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Introduction

- Generating DC/DC Converter Bode Plots with LTspice Frequency Response Analysis (FRA) tools
« Using the FRA device
« Using the FRA Probe

4 FRA Device h 4 FRA Probe )

==l
|-

@1

=]
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How To

-RA

IN s
Vi
c5

2] |m
R1
17.8k
c1
in

INTVcc
Vin BST-
EN/UV sSW
u1
Bias FB
Mode Vc
LT8642S
Rt Clkout
TR/SS PG
GND

sw

FB

vc

Right-click FRA device

@1

L1
i . . our
e @1 c3
. 220p
X2
R6 |C2 i
100k |55,
-
RS .
30.1k | o R4
: 100k
47p
in

.tran 1m startup
.fra startup
®

‘Rload

0.12

F(0dB) = 50.0113KHz, Phase Margin = 69.8134 degrees
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100KHz

FRA device settings

y

Analysis Type

@ Gain vs. Frequency O Impedance vs. Frequency

Help Me Configure This for a Switching Regulator

Stimulus Frequency

Start at Frequency[Hz]*:

End at Frequency[Hz]*: ‘

4 points per octave (13.3 points per decade) ~

Coarse Steps up to Frequency[Hz]: ‘

Add These Specific Frequencies[Hz]: ‘

Max # of Simultaneous Harmonics:
Stimulus Amplitude
PPO[V]:

V(pp0) pp1[V]: ‘
V(pp1) Fo[Hz]: |
Fi[Hz]: |

General

Start Analysis at Time[sec]:
Minimum Analysis Time At Each Frequency [sec]:

Stimulus Settling Time At Each Frequency [sec]: ‘

Intermediate Node Name:

Disable This Analyzer [ |
Calculated Duration (Simulated Time): 15.0813m sec

OK Cancel
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What does the FRA Device do?

- Transient Simulation . Perturbation is measured at FRA nodes
« The FRA component injects sinusoidal stimulus . Bode plot is extracted by Fourier analysis

@ > 32dB 120°
>8dE gain_1: F(0dB) = 15.8074KHz, Phase Margin = 90.628 degrees 150
m 24dB 1100
20dB— —105°
16dB— —100°
120mV 12dB— - 95°
tzzt 8dBH L 9ge
60mV-| 4dB- - 85°
:::i 0dB - 80°
4omv -8dB— - 70°
sy -12dB— - 65°
-16dB . —— . —— 60°

ms  0.3ms ms  0oms 12ms 15ms 18ms 24ms 24ms  27ms 1KHz 10KHz 100KHz

Time Frequency
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What does the FRA Probe do?
4-terminal Frequency Response Analyzer Probe to be used in conjunction with the FRA Stimulus
« Enables Bode plots of any part the loop
« Simplifies analysis of pModules with integrated top feedback resistors; negative outputs; and current feedback
- - . Vin Vout » . - " i v
I+ O+ LT L e T
ni’ J;gp _,1\:;_ ENJUV . Q'*’mm( 10p c""249k I"-‘P I39P i {3.3/1.2}
N \\‘ “Sync L.r . a1 E
]_‘:H77mss TR/SS FB «;.J:__‘m I .
:'; LTM8074 o768k 1= 0=l :i{}:;.sk
AN B e GND [ﬁﬂ@l .
(1] I— 0— [ s | =
.options trtol=4
.fra startup
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L Tspice FRA: Step-by-Step How-To

3. Initial FRA setup

4. Inspect the FRA
transient waveforms

1. Investigate and 2. Break the loop
/1\'/
NN

7 |

prepare the circuit

5. Initial Bode 6. Optimize the
Analysis stimulus

~ | £
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8. Speed up the
analysis

7. Extend to more
frequencies

'UUUu
AVAVAY
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la. Investigate and Prepare the Circuit—Basic

Explore Basic .tran Startup

V:::/ } \: c5 L1 /
15\;} J;w EN/UV o sw [ SW ;T;:“ » I OUT
3 “Rload
Bias FB FB\ liZzﬂu iu.n
e 4 .-\f“‘ns c2

