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Goal: To learn how to EASILY analyze and design Op Amp
circuits for guaranteed Loop Stability using Data Sheet Info,
Tricks, Rules-Of-Thumb, Tina SPICE Simulation, and Testing.

Note: Tricks & Rules-Of-Thumb apply for Voltage Feedback
Op Amps, Unity Gain Bandwidth <20MHz
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ETE
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dB > A(dB) =20Log,,A where A =Voltage Gain in VIV
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1.3 5 328 IR FARTE -

* Roll-Off Rate - Decrease in gain with
frequency

* Decade = x10 increase or x1/10 decrease

in frequency. From 10Hz to 100Hz is
one decade.

» Octave = X2 increase or x1/2 decrease in

frequency. From 10Hz to 20Hz is one
octave.

B 1.3 EZEFFHLEEX

B (F. ) : roll-off rate (TFFEHE%E) W2 RS RN . decade (HEHITE)
M 10Hz #] 100 Hz ) —4* decade (+{&#if) ; octave (fZHHifs)
—™ octave (fE4FE) ;

A FE x10 H kg x1/10 Jk)S,
AR Fi x2 B hnakdz x1/2 98N, M 10Hz £ 20 Hz 4

LEHL I 25 U I b, 18 25 BE AR AR AL i B2k ) w8 k% +20dB/decade Bi-20dB/decade #Nekid . 5 — Rt
IR [FIRERLEL 1) )71 &34 +6dB/octave B -6dB/octave Hhnekid ) (2 WK 1.4)

PLUFHESEIEM] T 20dB/decade 5 6dB/octave 145551k -

AA(dB) = A(dB) at fb — A(dB) at fa
AA(dB) = [Aol(dB) - 20log10(fb/f1)] — [Aol(dB) - 20log10(fa/f1)]
AA(dB) = Aol(dB) - 20log10(fb/f1) — Aol(dB) + 20log10(fa/f1)]
AA(dB) = 20log10(fa/f1) — 20Log10(fb/f1)]
AA(dB) = 20log10(fa/fb)
AA(dB) = 20l0g10(1k/10k) = -20dB/decade

AA(dB) = 20log10(fb/fc)
AA(dB) = 20l0g10(10k/20Kk) = -6db/octave

-20dB/decade = -6dB/octave

PRl U«

+20dB/decade = +6dB/octave  -20dB/decade = -6dB/octave
+40dB/decade = +12dB/octave -40dB/decade = -12dB/octave
+60dB/decade = +18dB/Octave -60dB/decade = -18dB/Octave

Aol f1

80 —

-20dB/Decade

60 T e— ——
54 — e cm— —  — -6dB/Octave

40 —— |

A(dB)

20 ——

| |
1
0k 2

0 1k 1
Frequency (Hz)

K 1.4 (EEEIE: 20dB/decade = 6dB/octave

k 20k 100k 1™ 10M
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s> A SN AR R (R ek 2E 2D [ HA ¥ -20dB/decades, -6db/octaveRt R T RFAIRS . EM
FTE, WEESONEIRME A2 3dB. fEAHAL HhZk b, WS AESR R L AT -45 A o AR AEfR B I LA -
45°/decade I RSk 0°F1 -90°, Ak AT FHE 1.5 F T P RCARM M KRR -V BR S AR & i 5%

Wi LR T (BT R R 10 AR Ak IR AR (K] o

G\ f‘P
190 : /‘ = 0.707G = -3dB
Fﬁr(licltjiegn | Straight-Line Approximation
T | -20dB/Decade
-6dB/Octave
60 ——
J |
<
40 —— :
20 —— :
I
1 10 100 1k 10k 100k 1M 10M
' Frequency (Hz)
+90 —|— |
+45 —— |
g . +
0
oy
) Lo | } } } } }
D
10 100 1k 10k 100k 1M 10M
+45 _|
45/Decade
42 @1
90 —— :
o0

