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TPS50601A-SP Worst Case Analysis Unencrypted PSpice
Average Model User's Guide

This user's guide is intended to demonstrate use of the average Pspice model for the TPS50601A-SP
synchronous buck converter. Instructions on importing the unencrypted model netlist into Cadence
Pspice® are also provided. The first half of the guide outlines the modeled parameters and specifications
and the second half of the guide addresses how to simulate the modeled parameters.
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1 TPS50601A-SP WCA Model Specification

The netlist file (TPS50601A-SP_AVG.LIB) contains the average model of the device TPS50601A-SP. The

model incorporates the following parameters:

» Frequency response (Phase Margin, Phase Margin Crossover and Gain Margin)

» Reference voltage

These parameters are modeled over the full military temperature range, —55°C to 125°C, as well as over

the rated Total lonizing Dose from 0 to 100 krad(Si). Monte Carlo analysis can be performed with the

model to include device-to-device variation and changes in supply voltage.

Monte Carlo analysis models device variation for the following parameters:

* TOL_GMea - This parameter is the transconductance tolerance (%) of the error amplifier.

 TOL_GMps - This parameter is the transconductance tolerance (%) of the power stage.

» TOL_Vref - This parameter defines the tolerance (%) of the reference voltage.

The default tolerance values are set based on design simulations. The user has flexibility to change these

values.

There are two additional variables that need to be set based on the use case:

e L - Output inductor value.

» FS - Switching frequency of the device.

Environmental parameters like TID and operating temperature can also be adjusted.
2 Default Parameters

The default model parameters are as follows:

* FS - Switching frequency: 100k

* L -Load inductance: 4.7 u

» Tol_GMea - Error amplifier tolerance (%): 11.52

» Tol_Vref - Reference voltage tolerance (%): 0.3

e Tol_GMps - Power stage gain tolerance (%): 5.58
e TID - Radiation exposure (krad(Si)): 0

2

TPS50601A-SP Worst Case Analysis Unencrypted PSpice Average Model SLVUBT1A-October 2019—-Revised June 2020

User's Guide Submit Documentation Feedback
Copyright © 2019-2020, Texas Instruments Incorporated


http://www.ti.com
http://www.ti.com/feedbackform/techdocfeedback?litnum=SLVUBT1A

13 TEXAS
INSTRUMENTS

www.ti.com Example of using model with Cadence Pspice (17.2.0)

3 Example of using model with Cadence Pspice (17.2.0)

3.1 Creating a part from the netlist file

In order to run a simulation, the netlist file must be used to create a part that can be used in the
schematic.

1. First, open the "Model Editor" Application.

& TestStand 2014 (32-bit) Legacy Model Switcher
"{_"G TestStand 2016 (32-bit) Legacy Model Switcher
Documents (252)

. Model Plugin - Basic Step Time Report
. Testing UUTs in Parallel - Parallel Model
Testing UUTs in Parallel - Batch Model

Sticky Notes (Windows Sticky Notes) (1)

*) Remove temperature dependency of model,
Files (43)

07| POL6A_data_for_model_with_mul_factor

. TINA models
0| POL6A_data_for_model

- See more results

| Shut down | ¥ |

2. Then select File — Open and choose the netlist file (***.lib).
3. Once the netlist opens, select File — Export to Part Library...

tps50601a-sp_avg_Demo:TPS50601A-5P !!E - E Madel Editor -

&GN Edit View Model Plot Tools Window Help

i L Mew Cirl+N
= QOpen... Ctrl+0
M Close = 'SUBF{
p & Save Ctrl+S me ; UEAG
Y Saveds. G Us &
\ Print.. Ctrl+P G _Us_ 2
1 v_Us_v
R U5 R
0 Page Setup... E US &
¢ = £ U5 4
d Export To Part Library.., i E\’_EV
q odel Forevvizard... G_US_A
1 I Encrypt Library + V(D
+ /(ke
[ 1 tps50601a-sp_avg_Demo E US &
2 tps50601a-sp_avg_Demo G:US:A
3 D:ATharun\..\tps50601a-sp_avg X Us H
4 D:\Tharun..\tps50601a-sp_avi X 05U
2 =it R D_US D
5 D\ Tharun\..\Test\R_tol_test o U5 D
6 tps50601a-sp_avg_Soliton X:US:-I
= c_Us_C
xit £ U5 4
R U5 R
V_TYE._J
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3.2

4. The Create Parts for Library dialogue box will open. Click "OK" to generate the part library in the
default location. This will create a ***.olb file with the same name and location as the netlist file.

