000
freq, GHz freq, GHz
........ Predicted ======== Predicted

Measured ——— Measured

AV KEYSIGHT Note: Foundry process was shifted lower in this wafer run. The DOE based amp shows a smaller shift



Two MMIC Up-Converter Macro-cell Designs
Fabricated on the same wafer

.-’:Amp'] / s Sy =Ll
Ity Amp2/

\

ure 1 ucz/“\‘*

Macro Macrg

1) Used a standard 2) Used a robust Design of Experiments (DOE)
AN KEYSIGHT design technique based design technique



Two MMIC Designs - Fabricated on the Same Wafer
Wafer-Probed Results
Mixerl Mixer2

X iz (X
U/Cl : u/C 2

Standard Design Technique DOE Based Design Technique |

K-band Up-Converter Mixer Macrocell - Conversion Gain

K-band Up-Converter Mixer Macrocell - Conversion Gain

dB(S(2,1))

dB(S(2,1))

T T T T T T T T T
2018 20.68 21.18
freq, GHz

T T — T T T T T T
2018 20.68 21.18
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Understanding the
Difference in the Results
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Understanding the Difference in the Results
Amp?2 has a Narrower Process Yield Curve
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dB(S(2,1))
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Wafer Probed Measurement of Gain and $22
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Amp1 & Amp2 “Yield Distributions”

Wafer Probed Measurement of Gain and $22

8-
= o
- =)
5 w
E;", 6 0 =5
z S
g —

 Consistency
* Small variation
* Robustness

Wafer Probed Measurement of Gain and §22

freq, GHz

s s | | mmmme=s==- Predicted
b ————  Measured

dB(S(2,1))
((z'z)s)ap

Amplifier 2

4 T T T T T T T T -30
700 72 75 775 800 825 850 875 900 925 950 975 10.00
freq, GHz
-------- Predicted

Measured

Amplifier 1

105 12 135 138 14 142 Gain

A\ KEYSIGHT



Design Process for Robustness

A\ KEYSIGHT

4ﬁ F&
Final robust design Final, centered
{not centered) Robust Design
€3
4.\
TN |
12dB 13 dB

Curve 1
Initial Design

Curve 2

1 Fixing problem #1 to

achieve Robustness

Curve 3
Fixing problem #2 to
achieve Robustness

Curves 4

Further improvement
towards achieving
Robustness

Curve 5

Finally shift the
Response meet

Specs by using Design
Centering



Two amazing tools in ADS
Tools in ADS Pinpoint Design Yield Problems

Design of Experiments (DOE) Yield Sensitivity Histograms (YSH)

« Sensitive Specs - Y8
for Specs trade-off s
without having to re-p
yield analysis

Pinpoint the problem & fix it

] R
LSRG B sl L ! ~.h$_':..'

Enter your Specs here:

[nq... R . ]

Design of Experiments (DOE) Yield Sensitivity Histograms
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Design of Experiments (DOE)
A Quick Overview

Using a System-Level Example
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Explaining How DOE Works
System with 50-ohm cascaded modules

Gold Ribbon
Bonding

C-band Amplifiers _
Ribbon Inductance =.15nH +/- 10%

:

L L ‘ i
Attenuator_Filter L3 L4

AUl LU= L=LJ1 nH LS L=LbZ nH I_18 L=Lb3 nH Al LI = L=Lb4 nH P LIz

AMP 1 A= AMPZ = = AM P4 = AMPS
S21=dbpolar(15,0) S521=dbpolan(15,0) S21=dbpolar(15,0) S21=dbpolar(15,0)
S11=polar@,0) S11=polar(0,0) 5 GHz BPF S11=polar@,0) S11=polanD,0)
S22=polar(0,180) S22=polar(@,150) S22=polar(,130) SZ2=polar(0,180)
512=0 512=0 512=0 512=0

Gold Ribbon Ny

N ] Term Term2
=m1 Inductance » - Num =2
Num=1 [@a] sParaveTeRs Ex Gold Ribbon 2+50 ot
Z=50 Ohm p=10 -

] = 2 Inductance =

= :tp;:tﬂ GHz Lb1=Lb {d}

Stop=9 GHz tgg;tg E}}
Step=.2 GH=z Lb&=Lb fd}

Gold Ribbon Inductance = .15 nH +/- 10%
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Bond wires Nominal Value — Gain=55.2 dB
50-ohm cascaded modules

> L1~ L2 — 13 ~, L4 ~
t1 ' V | ::2 Attenuator_Filter | t:t ' Kh ‘ t4 ' l/

Amplifier2 L=Lb1 nH Am piifier? L=Lb2 nH 18 L=Lb3 nH L=Lb4 nH Amplifier2 4 Variables that COUld
AMP1 = AMP2 = R AMP 4 R AMPS

521 =dbpolar(15.42.0) 521=dbpolar16,0) - S21=dbpolan16,0) 521=dbpolan16,0) .
S11=polar(D,0) S11=polar(0,0) 511=polar(0,0) S11=polar(0,0} aﬁ:e Cct th eo utput_
522=polar(,180) 522=polar(0,130) 522=polar(0,180) 522=polan0,130)

512=0 512=0 =12=0 s1e=e L1, L2, L3, L4

Term 2 Tem .
VBR _
o B (& ] searaveTers | Tem2. Each ribbon

Z=50 Ohm Eblr’ﬁ S_Param ==L A15nH +/-10%
Lb1=LD (g} gfa1rt=1 GHz =
Fe Ei Stop=8 GHz -
Lbd=Lb {d} Step=2 GHz
60 m2 % m2 m?2
i s5—{freq=5.000GHz
40—| dB(S(2,1))=55.215
- 507
20|
. B — 45—
§ 0__ % 40—
20 m2 g 35|
© - freq=5.000GHz
40— dB(S(2,1))=55.215 30—
_50—_ 25—
-30 \||||\III‘\\I\‘\II\‘IIII'III\‘II\\ll\\l 20 ||||‘|||\‘lll\‘||||‘||||||||\||||\||||\
AV KEYSIGHT 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

freq, GHz freq, GHz



Vary the Four Bond Wires +/- 10% / . \
A Full factorial DOE

Cover all combinations - 16 experiments e 2 SREATETE

Bond wire Inductance = .15 nH +/- 10% Run 16 experiments
1 2 K L4 Gain 2" variables = 16
0 0 0 0 55215
-1 -1 -1 -1 09 .24 vi
1 -1 -1 -1 59.2 \ Bond wire inductance value
-1 '1 -1 -1 58.44 ~ 0 nominal value = .15 nH
1 1 -1 -1 084
'11 ::]] 1 ::: gg:?g -1 nominal =10% = .135 nH
1 1 1 1 5172
1 1 1 1 516 +1 nominal +10% = .165 nH
-1 -1 -1 1 H8.84
1 K K 1 5876
-1 1 -1 1 28.08 \ /
1 1 -1 1 H8.04
1 1 1 1 5204
1 1 1 1 51.88
-1 1 1 1 214

AV KEYSIGHT 1 1 1 1 51 28




Determining Variation due to L4 Only

Effect of bond wire inductance L4

L1 L2 L3 L4 Gain .

0 0 0 0 55.215 Average gain of (-1)

p - - = 55.39 dB

A 1 1

1 1 1

1 1 1

1 -1 1 Average gain of (+1)

p ] 1 - 55.04 dB

-1 -1 -1

1 -1 -1

-1 1 -1

! ! p Change in gain :
1 -1 1

-1 1 1 L /

1 1 1 Small variation in Gain due to L4

A\ KEYSIGHT 23



Determining Variation due to L3 Only

Effect of bond wire inductance L3 _
L 12 L3 L4 Gain Average gain of (-1)

0 0 0 0 55215 = 58.6 dB

Average gain of (+1)
=51.8dB

Change in gain =6.8 dB

Large variation in Gain due to L3

A\ KEYSIGHT 24



Plotting the Effects of L3 and L4 on Galin
Effects Plots

AN KEYSIGHT
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Determining Variation due to L1*L3 Interaction

Effect of bond wire inductance L1*L3

L1 L2 L3 L4 Gain

0 0 0 0 95.215
I 1 P 1 | NS00

1 -1 -1 -1 29.2
I P 1 | ESe

1 1 -1 -1 284

-1 -1 1 -1 22.36
T T I

-1 1 1 -1 21.72
== E=

-1 1

1 -1 -1 1 28.76
T P 1 | ESe0eT

1 1 -1 1 06.04

-1 -1 1 1 22.04
I 1 P 1 | ESTeeT

-1 1 1 1 014
I T | eswann
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Average gain of (-1)
=55.24 dB

