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Chopper Stabilized Topology
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Engineering Compromises

Advantages
Low Vos
Low Vos Drift
Good CMRR
Good PSRR
Good long term drift

Better Insensitivity to
stress, moisture

No 1/f noise
Better EMI Immunity

Drawbacks

» Chopper / Auto-Zero
feed-through

* Higher Ib
 Transient IB noise




Offset Drift Comparison

Offset Voltage Drift Over Temperature
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« Offset drift comparison between the OPA2188 and the OP2177
— OP2177 (blue trace) .2uV/°C typical
— OPA2188 (red trace) .03uV/°C typical

« Chopping allows the OPA2188 to reduce offset drift over temperature by almost 7x
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Low Frequency Noise Comparison

Voltage Noise (nV/rtHz)
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Low-frequency noise comparison between the OPA2188 and the OP2177

OP2177 (blue trace) 8nV/rtHz @1kHz - 54nV/rtHz @1Hz

OPA2188 (red trace) ~8.8nV/rtHz @ 1kHz - 11nV/rtHz @1Hz
Below 100Hz the OPA2188 shows a clear advantage for low-noise precision systems
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Common Mode Rejection Ratio

Common Mode Rejection Ratio
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Common-mode rejection ratio comparison between the OPA2188 and the
OoP2177

— OP2177 (blue trace) 125dB typical

— OPA2188 (red trace) 134dB typical
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EMI Rejection Ratio
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 Redctification of EMI in the

input differential pair
produces additional DC
offset
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(yellow trace)
— OP2177 on left

— OPA2188 on right
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What This Means to Our Customers

 Better Initial Accuracy
— Improved initial offset

« Better performance in
harsh environments

— Improved rejection of
ground/CM noise

— Improved rejection of EMI
« Fewer recalibrations

— Greatly reduced drift over
time and temperature
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Chopper Op Amp Intrinsic Noise Sources
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1 INQT? OPAMP

Standard Op Amp Noise Sources

Noise sources in standard op amps
— Input Current Noise (IN1, IN2)
— Input Voltage Noise (VN)

Chopper amplifiers have additional noise
sources that should be considered in system
design

— Input bias current transients (IB1, 1B2)

— Chopper clock feed-through

« VC1 (input referred when chopping in-
bandwidth)

VN VCA1

|51T

o

IN1T

-©:

]

VC2
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Input Current Noise

VN VC1

A = =
IB1 T? INT T?
— = |B2T INZT

« Current noise on the inputs can be broken into two separate sources
— Standard input current noise (IN1, IN2)
« Gaussian distribution
» Present in all opamps
— Transient bias current noise (IB1, IB2)
« Periodic/repetitive
« Present in devices with input commutation
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FET-Input Op Amp Current Noise

« Broadband current noise in
FET Input Op Amps can be
calculated from the input bias
current:

i, =+2%q%i,

NOISE

Input Bias Current

Input Voltage Noise, f = 0.1 to 10Hz
Input Voltage Noise Density, f = 1kHz

Current Noise Density, f = 1kHz

i,: Gurrent Noise Spectral
Density

e 5 pA

2 uWp-p

In

INPUT VOLTAGE AND CURRENT NOISE

SPECTRAL DENSITY vs FREQUENCY
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1.2 fANHz

Current Noise (fA/NHz)

1k 1
Q: Charge of an electron (1.6x10-
19 Coulombs) - N
ig: Input Bias Current l; 100 Volage Nowe A o |
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Chopper Input Bias Current is NOT a constant!
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Chopper input bias current is actually a periodic waveform consisting of:
— An offset current (actual IB of input circuitry)
— A periodic current waveform from switching

The IB spec in the datasheet is determined by averaging the combination
of these two values over a long period of time
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Chopper Current Noise in the Frequency Domain

Example Chopper Current Noise Spectrum
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The current noise spectral density spec is only valid, yet pessimistic, below the chopping frequency
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What causes the Ib spike?

phase1
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Clock Feedthrough
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gm

* When the transistor turns off, the

source voltage 1s also affected due to
the coupling from gate-source
capacitance

AV, =AVg *

CGS

Cgs +C

Charge Injection

* When the transistor turns off, the
channel charge is dispersed into the
source and drain

* Qch = Cox (Vgs B Vt)
dVoen = Q1 2C
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Observing Bias Current Spikes

