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OPA928 16-V, Femtoampere Input Bias, Precision, Rail-to-Rail Input/Output, e-trim™

Operational Amplifier

1 Features

Ultra-low input bias current:

— 20 fA (tested max) at 25°C and 85°C
Low noise:

— 0.05fANHZ at0.1 Hz

— 15nV/Hz at 1 kHz

High dc precision

— 15 yV input offset voltage

— #0.1 pV/°C offset voltage drift

Wide bandwidth: 2.5-MHz GBW

Low quiescent current: 275 pA

EMI and RFI filtered inputs

High precision guard buffer

Wide supply: 225Vt #8V, 4.5V1i0 16 V
Rail-to-rail input and output

High capacitive load drive capability: 1 nF
Operating temperature range: —40°C to +125°C
Industry standard package:

— 8-pin SOIC

2 Applications

Electrochemical meter - pH meter
Lab and field Instrumentation

Mass spectrometer

lon chromatography (IC) instrument
Spectrophotometer

— GND — GND

High Gain Transimpedance Amplifier

3 Description

The OPA928 is a new generation, 16-V, femtoampere
input bias, e-tim™ operational amplifier. This device
offers an ultra-low input bias current of 20 fA (max) at
25°C and 85°C. The OPA928 input bias performance
is tested at production at both temperatures.

The device features near-zero input bias plus
outstanding dc precision and ac performance,
including rail-to-rail input/output, low offset voltage
(£5 pV, typical), low offset drift (£0.1 pV/°C, typical),
and low current noise (0.05 fA/VHzZ at 0.1 Hz).
These features make the OPA928 an excellent choice
for low-light photodiode and high source-impedance
applications.

The OPA928 features an internal, high precision
guard buffer to protect high impedance input
traces from undesirable current leakage in sensitive
applications. The OPAS28 packaging and pin out is
designed to support low-leakage circuit designs.

The OPA928 is specified from —40°C to +125°C.

Package Information
[PART NUMBER  [PACKAGE'!  [BODY SIZE (NOM) |
|oPagzs |[Disoic.8)  [480mmx3e0mm |

(1)  For all available packages, see the orderable addendum at
the end of the data sheet.

Input Bias Current (fA)

0.001

25 30 35 40 45 S0 55 60 B5 70 75 80 &5
Temperature [°C]
Input Bias Current vs Temperature
(Vg = 16 V, V¢ = Mid-Supply)
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Data Sheet: absolute maximum specification

6.1 Absolute maximum ratings
Over operating free-air temperature range (unless otherwise noted)®

Applying signals above
MIN MAX UNIT absolute maximum can
Vs Supply voltage, Vg= (V+) — (V-) -0.3 6 \Y damage the device.
Input voltage, all pins (V-)-0.3 (V+)+0.3 \%
Input current (INA+, INA-, INB+, INB-, INSA/B, OUTSA/B/1/2/3) -10 10 mA InpUtS are Oft.en limited by
ESD diodes
Output short-circuit® Cont Cont.
Ta Operating temperature -55 150 °C
f N
T, Junction temperature -55 150 °C Excerpt from OPA328 data
Tstg Storage temperature -55 150 °C sheet

(1)  Operation outside the Absolute Maximum Ratings may cause permanent device damage. Absolute Maximum Ratings do not imply functional operation of the device at
these or any other conditions beyond those listed under Recommended Operating Conditions. If used outside the Recommended Operating Conditions but within the
Absolute Maximum Ratings, the device may not be fully functional, and this may affect device reliability, functionality, performance, and shorten the device lifetime.

(2)  Short-circuit to ground, one amplifier

6.2 ESD Ratings

VALUE UNIT
Electrostatic Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001® 2000 \Y
Vieso) | gischarge
9 Charge-device model (CDM), per ANSI/ESDA/JEDEDC JS-002@ 500 \

ESD ratings indicate how
robust a device is to
electrostatic discharge

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
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Data Sheet: specification table Test conditions at the top

apply to all parameters
unless otherwise specified.

