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Presenter
Presentation Notes
Hello and welcome to part 4 of the fully differential amplifier series. In this video we will analyze the various elements that contribute to the total noise of an FDA. We will also study how large feedback resistors can affect the phase margin of a high-speed FDA and how to properly compensate an FDA when using large resistances. Finally I will also introduce a special class of  FDAs called DVGAs that have variable gains that may be programmed via a digital interface.



Noise Analysis 
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Resistor Noise Power = 4kTR 

Presenter
Presentation Notes
The noise analysis of a fully-differential amplifier is very similar to that of a standard op-amp. The amplifier itself has three sources of noise:

The differential voltage noise ,shown here. AND
Two current-noise sources, one at each of the amplifier’s inputs. The two current-noise sources are equal in value but uncorrelated, similar to a single-ended op-amp.

The differential-output noise transfer function of the FDA has four distinct terms. The total noise is calculated using superposition by considering each source individually and then using the square root of the sum of squares to add up the uncorrelated events. We will now analyze each individual term:

The FDAs’ voltage noise is amplified by its noise gain.
The current noise at each input is multiplied by the feedback resistance.
The thermal noise of each gain resistor is amplified by the signal gain (Rf over Rg). 
The thermal noise of each feedback resistor gets to the FDA output with no further gain.





Using large resistors with high-speed amplifiers 
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Recommended RF = 402 Ω 

Voltage noise, EN = 2.2 nV/√Hz 

Current noise, IBN = 1.9 pA/√Hz 

Input offset current, IBOS = 150 nA 

• Increasing RF and RG will result in larger noise 

contributions from the resistors compared to 

the amplifier. 

• The current noise will be multiplied by RF and 

will increase the overall system noise. 

• Increased output offset voltage due to IBOS. 

• CDIFF will introduce a noise gain zero which will 

reduce the phase margin and could cause 

oscillation. Large resistors lower the frequency 

of the zero within the amplifiers bandwidth 
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Presenter
Presentation Notes
Many high-speed amplifier datasheets recommend a range of values for the feedback resistor. The circuit designer is free to vary the value of Rf but should be aware of the trade-offs when doing so.

Increasing RF and RG will result in larger noise contributions from the resistors compared to the amplifiers voltage noise. For example the thermal noise of a 402Ω resistor is 2.6 nV/rtHz and is greater than the THS4551s voltage noise. Increasing the feedback resistance further will limit the systems Signal to Noise ratio or SNR.
The current noise contribution will also increase as Rf is increased. In the case of the THS4541 if Rf is set to 1 kOhm, the current noise contribution at each amplifiers output will be 1.9nV/rtHz.
Increased resistance also increases the dc offset contribution due to the amplifiers input bias offset current.
Finally, the feedback resistance and the amplifiers input capacitance along with any PCB parasitic capacitance will result in a noise gain zero which tends to reduce the amplifiers phase margin. This effect will be studied in greater detail in the subsequent slides.



Effect of the noise gain zero 
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• The noise gain zero will occur at:  
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Assume low frequency noise gain = 10 dB 

CDIFF = 0.8 pF  

CPCB = 2 pF 

Case 1: RF = 402 Ω, RG = 187 Ω  

Case 2: RF = 4 kΩ, RG = 1.9 kΩ  
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Presenter
Presentation Notes
On the previous slide I mentioned that the amplifiers input capacitance along with Rf, will create a noise gain zero that could reduce phase margin. Lets now explore this concept a little deeper. To simplify matters I will split the FDA into two halves and perform the analysis on one of the halves. The differential capacitance for each half is now twice the original value. 
 
At low frequencies the noise gain is set by the resistors and is 1+RF/RG. As the frequency increases, the impedance of the capacitor will start to reduce and at a frequency given by the equation shown here the noise gain starts to increase because of the zero. The CDIFF_IN and CCM_IN terms are the sum of all differential input and common-mode input capacitances respectively. Both the amplifier capacitance as well as the parasitic capacitance from the PCB should be included in the equation. The noise gain will start to increase because the capacitive impedance in parallel with RG will reduce the total input impedance in the denominator of the noise gain equation and will thereby result in a noise gain increase.

Assume the amplifier is configured in a noise gain of 10dB with RF = 402 Ω, and RG = 187 Ω. The zero due to the amplifiers 0.8pF input capacitance will be at 800 MHz which is beyond the loop gain crossover frequency so doesn’t affect the closed loop stability.

