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Presenter
Presentation Notes
Hello and welcome to part 2 of the current feedback amplifier series. In part 1 of the series I described how a current feedback amplifiers bandwidth depends primarily on the feedback resistance resulting in a gain bandwidth independence. In this section I will describe the 2nd benefit of the current feedback architecture – namely its superior slew rate performance.

In the next few slides I will dive into the internal transistor level design of  voltage and current feedback opamps. An analysis of the internal design should give the audience a deeper understanding of why a CFB opamp can achieve superior slew rate performance. Note that a detailed transistor level analysis is not important when designing an application circuit using current feedback opamps, but it does give the circuit designer a useful insight into the device operation.




Slew-rate Limitation of VFB 
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Presenter
Presentation Notes
Limited slew rate is one of the shortcomings of a typical voltage-feedback amplifier. A typical voltage feedback op-amps internal circuit is shown here. The 1st stage is a high-gain transconductance block comprising the differential input pair Q1 and Q2 and the current mirror stage Q3 and Q4. The subsequent gain and output stages are lumped together as an integrator block consisting of an inverting amplifier and the compensation capacitor C.

The amplifier here is configured in a unity-gain configuration.  Under normal conditions the input differential pair is balanced and equal currents flow in each leg of the diff. pair.  During a slew-rate condition when a large, fast transition occurs at the input Vin, the output is unable to track the input.  The input diff. pair becomes unbalanced, and the entire tail current I will flow through transistor Q2 and into the compensation capacitor C, which subsequently starts to charge the output of the amplifier.  The amplifiers slew rate is thus determined by the rate at which the capacitor C charges or discharges. For example if I = 100µA and C = 10pF, then the slew rate is the current, I, divided by the capacitance, C, which in this case is 10V/µsec.  To increase the slew rate while keeping the capacitance C constant, the tail current in the input diff. pair must be increased, but doing so increases the amplifiers overall power consumption.  

The limited slew rate will generally increase the settling-time of the op-amp, which is a critical parameter in many applications.




Slew Rate Enhancement with CFB 
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Presenter
Presentation Notes
The figure shows a simplified internal circuit of a CFB amplfier. 

Transistors Q1 through Q4 buffer the signal at the non-inverting input and drive the inverting-input pin of the op-amp.  Notice that the base junctions of Q3 and Q4 at the non-inverting input present a high input impedance, whereas the emitter junctions of Q1 and Q2 at the inverting input present a low output impedance.  Using Kirchhoff’s current law at the inverting node yields IN = I1− I2, where I1 and I2 are the push-pull transistor currents in Q1 and Q2 respectively. Transistors Q5 and Q7 and transistors Q6 and Q8 act as current mirrors.  The current mirrors reflect I1 and I2 and recombine them at the high-impedance node at capacitor Ccomp.  By mirror action the current IC into Ccomp is equal to IN. The resulting voltage across Ccomp is buffered by transistors Q9 through Q12 to drive the output pin of the amplifier. 

When the amplifier loop is closed and an external signal imbalances the two inputs, the input buffer will begin sourcing (or sinking) the imbalance current IN to the external feedback and gain resistances. This imbalance is then conveyed by the current mirrors to capacitor Ccomp, causing Vout to swing in the positive (or negative) direction until the original imbalance IN is neutralized via the negative-feedback loop.  Thus, IN is an error signal in the system.

Now that you have a better understanding on how a current feedback amplifier works, I will demonstrate on the next slide why the current feedback opamps have superior slew rates compared to their voltage feedback counterparts.
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Presenter
Presentation Notes
Lets now examine what happens when an amplifier hits its slew limit in both cases.