)}
' 6.6 Electrical characteristics 1
| at T, = 25°C, Vg = £1.1V to £2.75V (Vg = 2.2V to 5.5V), R = 10kQ connected to Vg / 2, Vo = Vout = Vs / 2, and min and max :
1 specification established from manufacturing final test (unless otherwise noted) 1
\ e o o o o o o o o o P o o P o B o o o o o B P o P o B o o o o B o o P B o B o o P o o o /
PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
OPAXx328 | OFFSET VOLTAGE
OPA2328DGK 13 50
Vos Input offset voltage uv
OPA328DBV +3 75
dVog/dT Input offset voltage drift | T, =-40°C to 125°C +0.15 *1 pv/eC
. P Vg=#1.1Vto+2.75V +1 +10
PSRR Power supp_ly rejection ‘ VIV
ratio : Vs =#1.1Vto#2.75V, T, = -40°C to +125°C | +15 +40

Overrides test
condition at top of
table
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Data sheet: specification table

PARAMETER TLV9062 MIN TYP MAX UNITS o value to set min
and max limit can
Vos Input offset voltage +0.3 +1.6 mV vary device-to-device

based on application,

Typical = to cost, and yield

Gaussian Distribution 68.27% of population

, A

Min.imum =-530 Maximum = +5.30 0 l l

Typically >-30 Typically < 30 :
£ 0

/ \‘ 16mV 5 20 3 Tested

-1.6mV 530 S 15 _:_ Max and Min set to
-5.30 . _~ N . . 4 o 0 +5.30 in this example
0 40 36 -20 -l 0 1o 20 30 4o 57 (]
-0.3mV 0 0.3mV 5 0
0
Failures are Typical =+| 0 + mean | Failures are 0 . —I_ : i_
discarded 68.27% of population discarded g R8RBE ﬁ ° 8% 88 g 8

Offset Voltage (pV)

5
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Methods for generating specifications

Final test or probe

» This is done for each product before we ship it

« Automated test - very fast, millions tested each year
» Devices outside the limit are discarded

« Normally done at room temperature

« Wafer probe may be done across temperature

IC design across process corners

* Used for very few parameters in table

« Usually done for parameters difficult to measure
(e.g. internal switch resistance, current noise in fA)

« Simulated across process corners

« All measured data is typically compared to
simulation

Amplfiers (%)

GO

50

Y
25
20
15
0

Characterization

One time manual bench test for
statistical sample of devices
Used to generate curves and
some table specifications

<+ 1uVv

|

5 -4

-3 -2

1 [i] 1 2
Input Ottset Voltage (uV)

6
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Data sheet: typical plots

Test conditions at the top apply to all
curves unless otherwise specified.

' 6 7 Typical characteristics (continued)
' At T, =25°C, Vg =5.5V, Vcu = Vour = mid-supply, C, = 20pF, and R, = 10kQ (unless otherwise noted)

\ ____________________________________________________________________ P4
2.75 1.25
— Ta=-40°C
— Ta=25°C
25 —_ Ti = 85°C
— Ta=125°C
S 220 > 175
4]
g - g
S : (- )
1.75 = . . .
é g L. Typical operation details for:
© 15— 1i=-a0c ° - Distribution of typical error
— Ta=25C .
125| — Ta=85C «  Operation vs temperature
= Taz 1257 e « Operation vs frequency
0 10 20 30 40 S0 60 O 80 90 100 0 -20 -40 * Operation VS time
Output Current (mA) %4 « Operation vs load current
Ve 2275V, Vy-= =275V, current souree load V=275V W= . Operation vs load capacitance
Figure 5-21. Qutput Voltage Swing vs Output Current Figure 5-22. Output h‘nttak /
Excerpt from OPA328 data sheet 7
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Data sheet: detailed description

8.3 Feature Description

8.3.1 Input Overvoltage Protection

The inputs of the OPAx206 are individually protected for voltages up to +40 V beyond either supply. For
example, a common-mode voltage anywhere between —55 V and +55 V does not cause damage when powered

from +15-V supplies. Internal circuitry on each input provides low series impedance under normal signal
conditions thus maintaining high performance under normal operating conditions. If the input is overloaded,

the protection circuitry limits the input current to a value of approximately 4.8 mA.
f_ Differentiating features explained

| o «  Trim methods
v / « ESD and protection
» Background on key specification

\_ J

-

o =

N Brvol =
|I1P§'qﬁ:lt:ge | o;mteclltizli Input Transistor
Vs
ZD2
v Excerpt from
Figure 8-1. OPAX206 Input Overvoltage Current Path OPA206 data sheet
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Data Sheet: layout