Bl 1.5 thai: BEm&iEE 5
BT SCBRERAC. TRl B,

A= VourVn
R
X100,000——— NN\ ———¢—= Vour
V|N I c
Single Pole Circuit Equivalentj
> Pole Location = f;
» Magnitude = -20dB/Decade Slope
= Slope begins at fp and continues down
as frequency increases
= Actual Function = -3dB down @ fp
» Phase = -45°/Decade Slope through fp
= Decade Above f, Phase =-90°
= Decade Below fp Phase = 0°
Frequency
(H2)
B P R SR B

W AL E =
% &= -20dB/decade #3}£k
- RIS AL TT U FFAR L BEAT A3 I %
- 25 %= -3dB down @ f,
A= -45°/decade R} FiE it f,
- folh [ 10 fESiFE b AR{ = -90°
- foLUT 10 i ATRR AR AR A = 0°

FTHD AAE SN AR R (RS thek) | H A% +20dB/decadenk+6db/octavesl F T Gl T K
B RS EFRDALE, MM ER AN 3dB. EANAL Lk [, N AR RS, AT +45° AR . MIALLES,
()93 L+45°/decadet FAR1E K 0°5+90°, #ZE pn K 1.6 AR 1) FARC il I 48 K R 7k o 1T 7 28 ) ARV

e B R T (ERART ) i 10 A5 SR AR A 1 o
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100 ——
80 ——
g ° | \+20dB/Decade
i% +6dB/Octave
<
40 —— r\
1.414G = +3dB StraightLine Approximation
(1/0.707)G = +3dB Adulal
20 —— ° Function
G
‘A
0 \\. | |
I | I i |
1 10 100 1k 100k 1™ 10M
‘ +90°
Fi Frequency (Hz) l
z
+90 —— 1
+459Decade
+45 |
w
g ® +#45 @1,
g 0 i | | | | Frequency
@ ‘ | | ‘ i i
10 100 1k 100k 1M 10M
+45 |
90 ——

TR HUNSE = 2 3 i VN

1.6 Fri: BAFHLIEE S

ES

» Zero Location =f,
» Magnitude = +20dB/Decade Slope

= Slope begins at f, and continues up as
frequency increases

= Actual Function = +3dB up @ f,
> Phase = +45°/Decade Slope through f;
= Decade Above f, Phase = +90°

= Decade Below f, Phase = 0°

BT R R A A R 1
%Zz'ﬁ’fjﬁ= fz
& & = +20dB/decade #}4;
- BHERIEITUR RSB AR 3 g b7
- PRk $= -3dB up @ f.
Hfr= +45°/decade} i it f,
- f,LA_E 10 fE450RE b AR A7 =+90°
- f,LUF 10 4R b A AL = 0°

FEPHFIR LI b, AR S M 25 e M s R . 1T x RO R RO B B, WOX A B fo v F R g LR
PEASG SR A R S SO R A R B RO . B 1.7 BRI OB T .

A (dB)

e

100 ——
fo=?
80
60 ——
40 ——
L <«—
20 ——
<« p >
S I L
1 10 100 1k 10k 100k ™ 10M

Frequency (Hz)

B 1.7 XA TS
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Log Scale Trick (f, = ?):
1) Given:L=1cm; D =2cm
2) L/D =Log,(fp)

3) f, =Log,,"(L/D) = 10LD)
fP = 10(LD) = 1Q(1cm/zcm) = 3 16

4) Adjust for the decade range
working within —
10Hz-100Hz decade >
fp =31.6Hz

5) L=Log,(fp’)xD
L =Log,,(3.16) x 2cm = 1cm
where fp’ = fp normalized to the
1-10 decade range —
fo=316>f'=3.16



1.2 ERTTAER

W E AR TG (f,=7)

1)  {&#% L=1cm, D=2cm
2) L/D=log1o(f,)

3)