Oscilloscope (50 Ohm Input Impedance)

50 Ohm Transmission Line

R2 50

Gnd Ch1 Ch2
@ &
%R.B 50

Y

VEE

U2 OPA2188

+ 5
[
G VCC
U1 OPAB57 ~
Yielo! DUT

« A wideband transimpedance amplifier (TIA)

provides a qualitative examination of the
severity of spikes in the IB
— The chopper is configured as a buffer
— Non-inverting input is connected directly to
the TIA input
« Testing was performed with an OPA657
configured for a gain of 20,000

— Final gain is 10,000 after impedance
matching

— Output viewed on a 500MHz oscilloscope (
ohm input)

50

Wideband TIA

Shielded Enclosure
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Observing Bias Current Spikes

C1 200f
|
v _ _RF (IB(UI) +IB(U2) T IN(UI) +IN(U2) +Ispike) Rf 20k
ouT A
( ) VEE
_R I ike
Vour = ——— = =10,000% 1, VEE
TL2 1m  ROUT 50 B 1 > ot OpA 8
RIN 50 % 9 Q W E Voo
U3 OPAGST -
J - VCC DUT
1 L
B Wideband TIA
- Static IB should appear as a DC OPAB57 OPA2188
offset
Bias Current 2 pA 160 pA
« Averaging on the oscilloscope can be :
used to remove Gaussian current Current Noise 1.3 fA/rtHz 7 fA/rtHz
noise
Any repetitive signal in the bias £\ = 60MHz

current should dominate the
averaged output waveform
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@ 50.0mve

Investigation Results

Chopper amplifiers from Tl and
two competitors were examined
— OPA2188
— AD8639
— MAX44251

All parts exhibited similar behavior
at the inputs

Very good correlation between IC-
level simulation and observed
behavior

— Improvement in future designs
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Comparison to Competitor Chopper Amplifiers

Time Domain View of Input Bias Spikes of Chopper Amplifers
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— OPA2188 MAX44251 — AD8639

Overlaying the input bias spike waveform in the time domain allows for a direct comparison
— The OPA2188 has the least severe input bias spike of the parts examined
The MAX44251 displayed the worst performance
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Effects on System Performance

VCC

* Input current spikes are
outside the opamp bandwidth

« Spikes on the Non-Inverting
Input:
— Not amplified

— May affect high-impedance
sensors (sensor becomes
transducer)

« Spikes on the Inverting Input:
— Not amplified

— The opamp can be removed
to simplify analysis of the
noise contribution

— Current noise is coupled to
the load through the
feedback network

RIN

VOUT + VN

llEH
R LOAD
IB2 l
——— AN
RF
RG
VN
RF
IB2 l RG R LOAD
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Contribution to Output Noise

Current spikes on the inverting input are coupled to the load by the feedback network

Vi -— VN
B2 l ‘fRG RF ‘% R LOAD

Vi= IBZ(RG IR, +RL0AD)

V — V RLOAD
N 1
RF + RLOAD

Output noise is dependant upon:
— Input current spike magnitude

— Feedback network impedance
(RF and RG)

— Load Impedance (RLOAD) @ ooy Jaoom T 2s0css @ T

+¥0.000005 10K points 1.60mV J|08:35:29
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Feedback Network Impedance

Feedback Impedance Effects on Chopper Noise
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— OPA2188 (100k/10k) — OPA2188 (1k/100)

Two OPA2188’s were configured for a gain of 11
— Blue trace = feedback values of 100kOhms and 10kOhms
— Red trace =2 feedback values of 1TkOhms and 100 Ohms

Broadband noise reduction is expected from reduced thermal noise of resistances
Reduction in chopper harmonics due to reduced contribution of transient current noise
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Load Impedance Effects

Load Impedance Effects on Output Noise
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« This plot shows the output noise from the same amplifier circuit (OPA2188) into two
different load impedances

— Red trace is the output noise into a 100 Ohm load
— Blue trace is the output noise into a very high impedance load (input impedance of OPA211)

« A reduction in the magnitude of the chopper spurs is evident on the low impedance load
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Input and Output Voltage Noise