8.4.2 Layout Examples

Excerpt from
OPA928 data sheet

Rg Rf
([T & T

OPA928

¥
ane vias
—

OPA928

Figure 8-7. Layout Example: Noninverting
Configuration

Figure 8-8. Layout Example: Inverting
Confiauration

9
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DC error type




Application example

R1 1k

R2 99k

Vin 1m

/ Calculation of error due to Vos: \

R, 99k 1%
GidealzR—l-l'l:E-l'l:lOOV

Vouteruar = Gigear * (Vin + Vosi)
V
Vout,cryar = 100; *(1mV +0.1mV)=110mV

Voutactual - Voutideal +100
Voutideal

110 mV — 100 mV
Qror% = TS £ 100% = 1(&

Error% =

)

Q
\

R3 1k

Vosi
0.1mV

(

~N

Vout = (ImV+ 0.1mV)*(100)
Vout = 110mV

Vs introduces
10% error!

11
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Input offset drift calculations

R11k

R2 99k

l 2%

Vin 1m

A%

I~

Vos drift Vos

-

D {1 d?i/fcislrg.téiv?c d\r/i?ts X glgﬁl\/;rc
-25°C 125uVv 285uV
\ Vou 0°C 212.5pvV 387.5pV
O+ O+—/ ( 25°C 300pV 300pV
x 50°C 387.5uV 212.5pV
2 85°C 510uV o0pV
125°C 650uV -50pVv
Vos = V0s,om + V0Sgrife * (T — 25°C) \
Example calculations:
Vos =300 uV £+ 3.5 H—Z * (25°C — 25°C) =300 uv @ 25°C
\Vos =300 uV + 3.5 “—Z *(125°C — 25°C) = 650 uV/, =50 0wV~ @ 125°cj

12
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Offset drift may be non-linear

Vos (HV)

100

75

50
25

4 )

The previous example
assumed that the drift

190 Typical Units Shown
a ‘ \\.‘\
-7 -850 -25 O 25 50 75 100 125

Temperature (°C)

150

was linear but it may be
nonlinear

\_ J

13
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Range of input offset voltage (uV to mV)

Vg (max) Vg drift (max)

(high grade) (il i) Technology

OPA387 2uV 0.012pv/°C Low voltage zero drift CMOS
OPA182 4uVv 0.012pv/°C High Voltage zero drift CMOS
OPA2186 10pV 0.04pv/°C 24V zero drift CMOS
OPA192 25uVv 0.5pv/°C e-Trim™ High doltage CMOS
OPA210 35uv 0.5pv/°C Super-beta bipolar
OPA863A 95uv 1.2pv/eC e-Trim™ high speed bipolar
OPA827 150uVv 1.5 pv/°C JFET input, laser trim, bipolar
OPA828 300pVv 1.3uv/°C DIFET (JFET), laser trimmed
LMV841 500V 5UV/°C 12V CMOS

OPA835 1.85mV 13.5pv/°C High speed bipolar

LM741 3mV 15uv/°C Bipolar commodity (lower cost) 14
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Input bias current - Ig

A4’

@ias current through Rin \

Input offset current
IOS = Ibp - Ibn

translates to offset voltage

R = Frf g ooka
““" Re. 4Ry
Vos ibn = ipn - Req = (£900pA) - (9.09kQ) = +8.18uV

Vos_Ibp = ibp *Rin = (£800pA4) - (5 kQ) = +4.0uV

VOS_Ib = VOS_Ibp + Vos_Ibn = i1218uV

G —Rf+1—100kﬂ+1—11
"R, 10 kQ -

Voutip = Vos_Ib cGp = (i12-18uV) - (11) = £133.98uV

\_ /

15
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Range of input bias current (fA to yA)

lg (Mmax)

Op Amp

Max |g

Technology

(high grade) over temp.
High Voltage CMOS
OPA928 20 fA 20 fA
(Internal Guard Buffer)
LMC6001 100 fA 4 pA High Voltage CMOS
OPA392 0.8 pA 5pA Low Voltage CMOS
OPA2328 1 pA 10 pA Low Voltage CMOS
OPA828 8 pA 400 pA High Voltage JFET
OPA350 10 pA 500 pA Low Voltage CMOS
OPA310 1 pA 30 pA Low Voltage CMOS
OPA205 400 pA 600 pA Super Beta Bipolar
OPA210 2NnA 4 nA Very low noise Bipolar
LM2902B 35 nA 60 nA Bipolar commodity (lower cost)
OPA863A 730 nA 1.2 pA High Speed Bipolar

16
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Functional operation requirement




Input and output voltage swing

[

(v

cm)

\_

Common mode range

How close can the input
get to either supply?