4) R 1R I I T,= 31.6Hz
5 ety ok 1-10 |- (R
[, §,=31.6, f,=3.16

RZHO&TION AR R OCHE T A, R i, WP, Appemne DA F AT RuEE o a, el it

PATIXLESCHE TR “ EDWA

HFAsmtae

PE3 A (1 EDYHE TR U P 1.8 s

IN+ 5 IN- 3 2 [ /) 2 00 FL s SEARBOR A A5 0T e Ak H i A8 U

Y Voires  VoiredR G FUECRK(F) 7%, HAK(f) ﬁﬁé&?&’ﬁrﬂqﬂﬂﬁml CITPER 3 25
EEEVOE:}:E%LﬁKﬂ:H )L/}IL/J\ ;—%&EEJIEH %IKE.ROO HA, e 3 RO}:EI]ijOUT

AR ) .

H1 A5 21 1
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K 1.9 BEWHHEEE
1.10 & SUT FATHRE PE M7 10 A L AR, S = AR TAEX . 8 “HR” X, BAKEE L TIT
Bo £E T X, WANEE RS S. AEIX F 2R, A A SR I H B (BT 1/X e Bl

PRGN o B 11 Frzs (¥ SPICE 17 345 R s B AL AR R B AR AR IR DG R

DC < X, < Hif Hif X,

. A
O i O w T

OPEN ‘

frequency
controlled
resistor

X = 1/(2nfC)

110 EWHEAEHEE

200.00G
AM1 VR
DC X, {AF—1<
ver l crip

150.00G

" [XC(H=VR/AMT |

DC < X¢ < Hif =

Hi-f X¢

M 10M 100M

0.00 I \HHH‘ I \HHH‘ I \HHH‘ T \HHH‘ T \HHH‘
1k 10k 100k

1 10 100
Frequency (Hz)

B 1.11 BEWHEAHER SPICE /i &

w7 DX HUECRECR o R

1.12 58 ST TAZRRSE PE BT 9 W R, 8 =D TAEX . £E “Hi
7 BB ORI . AEIX A2 (A, HUBCRE RO O N SR P FL B CRHLBTX Bt A

. fF “RAT X
KIIRIND o K 1.13 FisFISPICE; FLE5 S 8 7 H B L B B Bt TR AR AL I O R o
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DC X, DC < X, < Hi-f Hif X_

v B o4 U
SHORT I OPEN
frequency

controlled
resistor

X, = 2rfL

B1.12 B EHERER

6.50M —,
1 AV
- +, _ r
{A) (M
: +
4.88M | \G1 L1 10H
T O =VCTAM
S 3.25M —|
j 4
X
e DC < X < Hi-f >
1.63M —|
Hi-f X,
0.00 [ \HHH‘ [ \HHH‘ [ \HHH‘ [ \HHH‘ [ \HHH‘ I \HHH‘ I \HHH‘ I \\HH‘
1.00 10.00 100.00 1.00k 10.00k 100.00k 1.00M 10.00M 100.00M
Frequency (Hz)

& 1.13 B R SPICE X
1.3 e tiriE
Kl 1.14 (1) R 38 s AR N7 S s O B (AL Ge i A R AR R ME ], 3 S 7 5 2 A R A 2R R o) 1 ) ol 784 77
RBHE RS . BRAPEIX Ty e AR “ISBUR RIS G 7 o 1HER, Aol il %kl Aol, HN
BTG . B (e M Vour EAE R SR IR 91 46 Y U B A5 (R B IR 28 kg — A HL BHL S A3 0 8%
HEHES Vour/ VNI, BRATREE S, T E T Aol & BIE SIAFRIE 25 bR %5
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— I B network
B network RF a B =Vee/Vour
— — Vv
Vv out
R I
F/WTD“»% Vour -
—_—— ] + Ves
Vin R
h _j_
B Vour/Viy = Acl = Aol/(1+AolB)
If Aol >> 1 then Acl =1/
Aol: Open Loop Gain
B: Feedback Factor
Vin X Aol Vour Acl: Closed Loop Gain

