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Why variability and feedback?
• Sources of variability on Monday 


• Use matching to reduce influence, at a 
cost of more area / power


• R, C, L; [FET] VT, gm ; [BJT] VBE, hfe


• Gain is more difficult to control!


• Depends strongly on output 
conductance (resistance) gd ; rd


• Output resistance = how bad a current 
source is the transistor.
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nMOS ideal transfer 
characteristics

It is the slope 

in saturation


 that is 

hard to control
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Digital: switch Analog: amplifier

vOUT vOUT

vOUT

vIN

vIN

vIN

vIN

vOUT

VDD VDD

t

t t

t

iDiD
t1 t2 t3 t4

t1 → t2

t3 → t4

t1

vDSvDS

An aside about transistor operation: digital vs analog

Large 

swings

Small variations 

around operating 

(bias) point

vIN = VIN + vin

vOUT = VOUT + vout
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Why do we want 
accurate gain?

• Important for most analog/mixed circuits 


• Hint: ratio of largest and smallest value 
in signed 10-bit word is 512 


• For 10-bit data conversion, need to 
discriminate voltages / currents at 
similar accuracy 

5



DAT116 Nov 15 2018 LP

How expensive is gain?

• The cost (power, area, complexity and thus $) 
depends on:


• How high gain?


• How accurate?


• At what frequencies?


• + some more factors (mainly linear range)
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How bad is it?

REV. C–2–

OP27
ELECTRICAL CHARACTERISTICS

         OP27A/E           OP27F         OP27C/G
Parameter Symbol Conditions Min Typ Max Min Typ Max Min Typ Max Unit

INPUT OFFSET
VOLTAGE1 VOS 10 25 20 60 30 100 mV

LONG-TERM VOS
STABILITY2, 3 VOS/Time 0.2 1.0 0.3 1.5 0.4 2.0 mV/MO

INPUT OFFSET
CURRENT IOS 7 35 9 50 12 75  nA

INPUT BIAS
CURRENT IB ±10 ±40 ±12 ±55 ±15 ±80 nA

INPUT NOISE
VOLTAGE3, 4 en p-p 0.1 Hz to 10 Hz 0.08 0.18 0.08 0.18 0.09 0.25 mV p-p

INPUT NOISE en fO = 10 Hz 3.5 5.5 3.5 5.5 3.8 8.0 nV/÷Hz
Voltage Density3 fO = 30 Hz 3.1 4.5 3.1 4.5 3.3 5.6 nV/÷Hz

fO = 1000 Hz 3.0 3.8 3.0 3.8 3.2 4.5 nV/÷Hz

INPUT NOISE in fO = 10 Hz 1.7 4.0 1.7 4.0 1.7 pA/÷Hz
Current Density3, 5 fO = 30 Hz 1.0 2.3 1.0 2.3 1.0 pA/÷Hz

fO = 1000 Hz 0.4 0.6 0.4 0.6 0.4 0.6 pA/÷Hz

INPUT
RESISTANCE

Differential-Mode6 RIN 1.3 6 0.94 5 0.7 4 MW
Common-Mode RINCM 3 2.5 2 GW

INPUT VOLTAGE
RANGE IVR ±11.0 ±12.3 ±11.0 ±12.3 ±11.0 ±12.3 V

COMMON-MODE
REJECTION RATIO CMRR VCM = ±11 V 114 126 106 123 100 120 dB

POWER SUPPLY PSRR VS = ±4 V
REJECTION RATIO to ±18 V 1 10 1 10 2 20 mV/V

LARGE-SIGNAL AVO RL � 2 kW,
VOLTAGE GAIN VO = ±10 V 1000 1800 1000 1800 700 1500 V/mV

RL � 600 W,
VO = ±10 V 800 1500 800 1500 600 1500 V/mV

OUTPUT
VOLTAGE SWING VO RL � 2 kW ±12.0 ±13.8 ±12.0 ±13.8 ±11.5 ±13.5 V

RL � 600 W ±10.0 ±11.5 ±10.0 ±11.5 ±10.0 ±11.5 V

SLEW RATE7 SR RL � 2 kW 1.7 2.8 1.7 2.8 1.7 2.8 V/ms

GAIN
BANDWIDTH

PRODUCT7 GBW 5.0 8.0 5.0 8.0 5.0 8.0 MHz

OPEN-LOOP
OUTPUT

RESISTANCE RO VO = 0, IO = 0 70 70  70 W
POWER
CONSUMPTION Pd VO 90 140 90 140 100 170 mW

OFFSET
ADJUSTMENT

RANGE RP = 10 kW ±4.0 ±4.0 ±4.0 mV

NOTES
1Input offset voltage measurements are performed ~ 0.5 seconds after application of power. A/E grades guaranteed fully warmed up.
2Long-term input offset voltage stability refers to the average trend line of VOS versus. Time over extended periods after the first 30 days of operation. Excluding the
initial hour of operation, changes in VOS during the first 30 days are typically 2.5 mV. Refer to typical performance curve.