Now assume that the resistors are increased by an order of magnitude so that RF = 4kΩ, and RG = 1.9kΩ. Also assume 2pf of parasitic capacitance due to poor PCB layout. This increases the total input differential capacitance to 2.8 pF and reduces the frequency of the zero to approximately 20 MHz. Under these conditions, the rate of closure at the loop gain crossover is 40 dB/decade indicating potential instability. In conclusion pay close attention to potential stability issues when using large value resistors in high-speed applications. This holds true for both single-ended and fully-differential amplifiers.



Feedback compensation 
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• Adding CF introduces a pole in the noise-gain response which compensates for the zero. Pole is at: 

• The high frequency noise gain is:   
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Assume low frequency noise gain = 10 dB 

CDIFF = 0.8 pF 

CPCB = 2 pF 

CF = 1 pF 

RF = 4 kΩ, RG = 1.9 kΩ  
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Presenter
Presentation Notes
To counteract the phase loss due to the zero in the noise gain a pole can be introduced by adding the feedback capacitor CF. The pole will be located at the frequency shown here. At high frequencies the impedance from the capacitors will dominate the noise gain equation. The high frequency noise gain is a ratio of the input and feedback capacitance and is given by the equation shown here.

In order to stabilize the loop in this example, set CF to 1pF, which subsequently sets the pole at 40 MHz as shown here.  
The pole has the effect of flattening out the noise gain and the resultant rate of closure at the loop gain crossover is now at 20 dB/decade which helps improve stability. 
Remember to always check stability and phase margin through SPICE simulations of the loop gain.



Input Terminations 
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• Matched termination is needed when the 

PCB trace > λ/8, where λ = 300/fMHZ 

 
• E.g., the wavelength of a 600-MHz signal 

is: λ = 300/fMHz = 300/600 = 0.5 m= 19.7 in. 
 

A cable or PCB trace is a transmission 

line if it’s longer than 0.5/8 = 0.0625m or 

2.5 in. 
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Presenter
Presentation Notes
In order to prevent signal reflections in wideband systems, circuits often need to match their input impedance to the characteristic impedance of a transmission line using a method called matched termination. The most common characteristic impedance in RF and high-speed transmission lines is 50 Ω.

Matched termination is needed whenever a PCB trace or cable is long enough to be considered a transmission line. This happens when the trace or cable length is greater than λ/8 at the operating frequency, where λ is the wavelength in metres and is equal to 300 divided by the signal frequency expressed in MHz

For example, the wavelength, λ, of a signal at a frequency of 600-MHz is equal to 0.5 meters or approximately 20 inches

A connecting cable is a transmission line if it’s longer than 2.5 inches

An FDA circuit with a source resistance, RS, and a matched termination resistor, RT, is shown here. The value of RG2 is equal to the sum of RG1 and the parallel combination of the source and termination resistors.

The equation to solve for the value of RT given the source resistance, the amplifier gain and the feedback resistance is shown here. 



Excel calculator for single-ended to differential 
matched termination configuration 

79.65389444 Ω 78.7
80.6 Ω 80.6

68.07085543 Ω 66.5
68.1 Ω 68.1

98.78875048 Ω 97.6
97.6 Ω 100

402 Ω 402
402 Ω 412

Now get standard 1% values

Closest 1%
Snapping Rf to closest 1% 

Required Rg2 value 

Required Rg1 value 

Closest 1% value

Closest 1% value

Closest 1% value

Required Rt value

50 Ω
402 Ω

14.32502263 V/V
Must enter a gain < this for valid solution

5 V/V 13.9794 dB

Solving for Rt and then Rg1 and Rg2 in the single to differential FDA configuration with input impedance 
matching. 

ENTER ONLY THE RED BOLD FIELDS
MAIN RESULTS IN BLUE BOLD FIELDS

This is single ended input to differential output 
design with Rf selected and other elements solved 

for. 

Enter Source Rs
Enter Feedback Rf

Maximum gain

Enter Target Gain
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Presenter
Presentation Notes
Given the complexity of the equation to solve for the termination resistance RT on the previous slide , an Excel calculator is provided and can be downloaded from the web portal for this training session. The calculator is very simple to use.

Simply enter the source resistance, the desired feedback resistance and the target gain for the design in these cells here. The calculator will then provide the resulting values for RT , RG1 and RG2. needed to achieve the target design. The calculator also rounds the resistor values to the closest matched standard E96 resistor value.




Some example FDAs from Texas Instruments 
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Product 
Name 

IQ 
(mA) 

GBP 
(MHz) 

Slew-Rate 
(V/μs) 

Voltage Noise 
(nV/√Hz) Key Features 

THS4531A 0.25 27 190 10 Low Power. 

