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TI Precision Designs Circuit Description

TI Precision Designs are analog solutions created by 
TI’s analog experts.  Reference Designs offer the 
theory, component selection, and simulation of useful 
circuits.  Circuit modifications that help to meet 
alternate design goals are also discussed.

In some cases a scope or spectrum analyzer does not 
have the range required to measure very small noise 
levels.  This noise measurement post-amp boosts the 
output noise of the device under test (DUT) to allow 
for measurement with standard test equipment. The 
key requirements of this circuit is that it has a low 
noise floor and sufficient bandwidth for 
characterization of most devices. 
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1 Design Summary 

The design requirements are as follows: 

 Supply Voltage: ±15 V, and ±2.5V 

 Input: 0V (GND) 

 Output: ac Noise Signal   

The design goals and performance are summarized in Table 1. Figure 1 depicts the output noise spectral 
density. 

Table 1. Comparison of Design Goals, Simulation, and Measured Performance 

 Goal Simulated 

Gain (V/V) 1000 1000 

Gain Error (%) 2% 1.2% 

fL   fL < 0.1Hz 0.016Hz 

fH fH > 100kHz 443kHz 

Noise Floor  

(post amp input) 
1nV/rtHz 1nV/rtHz 

 

 

Figure 1: Output Noise Spectral Density 
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2 Theory of Operation 

Figure 2 illustrates a common limitation of test equipment.  The intent of this circuit is to measure the input 
referred noise of the device under test (DUT).  However, the spectrum analyzer noise floor is too large 
compared to the DUT output noise to get an accurate result.  For best results the DUT noise should be at 
least 3x greater than the spectrum analyzers noise floor.  Equation (1) (3) shows how the DUT output 
noise adds with the spectrum analyzer noise floor and Equation (2) gives the calculate results for this 
example.  Note that the error from equipment limitations is significant.  The equipment limitation can be 
overcome using a low noise post amplifier.   

 

Figure 2:  Noise Floor Issue with Standard Test Equipment 
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Where 

en_post = noise referred to the input of post amplifier 

en_DUT_out = noise output from DUT 

en_post_floor = noise floor of post amp 
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Figure 3 gives a simple block diagram for a noise measurement post amplifier.  In this example, the post 
amplifier noise floor is significantly lower than the noise from the DUT stage.    Equation (3) shows how the 
DUT output noise adds with the post amplifier noise floor and Equation (4) gives the calculated results for 
this example.  In this case the noise floor does not introduce a significant error.  The same procedure can 
be used to add the post amplifier output noise with the spectrum analyzer noise floor as shown in 
Equations (5) and (6). 

 

 

Figure 3: Using a Post Amp to Boost Noise Signal 
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Where 

en_post = noise referred to the input of post amplifier 

en_DUT_out = noise output from DUT 

en_post_floor = noise floor of post amp 
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Where 

en_spec = noise measured by spectrum analyser 

en_DUT = noise from DUT 

en_post_floor = noise floor of post amp 
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Figure 4 shows the full schematic for the design. The first stage (U1) is the device under test (DUT).  In 
this example a low noise device with ±2.5V supplies is being tested; however, this circuit could be to test a 
wide range of devices including devices with ±15V supplies.  The DUT gain is set to 10V/V.  The DUT gain 
is selected for maximum gain while maintaining a bandwidth of greater than 100kHz.  The bandwidth of 
100kHz was selected because it is a common bandwidth used in characterization of noise spectral density.  
The gain of the DUT can be adjusted to accommodate different bandwidth requirements.  The DUT gain 
setting resistors are selected for low resistance to minimize the addition of thermal noise.  Notice that the 
input of the DUT is grounded so that only its noise signal and input offset voltage is amplified. 

The gain of the post amplifier is also set to maximize gain while maintaining bandwidth of greater than 
100kHz.  The post amplifier needs to have wide bandwidth and low noise.  The goal of the post amplifier is 
to further amplify the DUT output without adding any significant additional noise.  The post amplifier uses 
±15V supplies to allow for DUT voltages up to ±15V.   

The capacitor C1 is used to ac couple the output of the post amp to the spectrum analyzer or scope.  In 
this case we are assuming that the instrument has a 1MΩ input impedance.  The noise signal is ac 
coupled to eliminate the dc offset from the post amplifier.  Without ac coupling, the dc offset would 
necessitate the use of poor range for noise measurement because the magnitude of the offset is large 
compared to the noise signal.  For example, a typical noise signal may be microvolts where as the offset 
may be millivolts.  This is effectively the same as using ac coupling on the instrument except that the built 
in ac coupling has a lower cutoff frequency of about 60Hz whereas the R1xC1 filter has a cutoff frequency 
of 0.016Hz.  The low cutoff frequency of the R1xC1 filter is important in measuring 1/f noise.     
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Figure 4: Complete Circuit Schematic 
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2.1 Design of DUT Amplifier 

The objective of this design is that different DUT amplifiers can be tested without modification.  However, 
before testing the amplifier you will have to confirm the different design requirements outlined in this 
section are not violated.  The approach taken in this section is fairly conservative so this design will work 
for many amplifiers without modification. 