3Sample tested.
4See test circuit and frequency response curve for 0.1 Hz to 10 Hz tester.
5See test circuit for current noise measurement.
6Guaranteed by input bias current.
7Guaranteed by design.

(@ VS = ±15 V, TA = 25!C, unless otherwise noted.)

–SPECIFICATIONS
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Accuracy by feedback!
• Derive gain accuracy from passive 

components (R or C)


• Much more precise than active 
components (transistors)


• Pay with gain magnitude for improved 
accuracy


• That is: accurate but lower gain!


• Another issue: stability in feedback 
systems; note really dealt with in this course 
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Ideal amplifier model

• Output takes any voltage, sinks/sources 
any current


• No current into inputs, no voltage across 


• Gain A towards ∞

+

–
∞A
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Example: voltage amplifier

• Voltage divider + amplifier!


+

–

R1R2

∞
X

Y
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Example: voltage amplifier
+

–

R1R2

A
X

Y
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• Let  R2 / (R1 + R2) = ß 


• Y = X · A / (1 + AR2 / (R1 + R2)) =


X · A / (1 + Aß) ≈


≈ X · A / (Aß) = 


= X / ß


• When is “≈” allowed? 


• Error magnitude?

Let A grow large
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Discrepancy
• Deviation from “ideal” (A = ∞) performance


•  


!

• Clearly, for approximation to hold, Aß >> 1


• Discrepancy:  


!

•  


• D < 1; but close to 1 when Aß >> 1
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Example
• We wish Y / X = 100


• Use ß = 1 / 100 = 0.01


• We wish gain error to be < 1% 


• Requirement is D > 0.99 


• D = Aß / (1 + Aß)


• Determine required A:


• A = D / (ß(1 – D)) ≈  102 · 102 = 104 


• … or 80 dB
14
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Dominant pole 

• “Standard” op-amp transfer function 
Bode plot

REV. C –9–
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GBW = gain-bandwidth product

• Standard parameter


• Constant regardless of ß

REV. C –9–
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Limitations
• Corrective power as 

function of 
frequency? 


• Best at low 
frequencies, since 
higher gain!


• 80 dB only up to 
1kHz!

• Can’t get Y / X = 

100±1% at higher 
frequencies with 
OP27!

REV. C –9–
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What about the Rs?
• Voltage divider 


!

!

• Transfer set by ratio of 
resistors


• Ratios more 
accurate than 
single values!


R1

R2

X

Y

18

Y

X
=

R2

R1 +R2



Mismatch influence?
• We wish


• so R1 = (r – 1) R2


• Assume worst deviation d: 

• R1’ = (1 – d) R1

• R2’ = (1 + d) R2


• Then:

!

!

!

• For large r, a ±1% tolerance can affect ratio by ±2%

R1’

R2’

X

Y

19

Y

X
=

R2

R1 +R2
=

1

r

Y

X
=

R0
2

R0
1 +R0

2

=
R2

1�d
1+dR1 +R2

=
1

(1�d)(r�1)
1+d + 1

⇡ 1
r�1
1�2d + 1
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Example, again
• We wish Y / X = 100

• ß = 1 / 100 = 0.01


• We wish gain error to be < 1% 

• … 

• 80 dB gain up to max frequency


• But also errors in ß due to passives! 

• Distribute error budget 

• 0.5% + 0.5%, or cheaper alternative

20
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Reflection…
• How design to a given performance …


• … with a given precision? 


• Start with feedback network


• Design/select amplifier that is “good 
enough” 


• If not possible / affordable, split into 
several stages 


• Easier to provide 2 · 10x than 100x

21



DAT116 Nov 15 2018 LP

Sources of variability
• “PVT”: 


• Process (addressed through matching)


• Voltage 


• Temperature


• “All” these affect active circuits more 
than passive ones 


• Ratios of passives especially stable

22
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Other performance measures
• Voltage gain may be stabilized with 

passive feedback 


• Current gain: other topologies, similar 
calculations


• Frequency-dependent gain: no simple 
ratios (how match R vs C?)


• Week 4. 


• Input/output impedances? 


• Also possible with two feedback loops
23
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Time scales 
• Static / years


• Process corners, lithography, dopants

• Seconds 


• Supplies, temperature, 1/f noise 

• Microseconds


• IR drops, temperature gradients 

• Picoseconds


• IR drops, jitter, thermal noise 

Fe
ed

ba
ck

 le
ss

 e
ffe

ct
iv

e
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Summary
• Use feedback to control variability

• Hide variations in active parts


• Improvement set by gain given up


• Use ratios of passives to determine performance 
whenever possible 


• Design feedback network first


• Then select or design active parts:

• How high open-loop gain and at what frequencies?


• May have to spit in more stages if high requirements
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