Change in gain = .05 dB

/

Very small interaction
effect from L1*L3

26



Plotting the Effects of L3 and L1*L3 on Gain
Effects Plots

AN KEYSIGHT
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Perform Effects on all L’s Combinations

Write an Equation for the Gain due to all effects

Gain = 55215 -05L1 -.345L2 -3.41L3 -.175L4

+ 01L1*L2 -.0252L1*L3 - 0.0L1*L4 +.04L2*L3 +.0052L2*L4 + .02L3*L4

-.0048 L1*L2*L3 + 0.00 L1*L2*L4 -.0052 L1*L3*L4 +.01L2*L3*L4

-.0048 L1*L2*L3*L4
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Plotting the Effects on Pareto Chart
L3 is the biggest contributor to the Gain fluctuation in the system

Pareto Chart of Gain Sensitivity to terms and their interactions

3.5

2.5 1

Sensitivity, Slope, or Coefficient

Sl m o _

R . o |23 | o |L1R2E Lo | L1 | LisE |,
13 | L2 | W4 | U (2| i | 7 (2 | L T s (e | e | LTS

B Series1| 3.41 | 0.345 |0.1748| 0.05 | 0.04 | 002 | 0.01 0.01 (00052 O 0 0.0048| 0.0048 | 0.0052| 0.0252

A\ KEYSIGHT

Terms and Interactions



DOE Analysis, Effects Plots, Pareto Charts
Automatically produced in ADS :

I"-W Plot Traces & Attributes oy ¥
SR @
] HH 5678 ‘

1 Datasets and Equations Traces

. A e

40— [cell_l_\rl - ] Trace Options...

pareto

Search

D.effects
B.effects - Aeffects
207 B.PU ACeffects
BC.effects >>Add >> B.effects
C.effects

BC.interaction_C
BCD.effects
BD.effects =>=Add Vs..>>
BD.interaction_D I
C.DU

C.effects

C.PU

CD.effects
CD.interaction_D
D.DU

0 IIII|IIII

(uonorRIUNDT Y —]

=
I I Eq.
4

It only took 15 seconds
to get the same DOE
results in ADS

(cang
(zamo
(Fa1)VY —
(Laa—

<< Delete <<

(uonoelsNOg —

(uonoeIRNAY
(uonoesLuaog —

(uonoele DY —|
(uonoesRUNQgY

designVariables

1

55180 Deffects
:
- designVariable
55.175—| DoeGoall
factorName
interaction_B
‘pareto

C.effects
B.effects
AC effects
A effects
D.effects
&

3
\

Enter any Equation => Add ==

l Cancel l l Help

-1.0 -08 06 -04 02 00 0.2 04 0.6 0.8 1.0

ANV KEYSIGHT designUnit



DOE at the System Level
50-ohm cascaded modules

Module 1 Module 2 Module 3 Module 4 Module 5

Pin
—

Pout

Module 10 Module 9 Module 8 Module 7 Module 6

All modules met their specs when tested separately, but

the whole integrated system failed; Gain and Pout fell short
AV KEYSIGHT 31



DOE at the System Level
50-ohm cascaded modules

Module 1 Module 2 Module 3 Module 4 Module 5

Pin
—

Pout

Module 10 Module 9 Module 8 Module 7 Module 6

Assign Zin, Zout on each of the modules as our DOE variables (20 variables)
Zil, Zol, Zi2, Zo2, Zi3, Z03, .....ccooiiiiiinnnan.... Zi10, Zo10
AN KEYSIGHT Note: The “Placket Burman” DOE method requires only 20 experiments 32



DOE Solution Red X area
50-ohm cascaded modules /
Module 4 Module 5

Module 1 Module 2 Module 3

Pin i"

Pout

Module 10 Module 9 Module 8 Module 7 Module 6

DOE Results:

Zo4, Zi5 turned out to be the most sensitive variables to Pout
'WKEYSIGHT 33




DOE Solution Modules 4 & 5 were combined into

50-ohm cascaded modules one module, thus eliminates variability
Module 1 Module 2 Module 3
Pin | |
—2
Pout
<7

Module 10 Module 9 Module 8 Module 7 Module 6

We implemented this quick fix:
Eliminated Zo4, Zi5 sensitivity to bond ribbon inductance by combining them into one module

AN KEYSIGHT 34



Agenda — Part Il

* Introducing “Yield Sensitivity Histograms” (YSH)

« Practical Examples using DOE and YSH

MMIC & MIC: DOE and YSH on a “MMIC PA” and on a “MIC LNA”
>> Full-Factorial & Placket-Burman DOE examples with Cloud HPC

Board-Level: Demonstrate the power of YSH on an oscillator with surface-mount components

High-Speed Digital: Applying DOE & YSH on Eye-opening with ChannelSim

EM-Level - RFPro: DOE & YSH using Parametrization & Swept-analysis on substrate parameters

e Conclusion

A\ KEYSIGHT



Two amazing tools in ADS

Tools in ADS Pinpoint Design Yield Problems

Design of Experiments (DOE) Yield Sensitivity Histograms (YSH)

4—-\
YSH detect

; + Sensitive cc 8

« Sensitive Specs - Y&
e components | for Specs trade-off s
e matching networks , without having to re-g
actions problems yield analysis

Pinpoint the problem & fix it

Gain

12.85
13.01
14.52
| O 1 14.71
- -1 1 | 1293
ENEN
| -1 1 o 14.61
[ 1 1 1 14.81

Design of Experiments (DOE)

At el

Enter your Specs here:

[n.-l Tpee M o8 Tliopea! Spen Maseite ]
<«

Yield Sensitivity Histograms
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Applying DOE and YSH at the
Circuit /Module Level

KKKKKKKK



Demo: 2-Stage MMIC PA

V_DC
—| sRc2
Vdc=5.0 V

.+||

< > " N " ' FET1" #—hstg MR ' FET=" 1 omMN" < >
T T P2

P1
Num=1 out Mum=2

+}  P_1Tone +4  Torm
2 | PORTH U VAN D@ Term2
Num =1 +| sRcC1 Num=2
Z=50 Ohm — Vdc=-15V Z=50 Ohm
:L P=dbmtow(Pin) - =
—— Freq=1.880 GHz —

Pout: >26dBm @ Pin=2dBm

A\ KEYSIGHT



2-Stage MMIC PA =

o R

Spec:

Poutt >26dBm @ Pin=2dBm

A\ KEYSIGHT



2-Stage MMIC PA - Pin / Pout

Large Signal Simulation

m1
Pin=2.000
dbm(Vout[1])=26.491

28 —

26| | e et e e s e e s s e e e e st ‘

. Spec Line for Pout

24 Pout > 26 dBm with Pin =2 dBm

22—

20—

] Pout Spec:
14—_ Pout > 26 dBm @ Pin=2 dBm

dbm(Vout[1])
?

12__ Simulated Pout meets Spec

10— Simulated Pout = 26.614 dBm

g_

6_

4 l l I ] | I | I |

20 18 16 -14 12 10 -8 -6 -4 2 0 6
. Pin

Spec. Nominal simulation
Pout: >26dBm @ Pin=2dBm meets the spec

A\ KEYSIGHT



2-Stage MMIC PA - Yield Results

Large Signal Simulation

Spec Line for Pout

Spec:
Pout: >26dBm @ Pin =2 dBm 25"

Wide variation in Pout;
Poor yield

15

dbm(Vout[1])

Pin

A\ KEYSIGHT

10 S IIPin=2.000
dbm(Vout[1])=12.704
PA meets the Pout Spec
Simulated Pout > 26 dBm @ Pin =2 dBm |
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIEIIII|IIII|||||
4 -7 6 -5 4 -3 -2 A1 0 1 3 4 5



Design of Experiments — DOE Demo in ADS

DOE on 6 capacitors

Performing DOE Analysis on all Caps to pin point the source of the problem in Yield