The resistors R2 and R3 set the gain for the DUT amplifier U1.  The gain of the DUT stage will amplify the 
noise to a level where it is dominant and other noise sources are insignificant.  The maximum gain of the 
DUT stage determines the minimum bandwidth.  In this case we want the minimum bandwidth to be 
100kHz so the maximum gain is 55V/V (see Equation (7) and Table 2).  It is recommended that you 
include a minimum of 20% margin to allow for process variation.  Thus, the maximum gain should be less 
44V/V (i.e. 55V/V x 80%).  Furthermore, using factors of 10 allow for easy interpretation of test results, so 
gain was selected to be 10V/V in this case.  Using the selected gain the upper cutoff frequency is 550kHz 
(see Equation (9)).   

 

Table 2:  Gain Bandwidth Specification from OPA376 Data Sheet 

PARAMETERS CONDITIONS OPA376, OPA2376, OPA4376 UNIT 

MIN TYP MAX 

Gain Bandwidth Product (GBW) CL = 100pF, VS = 5.5V  5.5  MHz 
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GCL_max = Closed loop gain 

GBW = Gain Bandwidth 

fH = Upper Cutoff frequency (Bandwidth Limit) 
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The gain set resistors in the DUT stage will add thermal noise.  The objective is to select resistor values 
that have a noise spectral density that is small compared with the DUT amplifier.  The parallel combination 
of R2 and R3 generate an input referred noise that can be compared with the amplifiers noise spectral 
density.  Figure (5) can be used to compute the noise spectral density for R2 || R3 (R2 || R3 is 
approximately 10Ω which produces 0.4nV/rtHz of noise for this example).   

In general, using small resistors will reduce the resistor noise to the point where it is no longer significant.  
However, be careful that the amplifier is not forced to drive excessive current.  In this example the output 
current can be calculated by dividing the input offset voltage by R3 (25µV / 10Ω = 2.5µA).  In most noise 
test configurations, the output current will be small because the only signal is the offset voltage.  However, 
be careful if an input signal is applied, large currents will develop when using the small feedback elements.  
For example if a 10mV signal is applied 1mA of current will be generated (10mV/10Ω = 1mA). 

Noise Spectral Density vs. Resistance
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Figure 5:  Noise Spectral Density vs. Resistance 
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2.2 Design of Post Amplifier 

The post amplifier design will amplify the input noise for a wide range of different DUT amplifiers.  The gain 
of the post amplifier is set to 100V/V and the bandwidth is 800kHz.  The OPA211 was selected because it 
has a wide bandwidth and low noise spectral density.  The noise floor of the post amplifier is approximately 
1.1nV/rtHz.  Select an amplifier that has an output noise at least 3x lower than the DUT noise floor to 
minimize noise. 

The design procedure for the post amplifier is similar to the DUT.  The resistors Rf and Rg set the gain for 
the post amplifier U2.  The gain of the post amplifier stage will amplify the noise to a level where it is easily 
measured by the spectrum analyzer or oscilloscope.  In this example, the gain is set to 100V/V for simple 
scaling.   Equation (10) and Table 3 show the bandwidth calculation.    

The resistors were selected using the same procedure given in Section 2.1.  The total contribution of the 
resistor noise is about 0.4nV/rtHz which is small compared with the OPA211’s voltage noise spectral 
density. 

 

Table 3:  Gain Bandwidth Specification from OPA211 Data Sheet 

PARAMETERS CONDITIONS OPA211 UNIT 

MIN TYP MAX 

Gain Bandwidth Product (GBW) G=100  80MHz  MHz 
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2.3 Design of ac Coupling Circuit 

The purpose of the ac coupling circuit is to eliminate the dc offset at the output of the post amplifier.  The 
ac coupling circuit is composed of the coupling capacitor (C1) and the input impedance of the instrument 
(R1).   The cutoff frequency of the circuit needs to be lower than 0.1Hz to allow for characterization of 
flicker noise.  A 10µF coupling capacitor gives a 0.016Hz cutoff frequency which is lower than the required 
0.1Hz.  Increasing the capacitor further could move the cutoff frequency even lower if you need to 
measure ultra low frequency noise; however, keep in mind that the capacitor needs to charge during the 
amplifier’s initial power up.  With the selected ac coupling circuit the capacitor will be 99.3% charged in 50s 
(see Equation (13)).   
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3 Component Selection 

3.1 DUT Selection 

A wide range of DUT can be used with this circuit.  For amplifiers with a gain bandwidth product less than 
1MHz, the gain will have to be scaled to achieve the 100kHz bandwidth.  Also pay attention to the DUT 
output noise as it needs to be at least three times greater than the noise floor of the post amplifier (DUT 
Noise > 3.3nV/rtHz). 