When a voltage feedback opamp is in slew, the amplifiers loop will open and the inputs will no longer track each other. In order to restore the amplifier to a closed-loop the inverting input will attempt to follow the signal at the non-inverting input which subsequently means that the amplifier output also has to track the noninverting input. As described earlier the current needed to charge the compensation capacitor and thus drive the amplifiers output is derived from the tail current source in the input differential pair. This is a fixed current and is usually in the range of micro-amps. The magnitude of the tail current in the input differential pair thus limits the amplifiers slew rate.

A similar scenario plays itself out in the case of a current feedback opamp, where the compensation capacitor needs to be sufficiently charged or discharged in order for the output to track the signal at the non-inverting input and thus restore the loop to a balanced closed loop state. The current, IC,  needed to charge the compensation capacitor in this case is a mirrored replica of the error current IN at the amplifiers inverting terminal. This error current is derived from the amplifiers output stage which in turn drives its low impedance inverting input. Amplifier output stages are generally designed to drive many mAs of current and are thus much stronger drivers than the tail current source in a voltage feedback amplifier. Since IN in a CFB is much greater than IB in a VFB, a current feedback amplifier can achieve very high slew rates. 

In theory an ideal current feedback opamp should have unlimited slew rate, however the dynamic limitations of the input buffer and the current mirrors place an upper limit on the achievable slew rate.



Slew Rate: VFB vs CFB 
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Device Slew Rate 
(V/µs) 

IQ 
(mA) 

OPA683 210 0.79 

OPA684 820 1.7 

OPA691 2100 5.1 

OPA695 4300 12.9 

THS3001 6300 6.6 

THS3061 7000 8.3 

THS3091 7300 9.5 

Device Slew Rate 
(V/µs) 

IQ 
(mA) 

THS4281 35 0.8 

LMH6619 57 1.45 

OPA820 240 5.6 

OPA846 625 12.6 

OPA637 100 7 

THS4051 240 8.5 

THS4631 1000 11.5 

Current Feedback Voltage Feedback 

Products in bold text are 
high-voltage op-amps with 

max. supply >24V 

Presenter
Presentation Notes
This slide shows a slew rate comparison between several TI products based on their internal architecture. Notice that the slew rate of a current feedback opamp is almost an order of magnitude higher than a voltage feedback opamp for similar levels of quiescent power.

The products shown here are high voltage, wideband amplifiers. The THS3000 family of current feedback amplifiers represent some of the highest-slew rate op-amps operable on 30V supplies, available on the market today.




Low-Power CFB Amplifier Designs 
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Presenter
Presentation Notes
Now that we know the basic internal structure of a current feedback opamp let us study the origin of the inverting input resistance which we previously denoted by Ri. Remember that Ri plays a crucial role in the feedback transimpedance equation and an ideal current feedback opamp has an Ri of 0Ωs such that its loop gain depends only on the feedback resistance RF and is independent of its gain confiuration.

The figure on the left shows the open-loop input-buffer stage between the non-inverting and inverting inputs of the opamp.  Resistors rE1 and rE2 are the emitter resistances of transistors Q1 and Q2 respectively, and represent the output impedance of the input buffer which is also the input impedance of the opamps inverting input. The emitter resistance rE is a function of the emitter current as shown by this equation.

When designing a low-power, current-feedback op-amp, the reduced tail currents in the input-stage buffer will result in an increased emitter resistance. In low-power applications the emitter resistance can exceed a 100 Ωs, and will dominate the feedback transimpedance equation, which is not ideal. To mitigate the effects of high inverting input resistance in low power CFAs, Texas Instruments devised a new input stage by employing a closed-loop buffer.  With a closed-loop buffer architecture, the emitter resistance is divided by the loop-gain of the buffer, thus greatly reducing the input resistance from 100s of Ωs to less than 10 Ω.  

The table shown here compares the inverting input resistance of the wideband OPA691  and the low power OPA683. The OPA691 uses an open-loop buffer while the OPA683  was designed with a closed-loop buffer. Notice that the closed loop buffer helps in greatly reducing the inverting input resistance.

