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𝜍𝑅𝑆𝑆 % ≈ 𝑒𝑉𝑜𝑠
2 + 𝑒𝐶𝑀𝑅𝑅

2 + 𝑒𝑃𝑆𝑅𝑅
2 + 𝑒𝐺𝑎𝑖𝑛_𝑒𝑟𝑟𝑜𝑟

2 + 𝑒𝐿𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦
2 + 𝑒𝑆ℎ𝑢𝑛𝑡_𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

2 + 𝑒𝐵𝑖𝑎𝑠_𝑐𝑢𝑟𝑟𝑒𝑛𝑡
2 + 𝑒𝑂𝑡ℎ𝑒𝑟
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Input filter will 

decrease gain and 

add error. 
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IBCM jumps when VCM>VS 

IBCM 

IBCM vs. VCM 

(VSENSE = 0 V) 

(VS = 5 V) 

IB vs. VSENSE 

(VCM = 12 V) 

(VS = 5 V) 

IBDIFF 

IBCM 

2*IBCM RBIAS = ΔVSENSE/ΔIB+ 



Four basic CSA topologies and example devices 
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INA181 

INA185 

INA199 

INA210 

INA280, INA290 

INA281, INA293 
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INA139 
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RDIFF > 2 MΩ 
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IOUT

RINT,trimmed

Input 

Bias 

Stage

Input 

Bias 

Stage

RFB

RINT

RINT
IN-

IN+

VOUT

VREF

-

+

Standard Single-Stage, Voltage-Feedback CSA

RR = RFB

IN-

IN+

RINT

RINT

VOUT

VREF

-

+

Capacitively-Coupled, High Input-Impedance CSA

Capacitively 

Coupled 

Input Stage

RFB

RR = RFB



VOUT

RINT

RINT
IN+

IN-

-

+

IOS/2

VREF

IBCM

IBCM

RFB

RBIAS

RR = RFB

Modeling the CSA 
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Both models are equivalent 

RFB, RINT, and RBIAS all can vary ±20% 

 

RFB/RINT = Device gain 

 

RFB/RINT variation = Device Gain Error 

Dependent upon VCM 

IOS = IIO = (IB+) – (IB-) 

VOUT

RINT
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IN+

IN-

-

+
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RBIAS/2

VREF
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Example - Overview 
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Problem: Noisy load. 

Solution: Insert differential input filter with 1.6 kHz cuttoff frequency. 

Analysis: Use discrete simulation model of INA185 to determine new circuit 

gain and errors with 100-Ω/1% input resistors.  

Load current (A)

100.00m 575.00m 1.05 1.53 2.00

VOUT (V)

198.50m

4.00

Vshunt (V)

1.00m

20.00m
No input filter.

CF

RF

RF Note there is no maximum limitation to the value of CF for the CSA. 



-

+

IOP1

Rint 2.5k

RFB 500k

RF 100

Rint 2.5k

R2 500k
RF 100
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V
+
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Load 100m
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C
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7
0
n

IBcm 100u

Ios/2 25n

REF

OUTV
+
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INA185A4 Discrete Model

Example 1 – Analysis, create discrete model 
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𝑅𝐹𝐵 = 𝐺𝑎𝑖𝑛 ∗ 𝑅𝐼𝑁𝑇 



Example – Determine new gain (2 ways) 
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IOS, IBCM, and VBUS sources are not 

needed to determine new gain. 

𝐺𝑎𝑖𝑛𝑇𝑦𝑝𝑖𝑐𝑎𝑙  = 𝐺𝑎𝑖𝑛𝐷𝑒𝑣𝑖𝑐𝑒 ∗ 𝐺𝑎𝑖𝑛 𝐸𝑟𝑟𝑜𝑟 𝐹𝑎𝑐𝑡𝑜𝑟  

𝐺𝑎𝑖𝑛𝑇𝑦𝑝𝑖𝑐𝑎𝑙 = 200 𝑉 𝑉 ∗
2.5 kΩ

3 ∗ 100 Ω + 2.5 𝑘Ω  

𝑮𝒂𝒊𝒏𝑻𝒚𝒑𝒊𝒄𝒂𝒍 = 𝟏𝟕𝟖. 𝟓𝟕 𝑽/𝑽 

GainTypical,simulated = VOUT/VSHUNT = 178.57 V/V 



Example – Determine positive gain error 

9 

RFB = RFB, typical*(1 + 20%) 

600 kΩ = 500 kΩ*(1.20) 

RINT = RFB/[GainDevice*(1 + 0.25%)] 

2.99252 kΩ = 600 kΩ / [200*1.0025] 

RFB, RINT, and RBIAS all can vary ±20% 

 

RFB/RINT = Gain 

 

RFB/RINT variation = Max Device Gain 

Error = ±0.25% for INA185A4 

What is maximum possible gain? 