\

J

4 _ )
V., IS the voltage
either input.

Vin+ = Vin-

. y,

10V

V+
LM358B

_ )
Output swing
How close the output
can get to either
supply?
J

r " The output will clip )

Vour ~ or distort when

either limit is
\ violated

J

18
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Translating the data sheet

6.7 Electrical characteristics TLO7xH
For Vg = (Ve = (Vocy = 4.5V 10 40 V (+2.25V to £20V) at T, = 25°C, R = 10kQ connected to Vs / 2, Vo = Vg / 2, and Voyr = Vg / 2, unless

otherwise noted.

Parameter Conditions Min Typ Max Unit

Input voltage range

Common-mode voltage range V,, (V-) + 1.5V (V+) \%

Output

Voltage output Vot lour = 50 pHA (V-) +0.215 (V+)-0.21 \%
5V

1.5V<V,y<sV — 7
TLO71H —0.215V < Vg7 < 4.79V

1.5V<V, <5V — 1 4

19
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Ve Versus configuration

. . . : Non inverting high Gain
Inverting Non inverting low Gain Have Ve fimi bg V_g , '
_ - may have Vcm limit, but Vin range is sma
(No Common mode limit) (be careful of Vem limit) (may ’ g )
RI 10k RF 90k
RI 10k RF 10k vy AN,
\, i AN =
+
vin Vout - Vout
' Vem = Vin '\ ——<( Vem = Vin ¢
— Vout Ul OPAx187 Vin = Vout/G Ul OPAX187
= |V N
Vem = 0V UL OPAX187 Vin d/} Vin @
) +iov oV
regardless of Vin J_ J_
+iov - =

10.04 8.0+ 10 o
- s s
S 75 % g 75
g g g
£ 50 S 404 > 50
> z Common Ei
5 : e g
£ 25 5 mode limit 3 25
O O

0.0 " T " T " 1 " Y 0.0 " 1 " T " T " 1 0.0 " 1 " i " T " |

-10 -7.5 -5.0 -2.5 0.0 0.0 25 50 75 10.0 0.0 250m 500m 750m 10
Input voltage (V) Input voltage (V) Input voltage (V)

(Common Mode Range for OPA187: -0.1V < Vcm < 8V, for Vcc = 10V, and Vee = OV>
20
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Common mode and output swing limit examples

Vout

Vout — 1V
—( 187.4mV N U1 OPAX140 9 OPA;OC 1.5V
] Ul OPAx140 Vin Vin
Vin 1v +5V Py
ov +5V
Vo violation = No violation — Vcm violation

(Vin < 0.2V) (Vin & Vout inside both ranges) (Vin > 1.5V)

( Common Mode Range: -0.1V < Vcm < 1.5V, Output Swing: 0.2V < Vo <4.8V, )

6.7 Electrical characteristics

OPA140 MIN TYP MAX UNITS
Veum Common mode voltage (V-)-0.1 (V+)-3.5 Vv
Vo Voltage output (V-)+0.2 (V+)-0.2 \%

W3 TEXAS INSTRUMENTS



Common mode and output swing overview

Output swing from

VEM r.ange VCMrange rails, RL =10kQ Technology
(min) (max) (max)

OPA2391 (V-)-0.1 (V+) +0.1 10mv CMOS, e-trim™ rail-to-rail
OPAB863A (V-)-0.2 (V+) +0.2 15mVv High Speed Bipolar, rail-to-rail
OPA810 (V-)-0.2 (V+) +0.2 15mV JFET/CMOS High Speed, rail-to-rail
TLV9062 (V-)-0.1 (V+) +0.1 20mVv CMOS, Cost Optimized, rail-to-rail
TLV387 (V-)-0.2 (V+)+0.1 30mVv CMOS, Zero-Dirift, rail-to-rail
OPA2992 (V-) (V+) 60mVv CMOS, High voltage, rail-to-rail

TLVO7 (V-)-0.1 (V+) -2 120mV CMOS, High voltage, single supply
OPA206 (V=) +1 (V+)-1.4 200mVv Bipolar, e-trim™

