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What i1s the Problem?

VYV * —VVV 84.45m — ?
| o | /\/\/ 154mVpp
-69.49m— ¢
VOUT 1.00m—
® ( ?
Vin ] 2mVpp
Ul OPA827 ¢
-1.00m ——

T T
10.00u 15.00u 20.00u

Time (s)
Vin =2m\V,, GoL =1+ R2 2,92 _ 150V
R, 1k \Y

\V4

Vout—sim =|124mMV,,
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Review: Gain, Linear vs. Decibel

Linear (V/V) to Decibels (dB)

Ggg = 20x10dGy, v )

Example: Convert the closed-loop gain (G ) of an
op amp circuit from 100V/V to decibels

Solution:

Will need to compute dB and Linear Gain for BW analysis

Decibels (dB) to Linear (V/V)

Gyv/v = 10[2083]

Example: Convert the open-loop gain (Ay, ) range of the
OPA188, 130dB, to V/V

Solution:

[1300“3) \/

Ga,, @mz =10° 2% /= 3162277
[OdBj v/
GAo|_C@2|\/IHz =10 =0 — 1v
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Bode Plots - Pole

fp
100 — — -0.707*Gy,y = -3dB
A
80— Actu_al | Straight-Line Approximation
Function | -20 dB/Decade
5 60— |
- |
40 —— |
20 |
I | I
0 | ! | | | | |
1 10 100 1k 10k 100k 1M 10M
| Frequency (Hz)
+90 —— |
§ +45 —— S v
& 0" 10 100 1k 10k 100k 1M 10M
3 0 L | | | | | |
= | | | | | |
/ -45°/Decade
—57
—45 ] / _900
—84.3°@ f, x10
_90 . —450@fp Z i

V.
Gy /v out As a complex
Vin (f ) + 1 number
P
GV/V g
Magnitude
J(fp) +1
® = —tan— ! (f Phase
P

Ggg = 20Log(G, /)

>

vV VYV

YV V V V

Pole Location = f, (Cutoff Freq)

Magnitude (f <f;) = G4, (e.g. 100dB)
Magnitude (f =f;) =-3dB
Magnitude (f > f;) = -20dB/Decade

Phase (f =f;) =-45°
Phase (0.1f, < f < 10f;) = -45°/Decade
Phase (f > 10f;) = -90°

Phase (f < 0.1f,) = 0°
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Bode Plots — Zero

G [¢(5) + 1]
() +1

As a complex
number

Magnitude

Phase

Magnitude in dB

Zero Location =f,
Magnitude (f <f,) =0dB

Magnitude (f =f,) = +3dB
Magnitude (f >f,) = +20dB/Decade

(f =1,) = +45°

G Vout _
v/v Vin
80 —
(==} Straight-Line Approximation G — Vout —
o +20 dB/Decade in
f
Actual Z
20 — Function Gagg = ZOLOg(Gv/v)
| | — x3dB |
(0)
| | | | 10k | | | >
1 10 100 1k T 100k 1M 10M
+90°
84.3°@ f, <10 >
§ +45 — OO 570@% o >
5D \’ N +45%/Decade
S 0 I I I I I I
- ! ! ! ! ! ! ! > Phase
10 100 1k 10k 100k 1M 10M
-45 — Frequency (Hz) >
>
-90 — >

Phase (0.1f, < f < 10f,) = +45°/Decade
Phase (f > 10f,) = +90°
Phase (f < 0.1f,) = 0°
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Bandwidth Defined

o BW = 159Hz
R 1k Vout
AN ? ( f vou . TR,
g fc = 159Hz, Gain =-3dB _20d B/dec
-+ = _20-
. 1 O
Vin( _/ Zc. ___ C 1uF
1/(sC)
-40
0.00
£y |
@ -45.00- | -45deg/dec
© Vout Phase Shift at fc
o Phase = 45deg
-90.00 T — T — T T
7 10 100 1k 10k

Cutoff Frequency, f.:
Pass band gain is down -3dB at the cutoff frequency f-
Phase is shifted by -45deg at the cutoff frequency