𝑮𝒂𝒊𝒏𝑴𝒂𝒙 =  𝟏𝟖𝟐.𝟒𝟐𝟒 𝒎𝑽
𝟏 𝒎𝑽

 = 𝟏𝟖𝟐.𝟒𝟐𝟒 
𝑽
𝑽
 

𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟𝑀𝑎𝑥 = 
𝐺𝑎𝑖𝑛𝑀𝑎𝑥 − 𝐺𝑎𝑖𝑛𝑇𝑦𝑝

𝐺𝑎𝑖𝑛𝑇𝑦𝑝
∗100 

𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟𝑀𝑎𝑥 = 182.424 − 178.57
178.57

∗100 
RBIAS = RBIAS, typical*(1 + 20%) 

3.00 kΩ = 2.5 kΩ*(1.20) 

𝑮𝒂𝒊𝒏𝑬𝒓𝒓𝒐𝒓𝑴𝒂𝒙 = +𝟐. 𝟏𝟔% RF = RF, typical*(1-1%) 

99 Ω = 100 Ω*(0.99) 

2. Add +0.25% device gain error 

1. Increase internal resistors by +20% 

3. Decrease RF by 1% 



Example – Determine negative gain error 
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RFB = RFB, typical*(1 - 20%) 

400 kΩ = 500 kΩ*(0.80) 

RINT = RFB/[GainDevice*(1 - 0.25%)] 

2.00501 kΩ = 400 kΩ / [200*0.9975] 

RFB, RINT, and RBIAS all can vary ±20% 

 

RFB/RINT = Gain 

 

RFB/RINT variation = Max Device Gain 

Error = ±0.25% for INA185A4 

What is smallest possible gain? 

𝑮𝒂𝒊𝒏𝑴𝒊𝒏 =  𝟏𝟕𝟑.𝟐𝟕 𝒎𝑽
𝟏 𝒎𝑽

  = 𝟏𝟕𝟑.𝟐𝟕 
 𝑽
𝑽

 

𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟𝑀𝑖𝑛 = 
𝐺𝑎𝑖𝑛𝑀𝑖𝑛 − 𝐺𝑎𝑖𝑛𝑇𝑦𝑝

𝐺𝑎𝑖𝑛𝑇𝑦𝑝
∗100 

𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟𝑀𝑖𝑛 = 173.27− 178.57
178.57

∗100 
RBIAS = RBIAS, typical*(1 – 20%) 

2.00 kΩ = 2.50 kΩ*(0.80) 

𝑮𝒂𝒊𝒏𝑬𝒓𝒓𝒐𝒓𝑴𝒊𝒏 = −𝟐. 𝟗𝟕% RF = RF, typical*(1+1%) 

101 Ω = 100 Ω*(1.01) 

2. Add -0.25% device gain error 

1. Decrease internal resistors by 20% 

3. Increase RF by 1% 



Example – Determine new input offset 
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𝑉𝑂𝑆_𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑂𝑆𝐼 + 𝑉𝑂𝑆_𝐶𝑀𝑅 + 𝑉𝑂𝑆_𝐹𝑖𝑙𝑡𝑒𝑟 