One may ask at this point why don’t we always use a closed loop input buffer like the OPA683 if it helps in building a more ideal amplifier. The reason for this is that as the open loop transimpedance bandwidth or ZOL of a current feedback opamp increases the bandwidth of the closed loop buffer would also have to be increased proportionally in order to maintain Ri flat across frequency. This is not practical, since a wideband closed loop buffer consumes much higher power than its open-loop counterpart and consequently the open loop buffer is the only practical alternative.
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Presenter
Presentation Notes
In applications featuring low signal gains and large signal swings, configuring a CFB in the inverting configuration may improve the linearity and bandwidth performance compared to the non-inverting configuration.  I will use the THS3091 as an example to explain this concept.

Assume that the THS3091 is configured in a non inverting gain of 2 and is driven by an 8VPP, 100 MHz signal. The output of the amplifier will be a 16VPP and will require a theoretical slew rate of 5025V/µs. In the non-inverting configuration, because of the virtual ground concept both opamp inputs will swing by 8VPP which requires the input buffer to have a slew rate of approximately 2500 V/µs. In such a scenario the buffer’s non-linearity will also contribute to the overall THS3091s non-linearity.

When the amplifier is configured in an inverting configuration of -2 and an 8VPP, 100 MHz signal is applied at its input, the opamp’s output will still be required to satisfy a slew rate of 5025V/µs, however in this case both the inverting and noninverting inputs will remain at GND. The input buffer in this case no longer needs to swing 8VPP as in the non-inverting configuration and therefore will no longer factor in the overall linearity performance of the amplifier. 

In this manner the overall dynamic performance of a current feedback opamp will improve when configured as an inverting amplifier. The inverting configuration may not always be feasible in a system design since it requires the previous stage to be able to drive a resistive load of RG. The non-inverting configuration on the other hand always present a high input impedance to the previous stage and thus doesn’t suffer from the same limitation.




CFB Noise Analysis 
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Presenter
Presentation Notes
The output noise model of a current feedback amplifier is shown here. The total output noise equation of a current feedback opamp is exactly the same as that of a voltage feedback opamp, however there is a difference in the noise model of the opamp. In a current feedback amplifier the non inverting and inverting current noise are not equal. An example of the THS3217 is shown here. Notice that the inverting current noise is larger than the noninverting current noise. The reason for this mismatch will be discussed on the next slide.




Input Bias Current and Current Noise 
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±13 µA 

IB, Inverting Bias Current ±20 µA 

IBOS, Bias Current Offset ±1 20 µA 

Non-inverting Bias Current Noise 
3 

18 pA/√Hz 

Inverting Bias Current Noise 22 pA/√Hz 

Presenter
Presentation Notes
The input stage of a current feedback amplifier is repeated here. 

The non-inverting input presents a high input impedance at the base inputs of Q3 and Q4. The mismatch between transistors Q3 and Q4 will determine the noninverting bias current.

Similarly the bias current at the inverting input is determined by the mismatch between transistors Q1 and Q2. As discussed earlier in the presentation the emitter inputs at the inverting terminal present a low input impedance. 

Due to the asymmetry in the input structure of a current feedback amplifier the input bias currents at the noninverting and inverting inputs are not well matched. Consequently its  bias offset current tends to be larger than that of a voltage-feedback amplifier. 

The increased bias current at the inverting input also increases the current noise at the inverting input terminal.



Summary Comparison 
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Parameters VFA CFA 
DC Accuracy Good Poor 

Output Swing Many rail-to-rail output options Larger headroom needed for output 

Distortion Better low-frequency distortion Better high-frequency distortion 

Slew Rate Limited slew rate Very high slew rate facilitating high full-
power bandwidth 

Bandwidth Bandwidth varies with gain Almost constant bandwidth over gain 

Gain Stability Restriction on the minimum stable gain for 
decompensated amplifiers 

Stable across gains if feedback 
transimpedance  is kept constant 

Noise Low input-referred voltage and current 
noise 

Higher input-referred current noise (unequal 
for inverting and non-inverting inputs) 

Typical 
Applications 

- Applications requiring DC precision 
- Pulse-oriented application 
- High-speed and precise ADC interface 
- Transimpedance 

- DAC interface 
- Output drivers  
- High-speed ADC interface 
- Sallen-Key filters. 