6 variables >> 64 experiments = -
V_DC =
N — e -
276 = 64 —| sres L Vassov
= Vdc=50V = '
- +
+ ~
o r
4
VAR VAR VAR
VAR2 VAR VARG
W5 IMN=5 W20 _IntMN=20 W5_OMN=5
C1_IMN=7 doe{+/- 5 % } C1_InthMN=6654 doe{ +/-5 % } W20_OMN=20
C2_IMN=484 doe{ +-5 % } C2_IntMN=7.6 doe] +/-5 % } C1_OMN=3doe{ +/-5 % }
C2_OMN=10 doe{+-5 %}
1 mn L FETI" *—Jhstg M FET2 1 omn"
PA_STAT_IMN PA_STAT_IntMN PA_STAT_OMN out
X3 PA_[STAT_FET1 X4 PA_|STAT_FET2 X3
X1 X2
P 1Tone £ v DC L L
PORT +| srca RIS o e
Num=1 = Vdc=-15V —L SRC1 Term2
Z=50 Ohm — TVGI::—1.5V Num=2
P=dbmtow(Pin) - Z=a00r
Freq=1.880 GHz — =
$ | HARMONIC BALANCE I | ﬁ | DOE I | DOE GOAL I
HamonicBalance DOE DoeGoal
HE1 DioE" DoeGoall
Freq[1]=1.880 GHz ExperimentType=2kmp Expr="min({dbm (Vout[1]}}"
Orderf1]=3 FracElem=0 SiminstanceName="HB1"

A\ KEYSIGHT



Design

A\ KEYSIGHT

of Experiments - DOE

Design of Experiments (DOE) Results on 6 Capacitors

1- Pareto analysis on the factors
2- Effects plots on the factors

100 28 _ _
| 26 C2 s causing Pout to range
801 Interstage Network C2 24 rom 13 dBm to 27 dBm
o 604 contributes 100% to the @ 22-
| problem in the design & 20]
© T |
e 404 w 184
20 16
14~
R s e S Ry R R LA R e 12— 77
5 =3 1 3 3 E & £ B m -1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6 0.8 1.0
= - E o o E E- i E Ei . -
% % 5 g g P R g designUnit
= - 2 El E 5 g This plot displays the absolute value of the variation in
2 Pout coming from C2 in the Interstage Network; 13 to 27 dBm,
designVariables identical to the results variation we got from MonteCarlo analysis

C2_IntMN (in the Interstage Matching Network) is contributing
100% to the huge variation in Pout. Therefore, the problem

in our design is coming only from C2 in the Interstage Matching
Network



Demo: 2-Stage MMIC PA Schematic

This Capacitor
IS causing
100% of the
problem in the

P

P
lﬂpu u” H‘Ti n Hﬂm FHNWHHWH ||‘T|
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Design of Experiments - DOE

Interstage Matching Network = T topology
100% of the problem is due to S

Type=tline1 c12 MTEE1

: : g Type=cap1 Type=teet ez
capacitor C2 in the Interstage Eavum CEC i oF N30 i um
Inductance=8.3848 pH w=31.7 um w2=W20_IntMN um C:CQ—‘mMN pF
k rA=F i w=9857 um
NetWOI' — M0y | — | — | — M0y | —
)| L f ) | -
P1 demao tline demo_tline demo_tline P2
i i I Hn= TUNEE' i;g;gﬁine‘l %S:E:mm Hn=
This is MMIC. Designer can only et L e B e
1=20 um 1=20 um 1=50 um
CO ntrol th e Val ue Of C2 Inductance=8 3848 pH R Inductance=8.3848 pH Inductance=20 962 pH
TLINES
Type=tline1

Should we find a different T C2 is the
Matching network topology that is boun ] ] Red-X component

demo_ind

more robust? This could take E et

nturns=2.75

. L=1.84 nH
tl m e °> mlationzup

M

LT

demo_bvia

Let’S See hOW the Yleld T Ei\lga:j'demo_Bvia_FETviamp"
Sensitivity Histograms (YSH)
comes to the rescue

A\ KEYSIGHT



Yield Sensitivity Histograms

Before we decide whether to replace the Interstage
Network with a new one, let’s investigate further using

Yield Sensitivity Histograms

A\ KEYSIGHT



Back to our Two Stage MMIC PA

Step 1: Run yield analysis

[
o

Spec Line for Pout

N
(3]

N
o

m1
Pin=2.000
dbm(Vout[1])=12.704

dbm(Vout[1])
P

PA meets the Pout Spec
Simulated Pout > 26 dBm @ Pin =2 dBm

IS I s e o e o L e AAEREEEEa
84 7 6 5 4 3 2 1 0 1 2 3 4 5

Pin

Interstage Network
Line width

mmmmmmmmmmmmmmmmm
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Step 2: Post Process the Yield
Data and Generate Yield
Sensitivity Histograms (YSH)

.1 Interstage Network
.= Cl

oooooooooooooo
mmmmmmmmmmmmmmm
mmmmmmmmmmmmm
ooooooooooooooo

Lowering C2 nominal value
makes Yield go up to 100%

Interstage Network
C2

T T T T
qqqqqqqqqqqqqqqq
mmmmmmmmmmmmmmmmm
ooooooooooooooooo



Lowering Interstage C2 from 7.6 pf to 5 pf
DOE quickly found the problem and fixed it

Large Signal Simulation

28
] m1
27| Pin=2.000
] dbm(Vout[1])=26.67

26_ _____________ _I.____

. Spec Line for Pout
25— Pout > 26 dBm @ Pin=2dB

24
23]
22
21
20
19-
18-
17

dbm(Vout[1])

PA meets the Pout Spec
Simulated Pout > 26 dBm @ Pin =2 dBm |
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Yield Sensitivity Histogram Templates are available in ADS DDS
This Is how to access them

E Data Display - Insert Template
E Data I-Z)ispléy/Untitled 10 [page 1]:1? - - v DDS Template Libraries orh " S
File Edlt VIE\:V\ Insert Marker History Options Tools' PagP: V:.I'II'" Product_ Na/;ne Description
D |ﬁ H H Plot... r f L)‘E @ -@4 'EJ. @ Customized VWIVIAIN_L/L_BUZ_ 1DE_1A_FUWET WV IB, MODIIE WIMAA LOWIINK LA FOWET
Palette® X Equation... User WMAN_DL_802_16e_TX_Spectrum WTB, Mobile WiMAX Downlink TX Spectrum
Q E Slider... Eg-g;‘;f:sized WMAN_UL_802_16e_RX_Sensitivity WTB, Mobile WiMAX Uplink RX Sensitivity
Plot Legend Em_User WMAN_UL_802_16e_TX_Constellation WTB, Mobile WiMAX Uplink TX Constellation
@ @ Line Mo;nentum_Customized WMAN_UL_802_16e_TX_Envelope WTB, Mobile WiMAX Uplink TX Envelope
= ﬁ Circle St e p 1 Momentum_User WMAN_UL_802_16e_TX_EVM WTB, Mobile WiMAX Uplink TX EVM
5678 Rectangle WMAN_UL_802_16e_TX_Power WTE, Mobile WiMAX Uplink TX Power
@i Polygon WMAN_UL_802_16e_TX_Spectrum WTB, Mobile WiMAX Uplink TX Spectrum
Polyline St e p 2 YSH_template_1spec General Design Template for 1 Yield Specification
\ 9 T‘_a)d YSH_template_2specs General Design Template for 2 Yield Specifications
9 | Picure... YSH_template_3specs General Design Template for 3 Yield Specifications
Limit Line * YSH_template_dspecs General Design Template for 4 Yield Specifications
O A Mask ' YSH_template_5Sspecs / General Design Template for 5 Yield Specifications
AL S emplates 1 | /

w8 Data Display/Untitled 10* [page 1110

File Edit View Insert Marker History Options Tools Page Window Help

TEEHE X9 € E 4 GPRNEH @ awmam O EEE
Palette® X
g g | Enter # of bins : X gTx=10

Id

g @ (=i Total_yield = Spec1_yield * Spec2_yield * Specye

: /

> 0>E

ZLMsvar =CS

0
L

RO/ &

YSH_svar <imalig=

L B S P B N L AL B B A
10 00 08 07 06 08 04 03 02-01 00 01 02 03 04 08 08 07 08 00 10

o

Enter your Specs here:

|E5m5necl_5nec_mn -35  ESpect Spec Max-100 |

< c_hangl the specs and _lhn
| ETSpec2_Spec_Min = -100  [XSpec2 Spec Max—-13 | yield updates automatically

A\ KEYSIGHT

|WSpe=3_5pu_Hill=—1I]tl ZMSpec3_Spec Max--28 |




More Examples
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How to Create Robust Designs with High Yield and First Pass Success