K 1.14 SRR AR

B7: Aol: JFERINZE: B: RIMAE: Acl: MM

ME 114 Fros s BTG ai B p, - BATTRERS HRRSUE PR IS TR LB KA v . PRENHE S P 1.16 PR

FEM fel b, FREgHEGE (AolB) 4 1 5L 0dB, AR RINE I i MRS Jy+/-180°, WIHLEKANGEE | 7L fol b, FREKIE a5 A0
PR 180° IRARALAR J PR B I AR AR, Ao X T I S L@ B R 1) PR RS, BRATTEOR PR B 08 2 AR A7 A i K T
45°,

Vout/Vin = Aol / (1+ AolB)
If: Aol = -1
Then: Vgy¢/Viy= Aol /0 > =

If Voyut/Vin = © 2 Unbounded Gain

Any small changes in V| will result in large changes in Vg, which will feed
back to V|, and result in even larger changes in Vg1 > OSCILLATIONS =
INSTABILITY !

Aolf: Loop Gain
Aolf = -1 > Phase shift of +180°, Magnitude of 1 (0dB)
fcl: frequency where Aolf3 =1 (0dB)

Stability Criteria:
At fcl, where Aolp = 1 (0dB), Phase Shift < +180°
Desired Phase Margin (distance from +180° Phase Shift) > 45°

K 1.15 FaEtinERES
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S

Vout/ViN= A0|/(1 + AO|B)
WR: AolB=-1

I)_UJ: VOUT/V|N= Aol/0 — o=

W Vour/lVin= o — J695 K i
NIV INFFAEA] N AR 2 S BNV ourF AR KB, 1IX N & G VINTE T BV ourH BRI — Rk — AfaE! !

AolB: kI i
AolB=-1 - +/-180°#H#, IES4 1 (0dB)
fcl: AolB= 1 (0dB) I 4%

Fe e MEARUE
7t AolB= 1 (0dB) ¥ fol S L, < +/-180°
Fr i Ax i (B +H-180° MR BT ) > 45°

1.4 R R

HI TP ER RS E VE tH PR BRI 28 (AoIB) IKIME FZ L AR 2wk, DAL S ey 4 5 (S0 1 2 B 0 B 404 2 W 2
LML o EIX - am, BATH EAT RIS TOnEs, I AME S RIS A, AR5 IR S
FHOLIF 22 S8 B (PR B 08 2 2R &L o 16T 1.16 B xiss PR i 084 42 SRS P S R R PR R AE I L DL R BRATTHE 25 T
P 18 2 R AR

B Op Amp Loop Gain Model

Op Amp is “Closed Loop”

Vi  Z Aol Vour
B .
Loop Gain Test:
v, Break the Closed Loop at V1
: j Ground V
o ~ Z Aol X Yor Inject AC Source, Vy, into Vg
- d‘ W AolB =V /Vy

B 1.16 LGP0 B an ik

By (BB
BTN 2R IBTIC “ PIER”
IR 7EVours MBS VINZ IR BR AT, THEA — WV, AoIB=V:/ Vx

153 T H] SPICE 17 HAL I FRER I, AR e PRI 25 2 ] — A R R AR PR IS TR R AT Ao AROK R HURR AR W]
FORIRERE LU LA (K SPICE i BLREYEREAT AZ It 40 AT LART 6T B AR 2D, (HAE BRI A AT
EATIT o ARKH F AR T W R A/ S5 ELURR T, (B B S BRI . 18] 1.7 Bos M T1L 40
3 55 MR SPICE 1 B/ Kl
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Op Amp Loop Gain Model
Op Amp is “Closed Loop”