Steps to create project in Capture®

The following steps explain the procedure for creating a project in Capture and adding the part created
from the netlist:

1. Open the Capture application from Cadence - v17.2.0 or above.
2. Click on File — New — Project.

3. Enter a project name and location, choose PSpice Analog or Mixed A/D from the options, and click

IIOKll
New Project Li—&J
G
Create a Mew Project Using

@ PSpice Analog or Mixed 4/D Tip for Mew Users

Create a new Analog or
Mixed A/D project. The

%i

- ~ PC Board wizard new project may be blank
or copied from an existing
template.

() Pragrammable Logic wizard

kel <d

i

J () Schematic

Browse. ..

4. Once the Create Pspice Project dialogue box opens, select the "Create a blank project" option and
click "OK".

Create PSpice Project [é]
() Create bazed upon an existing project
zimple. opj Browze. .
@ Create a blank project]

5. A new project will be created and the project window will open. Right click on the Library folder and
select "Add File".

Start Page |[EH] TPS50601... PAGE1

£ File | %5, H
=0 {Design

Mtps50601a-sp.dsn

- Outputs Add File

w-C1 PSpice Resources

Part Manager
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6. Choose the ***.0lb file that was previously created, add to the dialogue box, and click "Open". This will

add the part symbol to the project.

Recent Places

Desktop

w=ll
Libraries

Computer

‘:‘g - 1

Metwaork

File name: TPSE0R01A-SP_AVG

BE] Add File to Project Folder - Libra X
j ry
Loak in: | MetList - @ ? w mv
I Mame ’ Date modified Type
che & TPS5060LA-5P_AVG 3/19/2018 4:26 PM

Files of type:

| Capture Libraries " ob)

’ Cancel ]

)

3.3 Creating the schematic in Capture

The following steps explain the procedure for developing a schematic in Capture using the part created

from the netlist:

1. Open PAGEL1 under the SCHEMATIC1 folder below the .dsn file.

£ File |E€, Hierarch_l,l|

HERAATICL
@--E0 Design Cache

BCI Library

=1--£0 iDesign Resources:

------ 1 Outputs
m--E0 PSpice Resources

- [BB) -\netlist\tpsS0601a-sp_avg.olb
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2. Select Place — Part to open the Place Part window. Click on the square icon shown in the following
image to add libraries to the project.

Place Part g T X
- ae
1 "L N

Part List: T B

0402C5-10N/COILCRAFT A -

0402C5-11NACOILCRAFT K .

0402C5-12M/COILCRAFT L I

0402051 3N ACOILCRAFT

0402C5-15N/C0ILCRAFT 1 4

040205 16N ACOILCRAFT

0402C5-18M ACOILCRAFT A Y

0402C5-13N/COILERAFT 2
Libraries: @ % E}
T L&)
[ px
Packaging % C[}
Partz per Pka: 1 ’ﬁ[‘\‘g C_[%
Part:
- A dx

3. Select all default library files of PSPICE from installation directory and click "Open". (Default Location:
“C:\Cadence\SPB_17.2\tools\capture\library\pspice”) Note: This step can be omitted if the default
libraries have already been added to Capture.

4. In the Part search window, type “TPS50601A-SP_AVG” and select the model.

Place Part v x

| 2 a
o TPSE0EN1A-SP_AVG l 3"\‘
Part List: T e
CCM_UE_H1 " o
CCM_LIS_HZ2 — 4 abe
CCM_LIS_H3 i =
[l =
\TE : 1+
1
TPSE06014-5P_AVG_H2 i Mas
VARICAP - 1
Libraries: % E)
Cls
TH1 a =
THYRISTR
[ px
. b oy
FPackaging r{'@ Cﬁg
Partz per Pk 1 _
TN %
Fart:
bc
Type: Homogeneous /L[é E [+]
=
@ Mormal Carwert
Search for Part
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5. Double click on the part in the Part List window and place it by left clicking the cursor on the PAGEL to
place the part. Once the part is placed, the symbol can be edited by selecting the part, right clicking,
and choosing "Edit Part".