Presenter
Presentation Notes
Voltage Feedback and Current Feedback amplifiers have their strengths and weaknesses and the appropriate amplifier architecture should be chosen based on the application needs.

Voltage feedback amplifiers are more appropriate in systems that requires
Good dc precision
Rail to rail inputs and output.  AND
Low noise
Low power
Low to medium slew rates
Very low distortion in the sub 10 MHz region

Or a combination of these requirements 

Some of these applications include high-speed and precision adc interfaces and transimpedance amplifiers

A current feedback amplifier is the appropriate choice in systems that require

Very high slew rates and large signal bandwidths.
Very low distortion at high frequencies
In applications that require a nearly constant bandwidth across gain.

Some of these applications include DAC output interfaces and line drivers such as those used for DSL and Power Line Communications.
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Thanks for your time and please 

take the quiz! 

Presenter
Presentation Notes
This concludes part 2 of the current feedback amplifier, precision labs series. Thank you for your time and please remember to take the quiz.
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Current Feedback Amplifier – Quiz 2 
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(1) A CFB amplifier has a small-signal bandwidth of 1 GHz in G=1 configuration and 

a slew-rate of 1000 V/µs. What is its slew rate in G=2? 

a) 500 V/µs  

b) 2000 V/µs  

c) Insufficient information provided 

d) 1000 V/µs 
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(2) An application requires faithful reproduction of a 5VPP, 100 MHz signal. What is 

the minimum slew rate of the amplifier that will meet this specifications? 

a) 785 V/µs  

b) 1570 V/µs  

c) 3140 V/µs  

d) None of the above 

(3) How would you find a current feedback amplifier in the Texas Instruments 

product portfolio with slew-rate between 7000V/µs and 8000V/µs. Search on 

www.ti.com. 

http://www.ti.com/
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(4) This next problem is a little advanced and requires the use of TINA-TI. Use TINA 

simulations on the THS3091 at ±15V supplies and determine its 

a) ZOL (Open loop transimpedance) vs frequency 

b) Inverting input resistance Ri. 

c) Input Buffer Gain, α. ( We assumed so far that the buffer gain α = 1, however 

in a real world amplifier α < 1) 
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Answers 
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Answer: To the 1st order Slew rate (SR) does not depend on the gain configuration 

irrespective of the amplifier configuration (CFB or VFB) as long as SSBW >> SR. 

However when the SSBW approaches SR then the overall large-signal response of 

the amplifier will depend on both SSBW and Slew Rate. 

(1) A CFB amplifier has a small-signal bandwidth (SSBW) of 1 GHz in G=1 

configuration and a slew-rate of 1000 V/µs. What is its slew rate in G=2? 

d) 1000 V/µs 
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Answer: Use the formula, SR = fMAX∙2π∙VPEAK 

Where, fMAX =  100 MHz and VPEAK = 1/2 ∙VPP = 2.5V, which results in a minimum 

slew rate of 1570 V/µs. 

Note that there will be significant distortion at the fMAX frequency. For improved 

linearity performance select an amplifier with slew rate 2x-3x greater than the 

calculated slew rate. 

(2) An application requires faithful reproduction of a 5VPP, 100 MHz signal. What is 

the minimum slew rate of the amplifier that will meet this specifications? 

b) 1570 V/µs  
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(3) How would you find a current feedback amplifier in the Texas Instruments 

product portfolio with slew-rate between 7000V/µs and 8000V/µs. Search on 

www.ti.com. 

