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KWIK CIRCUIT FAQ 

Wide Bandwidth Discrete Programmable Gain 
Instrumentation Amplifier Design 

- by Maithil Pachchigar and John Neeko Garlitos  

FAQ: How to design a Wide Bandwidth 
discrete Programmable Gain 
Instrumentation Amplifier (PGIA) 

Introduction 
System designers developing data acquisition signal 

chains typically require high input impedance to allow 

direct interface with a variety of sensors, which could 

have varying common-mode voltages, and may be 

unipolar or bipolar, single-ended or differential input 

signals. Programmable gain is often needed to adapt 

the circuit to different signal input amplitudes. Most 

instrumentation and programmable gain 

instrumentation amplifiers (PGIAs) are traditionally 

single-ended output that cannot directly drive a fully 

differential, high resolution, high-speed SARs, and 

require at least one signal conditioning or driver stage. 

This circuit in Figure 1 is a fully differential output 

discrete wide bandwidth PGIA architecture optimized 

for driving high resolution, high-speed SAR 

architecture-based signal chain µModule such as the 

ADAQ23875/78. The function of this circuit is to 

convert, scale and shift the single ended or differential 

input signal to an appropriate differential output signal 

so that can be easily interfaced with the next stage 

(µModule) in the signal chain.  

The design goal is to achieve a discrete wide 

bandwidth fully differential PGIA design that offers 

optimized AC and DC accuracy performance for 

different gain settings when driving the high-speed 

signal chain µModules. 

 

Design Specifications Example 
The key design requirement specifications for the 

simplified PGIA circuit shown in Figure 1 are listed in 

Table 1. 

 

 

Figure 1. Simplified PGIA Circuit Block Diagram 
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Table 1 . Circuit Design constraints  

PGIA Specification Value Comments 

Output Common Mode 2.048V Fixed 

Reference Voltage 4.096V Fixed 

Supplies +Vs/-Vs +15V/-15V, -6V/-2V 
A single supply of +5V can be used for FDA 

(Trade-off: 3-4dB SNR drop) 

µModule Fully Differential 16-bit 18-bit can be used as well 

µModule Sample rate 15MSPS Lower sample rate can be used If desired 

PGIA Bandwidth >50MHz Required to drive SAR device at 15MSPS 

PGIA Noise <2nV/√Hz Required to achieve SNR above 85dB 

PGIA Offset Voltage Drift <=2µV/°C 
Overall lower drift reduces calibration burden 

in system 

CMRR >90dB for all gains  

 

Table 2 . Design Goal PGIA Key Specifications  

Signal Chain Specification Design Requirement 

Input Range/Gains: Single Ended or Differential 2, 10, 64, 128 

Differential output to ADC 8.192Vp-p 

SNR @100kHz >85dB @ G=2, >73dB @ G= 128 

THD @ 100kHz <-105dB @ G=2, <-70dB @ G= 128 

 

 

Design Description  
Figure 1 shows the wide bandwidth, fully differential 

output discrete programmable gain instrumentation 

amplifier block diagram. This proprietary discrete PGIA 

front-end is built using the ADA4898-1 low noise, high 

speed amplifiers, the LT5400 quad matched resistor 

network, and the ADG1209 low capacitance, iCMOS 

multiplexer, followed by the ADA4945-1 wide 

bandwidth, Fully Differential Amplifier (FDA) capable of 

driving fully-differential high-speed signal chain 

µModule such as the ADAQ23875/78. These discrete 

components were chosen to meet the design 

constraints highlighted in Table 1. 

 

Design Tips / Considerations  
The ability of this discrete PGIA solution to drive high-

speed SAR architecture-based signal chain µModules 

and achieve optimized performance is dependent on 

the key specifications (such as bandwidth, slew rate, 

noise, distortion) of front-end amplifiers as well as the 

FDA. The ADA4898-1 and the ADA4945-1 were 

chosen because their GBW products support the 

bandwidth requirements of this circuit.  
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Selecting a Multiplexer: When selecting a multiplexer 

for this PGIA design, its important parameters such as 

on-resistance (Ron), on capacitance (Con) and off 

capacitance (Coff) should be considered. The 

compensation capacitor (Cc) is added in the feedback 

path of front-end amplifiers to minimize gain peaking 

and reduce the effect of the multiplexer on/off 

capacitance.  The compensation capacitor (Cc) along 

with the on-resistor (Ron), feedback and gain resistors 

will create a pole, which will compensate the effect of 

capacitive parasitic zero in the feedback loop gain. The 

Cc value should be optimized to achieve the desire 

closed loop response. Due to the high input 

capacitance in the ADA4898-1 when using a higher 

feedback resistor, more peaking appears in the closed-

loop gain. To avoid this problem, use a higher feedback 

resistor with a feedback capacitor in parallel. The 

optimized Cc value of 2.7pF was chosen for this circuit 

as recommended in the ADA4898-1 datasheet as 

shown in Figure 2. A smaller Cc will have minimal gain 

peaking, whereas too large Cc will affect the gain 

flatness of the closed loop gain. 