Bandwidth, BW:
The frequency range of the pass band (equal to the cutoff frequency in this case).
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Bode Plot to Time Domain — Gain

Gain (dB)

Phase [deg]

0.00 1.00 —
Vin A
-20.00- J
—1.00—-
-40.00 156.96m 7]
0.00
_ Vout
-45.00- i
90 OO N _156. 15m - ' ' ' ' 1 ' ' ' ' I ' ' ' ' 1 ' ' ' = I ' ' ' ' 1 ' '
- . T T T =—u—|
1 10 100 1k 10k 5.00m 5.50m 6.00m
Frequency (Hz) Time (s)
1kHz, -16dB 156mVpk

(—16dB>
Gainy,y = 10\ 20 /) = 0.16 V/V

Vout = Vin * Gainyy = 1Vp * 0.16 V/V = 160mV,
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Bode Plot to Time Domain — Phase

Gain (dB)

Phase [deg]

-20.00+

-40.00

-45.00+

-90.00

0.00

0.00

1
10

1
100

Frequency (Hz)

1kHz, -81° phase shift

]

C)
360°

r=1-
===

o

1
1kHz

81°
360°

= 1ms

-1.00 —
156.96m —

Vout

-156.15m ———————

oV, 5.73ms

5.00m

5.50m | 6.00m
: ! Time (s)

Time delay = 0.23ms

Period of sinewave

) * Ims = 0.23ms

One Period = 360°
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Gain Bandwidth Product

OPAB27AI
PARAMETER CONDITIONS MIN TYP MAX UNIT
FREQUENCY RESPONSE
Gain-Bandwidth Product SBW G = +1 22 MHz
OPEN-LOOP GAIN
Open-Loop Voltage Gain Ao (V=)+3V = V5 = (V+)-3V, R = 1kQ 120 126 dB
. . In this example, for any
GBW = Gain-BW ain from 0dB to A OPEN-LOOP GAIN AND PHASE
g oL vs FREQUENCY
140 0
where 120 ~
GBW -- Gain Bandwidth in Hz 100 A a5
. . T -

Gain -- closed loop voltage gain \ !

BW -- Bandwidth in Hz — 80 N Ph me)
S Gain= 100 = 40dB e =
= 60 = = -90 =2

For example K ™ ™\ —

40 Y
all
Gain = 100\//V/ 20 -135
0 - o
Closed Loop Bandwidth is calculated: Gain Iy
—20 L1 ~180
GBW 29MHzZ 1 10 100 1k 10k 100k 1M 10M  100M
Gain 100 — Z
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Simulation Matches Calculation

-—,”,i,_ Noname - AC Ampli2 A
m . Rmk File Edit View Process Help X |241.22k y: |37
— = B NG THY &~0 A T
= 4000 =)
+ - - ] _""'----..\_F
= v215 ]
2 _'*4\ |
3|, =——6 ¢ Vo o ]
—1 7 U1 opAas27 = 11.86—
+ -:f_",u:l |
C_/‘ Vin +
= V115
_15.2? 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
10 100 1k 10k 100K it 10/ 100/
Frequency (Hz)
Bandwidth (Calculated) Bandwidth (Simulated)

220 kHz 241 kHz

10
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Dominant Pole

OPAB827AI
PARAMETER CONDITIONS MIN TYP MAX UNIT
FREQUENCY RESPONSE
Gain-Bandwidth Product G =+1 22 MHz
OPEN-LOOP GAIN
Open-Loop Voltage Gain (V=)+3V = V5 = (V+)-3V, R = 1kQ 120 126 dB
OPEN-LOOP GAIN AND PHASE
i GBW vs FREQUENCY
Dominant_Pole = 140 Dominant Pole 0
AoL A fp = 11.03Hz
120 o
where
Dominant Pole -- low frequency pole in Aol curve 100 N —45
GBW -- Gain Bandwidth in Hz 20 h
BW -- Bandwidth in Hz m Phase =2
= | - o
— oy
126 c 60 | =5 %0 3
20 6 © a0 ! =
Ay =10 =1.995x 10" \//\/
20 -135
[
. GBW 22MHz < I
Dominant_Pole = = - = 11.03Hz 0 Gain
AOI 1.995x 10 _20 |11 _180
1 10 1k 10k 100K 10M 100M