SPICE Loop Gain Test:
Break the Closed Loop at V1
Ground V|

Inject AC Source, Vy, into V1
AolB = V/Vy

Open for AC - Short for AC
Short for DC 1 Open for DC

B 1.17 53R — SPICE &
Be (BB
ey €N Sy It oy by Bl z B N
SPICER M 2 MiK: 7EVours HbEVINZ TFPE IR T8, IF4EAN— DAV, AolB=V,/ Vx

7EH SPICE i EL— /M 2 B, BAVARSFE I LS Wl . 1504 GIGO (idkdk, sk o1 g (B) At
BI%0 (1/B) JERIEIEZ R Aol #hsk, TAEIE4T SPICE LAY A FRATHEAL—Fh T 3R H 38 25 20 B — B AL ot K
o EIEEELTT, BATEAN G (B) M HAREL (1/B) MIEIG 545 . B 1.18 5 S S i U'E (B) M4,

I B network

B network RF ] a B=VedVour

VFB o c— VOUT

RI N
—— V
— T{>“ our RF
o o + VFB
\%

IN RI

[ —

K 1.18 B/ B W%

Aol BB 1/B M2k, WHMIERIEE (AolB) Mk F sa (T IKG I miT. ME 1.19 FRHfES ., JATE
RME M, HIATCAIBEK/EAoIZ E4: 1/BI, AolBili B2 il h Aol 5 1B 2. UWiTA, AolBBEAIAI
BEINTI I o Aol F T2 IEVour/Vingk PR i N R R ZE G 2o PRI, BEAT AoIBI/N s Vour/VinMi NS B2 FEAIR,

HEAIBF A 0dB. T Vour/VinTi Y. 56 4= FREEACLA 1.
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Plot (in dB) 1/ on Op Amp Aol (in dB)
ppn LooP Reson Aol B = Aol(dB) — 1/B(dB)

Aol
100 5% / Note how Aolp changes with frequency

80 —1— Proof (using log functions):
20Log,,[AolB] = 20Log,,(Aol) - 20Log,,(1/B)
= 20Log,[A0l/(1/B)]

= 20Log10[AolIB]

Aol B

60—~ (Loop Gain)

Aol (dB)

40 ——
Closed Loop Response

fd  1pa~Ad

1 10 100 1k 10k 100k ™ 10M
Frequency (Hz)

& 1.19 IE Aol HiZk5 1/ ML KPR 2515 B
K (kv R) - P Aol Aol (FRERIZE)  Mi%; J2ii Aol | (BLdB &) £t 1/B (BLdB &) « PR

1/B =~ Aol.

— HIRAIAE Aol B2 118, A—FRCh “HIEHEE” R — e i Ak . KRGl ERE R T,
SCh /B 2k Aol -h£E7E fol b (BERf PRSI 25 04 0dB) Y “ &3 % ” . 40db/decade M & & IR AN
E, UM EEWRELE fol LRTA PN, X REEIRE 180°HIAHE . B 1.20 45 T 4 M+, IR AT
VA SR T ST

fcl1: Aol-1/B1 = -20dB/decade - +20dB/decade = -40dB/decade ¢ 40dB/decade 4] /% 5 A e

fcl2: Aol-1/B2 = -20dB/decade - 0dB/decade = -20dB/decade ¢ 20dB/decade 41434 J& 5 fa i

fcl3: Aol-1/B3 = -40dB/decade - 0dB/decade = -40dB/decade ¢ 40dB/decade [ & 5AFE

fcl4: Aol-1/B4 = -40dB/decade - -20dB/decade = -20dB/decade ¢ 20dB/decade 4158 & L fa e

Aol At fcl: Loop Gain (Aolp) =1
100 / Rate-of-Closure @ fcl =
(Aol slope — 1/ slope)
80 —— fel 1/81 *20dB/decade Rate-of-Closure @ fcl =
STABLE
*%
w2 40dB/decade Rate-of-Closure@ fcl =
e . UNSTABLE
3 1/82
2 40 —— I\f\tim
*% 1/83
*
20 —— fcla
[}
0 | | | | | | |
1 10 100 1K 10k 100k 1M 1/B410M