Mirrer Horizontally
Mirrar Vertically

Mirror Both
Rotate
Edit Properties...
i T oomr o .‘m’
mZ1E0 ™ bportFRGA
O—a— 55 TR .
\O—— BYNC Show Footprint
O—s— AT . .
‘O— FWRGD Associate PSpice Model
o IR TEl Edit PSpice Model
‘O—g| FAD
1{O—— PGND_&5E
{0— PGNC1
Loty
Link Database Part Ctrl+L
View Database Part.. Ctrl+D

6. The part can be resized and pins can be moved to more convenient positions by clicking and dragging

them.
1C~UJ -
12

™ComMP  PGND. 2

2 | EN PH_ O |13

— 3 Iss TR PH 1 14

q:»smc PH 2 19

— RT PH_3 16

6 | PWRGD = PH_4 |11~

7 | REFCAP  PVIN_O |18

8 | aND PVIN 1 |19

—3 1 pAD VIN |20

10 | peND 0 - VSENSE |21
11| paND_1

TPS50601A-SP_AVG

7. After editing the part, close the tab to save changes. Choose "Update Current" in the pop-up.

Save Part Instance

wiould pou like to update only the part ingtance being currently edited, or all
patt instances in the design?

Update Al Dizcard Cancel Help
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8. Multiple controllable parameters are present in the model, which can be varied to analyze the model
functionality. The default values for these parameters can be found in Section 2. To enable easy

access to these parameters, make them visible by double clicking the part. The following window will
then appear:

A
SCHEMATICH : PAGE1
Color Default

Designato,

g FS

Graphic

]
Implementation

Implementation Path
Impl

L
Location X-Coordinate
Location Y-Coordinate

Name
Part Reference
PCB Footprint
Power Pins Visible
Primitive DEFALULT
PSpiceTemplate KYDREFDES %G COMP SeEN
Reference u1
Source Library DATHARUNISPICE TPS[]
Source Package TFRES0601A-5F_AVG
Sour2 Part TESS06014-5F AVG.Norm
TIDY 0
Tol_GMea 11.52
Tol_GMps 575
Tol_Vref 0.3
Value eSS TSP AVG

9. Select all the parameters highlighted above and click the "Display” button. In the pop-up, select "Name
and Value" and click "OK".

[ Start Page ][mwssusu 1j[@ PAGE1* SCHEMATL.*

1~

[New F'roperty...] [ Apply l] [Display____j\ Delete Property] [ Pivat

] Filker by: | < Cunrent properties »

A - - 3
SCHEMATIC1 : PAGEn: | DisPlay Properties ==
Color Defautt Name: Font
Designator ik Anial 7
FS 100K
Walue:
Graphic TPSS0601A-SP_AVG. Norma Use Default
2 Digplay Format
Implementation TPS50801 A-SP_AVG . ) Calar
Implementation Path ] (2 Do Not Display —
Implementation Type PSpice Model - -
L 47U .
Location X-Coordinate 280 Gt ]
Location Y-Coordinate 300 - - ] @ 0° 180
Name EEd () Both if Value Exists o ant 270
Part Reference U1 ) Walue iV alue Exists
PCB Footprint Tent Justification
Power Pins Visible 1 Defaul -
Primitive DEFAULT
PSpiceTemplate KYNDREFDES %GND YEN %
Reference U1
Ok C | Hel
Source Library | D\ THARUMSPICE TRS[ ] | [ Caneal | | ch |
Sonrce Packane TRESNRMA-SRP AV b
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10. Now, the part must be associated with the netlist. Select the part, right click, and choose "Associate
Pspice Model".

Mirror Horizontally

Mirror Vertically

Mirror Both

Rotate

Edit Properties...
Edit Part

UV AT Export FPGA
C——| COMF PGND

EN FH
O]

o3 Show Fogtprin
D—._‘— 25,‘-{5‘ ;: Associate PSpice Model g
o Eeen El Edit PSpice Model

;
;
{O—g— REFCAPFVIN

C—g— GND * FVIN

B—yg| FAD \

D7 PEMD_¥SEN

iB——— PGND_1

: Link Database Part Ctrl+L
View Database Part.. Ctrl+D

11. Two pop-ups will appear to confirm the operation. Click "Yes" for both.

Associate PSpice Model l I

QUESTIOM(QRSCH-1242): This will save your entire design including
! . schematic pages in their current state. Do you wish to continue?

ve || me |

Associate PSpice Model l I

QUESTION(ORSCH-1241): Attaching new implementation te part Ul
! % will overwrite existing implementation TPS50601A-5P_AVG. Do you
want to continue?

ves || Mo
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12. In the Associate Pspice Model dialogue box, choose the netlist file (***.lib), select the model, and click

IModel Library

"Update All".