OPA140 (V-)-0.1 (V+) - 3.5 200mV CMOS, Cost Optimized
OPA251 (V-)-0.2 (V+)-0.8 250mVv Low power, Bipolar
OPA627 (V-) + 4 (V+) — 4 3.5V JFET, Precision

22
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Bandwidth limitations

AC error type




Review: gain, linear vs. decibel

/ Linear (V/V) to decibels (dB) \ / Decibels (dB) to linear (V/V) \

Gdp
GdB =20 X 10g10 (GV/V) GV/V = 10( 20)

Example: Convert closed-loop gain (G, ) of Example: Convert open-loop gain (Ag,)

an op amp circuit from 100V/V to decibels range of the OPA828, 140dB to V/V
(14gOdB) V/
G =10 = 10,000,000
Gew sy = 20 x log1(100V/,,) = 40 dB AoL @ L Hz o 4

) vy y

24
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Bode plots — pole

fp
2
100 — — 0.707*Gy, = -3dB
| A
80 Actu.a | Straight-Line Approximation
Function | -20 dB/Decade
$ 60—+ I
© I
40— |
I
20— |
|
0 | | | 1 1 | |
1 10 100 1k 10k 100k 1M 10M
I Frequency (Hz)
+90 — |
I
O +45 1 ¥
g 0°
&0 10 100 1k 10k 100k 1M 10M
AP 2 | | | | |
Py | I . I I I I
57@ -45°/Decade
-45 —— -90°
-84.3°@f, x10
0l 4@k N\& l

0 =—tan™! <L>
fo
QdB = 20 X logy0(Gyv)

As a complex numbe\

Magnitude

Phase

Magnitude in dB /

Pole location = f, (cutoff frequency)

Lt lf<oan ] f=f ] f>100 | f>>f

-3dB -20dB/dec -20dB/dec

-45° -45°/dec -90°

25
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Bode plots — zero

80—
?_-CEI; 60— Straight-Line Approximation
© +20 dB/Decade
40— \
Actual
20—+ Function
| | —+3d8B
0 T T T ErYB T T
1 10 100 1k T 100k 1M 10M
e | +90°
+90 +45°@ f, -
84.3°@f, x10
T, srez
& 0 10 +45°Decade
o} N
S 0 S B e L
D
10 100 1k 10k 100k 1M 10M
-45 Frequency (Hz)
-90 —++

Vout .
s ((£)+1)

2
Vou f
Gy =, = Goc (_) 1

fp
®@=—tan! (}%)

\GdB =20 x log10(Gyv)

As a complex numb

Magnitude

Phase

Magnitude in dB /

Zero location = f,

+45°/dec 45°

[ fesf]f<oan ] f=f | f>10p | f>>f

-

+2°0(':B/ de L o0dB/dec

+45°/dec 90°

26

W3 TEXAS INSTRUMENTS



Gain bandwidth product

PARAMETER TEST CONDITIONS MIN TYP MAX UNITS
OPAX828 | cBwp  Gain-bandwidth product 45 MHz
Aol Open-loop voltage gain (V-) + 1.6V< VO < (V+) — 1.6V, RL = 600Q 120 130 dB
@WP = Gain X BW \ 160 200
In this example, for any gain from 0 dB to A, 140 I | SE:QéL°°p Gain|, o
N -
GBWP — gain bandwidth product in Hz 120 120
Gain — closed loop voltage gain in V/V D 100 -l 80
BW — bandwidth in Hz £ g M 0 -~
o pa L\ N o
_ g 60 Gain = 40 dB 0 @
For example: E 0N - > N N 40 o
Gain = 100 V/V (GdB = 20X loglo 100 V/V = 40dB) g_ 20 I L ™ -80
0 sl I
Closed loop bandwidth is calculated: 20 BW = 500 kHz H\ 160

GBWP 45MHz -40 m -200
BW = Gai = 100 = 450kHz 100m 1 10 100 1k 10k 100k 1M 10M 100M
an Frequency (Hz)

rai
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Simulation matches calculation

40 £
Rl 1k RF 99k
| AN AN (37 dB, 473 kFHz)
1
- -15v
kuz OPAX828 Vorut: Voutyy |
+ \
+
Vin
+15V
-~ o T \\IHH' T IIHIHl T II\IIH‘ T \\IHH‘ T II\IIH‘ T 1III\II‘
100 1k 10k 100k 1MEG 10MEG 100MEG
Frequency (Hz)
Bandwidth (calculated) Bandwidth (simulated)
450kHz 473kHz