Yield Sensitivity Histograms
2 GHz Oscillator on Board

A\ KEYSIGHT 51



Oscillator with Surface Mount Components
Demo

2 GHz Oscillator

6
|, Vout 4]
R c [N 2_—
R6 C11 > 7
R=Rbase kOhm 1l Y I|:2 C=Cblock uF S 0
A
ApeiL L=Lres1 nH 27
1 C=Cres1 pF R= 4
R R I 'e T I T I T I T I T I T I T I T
BJT_NPN R3 R7 30 32 34 36 38 40 42 44 46
' BJT2 R=Rbias kOhm C R=5 kOhm ime. neec
Model=BJTM1 C6 ‘

c Trise= C=Cbypass uF ﬂé =
——c7 v.oc = 10
“T" c=Cbase pF § R -LC +| sre3 & 20
~T~C9 . 1 ° 304
Il R4 C=Cres2 pF — Vdc=Vce V = E 0]
= R=Re kOhm 4l _ 2 ol
L 2 s0

o = B o ‘ I
= 80 [
_gc-lIIIIIIIIIIIIIIIIITIITIIIIIIIIIIT
0 5 10 15 20 25 30

freq, GHz

Specs

Pout: > 4dBm
Frequency: 1970 MHz < Freq_Osc < 2030 MHz
Phase Noise: <-85 dBc @ 10 KHz offset
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Yield Sensitivity Histograms (YSH)

Step 1

Step 2

Run Yield analysis

—
Post process the data Step 3

>
Extract and display
YSH and more
*1 YSH display overall yield with
"1 respect to each element variation.
R m— e e o >
¢ o] YSH provide insight to how
sensitive the design is with respect
to each of the design’s elements.
328 330 332 334 336 338 340 342 zj:p;;_:\;:ﬁ) iR,SE)iBSZSS,Sd 356 358 360 362 364
- 5% Nominal value + 5%
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Overall Yield Versus Each Component Nominal Value, +/- 20%

More Examples

100
g Yield increases if R has a lower
% ;0] nominal value.
< £ 60 Needs Design Centering
| 50
— & 40
T > 30
o 20
10
O n N T T T T T T 1 T
120 125 130 135 140 145 150 155 160 165 170 175 180
indep(YSH svar)
100
T o Yield increases if C has a
.>0__J _ 10| higher nominal value.
& o Needs Design Centering
= &5 a0
S > 3
G>J 20
10+
O 0. | | |
=) [ ) b Smb Sk Smb b b Sk il b b Sk Smb Sk S Sk Rl Smh Sl Sk b Sk
[ - - - == N — = — R R o] ol ol o Pl Fod God i Gad G G o
Eoo~aOOODNAAENORRAEMOODSREaON S

indep|YSH svar]

Capacitor Nominal Value +/- 20%
AV KEYSIGHT

Overall Yield

Overall Yield

YSH svar

YSH svar

100
g- Yield doesn’t change as C
70| changes +/- 20%
60
50
40

1 C is not a sensitive component

30
20

I

10
29303.13.2333.4353.63.73.83.94.04.142434.4
indep(YSH svar)

100

ﬁ- Yield drops on both sides as C

20/ changes +/- from its nominal value

g- Problematic Red X component

40-

30-

20

10- I
cPoooo0o0eoo0e00e 008 0
B W W W W W R W W W EaEa E B
0 = r W e O e = 00 W0 = M W &

indep(YSH svar



Step 1: Run Yield Analysis

A\ KEYSIGHT

1 £ . Vout
R e
R6 C11
R=Rbase kOfm 1ec tz C=Cblock uF
~1~C10 _
L=Lres1 nH
C=Cres1 pF R= restn
BJT NPN R T
BJT2 R3 - R
MFJdelZBJTM‘] R=Rbias kO cB R7
= C=Chypass uF  R=5 kOhm
|
Bt |
OscPort —C + SRC3
IC =Chase p R4 oscport1 09 —Vdc=Vcec V —
L R-Re kOhm Fundndex=1 | ©=Cres2pF i[
VAR
VAR5 ﬁ HARMONIC BALANCE
Rbase=3.179899¢+002 {s} —
Cbase=5.839499¢+001 {s} Hgf‘”" TR
Re=1.601250e+000 {o} {s} N Freql11-2000 MHz

Cres1=9.942774e-001 {s}
Cres2=7.28963%9e+000 {s}

Lres1=4 587444e+000 stat{ uniform +/- 5 % }
Rbias=3.591429e+000 {s}

Chypass=.1 {s}

Cblock=.1{s}

Vee=10 {s}

INDEX=6 stat{ discrete 11021 by 1}

File="pfgtm txt"

Type=Discrete
ExtrapMode=Interpolation Mode
Mar1=1

Val1=INDEX-1

Order[1]=15
NLNoiseMode=yes
FregForMoise=10 kHz
PhaseNoise=yes

Statistical Analysis of Oscillator Performance
- 21 measured BFQET transistors

8

= - 5% uniform variation in lumped component values



Yield Analysis Results on Initial Design

Fail Pass Fail Pass | Fail
400 160
350 il 140 i
300 . 120 B =]
& 250 ] 5 100 N
£ 200- ] £ g0 =
o 150- o 60
= = ]
100 40—
50 20-]
HI-{ 1] ]
I:l""l""l"""'I""I"" 0 L LI I I T L T
1 2 3 4 5 6 7 e e - -
=] w w w w w (=] =] (=] =]
Fundamental Power, dBm ® b 6 8 6 6 o & & o
Oscillation Frequency
300 Pass Fail
4uu-f [T
@ ] NumpFail NumPass
2 300
B 989.00 1011.00
G 200 =
= ]
mu_i Statistical Analysis of Oscillator Performance
1 - 21 measured BFQ67 transistors
1 - 5% uniform variation in lumped component values
0 rrrtptrrrprrrrprrrrprTrr prrrrprrrrrr e et e e

-110 -105 -100 -95 -80 -85 -80 -75 -70 -65 -6O

Phase Noise, dBc/Hz NOOSC Number of Monte Carlo iterations
that failed to produce an oscillation
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Step 2: Post Process Yield Data
Use Available Template in ADS

A\ KEYSIGHT

Palette g

& B
© @)
=i
(A
D]
=
ClA]

[yield_aﬂer_design_cntr_ZDDDtr\a '] M| (4| (4] (][> (M @@@@ m
Y
SN AN F

D aVeA

Enter # of bins : X @Mx=10

[T Total_yield = Spec1_yield * Spec2_yield * Spec3_yield

¥SH_swar

100

Cbase

90—
20—
70—

50—

Rbase
Re
Cres1
Cres2
Lres1
Rbias
Vee
Cblock
Chypass
INDEX

50—

40+
30—+
20—

10+

0

[ETsvar =Cbase

indep(YSH_svar)

Enter your Specs here:

L B B
545 55.0 555 56.0 55.5 57.0 57.5 58.0 58.5 59.0 59.5 60.0 60.5

@T]Spec1 Spec Min =4 T Spec1_Spec_Max=100

[@TISpec2 Spec Min = 1970e6 TM]Spec2 Spec Max=2030e6

[@TISpec3 Spec Min=-1000 TMSpec3 Spec Max=-85

< Change the specs and the
yield updates automatically

Demo in ADS



Step 3: Components Yiel

A\ KEYSIGHT

YSH_svar

YSH_svar

YEH_svar

Lreslis a Red X Component

d Sensitivity

Yield is not sensitive to component values

100
%0~ 7 ~ %0-| 90
80 ’ h S 80| 80—
L4 \ ] ]
70 2 70| 70
4 AN 1 1
80 ,, N 5 60 <----------------> 5 60— <-------
50 2 0] 2 s04
’ g 7 2 ]
0 40| 40
30— ‘,’ 30 30
20~ 20— 20+
10 104 10
—— T T T T L B B T B R I B e B e T T T T T T T T T T
P - A oo oo SR 545 550 555 560 565 570 575 580 565 590 595 600 605 e e e e e 2 2 2@ 2@ 2 2 2 =5 2 2 @2
BLLELEHELEESLT28 882328838 F538 2 2 3 3 8 88 8 8 3 3 3222882838 -¢32z2=8
naepivsr_ses Lres 1 naepvsi_sen Cas e § 8885388 B8ERETEREEEEE
X naeprvs_sen COlOCK
1 100 1
90| %0 30
30| 80 30
70| 70 70
60— <----------------9 60— <--------_- . -_-9 60— <--------_-_-_-_-9
H g9
50 S S
3 > ]
40| a0 40
30— 30 30—
20| 20 20
10 10 10
T T T T T T T T T T ! -ttt r - L -ttt
S S 2 5 8 5 5 8 88 222222 ¢%2%2%87%92%7% e o o2 g o s © 2 o o 2 o = =~ =~ =~ = = = 685 630 635 700 705 710 715 720 725 730 735 740 745 750 755 760 765
2 8§ 8 8 8 8§ 8 8 8 8 83 38 2 238 88 ¢ g 8 58 8 &8 £ 8 8 8 8 8§ 58 8 g & 882 28 8 8
3 & 8 & 3 &8 & 8 8 8 & o a8 & 38 &% 38 & 2 g@oe s e @ e @ e & e a8 a5 a5 ae a5 a8 Indep(YSH_svar) Cresz
Indep(YSH_svan) bepaSS naeprrst_san Gras ]
100 1 1
%0 90 90
80 80 504
70 704 704
| 60 ]
60 <----------------9 ‘E 4 <------l---------- ‘g E[|7 <-- --------l-----9
50 7 o 2
> ] [ 4
40 40+ 40+
304 30 304
20 20 204
10 10 10
+——r-—r——r+tr+—+—++Hr—+ — T -t
304 306 308 510 312 314 316 318 320 322 324 326 328 330 332 334 336 333 340 328 330 332 334 336 338 540 342 344 346 343 350 352 354 356 358 360 362 364 145 146 147 143 149 150 151 152 153 154 155 156 157 158 159 160 161 162
neeprvst_san Rbase naeprvsi_san Rbias indep(vsH_svan R @



Yield Sensitivity Histograms

Enter # of bins : X AMx=10

eI Total_yield = Spec1_yield * Spec2_yield * Spec3_yield

100

YSH help designers to m_

pinpoint the sensitive .o [TYsvar =Lres1
RED X parts in their : o] ol
designs. As a result, : 505
designers make N

decision to replace 1 IR SN IO (I NI I I NN MmN

these parts with “tighter SxEsbilaibEEuEaEEEaEa b

tolerance parts” in |

Board application (OR) Enter your Specs here:

ST:' Zta;ﬁmlgzse 1:3\523:2}’/?” @M Spec1 Spec Min =4 @] Spec1 Spec_Max=100 )

IC designs. IT)Spec2 Spec Min = 1970e6 [J[ISpec2 Spec Max=2030e6 |~ gilla?:ll?j;dlgfe:p::fo:?:titl:haﬁI','

T)Spec3 Spec Min=-1000  [JMJSpec3 Spec Max=-85

A\ KEYSIGHT



Experimenting with the Template

[T Total_yield =Spec2_yield

Check the Yield relative "

VSH_sval

50
to each spec separatel “ var strest
P P y :
20
10+
R R S L I I AL I AL A L I 1 L L L
indep(YSH_svar)
[ZT) Total_yield =Spec2_yield Enter your Specs here:
o] T Spec Spec Min =4 @MSpec1 Spec Max=100
B0 ¢ Change the specs and the
7 M Spec2 Spec Min = 1900e6 T Spec? Spec Max=2100e6 yield updates automatically
_ e0] k_
5o -
I =- =-
' M Spec3 Spec Min=-1000 [fM)Spec3 Spec Max=-85
2 ] ZTdsvar =Lres1 - -
BD—-
20
1D;
T o D D e e
dep(YSH_svar)

Modify specs and see

Enter your Specs here:

M Specl Spec Min =4 @M Spec1 Spec Max=100 th el I effeCt O n th e yl el d
FMSpec2 Spec Min = 1970e6 FISpec2 Spec Max=2030¢6 € Yieid utates avtomaticlly without havin g to rerun
M Spec3 Spec Min=-1000 [fM]Spec3 Spec Max=-85 yl el d an a'I yS I S a’g al n

A\ KEYSIGHT



Updated Yield Sensitivity Histograms
with Lresl tolerance set to +/- 1%

s 0] a0
s0-| —— L o] — . —— T — _
- 7 7
e . e
5 H L
5w E‘ 0 5 e
£ @ 4
-] 0 -]
30 2 2]
| 2] 2
10 10 104
[N [NV UV A D G A S A T T T T T T T T T T T T T T T T T T
RN R EEEEE R 545 S0 555 %0 %65 50 515 S0 85 590 595 600 65 25 2252585885325 :28¢58:2¢8¢8¢%88¢8z+8
e e e e e e e e e e e 208 e e indep(YSH_swar} 8 538 &3 %833 8838 &% & 8538 &8558
nosplis_swan EMSvar =Lres1 mSvar =Cbase nseprvssen | JelglsvVar =Cblock
SN
N
90 90 >y ~ — 0
B — — | 60| " — NL— a0 ——— | —
— — o Ny
] [ o] \\ o]
80 L B - 60
: L H
ot 50 E 50— 'Iﬁ‘ 50—
% ] 0] £ 0]
0] a0-{ 2
204 20+ 20
10 109 10
! L1 g ! ! ! Iy L d Iy S LAY MR LA R RRLAN RARA RARR) RARRY T ™
S e 8 8885885835555 428518872 @ 3 % ¥ 2 2 B 3 2 8§ ©§ 85 8 2 2 3 3 2 23 3 8 685 630 695 700 705 70 715 720 725 730 735 740 745 750 755 76D 765
& & 8 858 5 % 8 58 8 88823 38388388 ¢E8 8 3§ B8 & 8 5 8 B 8 &5 8 & 8 B & h & & oo owm & & 8
2883 3533388885332 85884335353 indep(¥SH_svar)
= dep(YSH _svar = -
wn e [JeTISVAF =Chypass s Hifsvar =Cres1 ETsvar =Cres2
a0-| o] — o]
ol [ —] —— a0 — 20| —]
0 70 -
o] 50 0
5wl 5] 5 gl
g z g
40— £ 40 40
30 a0 ]
2] 20 20
10 10 10+
L L e B LR R W MO R s T T T T T IDARSMRN AR AR AR T T T
3 306 3B 30 32 Y4 6 I8 W I e W6 W6 N 92 B 3 3B 34D 325 330 332 334 336 135 340 342 344 345 345 350 352 354 156 353 260 382 364 145 148 147 148 149 15D 151 152 153 154 155 155 157 158 159 18) 161 182

indep(¥3H_sar)

indep(YSH_svar) indep(YSH_svar)
[ETisvar =Rbase EeMsvar =Rbias EEMsvar =Re
Mﬁ KEYSIGHT




Updated Yield Sensitivity Histograms
with Lresl and Cresl tolerances set to +/- 1% Yield =91%

so-——— o]  —— —_— —
50| a0 30|
70 70 70|
y 0 s0] 60
| 50| [ [
3 N g 50|
40 0] 40|
20 20 0]
204 20 20
10 0] 10|
I AR A A U Y U G U U U e A A & T T T T T T T T T T T T T T T T T T T
B R B 8B 2 ¥ 8 B8 2 03 3 3 8 g o oz g3 3 2 2 545 550 555 560 865 570 §75 580 585 90 595 €00 605 ; ; ; é é ;.: é é 2 g 2 g g = ; = g 2
T T indep(YSH_suer) g8 8 8 3 3 € 8 # 88 3 3 88 88 28 &
inGep(vSH_svar) = - -
EeTsvar =Lres1 EeTdsvar =Cbase s oo [eTgISVAr =Chblock
o] ] — —
90| | ——
30 30|
50-]
70 g
0] o
60} § 80 _ B0
5 o] & s " sod
T I3 T
2 40 2
40 40
30 4 30
20 2 20
10-] 129 10+
T T T T I T T T T 1 L L A L N B N L 0t A
H] H] ] ] g5 S £ £ £ 52 ¢2 <2 ¢ ¢ 2 2 B @B ¥ § 5 85 5 5 5 85 B 8 3 3 B 8 8 B &8 & LR A R L RN RS LY LR RARRY LA R LAY T
2 8 8 3 8 8 88 88 3 35 35323 335 35 5 o o 255 5% 5553 5595355323888 8883828288 655 680 695 700 705 TAD TAS 720 725 730 735 740 745 750 7S5 760 7S
23 23 2 3 88 8 88 &5 = 8B 5B E & & 5 B L L R L I B
- - indep(vSH_svar)
o [JeliSVar =Cbypass recsise - [Jalfisvar =Cres =Cres2
slalsvar =cres
] . — et ——— o] %0
80| 80 80|
70-| 70| 70
80— 60 50
E. 50| E 50| o s
40 a0 # 40
30-| 30 30
204 20 20
10+ 10-| 104
o LR R S B W B LA S NN S B | o L L L L L L L L L L B L L L L WL o I BRARARSARAAAASSEaARmuaRSY T T T
304 306 308 D 312 34 316 313 320 22 324 326 326 330 332 334 33]J 338 340 328 330 332 334 336 338 340 342 344 346 348 350 352 35¢ 356 356 360 362 364 145 146 147 148 148 150 151 152 153 154 155 156 157 156 158 160 161 182
ANV KEYSIGHT p0SH s S