' Associate PSpice Model =
To associate a PSpice model, specify a model library, and then select a model from the list in the left pane. Complete the model
association by mapping the symbol pins to the appropriate model terminals.

D:ATharun\SPICE TPS50601A-SP\ser Guide\tps50601a-sp_avg.lib | Browse |

Show matching madels 1Show all models

Matching Models

i

TPS50601A-SP_AY

: PH 1 PFH 2

V_Us_Vi
. US_REMIIL
V (U5_DCX)

J5_CLEN 2

-

Maodel
Symbol Pins
COMP
EMN
35_TR
SYNC
RT
PWRGD
REFCAP

Show symbal Show invisible symbal pins

Model Text

.SUBCKET TPS5508012-5F AVG COMP EN 55 TR SYNC RT
PWRGD REFCRP GND PAD PGHD

+ PH 3 PH 4 BVIN 0 FVIN 1 V

0 TJ5_M14480023 VRLIUE {

0 PEND_1 EGND_2 FE O

J VSENSE
Vdc

Mapping
Maodel Terminals

COMP

EN

S5_TR

SYNC

RT

PWRGD

REFCAP

| Update Selected || Updats All ||

Cancel

Help |

13. A pop-up will appear with successful update message. Click "OK".

Associate PSpice Medel

2|

B INFO
" successfully to part(s) UL,

(ORSCH-1243): PSpice model TPS50601A-5P_AVG attached
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14. Add the remaining components to complete the schematic as shown in Figure 1.

L1 -
GND FH_O iy e, VoUT, VOUT
2 12 Bm 4.Tu
EN FH_1 R . 1z
e PH2 |2 3m 100k
END evne FH_Z 4 l
5., 15 G4 — 3
T e T foon 60 1
FVIN_D REFCAP ——— — L s RZ z RE
VIN T 1 e " 17 = 1 cs
VIl L . PVIN_ VSENSE - . 5 e 0 . Ok T o &23m
g oL FGMD_O COMP — —_—
R 3 13 Wi
T —| PEND_1 85.TR — A1 Wag
_L”'\l‘ 9l eenpz - PwRGD 4708k OV de
=0 FED [ ShD e
TPSGE01A-SF_AVG :-:_D =0
FS = 100k
L=4Tu
TID=0
TOL_GMEA = 11.52
TOL_GMPS = 5.75
TOL_VREF =0.3
Figure 1. Model Schematic
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4 Simulating the Model

4.1 Monte Carlo Analysis of Output Voltage

1. Create a new simulation profile by clicking on PSpice — New Simulation Profile and give it a name.

BT el TLIVEMU LG L - T L]

w  Tools Place SIAnalysis

O3 4 4 08
Wiew Simulation Results

View Qutput File

Create Metlist

Options

F11
Fl12

Window Help

=
£

- [ A [ b
1A... [ PAGEL ][ Y View Netlist PAGE1
5 I

Advanced Analysis L4
Markers L4
Bias Points 4

Acs =1

tol_gmes = 11.52

LRI
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2. Set the parameters based on the image below using the following settings:

Analysis Type - DC-Sweep

Primary Sweep - VIN (Input Voltage) from5V to 5V
Monte Carlo - 500 runs with Gaussian distribution
Output Variable - V(VOUT) - Output Voltage

i ' Simulation Settings - demo_test

Configuration Files
#  Primary Sweep

Cptions Secondary Sweep

™% Monte Carlo/Worst Case >

Farametric Sweep

Data Collection

F.Y

Probe Window
Temperature (Sweep)

Save Bias Point

General ‘ Analysis TypeY Sweep Variable
DC Sweep .
Analysis . “Yoltage source Mame: @
Options: Current source Model type:
Configuration Files .
: #  Primary Sweae Global parameter Madel name:
Options Secondary Sweep Model parameter Parameter name:
Data Callection ¥ Monte Carlo/Warst Case | D Temperature
Probe Window Parametric Sweep Sweep Type
Temperature (Sweep) Start Value:
Save Bias Point Linear End Value:
Load Bias Point Logarithmic Decade Increment:
Value List
| OK || cancel || Apply | Reset || Help |
B ' Simulaticn Settings - demo_test l&
General Analysis Type: Monte Carlo
_ DC Sweep Waorst-case/Sensitivity
Analysis
Options: Monte Carlo Options