28
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Bandwidth vs. IQ

Op amp GBW (Typ) (MHz) 1Q (Typ) (mA) Technology
TLV8811 0.006 0.00045 CMOS
OPA379 0.09 0.0029 CMOS
TLV9041 0.35 0.01 CMOS
OPA990 1.1 0.12 CMOS
OPA205 3.6 0.22 Bipolar
TLV9051 5 0.33 CMOS
OPA197 10 1 CMOS
OPA392 13 1.22 CMOS
OPA210 18 2.2 Bipolar
OPA328 40 3.8 CMOS
OPA863 50 0.7 Bipolar
Trade-off (per process): Bandwidth and noise or Iq Bipolar: BW « Iqg CMOS: BW « \/E %
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AC error type




Slew rate defined

LARGE-SIGNAL STEP RESPONSE

SR R DR , /Amplifier in slew limit: )
90% [ [ \ 0O . .
TURDTILLE b ooe- _ . utput rise maximum rate
[ ; ; \ : + Large signal Vin>100mV
i / . : «  Output cannot respond linearly to
= | ' \ ] fast input signal
8v 2 | ”' ' ’\’ ] « Input no longer virtual short
[ ' ] + Offset and gain no longer valid
[ i \ ] \ /
| SN : G=-1 3
. p ol CL=l 100pF \,.__
F L, ., TN T T T N T N W | 11y [ .
: : Time (0.5us/div)
_>: :‘—
0.275us
AVOut (VOut90% - VOuth%) (9V - 1V)
Sle = = = =29 V/us
Wrate ATime (tgo% - th%) (0625#3 - 035#5) /'u

31
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Simulate slew rate — OPA2188

Noname - TR result2

File Edit Wiew Process Help —A 899mV — (-904mV) \Y
(4 o x:l?.43u y:|899_?25m SR = 4305 5 100s = -795—S
o8 BE Q8 | TE~ O R ] g2 || “4aus - 536 “
= = x [5.16u vf-e0412am aef v
1.00 1B SR =0.8—  From Data Sheet
_ ﬁ: 2.27u v 1.804 | WS
Vin ]
-1.00- Q
905 62m— RZ 10k R1 10k
Vaosi 1 .
in
-905.63m L/ E%—R
1.035 — Wosi w118
1 > L % OPAZ183
Vout ] \ : ( Wout
-1.03 . — . | -[f =viig
2.00u 11.00u 20.00u I
Time (s} -
TR result] TR result2 | ;

Look at the slope of the output signal.
The rate of change is the slew rate.

32
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Slew Rate vs. 1Q

Op amp Slew Rate (typ) Y% Technology
TLV8812 0.0015V/us 0.425pA

TLV6003 0.025V/us 1pA

OPA2186 0.35V/us 90pA

TLV9051 15V/us 0.33mA Slew Boost
TLO71H 20V/us 0.9mA Slew Boost
TLV9361 25V/us 2.6mA Slew Boost
OPA2328 30V/us 3.8mA

OPA994 35V/us 1.35mA Slew Boost
OPA593 40V/us 3.25mA Slew Boost
OPAB863A 100V/us 0.8mA

OPA828 150V/ps 5.5mA Slew Boost
OPAS838 350V/us 0.96mA Decompensated
OPA830 600V/us 4.25mA N
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Effect of slew rate with sine wave input

12.00 —
Vin |
-15v

-12.00 -
12.00 —

- Vout:

L ( Vout ] f
+

> U1 OPA165x
+ -11.88 . T h T . T » |
V. 0.00 2.50u 5.00u 7.50u 10.00u
n +15V Time (s)

Slew-induced distortion

34
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Full power bandwidth

Output Voltage (V)

MAXIMUM OUTPUT VOLTAGE vs FREQUENCY f \
20 Example:
s - For Vg = +/-15V
=+15V
- s _./ 12Vp —> Distortion
——"'/ . .
12 \ T P o C'SVPK -> Low Distortion )
10 s " Maximum peak )
8 —t sinusoidal signal
X sr limit low distortion
5 N ) :
<= £225V N __/ General relationship

2 e ‘\n Vpk -_ S_R

0 - A,

10k 100k 1M 10M

Frequency (Hz)

G004

35
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Maximum output vs. frequency