. indep(YSH_svar)
[Fllsvar =Rbase EMsvar =Rbias [FeTlsvar =Re



Yield Sensitivity Histograms — Final Design
with Lresl and Cresl tolerances set to +/- 1%

[} Total_yield = Spec1_yield * Spec2_yield * Spec3_yield

100

90—
80—

70—

YSH_svar

60—

[= T = T = R = N == D = N = N = R == S == I = N = N = N == S = B = Y = R == S = T = R =]

L - - T R T T T T R R T - = R = S = B = ]
mmmmmmmmmmmmmmmmmmmmmm
mmmmmmmmmmmmmmmmmmmmmm

Yield = 91%

Yield with both
90.8 Lresl and Cresl
+/- 1%
[Fesvar =Cres1

YSH_svar

LI L B S S B B
I

r* 1T T T T T T T T T T T T
5 MW M 12 13 14 15 16 117 18 19 20 21 22

AN KEYSIGHT 21 measured transistors === gmmc;ar <INDEX

2 bad transistors in the
pool are preventing the
yield to reach 100%



Oscillator Final Improved Design

Simulation of Yield for fundamental output power, oscillation frequency, and
phase noise (at a 10 kHz offset) specifications, with tighter tolerances on Lres1 and Cres1

| £ Vout
R c I\
R6 C11
R=Rbase kOhm e tz C=Cblock uF
T C10 L=Lres1 nH
C=Cres1 pF R=
BJT_NPN
| BJT?2 = L C R
Model=BJTM1 R3 ™~ C6 RY
TR C=Cbypass uF R=5 kOhm
- Trise= P R=Rbias kO w
S 1
c7 -1 v DC j—
C=Cbase p R OscroT —LC +| Srcs
R4 oscport1 AT~ CO
V= — Vdc=Vce V
R=Re kO - C=Cres2 pF—
— Z=1.1 Ohm * -
— Num Octaves=2 [
Steps=10 = ——
Fundindex=1 -

A\ KEYSIGHT

MaxLoopGainStep=

VAR

~ VAR5
Rbase=322 {0} {s}
Cbase=57 5882 {o} {s}
Re=1.53422 {0} {5}
Cres1=09738671 opt{ .4 to 1 } stat{ uniform +/-1 % }
Cres2=7 25841 {o} {s}
Lres1=4 56721 opt{ 4 to & } stat{ uniform +/-1 % }
Rbias=3 46136 {0} {s}
Cbypass=.1 {5}
Cblock=.1 {s}
Vee=10 {s}
INDEX=6 {s}

Transistor is a BFQG67

21 measured parts EE_BJT2_Model

BJTM1
AllParams=DAC_BJT



Oscillator Final Improved Design |
Yield = 100%

Lresl and Cresl +/-1%
Using good transistors

- _ ~ - - " N
[T} Total_yield = Spec1_yield * Spec2_yield * Spec3_yield y Fail Pass . Fail Pass | Fail
100 7 =
0 257 30+
2 g 20—§ [ g 4
70 % ] % 20+
N &0 % 15_5 ] %—’ 154
f\ s = 10_5 2 44
2 o] FTsvar =Lres1 53 6|
] o+————t+rrr—H L - |_ AL
0] 1 2 3 4 5 & 7 i - -
i Fundamental Power, dBm 2 28 & 3 28 2 8 2 3
10 ' & D 6 6 @ @ 0 @ @ 0
B . Oscillation F requency
IEEEEE NN RN E R s Pass Fail
indep(YSH_svar) 50_% —
Enter your Specs here: 2 40_2 NumpFail NumPass Yield
E 5o 0.00 100.00 100.00
] i
T Spec! Spec Min =4 @TSpecl Spec Max=100 = ] —
_ _ _ _ = 20
¢ Change the specs and the ]
T Spec2_Spec_Min = 1970e6 [ITSpec2 Spec Max=2030e6 yield updates automatically 104
E NOOSC Number of Monte Carlo iterations
0 AL LN Ly N Ly LR LR LERRR LR RN D that failed to produce an oscillation
M Spec3 Spec Min=-1000 [ITISpec3 Spec Max=-85 238 &3 883 38§ 8
Phase Noise, dBc/Hz
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Conclusion

Different Topologies produce different yield
DOE determines the robustness of your topology
ADS Impedance Matching Utility helps create robust topologies

DOE runs very fast
Provides similar information as Yield analysis at a fraction of the time
Finds the sensitive components and networks and interactions between them

YSH pinpoints all sensitive RED X components in your design

All tools are available to you in ADS most basic core

Oscillator . -

example el Network C2

Tsvar =Lres1 MMIC PA EE: In terstage
example “

A\ KEYSIGHT



Appendix 1

DOE & YSH using Parametrization
& Swept-analysis on a MMIC
substrate parameters in RFPro

111111

Via_Nitt

A\ KEYSIGHT



Effect of Substrate Process Variation on my Design

Parametrization and Swept Statistical

Analysis in RFPro and ADS

Substrate Mame:  dema_substrate
top

101.34€ /Eelr;o__mits(:r.s)
| Via_Pess - 0.12 micron
g M2

101.22 : " E)errjo_Ponl (2.7)
| Vial 2 _ micron

100.22 _:_ Bt < T Eiemlo_N'lt?.(}‘.S)
1Via0 1 micron

100.12| _ o ~ Demo_Nit11(7.5)
| Via_Nit1 ..12 micron

100 D por daria, chimrmy ~ Demo_Gahsl (12.9)
5_:: BVia 100 micron
0 micront /

Process variation on 3 Parameters

A\ KEYSIGHT

« Lines Width A
« Dielectric Constant A
- Dielectric Layers Height A



Parametrization & Swept Analysis on Substrate Parameters
Step 1 - Define the parameters in RFPro

LTE Power Amp

Define the Parameters

Value

3 Parameters

5.63767e-11

5.637670482424977e-11

1 kHz 0.001 MHz

1GHz 1000 MHz

Lines Width delta

0 0 Dielectric Constant delta

a 0 0 Dielectric Height delta

« Line Width A

ingum frequency of interest for the project.

Maximum frequency of interest for the project.

(]
pl

Apply

« Dielectric Constant A

- Dielectric Layers Height A

A\ KEYSIGHT




Process Variation on the Parameters in RFPro

Step 2 - Apply the parameters in RFPro “Process Variation” tab

O Virtual Pins o
: ¢ Reference Pins RFPro Setup - Full EM Extraction
= | || Definitions
_:"] Materials
_ﬂ Bondwire Definitions

& Full EM Analysis

== Process Variation I

iﬁ Ambient Conditions - (Temperature=25 =C)

@' Setup Parameter Sweep

I == Process Variation I

Materials

Layers

Material Mame

Permittivity Bias

Global Values

0 pet

Er_delta pct

<fAdd>

3 Parameters

Etch Bias Registration Bias X Registration Bias Y Thickness Bias
II 0 pet Oum Oum DH_delta pct
Setup d
o E Analyses M1 (B) LW _delta pct Qum Qum 0 um
= E Full EM Analysis M2 (8) LW _delta pct 0 um O um 0 um
-- :[:] Ports
_:':I Component Models “Add>

.....