THS4551 1.35 135 220 3.3 Low Noise and High Precision. 

THS4541 10.1 850 1500 2.2 Wide Bandwidth with Precision. 

THS4509 37.7 3000 6600 1.9 

LMH5401 55 6200 17500 1.25 Ultra-wide bandwidth. 

LMH3401 55 7000 18000 1.4 Fixed Gain with integrated resistors. 

LMH6552 20.4 1500 3800 1.1 ± 10V supplies. Current Feedback topology. 

OPA1632 14 180 50 1.3 ± 30V supplies and low-noise. Optimized for 
audio. 

http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page 

Presenter
Presentation Notes
Texas Instruments has a broad portfolio of fully-differential amplifiers to meet a wide range of applications. The THS4531A, THS4541 and THS4551 are high-precision wideband FDAs ranging in bandwidth from 27 MHz to 850 MHz. They can be used to drive high-resolution SAR and Delta-sigma ADCs and also some of the medium-speed pipeline ADCs, such as the ADC3k family of pipeline converters.

The next three amplifiers range in speed from 3 GHz to 7 Ghz and can be used to drive Giga-sample high-speed ADCs. They can also be used in medium-speed applications if a large signal gain is required.

The LMH6552 is a fully-differential amplifier built using a current-feedback topology. One of the main advantages of the current-feedback topology is its gain bandwidth product independence. The LMH6552 can therefore be configured in high gains without sacrificing bandwidth.

The OPA1632 is a very low noise, high voltage, fully-differential amplifier and is very popular in audio applications. They may be used as ADC drivers or as preamplifiers between audio DACs and Class-D amplifiers.

The devices shown here are a subset of TI broad portfolio of offerings in this space. Check the TI amplifier portal for our latest offerings.

http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page
http://www.ti.com/lsds/ti/amplifiers/op-amps/fully-differential-amplifiers-overview.page


Digital Variable-Gain Amplifiers (DVGA) 
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Product 
Name 

IQ 
(mA) Gain Range Noise Figure Key Features 

LMH6401 69 -6dB to 26dB 7.7 dB @ 100 Ω 4.5 GHz BW @ AV= 26 dB 

LMH6881 100 6dB to 26dB 9.7 dB @ 100 Ω 2.4 GHz BW @ AV= 26 dB. SE or DIFF I/P 

LMH6517 80 -9.5dB to 22dB 5.5 dB @ 100 Ω 1.2 GHz BW @ AV= 22 dB 

LMH6521 112.5 -5.5dB to 26dB 7.3 dB @ 200 Ω 1.2 GHz @ 0dB Gain. AC Coupled Only 

• Wide gain range can be programmed through SPI or parallel-mode. 

• Single-ended OR Differential Input to Differential Output. 

• Input signals can be AC or DC coupled. 

• Commonly used in Test & Measurement and Communications. 

Presenter
Presentation Notes
Texas Instruments also has a wide selection of programmable-gain fully-differential amplifiers or DVGAs. As the name suggests, the gains can be programmed digitally either though an SPI or parallel interface. 

DVGAs have very wide gain-adjustment ranges that span from attenuation to high gains. The gain steps are usually linear steps on a dB scale; for example, the LMH6401 gain can be varied from -6dB to 26dB in steps of 1dB. These amplifiers are very useful in applications that have a wide dynamic range. The use of automatic gain control will best utilize the full-scale range of the ADC that follows the DVGA. Variable gain amplifiers find broad use in test and measurement applications and in communication systems.

Like FDAs the DVGAs may be operated on single or bipolar supplies. In order to make it easier to interface DVGAs with microcontrollers and FPGAs, all DVGAs have an extra GND reference pin. The DVGAs  logic levels are always with respect to the GND pin, which make the digital interface independent of the amplifiers power-supply configuration.

Unlike FDAs however, some DVGAs require differential inputs and cannot perform the single-ended to differential conversion. In such cases the DVGA stage can be preceded with an FDA stage to provide single-ended to differential conversion. The LMH6881 is an exception can accept both single-ended and differential inputs thus combining the features of an FDA as well as a variable-gain amplifier. 

DVGA inputs may be AC- or DC-coupled; however, there are a few exceptions to this. Check the product datasheet for any input-coupling limitations.