- 100k
Mode ve| Y€ J ) 47p
RS

3

G R1 LTB6425 < 11k R4

AN — Rt Clkout '

Y =~ 100k

17.8k Ca ;
R, Esop e

=21 Tr/ss PG < .tran 1m startup
ki) GND

Plot and examine
« Switch node
« |nductor current

« Qutput voltage

0.1ms 0.2ms 0.3ms 0.4ms 0.5ms 0.6ms 0.7ms 0.8ms 0.9ms
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1b. Investigate and Prepare the Circuit—Improved

Explore .tran with Faster Startup

/

ouT

INTVcc
L Vin BST
Vi
cs
100 EN/UV
12 J: o
Bias
Mode
R1 LT8642S
Rt Clkout
17.8k
c1
G325 r/s8 PG
<Ll GND

R4
100k

Jo

Changes to

speed-up startup

.tran 1m startup

.ic V(OUT)=1.1 V(S5)=3.3

.options trtol=3

Rload

Consider speeding up the startup

« Add initial conditions, reduce soft-start cap

« Tryhighertrtol

Make note of

« Timerequiredto settle to steady-state
(~80ps in this example compared to 550us previously)

- Final output voltage (~1.2V)

« Switching frequency (~2MHz, not shown)

8 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.

0.1ms

0.2ms

0.3ms

0.4ms

0.5ms

0.6ms

0.7ms

0.8ms
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2. Break the Loop

Incorrect Bk

Correct

9 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.
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Criteria

« Interrupt all feedback paths

« FRA component must point from lower impedance (flat side) to
higher impedance (pointy side)

This requires engineering

« LTspice does not know the correct placement

« Many circuits have multiple places where the loop can be broken—
if in doubt, try two places and compare the results (adjust the
stimulus amplitude appropriately)

More examples near the end of this presentation



3. Initial FRA Device Setup—Start Small

Wﬁequency Response Analyzer - @1

Analysis Type
@ Gain vs. Frequency O Impedance vs. Frequency

Help Me Configure This for a Switching Regulator

Stimulus Frequency
Start at Frequency[Hz]*: 10k

End at Frequency[Hz]*:
0.5 points per octave (1.66 points per decade) v |
Coarse Steps up to Frequency[Hz]:
Add These Specific Frequencies[Hz]: |:|
Max # of Simultaneous Harmonics:

Stimulus Amplitude

PPO[V]: @
pPLLVI:
FO[Hz]: /—‘
PRl

Start Analysis at Time[sec]: Tm
Minimum Analysis Time At Each Frequency [sec]: 50u ‘
Stimulus Settling Time At Each Frequency [sec]:
Intermediate Node Name: ‘

Disable This Analyzer [ ]

V(pp0)

V(pp1)

General

Calculated Duration (Simulated Time): 1.29781m sec

OK Cancel

] O Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.

Start with just two or three frequencies

« |f you have anidea of the loop bandwidth,
try Fstart =fy;zg+8and Fend =2« fy 3

« If you don't have a clue about the bandwidth,
try Fstart =fg,, + 160 and Fend =fg, + 10

« Setresolution to 0.5 points per octave

Start with pp0 =1%~2% of common mode voltage

« Constant frequency parts tend to tolerate more stimulus than COT, boundary
mode, etc.

« 100~200 switching cycles is a good starting point

ANALOG
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4a. Inspect the FRA transient waveforms

Plot and Examine
« Voltage at both FRA terminals, and the difference

. Inductor current

- Compensation pin voltage (if external)

INTVcc
BST# /—
L1 -
sw3W out
U1 0.3p /. l
e1 7 c3 Rload
B | FB 220p 0.12
X2
LT R6 __CZ
100k |,
ve | Y€ 22p
R5
LT8642S 30.1k
Clkout y 6
ca
B
220p
PG .tran 1m startup
GND fra startup

11
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1.2V-
1.120ms

1.128ms

1.136ms

1.144ms

1.152ms

V(out)

1.160ms

1.168ms

1.176ms

1.184ms
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1.192ms 1.200ms



4b. Inspect the FRA transient waveforms

Ideally, sinusoidal pattern should be evident and symmetric

« Look for signs of non-linearity, which would indicate stimulus amplitude too large

- Note that there are discontinuities when the frequency changes - these are expected

1.33V:

0.98V

0.63V
300mV

omV

Bad
too much %’V

10A

stimulus
4A

-1A
1.8V
1.5V
1.2V
0.9V
0.6V

V(out)-V(fb)

NN

1.404ms 1.422ms

1.440ms

1 2 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.