𝑽𝑶𝑺_𝒕𝒐𝒕𝒂𝒍_𝒎𝒂𝒙 = + 𝟑𝟐𝟖 µ𝐕 

𝑽𝑶𝑺_𝒕𝒐𝒕𝒂𝒍_𝒎𝒊𝒏 = − 𝟑𝟐𝟔 µ𝐕 

+𝑉𝑂𝑆_𝐹𝑖𝑙𝑡𝑒𝑟 + 𝐼𝐵𝑃𝑅𝐹1 − 𝐼𝑆𝐻𝑅𝑆𝐻 − 𝐼𝐵𝑁𝑅𝐹2 = 0 

+ 

+ - 

- 
+𝐼𝑆𝐻 − 𝐼𝐵𝑁 − 𝐼𝐿𝑂𝐴𝐷 = 0 

∴ 𝑽𝑶𝑺_𝑭𝒊𝒍𝒕𝒆𝒓 =  
𝑰𝑩𝑪𝑴 𝑹𝑺𝑯 + 𝑹𝑭𝟐  − 𝑹𝑭𝟏 − (

𝑰𝑶𝑺
𝟐 ) 𝑹𝑺𝑯 + 𝑹𝑭𝟐 + 𝑹𝑭𝟏

𝟏 + (𝟏 𝑹𝑫𝑰𝑭𝑭)( 𝑹𝑺𝑯 + 𝑹𝑭𝟐 + 𝑹𝑭𝟏)
 

𝑉𝑂𝑆𝐼 = ± 100 µ𝑉 𝑎𝑡 12 − 𝑉 𝑉𝐵𝑈𝑆 

𝑉𝑂𝑆_𝐶𝑀𝑅 = 12𝑉 − 𝑉𝐵𝑈𝑆 ∗ 10(
−𝐶𝑀𝑅𝑅_𝑚𝑖𝑛

20 𝑑𝐵
)
 

𝑉𝑂𝑆_𝐶𝑀𝑅 = 8V ∗ 10(
−106 𝑑𝐵

20 𝑑𝐵
) = ±41 µ𝑉 

+𝐼𝐵𝑃 − 𝐼𝐷𝐼𝐹𝐹 − 𝐼𝐵𝐶𝑀 −
𝐼𝑂𝑆

2 = 0 

+𝐼𝐵𝑁 + 𝐼𝐷𝐼𝐹𝐹 − 𝐼𝐵𝐶𝑀 +
𝐼𝑂𝑆

2 = 0 

𝐼𝐷𝐼𝐹𝐹 =
𝑉𝑂𝑆_𝐹𝐼𝐿𝑇𝐸𝑅

𝑅𝐷𝐼𝐹𝐹
  

𝑉𝑂𝑆_𝐹𝐼𝐿𝑇𝐸𝑅 ≅ {+187 µ𝑉, −185 µ𝑉} for ±1% RF 

𝑅𝐷𝐼𝐹𝐹 = 𝑅𝐵𝐼𝐴𝑆||(2 ∗ 𝑅𝐼𝑁𝑇) 



Example – Filter error summary 
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Specification 
INA185A4 with no 

input resistors 

INA185A4 with 100-

Ω/1% input resistors 

INA185A4 with 100-

Ω/0.1% input resistors 

VOS_TOTAL_MAX at 20-V 

VCM 

± 141 µV 
+ 328 µV, - 326 µV 

(~± 186 µV due to filter) 

Gain (typical) 200 V/V 178.57 V/V 

Gain error (maximum) ± 0.25% +2.16%, -2.97% 

Input 

Bias 

Stage

RFB

RINT

RINT

IN-

IN+

VOUT

-

+

Standard Voltage Feedback CSA

RSHUNT

GND

VBUS (VCM)

Load

VREF

RFB

RF

RF

CF

Offset error 

dominated by RF 

tolerance and IBCM. 

Gain error is dominated 

by the ± 20% variation* 

over process in 

absolute values of RFB, 

RINT, and RDIFF. 

+2.07%, -2.86% 

+ 165 µV, - 164 µV 

(~± 23 µV due to filter) 

*Note that the ±20% process variation of RFB, RINT, and RDIFF is a conservative judgment 

based upon capabilities of the process technology and may differ for other devices. 



Point 2: Load 1A = known value

Point 1: Load = 0A (off)

Load current (A)

0.00 500.00m 1.00

Vout_differential

-35.57m

1.75

Point 1: Load = 0A (off)

Point 2: Load 1A = known value

  Vout_differential   A:(0; -35.57274m) B:(1; 1.75199)

Example – Calibration 
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𝑉𝑂𝑈𝑇_𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 = 
Δ𝑉𝑂𝑈𝑇_𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

Δ𝐿𝑜𝑎𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑∗𝑅𝑠ℎ𝑢𝑛𝑡
∗ 𝐿𝑜𝑎𝑑 + 𝑉𝑂𝑆𝑂𝑢𝑡𝑝𝑢𝑡−𝑟𝑒𝑓𝑒𝑟𝑟𝑒𝑑  