VN VCA1

B I? IN1 I? _ l +
| | o T? md? OPAMP

Voltage noise on the inputs can be broken into two or three separate
sources
— Standard input voltage noise (VN)
« Gaussian distribution
« Present in all opamps
— Chopper clock feedthrough
« Chopping within amplifier bandwidth - Input referred (VC1)
« Chopping above amplifier bandwidth - Output referred (VC2)
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Chopper Voltage Noise

Ve
differential

output

phase1 phase1
oo Vos oo
phase2 phase2
oo o —| ‘ | }— + o0
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oo 5 o
phase1 phase1
O O

» The chopper topology modulates the
input DC offset to an AC waveform
with an average value of zero

« Symmetical charge and discharge of
an output cap produces a triangle
wave at the output

— Consists of a fundamental (chopping
frequency) and odd harmonics

1—4

Time Domain

0.00

Frequency Domain

\\\‘\\\\\\‘\\\T\\\‘\\\T\\\‘
4 5 6 7 8 9 10
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Synchronous Notch Filter

« Consider a repetitive waveform in

the time domain
— Zero offset

« The integral over one period of
this waveform is zero

j sin(27ft)dt =0 — T = %

T
« The integral will also be zero for
the harmonics of this waveform

— Integer multiples of frequency
will also ingrate to zero over the
same period

j sin(n*27ft)dt =0 = n=123...

T

This concept allows us to build a
filter with “notches” at integer
multiples of frequency

=
o
5 0.00—]
O

-1.00 ‘ I

0.00 500.00u 1.00m

1.00—

0.00 500.00u 1.00m
Time (5)
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Synchronous Notch Filter

« The synchronous notch
filter integrates the input
waveform (on capacitor C)
for one clock period

— Switch Phase 1 closed
— Switch Phase 2 open

« The integrated value is

then passed to the output
— Switch Phase 1 open
— Switch Phase 2 closed

« This produces the transfer

Switch Phase 1

Switch Phase 2

Input <
A

7 X

Chopper Clock [nnnr]

vl Output
T

X3
| ke
| Chopper Clock

Synchronous clocking

assures that notches
function shown at right @ h_x\\ align with harmonics.
-10
Response _is \ it
. dB) | NV
By synchronizing the | \|/ v HiPes
switches to the chopping = Il 1 [
frequency, Tl choppers = [
achieve a 500x reduction in G
noise “
-5 ¢
50 | fc 3fc——Sfe' e
Log Frequency
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Investigating Chopper Voltage Noise

Spectrum Analyzer LNA Voo

VCC )U5 OPA2188
. U6 OPAY211 R LOAD £ 7
Coaxial Cable ) s l
Gnd In Out + —
& F } -
RIN 50 <
— VEE

- VEE - RE
AN

LA~
iRG

1ooi

- DUT

Output noise was amplified and viewed
in the frequency domain

— Low Noise Amplifier (LNA) was an
OPA211 with a gain of 11

— Agilent 35670A (.1 to 100kHz)
— HP3588 (100kHz to 150MHz)
— Shielded enclosure and cables

Noise floor is measured first and
subtracted from the final results
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Synchronous Notch Filter Effectiveness

« OPA2188 Broadband Noise Spectral Density: 8.8 nV/rtHz
«  MAX44251 Broadband Noise Spectral Density: 5.9 nV/rtHz
The MAXIM part is lower noise right?....Not Exactly

Broadband Voltage Noise Comparison
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— OPA2188 — MAX44251
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Gain Effects on Total Noise: Chopping In-Band

MAX44251: GBW 10MHz, Chopping frequency 65kHz

— Broadband Noise Spectral Density: 5.9 nV/rtHz
— Chopper noise scales with gain!-> Input referred

Noise Spectral Density (V/rtHz)

1.00E-05

MAX44251 Output Noise Spectral Density

1.00E-06

1.00E-07
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1.00E+04
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Frequency (Hz)

— Gain x1 — Gain x11 — Gain x101
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Gain Effects on Total Noise: Chopping Out-of-Band

« OPA2188: GBW 3MHz, Chopping Frequency >650kHz
— Broadband Noise Spectral Density: 8.8 nV/rtHz, synchronous notch filtering
— Chopper noise scaling with gain is minimal - Output referred

OPA2188 Output Noise Spectral Density
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1 DOE-07 Jihbnetrrihpimtotieyr Ay \
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Frequency (Hz)
— Gain x1 Gain x11 — Gain x101
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Application Tips
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Output Filtering