 

Figure 2. Simplified front-end block diagram, 
excluding FDA 

Design Equations  
Assumptions and initial conditions: The PGIA front-end 

is followed by the wide bandwidth (95MHz) ADA4945-

1 FDA set in a fixed gain of a 2V/V, which sets the 

minimum gain requirement of the circuit. 

1. Selecting gain resistor precision and drift  

The feedback and gain resistors of the front-end 

amplifiers should be precision matched. The LT5400 

quad resistor network offers 0.2ppm/°C matching drift 

and 0.01% resistor matching over a wide temperature 

range as well as better CMRR than independently 

matched resistors. The gain resistors around the FDA 

also need to be precision matched to achieve optimum 

CMRR performance. 

2. Setting Gain  

The gain of front-end amplifiers and FDA (Fixed gain 

of 2) make up the actual gain of the PGIA as shown in 

Table 3. The gain of front-end can be computed when 

the LT5400 is used as feedback and gain resistors as 

shown in Figure 11. 

VOUT=I(R1+R2+R3+R4) 

VOUT=
VIN (R1+R2+R3+R4)

R2+R3

 

Setting R1 = R4 and R2 = R3 when using the LT5400, 
gain would be: 

GAIN=
VOUT

VIN

= (1+
R1

R2

) 

The LT5400 series has a variety of resistor options 

available as shown in Table 3. The ADG1209 

multiplexer can be bypassed by using the front-end 

amplifiers in a unity gain configuration, so a total PGIA 

would be set to 2 in this case. To set gain higher than 

20, an external precision-matched gain resistor (Rgain) 

is added between the inverting inputs of front-end 

amplifiers and the LT5400-4 is used as feedback 

resistors to achieve target gain of 64 and 128 as shown 

in Figure 2. 

To compute the Rgain value, refer to the equations 

below. 

VOUT=I(R1+R2+R3+R4+Rgain) 

VOUT=
VIN (R1+R2+R3+R4+Rgain)

Rgain
 

VOUT=VIN (1+
4k

Rgain
) 

Gain= 1+
4k

Rgain
 

And the value of Rgain for desired gain would be: 

Rgain=
4k

Gain-1
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Table 3 . LT5400 Resistor options  

Device 
R2 = R3 

(Ω) 
R1 = R4 

(Ω) 
Rgain 

(Ω) 
Front-End Gain 

(V/V) 
Total PGIA Gain 

(V/V) 

LT5400-4 1k 1k N/A 2 4 

LT5400-6 1k 5k N/A 6 12 

LT5400-7 1.25k 5k N/A 5 10 

LT5400-8 1k 9k N/A 10 20 

LT5400-4 1k 1k 130 31.77 63.54 

LT5400-4 1k 1k 63.4 64.09 128.18 

 

 

Measured Results  
The actual PGIA board is shown in Figure 3. 

 

Figure 3. PGIA Board Picture 

1. Power Supplies  

The +/- 15V supplies are required to power up the 

PGIA front-end consists of two high-speed amplifiers 

ADA4898-1 and a multiplexer ADG1209, while the 

optional ADA4945-1 FDA requires +6V and -2V supply 

rails to achieve optimum signal chain performance 

when driving the signal chain µModule such as the 

ADAQ23875/78. The PGIA required power supplies 

and current drawn for each of these rails is shown in 

Table 4. 

The suggested Power Tree from the LTpowerPlanner 

for this Wide Bandwidth PGIA circuit is shown in 

Figure 4. 

Table 4 . PGIA Power Supplies and Current Consumption 

 

 

 

Figure 4. Suggested Power Tree  

 

2. PGIA Bandwidth  

Figure 5 shows the closed-loop gain vs. frequency plot 

for different gain settings. As the PGIA gain is 

increased from 2 to 128, its bandwidth will decrease 

while its noise referred to the output will increase and 

hence SNR will decrease. 

 

Figure 5. Closed-Loop Gain vs. Frequency 
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3. PGIA Slew Rate  

Figure 6, Figure 7 and Figure 8 show the slew rate of 

this PGIA for the gain of 2 V/V, 10 V/V and 63.54 V/V 

gain settings. 

 

Figure 6. Gain=2V/V Slew Rate 

 

Figure 7. Gain=10V/V Slew Rate 

 

Figure 8. Gain=63.54V/V Slew Rate 

 

 

4. PGIA CMRR  

Figure 9 shows the CMRR vs. frequency plot for 

different gain settings.  

 
Figure 9. CMRR vs Frequency 

5. PGIA Distortion  

The Audio Precision (APX555) signal analyzer is used 

to test the distortion performance of PGIA board 

(Figure 3) and its output was set at 8.192 volts peak-

to-peak (Vp-p) by applying various input voltage at 

different gain settings. Figure 10 shows the THD vs 

frequency performance of the discrete PGIA.  