𝑉𝑂𝑈𝑇_𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 = 
1.75199V − (−0.0355727𝑉)

1𝐴 ∗ 10𝑚Ω
∗ 𝐿𝑜𝑎𝑑 − 35.5727𝑚𝑉 

𝑉𝑂𝑈𝑇_𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 = 178.756 𝑉
𝑉
∗ Load ∗ 10mΩ − 35.5727mV 

Parameter Temperature Coefficient 

VOS, IBCM, 

Gain Error 

RFB, RINT, 

RBIAS 

 

 

 

 

 

 

 

 

RF 

 

 

Temperature-stable device 

specifications. See datasheet. 

SiCr thin-film resistor process 

technology. Conservative USL/LSL 

= ± 30 ppm/°C. All resistors drift 

with same polarity. ± 30 ppm/°C 

equates to an additional -0.07%, 

+0.05% gain error over -40°C to 

+125°C operating temperature 

range. 

5 ppm/°C to 25 ppm/°C for majority 

of thin-film, SMT resistors. 



To find more current sense amplifier 
technical resources and search products, 
visit ti.com/currentsense 
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How to Read CSA Datasheets – quiz 
1. Select all of the following that are true about CSAs 

a. Differential input resistances can be in the range of a few kΩ. 

b. Input bias stages require differential input bias currents to partially power the CSA. 

c. Input bias stages require common-mode input bias currents to partially power the 

CSA. 

d. The internal resistors  (RBIAS, RINT, and RFB) can all vary by ±20% due to  

temperature variation. 
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How to Read CSA Datasheets – quiz 

2. Select all of the following that are true about CSAs with input filters: 

a. Input filters will cause the gain from shunt voltage to device output to be increased. 

b. Input filters will cause the gain error variation to increase. 

c. The offset error due to the input filter will be dominated by the tolerance of the input 

resistors chosen. 

d. If the input filter capacitor chosen is too large, then the device could become 

unstable. 

e. The new circuit gain will be dependent upon the common-mode input bias current. 

3 



How to Read CSA Datasheets – quiz 
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3. A system designer needs a CSA with an input filter with 100-Ω input resistors 

(RF). Which device will yield the lowest input filter error? 

a. The INA190A3 or the INA185A3? 



How to Read CSA Datasheets  - quiz 

5 

4. A system designer is using an input filter for the INA185A4 and decides to 

calibrate the circuit’s offset and gain error. She notices that error increased 

unexpectedly when the common-mode voltage level changed from 20-V to 10-

V and the temperature was stable. What happened? 
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Answers 



How to Read CSA Datasheets – quiz 
1. Select all of the following that are true about CSAs 

a. Differential input resistances can be in the range of a few kΩ. 

b. Input bias stages require differential input bias currents to partially power the CSA. 

c. Input bias stages require common-mode input bias currents to partially power the 

CSA. 

d. The internal resistors  (RBIAS, RINT, and RFB) can all vary by ±20% due to 

temperature variation. 
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How to Read CSA Datasheets – quiz 

2. Select all of the following that are true about CSAs with input filters: 

a. Input filters will cause the gain from shunt voltage to device output to be increased. 

b. Input filters will cause the gain error variation to increase. 

c. The offset error due to the input filter will be dominated by the tolerance of the input 

resistors chosen. 

d. If the input filter capacitor chosen is too large, then the device could become 

unstable. 

e. The new circuit gain will be dependent upon the common-mode input bias current. 
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How to Read CSA Datasheets – quiz 
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3. A system designer needs a CSA with an input filter with 100-Ω input resistors 

(RF). Which device will yield the lowest input filter error? 

a. The INA190A3 or the INA185A3? 

Answer: The INA190A3 will yield a lower error due to input filter 

because it is a high-input impedance CSA with lower input bias currents. 



How to Read CSA Datasheets  - quiz 
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4. A system designer is using an input filter for the INA185A4 and decides to 

calibrate the circuit’s offset and gain error. She notices that error increased 

unexpectedly when the common-mode voltage level changed from 20-V to 10-

V and the temperature was stable. What happened? 

Answer: The error increased because the common-mode voltage (VCM) 

was not stable. Once the VCM changes, the IBCM will also change and 

this affects the input offset voltage due to input filters for CSAs. 
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