3.2 Post Amp Selection 

The post amplifier (U2) was selected low noise, and bandwidth.  For this configuration the DUT input noise 
must be at least 0.33nV/rtHz (i.e. Post_Amp_Noise x 3 / DUT_GAIN = 1.1nV/rtHz x 3 / 10).  Other options 
are given in the modifications section (Section 5). 

3.3 Passive Component Selection 

Standard metal film 1% resistors is sufficient for this design.  A ceramic X7R capacitor is sufficient for the 
coupling capacitor.  

. 
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4 Simulation 

The TINA-TI
TM

 schematic shown in Figure 6 includes the circuit values obtained in the design process. 

 

Figure 6: TINA-TI
TM

 Schematic 
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4.1 Noise Spectral Density 

The simulated noise spectral density for the post amplifier is given in Figure 7.  The main goal of the circuit 
is to facilitate the measurement of the DUT’s voltage spectral density curve.  The DUT spectral density 
curve can be generated by taking the output spectral density measured by the spectrum analyzer (Vspect) 
and dividing it by the total gain (1000V/V in this case).  The data sheet specified spectral density (bottom 
of Figure 7) to the spectrum analyzer reading divided by the total gain (Vspect/1000 at the top of Figure 7) 
agrees closely.   

 

 

Figure 7: Simulated Noise Spectral Density vs. Specified 
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4.2 DC Offset 

Figure 8 shows the dc offset at the output of the DUT and post amplifier stages.  Depending on the offset 
of the DUT the offset can be different.  With the given gain selection it is unlikely that offset will cause any 
issues; however,  if higher gains were used you may need to take care to avoid output saturation.  For 
example, in a gain of 10,000V/V a 2mV DUT offset can generate a 20V output which could drive the post 
amplifier into the supply rail.  Note that the ac coupling network C1xR1 eliminates the offset as expected.    

 

Figure 8: DC Offset for the Noise Post Amplifier Design 
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4.3 Bandwidth & Gain 

 

Figure 9 illustrates the bandwidth and gain performance of the noise post amp circuit.  The bandwidth is 
flat across the range 0.1Hz to 100kHz.   

 

Figure 9: Bandwidth of Noise Post Amplifier 
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Figure 10 shows the expected gain variation for 1% resistors from a Monte Carlo analysis simulation.  
Equation (14) expresses the worst case error as a percent.  Precise gain is normally not critical for noise 
analysis because the normal process variation of devices can be significant (i.e. ±10%).  Nevertheless, 
using 0.1% resistors would reduce the overall gain by a factor of ten. 

 

 

Figure 10: Distribution of Gain at 10kHz (from Monte Carlo Analysis, 1% resistors) 
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4.4 Noise Floor (Post Amp) 

The DUT output noise must be at least three times greater than the post amp noise floor.  In this design 
the noise floor is simulated to be 1nV/rtHz, so the DUT noise must be at least 3nV/rtHz for accurate 
measurements.  The post amplifier noise floor is dominated by the noise spectral density of the OPA211 
(See Figure 12).  

 

Figure 11: Post Amp Noise Floor Simulation 

 

 

Figure 12: Noise Floor for OPA211 Post Amplifier 
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4.5 Simulated Results Summary 

Table 4 summarizes the simulated performance of the design. 

 

Table 4: Summary of Simulated Results 

 Goal Simulated 

Gain (V/V) 1000 1000 

Gain Error (%) 2% 1.2% 

fL   fL < 0.1Hz 0.016Hz 

fH fH > 100kHz 443kHz 

Noise Floor  

(post amp input) 
1nV/rtHz 1nV/rtHz 
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5 Modifications 

The method described Section 3.2 can be used to select a different post amplifier.  Table 5 provides 
examples of different amplifiers that can be used to achieve different design objectives.  Low noise high 
speed amplifiers offer some advantages, but care must be taken to avoid stability issues.  The circuit 
recommended in this design is robust and will work effectively for most applications. 

 

Table 5. Recommended Post Amplifiers 

Output 
Amplifier 

Design Objective Vs Vos 

uV 

Vos Drift 
uV/degC 

Iq 

mA 

Voltage 
Noise  

nV/√Hz 

GBW 

MHz 

SR 

V/uS 

Approx. 
Price 

US$ / 
1ku 

OPA211 Wide Band, Low Noise, DC Precision ±18V 30 0.35 3.6 1.1 80 27 3.45 

OPA209 DC Precision, Low Noise, Low Iq ±18V 35 1.0 2.2 2.2 18 6.4 1.10 

OPA847 Wide Band, Low Noise, DC Precision ±5V 100 0.25 18.0 0.85 3900 950 2.00 
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OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

TI reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESD46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI’s terms and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI’s terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent TI
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

TI assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of TI information in TI data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. TI is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify TI and its representatives against any damages arising out of the use of any TI components in
Buyer’s safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI’s goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class III (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those TI components that TI has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, TI will not be responsible for any failure to meet ISO/TS16949.
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