Select “Amplifiers” 

http://www.ti.com/


Select “High-
Speed Op Amps 

(>=50 MHz)” 



Select “Products” tab 



Select “Current FB” under Architecture to limit product 
search to only Current Feedback Amplifiers 

Double click on “Slew 
Rate” to sort the 

amplifiers in ascending 
or descending order of 

slew rate 

1 

2 
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(4) This next problem is a little advanced and requires the use of TINA-TI. Use TINA 

simulations on the THS3091 at ±15V supplies and determine its 

a) ZOL (Open loop transimpedance) vs frequency.. 

b) Inverting input resistance Ri. 

c) Input Buffer Gain, α. ( We assumed so far that the buffer gain α = 1, however 

in a real world amplifier α < 1) 
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α  ≈ 1The TINA circuits and results are 
shown in the subsequent slides. 
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ZOL- Since we are measuring open-loop transimpedance (ZOL), we use a current source stimulus 

(IG1) and measure the output voltage (Vout), ZOL= Vout/IG1. The 1kF input capacitor and 1kH 

feedback inductor represent the traditional circuit used to break the amplifier loop. The 1GΩ 

resistor is needed to provide a current path for the source @ Dc.  An AC response simulation 

directly results in the amplifier ZOL. 
T
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Ri - When measuring Ri we will continue to use the open loop configuration as before, however 

the output signal is now measured at the inverting input (ZIN). Since the noninverting input is 

grounded the signal at the inverting input is IIN∙Ri. The output does not depend on the buffer gain 

since the noninverting pin is at GND. An AC response simulation directly gives Ri. The output of 

32.87dB corresponds to Ri = 44Ω   

T

Frequency (Hz)
10.00k 100.00k 1.00MEG

G
ai

n 
(d

B
)

25.32

29.36

33.41

Ri = 32.87dB = 44ohms
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α - So far we have assumed α=1, however practically α is slightly less than 1 and is usually an 

error source in a CFB op amp. In the previous tests the noninverting input was grounded in order 

to eliminate the effects of α.Here the input signal (VG1) is applied directly to the noninverting 

input. 

The test circuit and the math is shown below. The value of Ri is known from the previous test. The 

SPICE circuit and results are shown on the next slide 
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An AC simulation on the circuit shown below will directly give IN/VIN and VTEST/VIN which can help 

α using the equations on the previous slide. Ri = 44 Ω from the earlier test. RTEST can be chosen 

to be any value. It provides a signal path to GND for the error current IN. The 1GH inductor puts 

the THS3091 in open-loop configuration. 

T
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-43.17

-23.17

-3.17

Vtest = -3.17dB = 0.694
In = -43.17dB = 0.00694

  In  
  Vtest  

0.00694 44 0.694 0.999α = ⋅ + =
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So far we used the open-loop configuration to measure the parameters, however a closed-loop 

config. may also be used. The ZOL closed loop test is shown below. Use the test circuit shown 

below and use the post-processor feature where ZOL = VOUT/IN. Note that in a closed-loop system 

the amplifiers closed-loop output impedance will affect the results at the higher frequencies.  
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The circuit to measure Ri and the simulated results are shown below. I have focused on the low 

frequency region. Again the post processor feature in TINA is used where Ri = ZIN/IN. 

T

Frequency (Hz)
100 1k 10k

G
ai

n 
(d

B
)

-104.90

-88.47

-72.04

  In  
  Zin  

( )IN
i

N

Z
R 72.04 104.9 32.86dB 43.95

I
= = − − − = Ω = Ω
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I will leave the calculation of α in a closed-loop configuration as a reader exercise. For more 

support on current feedback amplifiers contact us on the E2E support forums: 

 

http://e2e.ti.com/support/amplifiers/high_speed_amplifiers/ 

 

http://e2e.ti.com/support/amplifiers/high_speed_amplifiers/
http://e2e.ti.com/support/amplifiers/high_speed_amplifiers/
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