1.458ms

1.476ms

1.362ms

1.374ms

1.386ms

1.398ms

1.410ms

—LLL

1.422ms
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b. Initial Bode analysis
Find fy e

Adjust Fstart and Fend
« Fstart=fy,z+8
« Fend=2+fy 5

Re-run FRA

1 3 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.

e

F(0dB) = 61.6527KHz, Phase Margin = 59.4462 degrees

T0KHz

90KHz 110KHz
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Analysis Type
@ Gain vs. Frequency O Impedance vs

Stimulus Frequency

onse Analyzer - @1

Help Me Configure This for a Switching R

Start at Frequency[Hz]*:

End at Frequency[Hz]*:

0.5 points per octave (1.66 points pe
Coarse Steps up to Frequency[Hz]:

Add These Specific Frequencies[Hz]: .

Max # of Simultaneous Harmonics: -

Stimulus Amplitude

V(pp0)

V(pp1)

General

Minimum Analysis Time At Each Frequency [sec

Stimulus Settling Time At Each Frequency [sec

Calculated Duration (Simulated Time): 1.2978

PpO[V]:
pp1[V]: 6m

o
Filre):

Start Analysis at Time[sec]

Intermediate Node Nam:

Disable This Analyz:

14
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6. Stimulus amplitude (Rule of Thumb)

Specify frequency dependence

Need more signal at lower frequency due to high gain

Need less signal at higher frequency to avoid

non-linear effects

A good starting point is:
« pp0 =V, + 25~50
* ppl=pp0+4
.« FO=fyus+4
* Fl1=fggs

ANALOG
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7. Add more frequencies

&7 Frequency Response Analyzer - @1

Starting frequency ~f, 5+ 10

Analysis Type
@ Gain vs. Frequency O Impedanc

« Lower Fstart leads to longer simulation time.
Help Me Configure This for a Switchi

« Usually Fstart = fy,5+10~20 is sufficient.

Stimulus Frequency

Start at Frequency[Hz]*:
End at Frequency[Hz]*: 600k

3 points per octave (10 points per decade) K7 ‘

Coarse Steps up to Frequency[Hz]:

Add These Specific Frequencies[Hz]: l

End frequency ~10 « f, 5

vy

Specify Fcoarse =2 « Fstart

Max # of Simultaneous Harmonics: l

Stimulus Amplitude

V(pp0)

V(pp1)

General
Start Analysis at Time[se

Minimum Analysis Time At Each Frequency [se
Stimulus Settling Time At Each Frequency [se

Intermediate Node Nal
Disable This Anal

Note: The Simulation time will increase as we added more data points

Calculated Duration (Simulated Time): 4.

] 5 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.



Voila!

INfVcl:
i vin BST
Vi
I cs
\—> ~ | ENJUV SW
BTUE Y
7 Bias FB
+ Mode Ve
R1 LT86425
<:'\]—’ A/ — Rt Clkout
17.8k
c1
%S Tmyss PG
in GND

.tran 1m startup
fra startup
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JiS PP SPLL

F(0dB) =:62.3728KHz, Phase Margin = 66.2974 degrees

S L

..J"'.

o

parai™t

gain_1

Besassiaeds

Tt

100KHz
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8. Speed up the FRA simulation

[5’ Frequency Response Analyzer - @1 X

Analysis Type

© Gain vs. Frequency O Impedance vs. Frequency

Help Me Configure This for a Switching Regulator

Stimulus Frequency

Start at Frequency[Hz]*:
End at Frequency[Hz]*:

3 points per octave (10 points per decade) v
Coarse Steps up to Frequency[Hz]:
Add These Specific Frequencies[Hz]: |:|
Max # of Simultaneous Harmonics:

Stimulus Amplitude

ppO[V]:
PPL[VI:
FO[Hz]:
FilHz]:

Start Analysis at Time[sec]:

Minimum Analysis Time At Each Frequency [sec]:
Stimulus Settling Time At Each Frequency [sec]:
Intermediate Node Name: |:|

Disable This Analyzer[ |

V(pp0)

V(pp1)

General

Calculated Duration (Simulated Time): 1.96277m sec

>

] 7 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.