Frequency (Hz)

11
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Constant Gain Bandwidt

h Product

OPEN-LOOP GAIN AND PHASE
vs FREQUENCY

140 ey 0
> 150 | N N Slope = - 20dB/decade
100 \ i - 45
Gain Bandwidth is 80 \ h
constant for closed loop| © A "n}_\ 'I:’has.‘i %3
gain from 0 to 120dB 3 e0 . ™ =0 8
40 \\\ N =
20 ) ] -135
\N
° g;n \\""
_20 _— -180
1 10 100 1k 10k 100k 1M 10M 100M

BW = GBW/Gain only works for -20dB/decade

Frequency (Hz)

STANDARD GRADE HIGH GRADE
OPAS82T7AI oPAg27|!12)
PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX UNIT
FREQUENCY RESPONSE
Sain-Bandwidth Product SBwW G = +1 22 22 MHz

12
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Variable Gain Bandwidth Product

OFPAB4TID, IDBV
TYP MIN/MAX OVER TEMPERATURE
0°C to —-40°C to MIN/
PARAMETER CONDITIONS +25°C | +25°Ccin | 70°CE | +85°C | UNITS | MAX |L
AC PERFORMANCE (see Figure 1)
Closed-Loop Bandwidth ——> G = +12, Rg = 3920, Vg = 200mVee 600 MHzZ typ
—> G = +20, Rg = 3920 Vo = 200mMVep 23520 230 210 195 MHZ min
—1—> G = +50, Rg = 39.2Q, Vg = 200mVee 78 63 60 57 MHz min
ain Bandwidth Product ({GBF) = = +50 3500 3100 3000 2800 MHZ min
OPEN-LOOP GAIN AND PHASE
Gain x Bandwidth = |12 x 600MHz = 7200MHz 120 — T T T 7]
Gain x Bandwidth = |20 x 350MHz = 7000MHz "‘\\ Slope above Gain = 50
Gain x Bandwidth = [50 x 78MHz = 3900MHz 100 AN AL is -20dB/decade
Gain x Bandwidth = |100x 39MHz=__ [3900MHz| & . N[N 2009 (Bou)
Gain x Bandwidth = |500x 7.8MHz = |3900MHz || = Aoy \\‘*m\
Gain x Bandwidth = (1000 x 3.9MHz = |3900MHz S 60 e — ] - Gain =50
o N ) 34dB
3 40 LY
1 P @ o o ® e o> @& o ---------CI-ID-II-ID-----II------‘: - -
2 20 Lt ™
© Slope below Gain =50 £ Not S_table
0 | is NOT 20dB/decade | or Gain < 12
or 21.5dB
—20
102 103 104 105 106 107 108

Frequency (Hz)

13
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Bandwidth vs. Circuit Configuration

- Vout_buf
S I's
+

- Vout_inv
b I'e
+

+

For Inverting Amp

Non_Inv _Gain = 2

GBW 22MHz
BW = — — = ————— = 11MHz
Non_Inv_Gain

BW_Simulated = 10.97MHz

Ul Op Amp 1P TINA

U2 Op Amp 1P TINA

Will cover in Stability Section why this is true.

20— .
- Vout_inv
] BW = 10.97MHz
i Vout_buf
1 BW =21.94MHz
m
=
£ -10—
(40
O]
_40- T T lllllll T T lllllll T T lllllll T T lllllll
100k 1M 10M 100M 1G
For Buffer Frequency (Hz)
GcL =1 Always use non-Inverting gain when
calculating bandwidth!
Non _Inv Gain = 1
7 ”
BW = e = e = 22MHz