__ = Results 4k Freguency Plans

[ S

Delta (A) in %

A\ KEYSIGHT

« Line Width A
« Dielectric Constant A
- Dielectric Layers Height A
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Parameter Sweep in RFPro
Step 3 - Setup parameter Sweep for Simulation

i} Ambient Conditions - (Temperature=25 =C) Perf()rminq 27 SImU|at|OnS

@ setup Parameter Sweep 3 variables

X Perform parameter sweep 3 S|mUIat|OnS on eaCh
3X3X3=27

[fh] [@'l [ I] l [ D] Simulations: 27 Parameter to sweep: | Er_delts: "0° -

: . . ' -
=t im" Sequence 1 (Simulations:27) Sweep type: | Comma Separated
filx E E = - - 1
. (< :Er_delta (3 Values): -11 -= 11 Input Values: -11,0,11 delta (A) N %
(@ DH_delta (3 Values): -11 -> 11
- ( ) Evaluated values: 41011
@ LW _delta (3 Values): -11 -> 11 + Os
(®)[w|u][@][]c]
| Date Created Engine Host Status [3
Full EM Analysis: DH_delta=-11, Er_delta=0, LW_delta=-11 Wed Aug 30 20:217:12 2023 Momentum Lacal CQueue Cormpleted
Full EM Analysis: DH_delta=-11, Er_delta=0, LW_delta=0 Wed Aug 30 20:21:12 2023 Momentum Local Queue Completed
= Process Variation
* Full EM Analysis: DH_delta=-11, Er_delta=0, LW _delta=11 Wed Aug 30 20:21:12 2023 Meomentum Local CQueue Completed
AT Frequenq-' PIEHE Full EM Analysis: DH_delta=0, Er_delta=0, LW_delta=-11 Wed Aug 30 20:21:12 2023 Momentum Local Queue Completed
Full EM Analysis: DH_delta=0, Er_delta=0, LW_delta=0 Wed Aug 30 20:21:12 2023 Momentum Local CQueue Completed
Full EM Analysis: DH_delta=0, Er_delta=0, LW_delta=11 Wed Aug 30 20:27:12 2023 Momentum Lacal CQueue Completed
Full EM Analysis: DH_delta=11, Er_delta=0, LW _delta=-11 Wed Aug 30 20:21:13 2023 Momentum Local CGueue Completed
Full EM Analysis: DH_delta=11, Er_delta=0, LW_delta=0 Wed Aug 30 20:21:13 2023 Momentum Lacal CQueue Cormpleted
Full EM Analysis: DH_delta=11, Er_delta=0, LW _delta=11 Wed Aug 30 20:21:13 2023 Momentum Local Queue Completed
KEYSIGHT Full EM Analysis: DH delta=-11, Er delta=11, LW delta=-11 Wed Aug 30 20:21:13 2023 Momentum Local Queue Completed -
' v Summary Log ® Auto-scroll Update I | Completed




Swept Analysis Simulations in RFPro

Step 4 - Simulation Resources Used my Laptop with 5 parallel jobs

g Resources
] ] Host: Local Queue hd D
Used my Laptop Wlth 5 para’”el JObS Max parallel jobs: 5 =
Max threads per job: | Automatic =

Distributed simmlation: request frequency 2700000000.000000 from calculate engine 4 on 10.20.128.63
Disztributed szimulation: process the received S-parameter data
Adaptive: 0.0 % of fregquency range covered
Adaptive: 33.3 % of frequency range covered
Distributed simulation: request frequency 1133333333.000000 from calculate]engine 0 L128.63
Distributed simmlation: request frequency 1l0&6ee6e6eT.000000 from calculateengine 1 L1283.63
Distributed simulation: regquest frequency 1200000000.000000 from calculatejengine 2 128.63
Distributed simumlation: request frequency 1e00000000.000000 from calculatelengine 3 L128.63
Distributed simulation: request frequency 1550000000.000000 from calculateengine 4 L128.63
Distributed simulation: process the received S-parameter data
Adaptive: 100.0 % of frequency range covered
Distributed simulation: notify calculate engines the simmlation is finished
S—-parameter simulation finished
Simulation finished on: Wed Aug 30 20:22:20 2023
Starting C:\Program Files\Keysight\ADS52024\Momentum'2024.00\win32 64\bin‘\MomEngine.exe
Simulation Time: 0:01:04.0738749

WKEYSIGHT Simmlation Finished




Export Swept EM-Model into ADS to Perform Statistical Analysis

Step 5- Generate EM model and Simulate in ADS

ADS

RFPro
Generate Sub
Circuit Model

= T Results

-~ 58 Mesh/Ports
7 S-Parameters
= TDR/TDT

- [ Wear Field

@ Far Field

'J;'-'.Il- Generate Test Bench...

Advanced Design Systern 2024 (Main)

File View Options Tools Window DesignKits

Wi B BB>M=%

File View Folder View

DesignGuide

Library View

v (W) C\Users\JSifrivaDS2024\DOE_RFPro\RFPro_LTE_MMIC_PA_wrk
> 1- RFPro Simulation in ADS2019
A 2- EM DOE
» Plots
v [c] DOE_MMIC_PA_RFPro

B emdata_Full_EM_Analysis
El emSetup

layout

fprol

schematic

E schematic_Full_EM_Analysis

{>' symbol

{> symbol_Full_EM_Analysis

[=| DOE_MMIC_PA_RFPro [RFPro_LTE_MMIC_PA_JS_lib:..

File Edit Tools Help

] 7 VAN
=
Simulation Setup Interpolation Options

O

Notes:
* Add empro_basic library

+ Choose Simulation Hierarchy = Standard_ic
* Download & install AEL utility “Schematic Parameters Update”

A\ KEYSIGHT

X

File

Edit Tools

Available data
Cell Parameters
s Mame DH_delta LW_delta Er_delta

data.000 -11 -1 -1
data.001 -1 0 -1
data.002 -11 1 -1
data.003 0 -1 -1
data.00d 0 0 -1
data.005 0 11 -1
data.006 11 -1 -1
data.007 11 0 -1
data.008 11 1 1
data.00% -11 -1 0
data.010 -11 0 0
data.011 -1 1 0
data.012 O -1 0
data.013 0 0 0
data.014 0 11 0
data.015 11 -1 0
data.016 11 0 0
data.017 11 11 )]
Delete Delete Al

B 9

Lze interpolation

'=| DOE_MMIC_PA_RFPro [RFPra_LTE_MMIC_PA_JS. lib:...

Help

Simulation Setup Database Interpolation Options

Cell Parameter
DH_delta
LW _delta
Er_delta

Py

nterpolation Delt: Resolution
1 1.0e-08
1 1.0e-08
1 1.0e-08

73




Using the Swept EM-Model to Perform Statistical Analysis in ADS

m DOE_MMIC_PA_Top_Level [page 1]:35

File Edit View Inset Marker History Options Tools Page Window Help

NERHA N XYY S B G 4§ ORLNEE € G emernmes | 56 H

Palette® X

3

I Parameters Sweep

i
® All Parameters Swept
&

"Dielectric_Constant_delta"

B> O oD /5] & 3 B

freg

g, G

"Dielectric_Height_delta"

"Lines_Width_delta"

= e | 1
a0 = =]
L o]
h o= v
= b =g
L Fa
2] a1
B | % 2
a0 -
L a7
] m o=
L, R PR PR PR SN SR B | =1

LT T T I N S A R

||||||||
ta tE wa 20 22 24 28 28 W@

freq G

Sweeping each parameter separately

-

Yield Analysis
Yield Analysis @ 1.8 GHz

Spec: dB(S21)

Min= 27.4 dB
Max = 27.8 dB

Yield
70200

frem GHz

DOE Analysis @ 1.8GHz  DOE Ana|ysis

acmehame

paresn
-4 -4
i

Dilecric_Conmsan pena
e cic_Height_ieta
s
w2
1 ]
5 3
i
L
= wed
l— 3
T 5]
B r # T T T T T T T T L At L Y Y Y Y B I B
E 0 g8 48 44 4z oo gz 04 0B 0@ B A P e T T a
= desgriunt cess




Using the Swept EM-Model to Perform Statistical Analysis in ADS

- : :1[' " " . " " "
Enter#ofbins :X I Yield Sensitivity Histograms Analysis
[T Total_yield = Spec1_yield * Spec2_yield * Spec3_yield
L
o] [FTdsvar =Dielectric_Height_delta
bur 3 variables are:

Dielectric_Constant_delta

Enter your Specs here:

EMSpect_Spec_Min -27.4  [ESpec!_Spec_Max-50 Dielectric_Height_delta
c C.hange the specs and _the
ETSpec?_Spec Min = -100 [MSpec2 Spec Max=-15 yield updates automatically LI nes Wldth de Ita

[EMSpec3 Spec_ Min=-100  [ZTISpec3_Spec_Max--2

A\ KEYSIGHT



Appendix 2

DOE Technigue on
Matching Networks and Modules
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How to Create Robust Designs with High Yield and 1st Pass Success

2.4 GHz Low Noise Amp
Used in Venus Radar Mapper
(Magellan Satellite)
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Remember this Upconverter Macrocell Presented at the Start?
Fabricated on the same wafer — Wafer Probed Results

A\ KEYSIGHT

Mixerl

(X
/a\

Standard Design Technique

U/C 1

Mixer2

o

DOE Based Design Technique

dB(S(2,1))

K-band Up-Converter Mixer Macrocell - Conversion Gain

12

dB(S(2,1))

K-band Up-Converter Mixer Macrocell - Conversion Gain

T T T T T T T T T
20.18 20.68 21.18
freq, GHz




Design of Experiments on Matching Networks
Up converter macro cell — 10 matching networks

LNA Input Matching Network
Cl=.3pf

R1 =30 ohms

W1= 10 um

LO
Amp

etc...