Number of runs:

Use Distribution:

‘Waorst-case/Sensitivity Options

500

Gaussian

Random number seed:

Save Data From: All

| Distributions... |

[1.32767]

runs

“ary Device that have both DEV and LOT tolerances
Load Bias Point
Limit devices to type(s)
Save data from each sensitivity run
| MC Load Save ... | | More Settings ... |
[ oK || cancel || Apply | Reset || Help |

3. Set the random seed number for Monte Carlo within the range shown to the right of the entry box.
4. Run the simulation by pressing F11 or PSpice — Run.
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5. Wait for the simulation completion in the console window of AMS Simulator.

| INFO[ORPROE imulatjon Profile: Published 64.DC_Sweep| | 2l

Kl IMFO[ORPROBE -31§4]: Simulation running... Xl

The simulation can be performed at various temperatures by selecting temperature sweep in the
simulation profile and setting the temperature values in ascending order.

B ' Simulation Settings - Test_Bias I&J

General Analysis Type: Run The Simulation at temperature: degree Celsius

o DC Sweep Repeat the simulation for each of the temperatures:
Analysis .

Options: degree Celsius

Canfiguration Files - ) . Enter a list of temperatures, seperated by spaces.

) Primary Swee For example, 0 27 125
Options Secondary Sweep
Data Collection #| Monte Carlo/Worst Case
Probe Window

Load Bias Point
OK Cancel Apply Help

The output windows come up once the simulation is completed. The results window shows the histogram
of the output voltage (V(VOUT)) with Monte Carlo analysis. The mean, sigma, min, max, etc. are
displayed at the bottom of the window.

2.512
uquouTy

nedian = 2.51256 maximun = 2.5280
98th %ile = 2.52177 3xsigma = 0020811

100 = 2.51288 nininun = 2.59721

n samples =
= 5.08680367 10th %ile = 2.56u67

n divisions = 10

Figure 2. Output Voltage Monte Carlo Analysis
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To analyze other nodes, click on Trace — Add Trace.

488l pyplished_6A-DC_Sweep_Monte_Carlo - Allegro PSpice Simulator - [DC_sweep_Monte_Carlo (active)] N
B File Edit View Smulation Plot Tools Window Help Eg
g~ = Y = L. Add Trace... Insert [ Published F4-DC_Sweep_t

Delete All Traces  Ctrl+Delete

QAR QR a b @

« Perfermance Analysis...

Cursor

Macros...

Meazurements...

.Hl
g=

%= Evaluate Measurement...

2

This will bring in another pop-up with the netlist present in the schematics. Select the desired trace and
click "OK". The histogram of the selected node will be updated.

Add Traces

Simulation Dutput ' anables Functions or bacros

-~ &
IC11:1) Analog

I[C12) o
I[E12:1) Diigital
I[C13)
IIC13:1)
I[C14)
I[C14:1]
18]
I[CE:1)
I[Cinj) ;
I[Cinj:1] Maize [v&/Hz)
1]
I1:4]
IIL2)
I[L2:1)
I[Linj)
I[Linj:1]
I[R13)
I[R13:1)
I[R1E)
IIR1E:1) ) }
IIR22) BRY variables listed
I[R22:1)

Full List

| Vaoltages
| Currentz

| Power

| Alias Names

Subcircuit Modes

Trace Expression: [ QK. l |Eancel| | Help |
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4.2 Frequency Response Analysis