Non_Inv_Gain

1 /
BW _Simulated = 21.94MHz

14
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Bandwidth vs. IQ

Op Amp Typical GBW Typical I,
OPA369 12kHz 0.8pA
OPA333 350kHz 17uA
OPA277 1MHz 790uA
OPA129 1MHz 1.2mA
OPA827 22MHz 4.8mA
OPA350 38MHz 5.2mA
OPA211 45MHz (Gain=1) 3.6mA
OPAS835 51MHz (Gain=1) 250pA
OPA847 600MHz (Gain=12) 18.1mA
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Initial Problem Revisited

VC,) uT

R1 1k R2 99k
—\\\v ® NN\
® \
3 Ul OPAS827
Vin (/)
V- V1l 18 V2 1

Vy = 2mVpe @ 200kHz

Gain = 1037-720=76.7VIV

Vour = V iy X Gain(V/V)

Vout = 2MVpp X 76.7 = 154mVpp

—l

Gain (dB)

Phase [deq]

A0 ——
2104 A
rx: [pook ¥:[37 74231
o Gain at 200kHz = 37.7dB
i
_-'_"‘-h-—._,_l_\\-\—‘—_
-804 e
_TSG T T T 1
1K 10K 100 A4 700
Freaguencwy (Hz)
84.45m— f
VOUT
1?4mvpp
-69.49m-
1.00m— f
Vin
Zinvpp
-1.00m T T T T T |
10.00u 15.00u 20.00u
Time (s)

16
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Multiple-Choice Quiz

. How will increasing the gain of an amplifier affect bandwidth?
a) bandwidth will increase
b) bandwidth will decrease
C) bandwidth will not be affected

. Where is the dominant pole on an A, curve?
a) at low frequencies (typically 1Hz to 100Hz)
b) at high frequencies (typically near the unity gain bandwidth frequency)

wi3 TEXAS INSTRUMENTS
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Multiple-Choice Quiz

. How can you calculate bandwidth using the gain bandwidth product? Note: BW is closed loop bandwidth, GBW
IS gain bandwidth, and G, is closed loop gain.

a) BW=GBW/Gg
b) BW=GBW*Gg
c) BW=Gg /GBW

. What condition is required for the gain bandwidth product to be valid?
a) Ag, curve roll off must be greater than 20dB/decade
b) Ag, curve roll off must be equal to 20dB/decade
C) the Ay, curve cannot have a dominant pole
d) the amplifier must be bipolar

wi3 TEXAS INSTRUMENTS

18



Multiple-Choice Quiz

. Different model amplifiers have different gain bandwidth products (GBW). Surveying many different models, you
will see GBW vary from
a) 10Hz to 1kHz
b) 100Hz to 1MHz
C) 1MHz to 500MHz
d) 10kHz to 500MHz

. Amplifiers with wide bandwidth generally have
a) lower I, than amplifiers with narrow bandwidth
b) higher I, than amplifiers with narrow bandwidth
C) low slew rate

d) stability problems

wi3 TEXAS INSTRUMENTS
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Multiple-Choice Quiz

. What is the change in magnitude due to a pole at the pole frequency, fo?
a) -20dB
b) -3dB
C) +3dB
d) +20dB
. What is the phase shift due to a zero at the zero frequency, f,?
a) -90°
b)  -45°
C) +45°
d) +90°

wi3 TEXAS INSTRUMENTS
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Multiple-Choice Quiz

. Assume that an amplifier with a gain bandwidth product of 10MHz is used for both gain = +1 and gain = -1. What
IS the bandwidth for each configuration?

a) bandwidth for both configurations is 10MHz

b) bandwidth is 10MHz for gain = +1 and 5MHz for gain = -1
C) bandwidth is 5MHz for gain = +1 and 10MHz for gain = -1
d) none of the above

21
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Precision Labs: Quick Links