Increase Fcoarse (usually at least 2~3 « Fstart)

Increase max # of simultaneous harmonics (Nmax)
« Defaultis 1. Value of 2~4 can be quite beneficial.

« Note that this increases sensitivity to distortion = if increasing Nmax leads to
phase/gain anomalies, reducing the amplitude may help

« The SPICE log indicates which harmonics are applied simultaneously

Decrease minimum analysis time (Tavgmin)

« |f switching ripple is small relative to stimulus, less averaging is required
(perhaps 50~100 + fg,)

« Note that this only affects higher frequencies, so it's not worth making this too
small

Pay attention to the sim time as you make changes
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Presto!

Completed in 32 seconds Completed in 70 seconds

F(0dB) = 62.1759KHz; Phase Margin = 66.794 degrees

F(0dB) =:62.3728KHz, Phase Margin = 66.2974 degrees

___._:...--A.‘-.__

100KHz

100KHz

1 8 Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.



‘m '“.,‘ffu r-émw



https://www.analog.com/en/index.html
https://www.analog.com/en/index.html

ANALOG
DEVICES

Ex. 1: Analyzmg Inverting Output Requlators

Vin C2
I INTVee =
@ EN/UV INTVce Il F(0dB) = 11.2577KHz, Phase Margin 676 degrees

U1
— Sync BST

1“ L1
PG LT SW
2.2 @@1
C1

—TRSS! tRiss o i
100 LT8609
RI RT
Rt GND
18.2K
ic V(OUT)=-4.9 V(TRSS)=-1.6 V(INTVCC)=-1.6 -?rzt'ons trtol=4
» Connect the positive (0+, I+) terminals of the fraprobe across the , negative fraprobe

terminals (0-, I-) to the negative output

2 O Analog Devices Confidential Information. ©2025 Analog Devices, Inc. All rights reserved.



Ex. 2: Analyzing pModules with Internal Feedback

« Many yModules have integrated feedback components

21

- There is no way to break the loop outside the module!

LTM8074 Block Diagram

CURRENT
—— 0.2pF MODE
CONTROLLER
GND L
|
RUN
I
TR/SS
I
SYNC PG RBOT
I
RT
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Ex. 2(cont): Analyzing uModules LTM8074 FRA to

DEVICES

hardware testing

Vin Vout
I“ U1
4 7|l EN/UV CURRENT
1Meg PG — 0.2uF MODE
CONTROLLER
tsyne LY 3.30F
c7 FB
G |ﬂ TR/SS
1p
LTM8074
R3 .
Rt GND
18.2K

.options trtol=4
.fra startup

Solution: Place external feedback divider, scaling 100x the current through the
internal components

Configure the to stimulate the main loop

Connect the fraprobe to analyze the loop gain
22
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FRA: Bode Plot Agreeance L

» Circuit exported from LTPOWERCAD

= FRA Device/ FRA Probe configured per “FRA setup procedure” section




FRA: Bode Plot Agreeance AN

» Circuit exported from LTPOWERCAD

= FRA/FRA Probe configured per “FRA setup procedure” section

[r[ ( :} \}"71

probe_1: F(0dB) = 20.6349KHzZ, Phase Margin: = 73.6202 degrees




FRA: Bode Plot Agreeance

Gain

40 dB

30dB

20dB

10dB

0dB

-10dB

-20dB

-30dB

-40dB

1000 Hz

26

Spice vs CAD Comparison

10000 Hz 100000 Hz
Frequency
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80°
60 °
¥ —e—PCAD Mag
4+
£ —e—LTMag
40° —@— PCAD Phase
—@—LT Phase
20°
O o
-20°
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