1. Create a new simulation profile or edit an existing simulation profile by clicking on PSpice — Edit

Simulation Profile.
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2. Set the parameters based on the image provided below using the following settings:
e Analysis Type - AC-Sweep
« General Settings - Set start and end frequency, number of points per decade, and sweep type
¢ Monte Carlo - 500 runs with Gaussian distribution
e Output Variable - V(VOUT) - Output Voltage

a Simulation Settings - TID_TEST
General <; Analysis Type: AC Sweep Type
AC Sweep/Noise i Start Frequency: 10
Analysis a e
Options: End Frequency: AMEG
Configuration Files )
{ ¥ General Settings Points/Decade: 10000
Opfions Monte Carlo/Worst Case “Noise Analysis
Data Collection Farametric Sweep Enahbled Output Voltage:
Probe Window Temperature (Sweep) IV Source:
Save Bias Point Interval:
Load Bias Point ) Output File Options
Include detailed bias pointinformation for nonlinear controlled sources and
semiconductors (.OP)
| OK | cancel || Apply | Reset || Help |
B ' Simulation Settings - Test_Bias - & &J
General Analysis Type: < IMonte Carlo > Enable PSpice A 4-piigglin legacy
_ AL Sweep/Noise FCase/Sensitivity Cutput Variahlel @
Analysis

optons: _orte Caro Cptons

Canfiguration Files @ General Setings Number of runs: 100
Options mﬂj@ Use Distribution: Gaussian | Distributions... |
Data Collection Parametric Sweep Random number seed: a748 [1.32747]
Brobe Window Temperature (Sweep) Save Data From: All runs

Save Bias Point . Worst-case/Sensitivity Options

Load Bias Foint Vary Device that have both DEV and LOT tolerances

Limit devices to type(s)
Save data from each sensitivity run
| MC Load Save ... | | More Settings ... |
| oK || cancel || Apply | Reset | Help |

3. Run the Simulation by pressing F11 or Pspice — Run.
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4. Wait for the simulation completion in the console window of AMS Simulator.

INFO[ORPROBE-315

42.1 Analyzing Frequency Response with Bode Plot

1. To view the frequency response as Bode plot, click on Trace — Add Trace.

Sirnulation Plot Tools Window Help %

Insert
All Traces  Ctrl+Delete

##* Fourier |

Peformance Analysis...

Cursor 4

Macros...

Measurements...

7= Evaluate Measurement...

2. This will bring in another pop-up with the netlist present in the schematic. Select the following options

to get the Bode plot.

Add Traces
Simulation Output Y ariables F ik
Plot Window Templates W

Y(L1_VREF) ~ 3dB BandWidm - band pass [muli-mn][1 A
VU1 WREF_TOL] olod 2dB cut-off frequency - High pass [mult
WIV14:4) Digital 3dB cut-off frequency - Low pass [multi-
W4 Admittance(1.2)

WIWIN] 7 Average(1)

YVING+) VeelEm=s Bode Plot - dual Y axes(1]

VN!N:-] [ Currents Bodz Plot - separate(1)

w] Fower

W1[C17) f Current Gain(1.2)

VIICT4) Hoise [V¥/Hz) D'C Curent Gain(1.2]

W1[C15) 7 A0 DC Woltage Gain(1.2)

e Aliss Names Derivative[1]

W1 [Cinj) P Falltime of Step Responze [multi-run](1]
YIL3) Subeiicuit Nodes | b5 o i [l 1)

W1 [Linj) Fourier Transform(1)

WI[R13) Impedance(1,2)

W1[R16) Integrall1]

WIRZ22) Log-Linear(1)

V1[R23) LogLag(1]

W1RC3) - : Myquist Plat(1]

Y1(RCH) 460 variables listed v
W1 U1.ABM3) v < >
Fuill List
Trace Expression: | Bode Plot dB - separatel Py OU T Cancel Help
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3. Use the cursor to evaluate the plot.

20Hz
- P(U(UOUT))

100KHZ 300KHZ

Figure 3. Frequency Response Bode Plot

42.2 Analyzing Frequency Response with Histogram

1. Select Trace — Performance Analysis. A pop-up will appear. Click “OK”.

= SCHEMAT
& File Edit View Simulation Plot Tools Window Help Bg
EREA = 2 = b~ Add Trace... Insert [
W & |
#% Fourier

Performance Analysis...

LTS
DA Macros...

Measurements...

= 7= Evaluate Measurement...

2. Right click on the plot area and click "Add Trace".

3. Copy the expression PhaseMargin(DB(v(vout)),P(v(vout))) into the Trace Expression field and click
"OK". The histogram will be displayed in the trace window.
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PhaseHargin(DB(V(VOUT)),PCUCUOUT) )}

n samples = 100 n divisions - 18 = 3.26201 mininum = 225884 16th %ile = 238.815 median = 235.806 98th %ile - 238.089 maximum = 241.817 38xsigma = 0.78603

Figure 4. Frequency Response Histogram
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