T1 Op Amp Product Tree

Analog Engineer’s Pocket Reference
Analog Engineer’s Calculator

Tl Precision Labs — Op Amps

T1 Precision Labs — ADC

DIP Adapter EVM

TI Designs

TINA-TI

E2E Forums

Precision Hub — Blogs

TI WEBENCH Tool

WWW.tl.com/opamps

www.ti.com/analogrefquide

www.ti.com/tool/analog-engineer-calc

www.ti.com/precisionlabs

www.ti.com/tipladc

www.ti.com/tool/dip-adapter-evm

www.tl.com/referencedesigns

www.ti.com/tool/tina-ti

eze.tl.com

www.ti.com/precisionhub

www.ti.com/webench

Landing Page for all TI Op Amps
Conversions, Tables and Equations

Simple engineering calculations

45+ Lecture/Labs Videos on Op Amp Topics
20+ Lecture/Labs Videos on ADC Topics
Op Amp Prototyping and Testing EVM
Ready-to-Use Subcircuit Designs

Free SPICE Simulator

Engineer to Engineer Help Forums
Technical Blogs by Analog Experts

Signal Chain Design and Simulation Tool
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http://www.ti.com/opamps
http://www.ti.com/analogrefguide
http://www.ti.com/tipladc
http://www.ti.com/referencedesigns
http://www.ti.com/tool/tina-ti
http://www.ti.com/tool/tina-ti
http://www.ti.com/tool/tina-ti
http://e2e.ti.com/
http://www.ti.com/precisionhub
http://www.ti.com/webench

Free iTunes app: Analog Engineer’s Pocket Reference

Free iTunes app: Analog Engineer’s Pocket Reference

Thousands of engineers have downloaded our Analog Engineer's Pocket
Reference e-book. Now you can literally keep this beloved resource it in your
pocket at all times - thanks to our new iITunes app. In addition to the book, the app
Includes:

Cool calculators
A feed from our signal chain blog, Analog Wire

Direct access to ask design or product selection questions via our E2E™
Community

The ability to search for Tl products

Download the app now

wi3 TEXAS INSTRUMENTS


http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cDovL3d3dy50aS5jb20vbHNkcy90aS9hbXBsaWZpZXJzL29wLWFtcHMvcHJlY2lzaW9uLW9wLWFtcHMtc3VwcG9ydC10cmFpbmluZy5wYWdlI3BvY2tldHJlZg
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cDovL3d3dy50aS5jb20vbHNkcy90aS9hbXBsaWZpZXJzL29wLWFtcHMvcHJlY2lzaW9uLW9wLWFtcHMtc3VwcG9ydC10cmFpbmluZy5wYWdlI3BvY2tldHJlZg
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cDovL3d3dy50aS5jb20vbHNkcy90aS9hbXBsaWZpZXJzL29wLWFtcHMvcHJlY2lzaW9uLW9wLWFtcHMtc3VwcG9ydC10cmFpbmluZy5wYWdlI3BvY2tldHJlZg
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cDovL3d3dy50aS5jb20vbHNkcy90aS9hbXBsaWZpZXJzL29wLWFtcHMvcHJlY2lzaW9uLW9wLWFtcHMtc3VwcG9ydC10cmFpbmluZy5wYWdlI3BvY2tldHJlZg
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cDovL3d3dy50aS5jb20vbHNkcy90aS9hbXBsaWZpZXJzL29wLWFtcHMvcHJlY2lzaW9uLW9wLWFtcHMtc3VwcG9ydC10cmFpbmluZy5wYWdlI3BvY2tldHJlZg
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cDovL3d3dy50aS5jb20vbHNkcy90aS9hbXBsaWZpZXJzL29wLWFtcHMvcHJlY2lzaW9uLW9wLWFtcHMtc3VwcG9ydC10cmFpbmluZy5wYWdlI3BvY2tldHJlZg
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cHM6Ly9pdHVuZXMuYXBwbGUuY29tL2FwcC9hbmFsb2ctZW5naW5lZXJzLXBvY2tldC1yZWZlcmVuY2UvaWQxMTg2MzI4Mjk4
http://ti_comms.ext.ti.com/comm_trk.php?hop=Q3Y3CVVU3Z/r/YTAxOTM0MjdAdGkuY29t/l/aHR0cHM6Ly9pdHVuZXMuYXBwbGUuY29tL2FwcC9hbmFsb2ctZW5naW5lZXJzLXBvY2tldC1yZWZlcmVuY2UvaWQxMTg2MzI4Mjk4
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