TI Information – Selective 
Disclosure 

Presenter
Presentation Notes
Thank you for your time and attention. Please take the quiz to check your knowledge



Fully Differential Amplifiers - 4 
Exercises 

TI Precision Labs: Op Amps 



Questions 
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1. The 1.9 GHz THS4509 fully-differential amplifier is configured in a signal gain of 2V/V (6dB).  

a) What is the output noise contribution due to the amplifiers inherent voltage noise? 

b) How large should the feedback resistor RF be for the total current noise contribution to 

be equal to the total amplifier voltage noise? 
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2. For an FDA with the specifications and configuration shown below, at what frequency is the 

noise gain zero located? 

 

 
Parameter Specification Units 

Feedback Resistance, RF 10 kΩ 

Signal Gain 5 V/V 

Amplifier differential input capacitance, CAMP_D 2 pF 

Amplifier common-mode input capacitance, CAMP_C 1 pF 

Parasitic PCB capacitance at each amplifier input, CPCB 0.5 pF 
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3. An FDA is configured as a differential in to differential out amplifier. It is driven by a 

differential source with 50Ω source impedance (on each side).  

a) If the amplifier is configured in a gain of 10V/V, what is the value of RT, RG and RF? 

b) If the amplifier is in a gain of 10V/V and RF = 10 kΩ what is the value of RT and RG? 
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Answers 
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a) The THS4509 noise specification from the datasheet is shown below: 

 

1. The 1.9 GHz THS4509 fully-differential amplifier is configured in a signal gain of 2V/V (6dB).  

a) What is the output noise contribution due to the amplifiers inherent voltage noise? 

b) How large should the feedback resistor RF be for the total current noise contribution to 

be equal to the total amplifier voltage noise? 

Parameter Typical value Unit 

Input voltage noise 1.9 nV/√Hz 

Input current noise 2.2 pA/√Hz 

Since the amplifier is in a signal gain of 2V/V, its noise gain is 3V/V and the total output 
noise is = 3 × 1.9 nV/√Hz = 5.7 nV/√Hz 



b) The output current noise contribution for each side  = INOISE × RF. Since the noise on each 

side is uncorrelated the total noise at the output = √2 × INOISE × RF.  

 

The value of feedback resistance that would therefore make the total current noise contribution 

equal the amplifiers voltage noise contribution is given by: 

 

 

 

 

2  2.2     5.7 nV/

5.7 1832 Ω
2  2.2 
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2. For an FDA with the specifications and configuration shown below, at what frequency is the 

noise gain zero located? 

 

 

Parameter Specification Units 
Feedback Resistance, RF 10 kΩ 

Signal Gain 5 V/V 

Amplifier differential input capacitance, CAMP_D 2 pF 

Amplifier common-mode input capacitance, CAMP_C 1 pF 

Parasitic PCB capacitance at each amplifier input, CPCB 0.5 pF 

The zero is located at :  ( ) ( )F G DIFF _ IN CM_INR || R C Cπ +
1

2 2

With RF = 10kΩ and Gain = 5V/V, RG = 2kΩ. 

The total common-mode capacitance = CAMP_C + CPCB = 1 pF + 0.5 pF = 1.5 pF 

The noise gain zero is located at:  
( ) ( )

1 17.4 MHz
2π 10 Ω 2 Ω 2 2 1.5k || k pF pF

=
⋅ +
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3. An FDA is configured as a differential in to differential out amplifier. It is driven by a 

differential source with 50Ω source impedance (on each side).  

a) If the amplifier is configured in a gain of 10V/V, what is the value of RT, RG and RF? 

b) If the amplifier is in a gain of 10V/V and RF = 10 kΩ what is the value of RT and RG? 

a) The complicated equation shown in the training video is only needed in case of a single-

ended to differential configuration. In a differential in to differential out configuration, the 

amplifiers input pins are fixed and therefore independent of the amplifiers gain 

configuration. 

Therefore in this case RG = 50 Ω and RT can be left open. Since the signal gain is 10 V/V - 

 RF = 50 Ω × 10 V/V = 500 Ω 
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b) If the amplifier is in a gain of 10V/V and RF = 10 kΩ what is the value of RT and RG? 

b) In this case the value of the feedback resistance is fixed so we have to work backwards. 

With RF = 10 kΩ and a signal gain of 10 V/V - 

 RG = 10 kΩ / 10 V/V = 1 kΩ 

 

The load seen by the source is therefore 1 kΩ. In order for the source to see a load of 50 Ω 

set the value of RT such that (RT || RG) = 50 Ω. 

 

 

 

1 Ω
50 Ω

1 Ω
 52.6 Ω
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