VIN

7.5Vpi
No slew-induced
distortion

J=__-_L

E 15

( Vout
{ UL OPA1652

-||—-I|ll

VCC 15

Slew-induced
distortion

vin

-7.50 -
7.50 o

7.50 4

Vout

Vin

-7.50

12.00

-12.00 -

12.00 —

.00 2.50u 5.00u 7.50u 10.00u
Time (s)

2.50 5.00 7.50 10.00u
Time (s)
36

i3 TExAs INSTRUMENTS



Small signal step vs large signal step

Kmall signal step \

* Input signal < 100mV (approximately)

« Amplifier responds linearly:
— Gain, and input offset accurate
— Rise time set by bandwidth
- tg = 0.35/f¢

« Output signal rises exponentially

J L

@ge signal step

« Amplifier is open loop

- tR = AVout/SR

N

* Input signal > 100mV (approximately)

— Gain and offset don’t apply
— Rise time set by slew rate

« Output signal ramps linearly

~

/
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Small-signal rise time

Rate of change of output:
AV/ At =80mV / 70ns

AV/ At = 1.1V/ps

Data sheet SR = 4V/us

amplifier into slew limit.

A small signal step will not put the

Small signal equation:
GBW
C =
GeL
. L 035_ 035
R~ f. ~ 3.6MHz
Simulated = 70ns

\_

= 97ns

/
h

10.00m—

Vout

0.00
10.17/m—

{1.084us, 9mV)

[(1-0T4us, TmV)

0.00
800.00n

1.10u 1.40u
Time (5)

Ul OPAX205A

C110p

1
L
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Transition from small-signal to large-signal

When do we transition
from small signal to
large signal?

g

VEE 15
(
* Vout
Ul OPA192
¢ +
10mVpp =\VCC15
] | _to4Vpp VGl I
t 1

04 - Slew Rate - Large Signal Transition - OPA192.TSC
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Transition from small-signal to large-signal

VG1
l Vout[1]
Small Signal
Response
T, = 20ns Vout[2]
Vout[3]
Between Vout[4]
Small and
Large Signal
£e ol Vout[5]
Vout[6]
Voul[7
Large Signal out{7]
slew limited
slew = 20V/us

l

Vin—
] Input step = 10mV, 100mV,
0.0 250mV, 750mV, 1V, 2V, 4V
10m ]
. / T, = 20ns, dv/dt = 0.4V/ps
0.0—
100m—
N / T, = 20ns, dv/dt = 5V/us
0.0—
250m —
7 / T, = 20ns, dv/dt = 10V/ps
0.0—
500m —
] / T, = 25.4ns, dv/dt = 15.7V/us
0.0—
750m —
] / T, = 34ns, dv/dt = 17.6V/us
0.0—
1.0—
. / T, = 43ns, dv/dt = 18.5V/ps
0.0—
2.0—_
n T, = 82ns, dv/dt = 19.5V/ps
0.0—
4.0—_
: T, = 162ns, dv/dt = 19.8V/us
0.0 — e

10.0u 10.1u 10.2u

Time (s)

10.3u 10.4u
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Transition from slew rate to small-signal

10.0—

Zoom in

Zoom in

10.25u
Time (s)

1.0
500.0m-
Vos 9.0
-500.0m-
-1.0-
10.00- 5
0.50] 10.5V/ps|
Vout o3 13.7V/ys.
3 15.5V/ps§/
9.80= 18.1V/us |/
3 18.6Vius /
| 3.70- 18.8V/us |/
T T \
10.70u 10.45u 10.50u 10.55u
Time (s)
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Settling time

INPUT:

DIGITAL CHANGE
OR ANALOG STEP —

OUTPUT
RESPONSE

Vo —

Vi

t

otherwise noted)

t3
«—— SETTLING TIME—>|
t,
6.5 Electrical Characteristics (continued)

atTa=25°C, (V+)=15V, (V=) =-15V,Veu =Vp = midsupply,lg =20 pF, and R, = 2kQ

t,

very small)
* t2to t3is limited by the slew rate
* t3to t4 is bandwidth limited

Qoading also determine settling time

Allowable error band, closed loop gain, and

ﬁ_arge signal settling has three components: \
« tl1tot2is the propagation delay (typically

J

onnected to midsupply (unless

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
G=+1 150

SR Slew rate Vg = 10-V step Vs
G=-1 150
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