Frequency (Hz)

B 1.20 ik 20 45 e P A BE 9K
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1.5 PRk 2855 e HE 254

PRI SR T (I 1.21) RERUEHIRATIN T BE M2 HI4E Aol -IZE F 1 1/B ok A i A e v . X,
B AR G0, a7 CF Wt THas, AT 23 Jo B4 1R SN i IS B 2 (R S5 CIR BRI A Hs S A5 B A 484
) BdfE 1/8 MZMERE . SRR, AT Z B ARGE o

0.15uF
o1 H i 10k

100 —| Aol i -

80 —
60 —|
g i
<C

40 —| -

I Rate-of-Closure @ fcl = 40dB/decade
20 | > UNSTABLE!
o L | |
1 10 100 0Ok 10M

Frequency (Hz)

Bl 1.21 PR e AR M 244

M Aol 2k Ef 1/8 ik, FRATIBEL: ) AolB (IREEHIRS) WREINE (& 1.22) o MBI ailR e ek, A1 he
IR RO ZE . M Aol Mgk By 1/B MLt Aol HIZR MR T 5: Aol &k BB siFI % ni Bk
Aolp ik ERIH M fi; 1/ Mg BRI AN S Aolp ik FAZ mi g il C AR — ki — ] 7 ik
&, BHIT Aol HiZk, T 1/8 4 B fEIE, PILIRAITIE Aol 2o AT 1/8 hEk I i 9 R r KL, Ak s
MBSO %, R RO R

100 —— 180 —|
80 —

135 ——

60 —

0 (degrees)

| | | | | | Frequency
9 \ \ \ \ (Hz)

A (dB)

40 —

20 —

1 10 100 1k 10k
Frequency (Hz)

To Plot Aolp from Aol & 1/g Plot: =
Poles in Aol curve are poles in Aolf (Loop Gain)Plot

At el Zeros in Aol curve are zeros in Aol (Loop Gain) Plot
Cl. fp2

Phase Shift = -180
Phase Margin =0

Poles in 1/ curve are zeros in Aolf3 (Loop Gain) Plot
Zeros in 1/8 curve are poles in Aol ( Loop Gain) Plot
[Remember: B is the reciprocal of 1/B]

K 1.22 75 H Aol Hi£k 5 1/8 MLk B A A 25
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Bl fifo b M\ Aol J /B itz th AolB ithiZk:

FH#=-180° Aol &k Fri sl Aol CRERIEAR) gk AR AT
M4 =0 Aol HiZk FIIMK 5 AolB CHRERINES) fhek Bk

1B ek FER sk Aol CRERIEAE) gk A
1B ek LI Ak Aol CRERIEAR) gk FAR AT
GiictE: B oA 1/B I EED

1.6 1/ 5 HF MM

Vour/VinIFR N AR B2 R 1/B—FE. 7RI 1.23 i, BATAIE I, /M5 Ri552Z 5RIFEEFRN-Cn¥
MBS BEGIMZ I, BRATE 2% 45 U 45 FL R Bt Aol it e H vy /B & . BRI DR A i —
AN RATEUNEE TR o 3o PR BRIV N5 38 53 Rn-Cn 98 28 2R 45 S AT B Vour/VINEEIR AT A 4252 IERn-Cn

WL IS, HITT 28 i 6 K2 20dB. BEAG RG2S (AoIB) HRN-CniM &R k4 1 (0dB), RI¥LAT FRH 4 25 1]
TAERZE, MVour/VnU&Efcl L A% T ERBEAOI 4k .

At fcl Aol =1 (0dB).
No Loop Gain left to correct for errors.

RF
aol Vout/Viyfollows the Aol curve. 100k

100 —

RI

10kQ
80 —— Vour
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