VCC

' R OUT VOUT + VN
RIN l IB1 —ANAN +——{
COouT —— %R LOAD

iae

Adding an RC output filter can mitigate noise seen by high
impedance loads

— Gyt chosen to have an impedance much less than R 4,p at the
chopping frequency

— Ryt chosen to maintain opamp stability with the chosen Cg ¢
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Output Filtering

The contributions of the
individual noise sources can
be visualized with the circuit at
right

The corner frequency of the
filter as seen by the voltage
noise is directly determined by
Rout and Cout

The corner frequency for the
transient current noise is
actually much lower
— The filter now includes the
feedback resistance RF

— Filter corner frequency can
be chosen to remove current
noise without affecting
desired signal

— RG also attenuates the noise
developed across the load

System Noise RF R OUT

R LOAD

Voltage Noise

R OUT

r VWA=
VC2 gg COUT _— %R LOAD
; , | f ) |
- e 27 * ROUT * COUT
Current Noise . R OUT

B2 (v )] R LOAD

1
27 % (Royr + Rp)* Coyy

f[Bz =
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Output Filtering Example

Consider the addition of an output RC filter to an OPA2188:
Re: 10kOhms, Rg: 100 Ohms
Rour: 100 Ohms, Gy j7: 10nF

The measurement circuit and calculation of the two corner frequencies created

by this filter are shown below:

VCC

L Vout

———(

1 H
COUT 10n

Q
O
=
U3 OPA2188
Yy ROUT 100 U2 OPAY211
>
L
Ll
=
AAN

VEE

R3 1K

RG 100
A
T
2
R2.100

: I

1 o
2% R,y ¥Copr 2 *100Q%10nF
1 B 1
2% (Ryyy + R *Copr  270% (100Q +10kQ) % 10nF

=159kHz

fIBz =

=1.576kHz
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Output Filtering

Voltage Noise Spectral Density (V/rtHz)

Output Filter Effectiveness
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1.00E-08 \ L“wr\“l “J , I I |

MMM“%

1.00E-09 w x
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Frequency (Hz)
— OPA2188 (x101) —— OPA2188 (x101) Filter

« Harmonics due to input current spikes are completely eliminated

« Noise at chopping frequency travels through the opamp (not around
the feedback network)
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Output Filtering

Tria'd Run

_ J"z.oous 500MS/s o - H 2 Nov 2011]

@@ @@ _ J’z.nnps 500MS/s @ H 2 Nov 2011
@ 1.00mvh Jm+v—-1.34000us 10k points 400UV 1103:45:21

(@ 1.00mvh Jl+v—-1.34000us 10K points 260uv [03:51:23 |

ACL | 1M off Al ‘ ® ‘ tor ACL o] 1™ off il ‘ . ‘ o
OPA2188 Without Filtering OPA2188 With Filtering
— Gain: 101, RF:10k, RG:100 Ohm — Gain: 101 RF: 10k, RG: 100 Ohm

— Oscilloscope 1TMOhm input
impedance is the load

— Input current spikes are visible above
other noise sources

— Oscilloscope 1TMOhm input
impedance is the load
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Comparison to Non-Chopper Amplifiers

Output Noise Comparison
1.00E-05

(V/rtHz)
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100807 R VP gl \"“‘*‘V\

1.00E-08

pectral Density

Noise S
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1.00E+04 1.00E+05 1.00E+06 1.00E+07

Frequency (Hz)
— OP2177 (x101) — OPA2188 (x101) Filter

The filtered output spectrum of the OPA2188 was compared to a traditional
precision bipolar part
— Removal of the chopping noise makes the high frequency noise spectrum
comparable.
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Minimizing Chopper Noise Effects

Input current spikes are not amplified by the part

— Spikes on the inverting input will be coupled to the load by the feedback
network

Minimize feedback resistance values
— Reduces the voltage produced by current spikes
— Standard design practice for low-noise, low-drift circuits
Load impedance directly contributes to the magnitude of voltage
produced by the spike
An RC filter is an extremely effective way to reduce output noise
— Most practical with high-impedance loads
— Corner frequency can be placed outside of the signal bandwidth

— Noise through the feedback network experiences a much greater
attenuation
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Thank You!