AN KEYSIGHT
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Design of Experiments on Matching Networks
10 matching networks — Assign a letter to each one

LNA Input Matching Network
C1l=.3pf (1+A)

R1 =30 ohms (1+A)

W1 =10um (1+A)

etc...

Vary A +/- 5%

AN KEYSIGHT
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Design of Experiments on Matching Networks

= E

Create 5 variables that represent the 5 netwo

rks

XY, Z, U W

A\ KEYSIGHT



Design of Experiments on Matching Networks

Input matching network — controlled by x

When x=0 we get nominal values

When x=+.05, we get nominal values + 5%

. T, WV _DC
When x=-.05, we get nominal values — 5% éﬁgé -| smRc2
- = Vdc=50V
= Vdc=5.0V =
- +
+
*
% VAR = VAR o VAR o
~ VAR2 VAR3 Yy ~ VAR5 e
W5_IMN=5(1+x) W20_FET1=20%(1+y) o W20_FET2=20%(1+u) o
C1_IMN=T*(1+x) R1_FET1=375(1+y) 2NN 20°(1+2) C1_FET2=6%(1+u) e el
C2_IMN=.484%(1+X) RZ_FET1=781*(1+y) i E*{1+{z;z} C2_FET2=5(1+U) o 6MN—3:|:1+E~;}M
R3_FET1=100"(1 _INtMN=7. R1_FET2=100%(1+U _OMN=
- (1+) - (1+u) C2_OMN=10*(1+W)
< } =1 * * FET1 FJhstg M FET2" 1 o < >
P1 2
PA_STAT_IMN PA_STAT_IntMN PA_STAT_OMN ;
MNum=1 — — — — — — vout Num=2
X3 PA [STAT FETH X4 PA [STAT FET2 X5 o
X1 X2
P 1Tone v DC S -
$ [PORTY +| sRc4 1 v.Dbe o e T
3 — +| SRC1 Term2
Num=1 — Vdc=-1.5V ——
Z=500hm —_ TVG‘E:—1_5V Num=2
= p=dbmtow(pin) - Z=50 Ohm
- Freq=1.880 GHz e — -
- VAR B
VAR7
5% | HARMONIC BALANCE &% | poe | DOE GOAL x=0doe{ +/- 05}
y=0 doe{ +/- 05}
HamonicBalance DOE DoeGoal z=0 dog{ +/- 05}
HB 1 DOE1 DoeGoalt u=0 doeq +/- .09 }
Freq[1]=1.880 GHz Experim entType=2kmp Expr="min(dbm(Vout[1]))" w=0 doe{ +-.05 }
Order{1]=3 FracElem=0 SiminstanceName="HB1"
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Design of Experiments on Matching Networks

A\ KEYSIGHT

pareto

D.effects

100 | factorName designVariable
| A w
80 B u
1 c z | C(z) = Interstage Matching Network
60— D y
) E X
40
. Z (Interstage Matching Network) is contributing
20 100% to the huge variation in Pout. Therefore, the problem
in our design is coming only from the Interstage Matching
] Network
0IIllul:llllléllllt!]llll(l’lIllillII;LIIII:LIIIIHLIIIIG |
" £ = 2 = = £ = = 5
N : I :
: Design of Experiments (DOE)
Results
designVariables
’ 1- Pareto analysis on the factors
- 2- Effects plots on the factors
26—_ \"\.,\
24 N
_ "~
L8 224 S
288 4. v~
e ) e T S p— TR TS
cea ] i
mwo 18- b T
_ e
16 . P ——
IThis plot displays the absolute value of the variation in ™
14 Pout coming from the Interstage Network; 13 to 27 dBm, "-\
Jdentical to the results variation we got from MonteCarlo analysis = =
12 T | T I T | T | T I T I T | T | T T

T
1.0 -08 -06 -04 -02 00 02 04 06 0.8
designUnit

1.0



Appendix 3

“Yield Optimization”™ or "Design Centering”
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“Yield Optimization” also known as “Design Centering”

Design Centering doesn’t optimize for best performance.
It optimizes for decent performance that meet specs and achieve highest Yield.

Tolerance Range

Performance| | |
(Gain, dB)
I Performance
Margin

Minimum |4 —— —  — Y |W_-

Performance |

v\
Not Optimized for Yield

Component Value
(Cloadl pF)

Design meets spec with decent

performance and 100% vyield

Performance
(Gain, dB)

Tolerance Range

Design meets spec with best
performance but with low yield

A\ KEYSIGHT

Design
Specification

Performance

—————————————— Margin F—Xx—————

Yield Optimized

Component Value
(cloadl pF)

v




Appendix 4

Success Story on a Dual Band PA
Using the DOE approach
Skyworks Solutions Inc
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Skyworks Solutions Inc
Success Story on a Dual Band PA — using DOE approach

J ou rn al Search the Journal ~ Enter Search Terms Here .

Vol.51 No.9 | Septamber 2008

m rrent | r n R h
Mlcr@wave Home Current lssue News Buyer's Guide Events esources Archives

Journal

September 2008 Issue: Technical Feature

Free Webinars

An Innovative And Integrated Approach to III-V Circuit

How to Make Your Designs 1
More Robust DESlgn

Using Wireless Signal Decoding
to Verify LTE Radio Signals From: Vol. 51 | No. 9 | September 2008 | 136

. by Y. Yang, P. Zampardi, M. Fredriksson, 1. Xu, 5 Chen and . Zhang, Skyworks Solutions Inc.; 1. 5ifri, Agilent
Custom OFDM: Understanding | Technologies / Agilent EEsof EDA

Signal Generation and Analysis

LTE Broadband Wireless Access | 11t Wireless handset design, specifically power amplifiers (PA), there is constant pressure to

improve time-to-market while maintamming high yields. To meet these demands, designers need to
A Model Based Approach for

System Level RFIC Verification | €valuate current design practices and identify areas for improvement. Presently, most PA designers

on Demand Archive spend a great deal of time bench-tuning to optimize circuits. Since this 1s very time consuming, the

main consideration 1s obtaining the best “nominal” performance. and process variation (or whether
the wafer used for tuning is optimal) is generally an afterthought.
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Skyworks Solutions Inc

Dual Band PA — using Design of Experiments (DOE )approach

Gain Variation versus Temperature

* 55 dB variation
“30 20 0 0 10 20 30 40 50 60 70 8085
Temperature (C)

r Icq2 Variation versus Temperature

s Before

0.08

o
=)
=

[T

lcq2 (A)
o
(=]
»

0.05

0.044

| 50 mAvarlatl n

\
N
= 8 ] & 8

A\ KEYSIGHT

Temperature (C)

Gain Variation versus Temperature

After

3.2 dB variatiC

30 20 1 0 0 10 20 30 40 50 60 70 8085

Temperature (C)

Icq2 Variation versus Temperature

0.094

0.08]

Icq2 (A)

After

20 mA variation

TTTSTETR TSR
o

Temperature (C)



Skyworks Solutions Inc
DOE - 2" round

Gain Variation versus Temperature

3‘Il:-",'ari:atiun versus Temperature - Improved Circuit {with Rb replacing Rt)

| 5.5 dB variation

30 20 10 0 10 20 30 40 50 60 70 8085
Temperature (C)

lcq2 Variation versus Temperature

0.10
. Before 4 ol After
' ' 0.08;
§ <0.07;
i 04 15 mA variation
0.05
0.04 = = 0.0
50 mA variation )
0'03g g 2 °© 5 B 8 & g 8 3 88 e T A A ™ " S+ M+ M S Y P
Temperature (C) Temperature (C)
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