 
Figure 10. PGIA THD vs Frequency 

6. PGIA Key Specifications 
A summary of key specifications measured using the 

discrete PGIA board (Figure 3) on the bench is shown 

in Table 5. 

Table 5 . Standalone PGIA Key Specifications  

PGIA 
Gain 

(V/V) 

-3dB 
Band Width 

(MHz) 

Slew Rate 
 

(V/µs) 

Drift 
 

(µV/° C) 

THD, 
Fin =1kHz 

(dB) 
2 47.7 77 0.06 -126.5 
10 12.99 72 1.18 -116.11 

63.54 2.15 10 0.042 -110.04 
128.18 0.98 N/A 0.026 -103.32 



KWIK Circuit FAQ   
Wide Bandwidth Discrete Programmable Gain Instrumentation Amplifier Design  

6 ©2022 Analog Devices, Inc. All rights reserved.  
 

7. PGIA Driving Signal Chain µModule  

 

Figure 11. Simplified signal chain of discrete PGIA driving the ADAQ23875 

Figure 11 shows the discrete PGIA frontend driving the 

ADAQ23875 at 15MSPS. The Audio Precision 

(APX555) signal source is used for the evaluation of 

SNR/THD and the input amplitude was set around -0.5 

dBFS. The total RMS noise referred to the input (RTI) 

for each gain can be computed by taking root-sum-

square (RSS) of all the noise sources including 

individual resistors, amplifiers and µModule referred to 

the µModule ADC’s input multiplied by the effective 

bandwidth over the overall system gain:  

RTIRMS=

(en RTO TOTAL) (√
π
2

BW-3dB)

Gain
 

Thus, the total output referred noise at the output of the 

ADAQ23875 should be RSS of all noise sources 

referred to the output (RTO).  

Shown in Figure 12 the noise model of the PGIA 

frontend. 

 
Figure 12. PGIA Front-end Simplified Noise Model for 
Gain of 5 
 

en RTO TOTAL=√enRTO R2
2 +enRTO R3

2 +enRTO R1
2 +enRTO R4

2 +enRTO RL1
2 +enRTO RL2

2 +2enRTO A1en

2 +2enRTO A1in

2 +enRTO ADAQ23878
2  
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The dynamic range and RTI noise for a specific input 

range/gain setting are shown in Table 6. The overall 

dynamic range degradation due to increase in PGIA 

gain is attributed to the inherent noise of individual 

resistors, amplifiers and µModule. 

Table 6 . PGIA Driving ADAQ23875 Dynamic Range and 
RTI Noise  

PGIA gain 
(V/V) 

Input Range                
(Vp-p) 

Dynamic 
Range 

(dB) 

RTI noise 
(µV RMS) 

2 4.096 87.68 59.85 
10 0.819 79.39 31.05 

63.54 0.129 78.85 5.20 
128.18 0.064 76.83 3.25 

 

The SNR performance versus frequency of the 

discrete PGIA driving the ADAQ23875 is shown in 

Figure 13 when using the ADA4898-1 front end 

amplifiers. 

 

Figure 13. SNR vs Frequency with PGIA Driving 
ADAQ23875 

When the discrete PGIA drives the  ADAQ23875, the 

signal chain THD performance upto 100kHz and from 

100kHz up to 1MHz is shown in Figure 14 and Figure 

15 respectively. The THD gradually degrades as the 

PGIA gain is cranked up due to the fact that bandwidth 

and slew rate ADA4898-1 start to deteriorate as gain is 

increased. Figure 15 also shows a THD performance 

comparison for two signal chains when PGIA drives the  

ADAQ23875 versus LTC6373 and ADA4945-1 

together drives the LTC2387-16 at 15MSPS. 

When the PGIA drives the ADAQ23875, it is also 

important that the overall DC accuracy of the signal 

chain is maintained. Figure 16 and Figure 17 show 

typical INL/DNL performance with PGIA gain of 2. For 

all other gain options, INL/DNL stays within typically +/-

0.5 LSB. 

 

Figure 14. THD vs Frequency with PGIA Driving 
ADAQ23875 

 

Figure 15. THD signal chain performance comparison 
for PGIA Driving ADAQ23875 and LTC6373 + ADA4945-

1 + LTC2387-16 

 

Figure 16. INL plot for PGIA (G =2) Driving ADA23875 

 

   

   

   

   

 

    

    

    

    

  
                              

      

  
 

  

 

https://www.analog.com/en/products/adaq23875.html


KWIK Circuit FAQ   
Wide Bandwidth Discrete Programmable Gain Instrumentation Amplifier Design  

8 ©2022 Analog Devices, Inc. All rights reserved.  
 

Figure 17. DNL plot for PGIA (G =2) Driving ADA23875 
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Design Devices 
Table 7. Quad Matched Resistor Network 

 

Part Number 

Matching Matching 
Temperature 
Drift 

Operating 
Voltage 

Absolute 
Resistor Value 
Temperature 
Drift 

Long-Term 
Stability 

Operating 
Temperature 

LT5400 0.01% 0.2ppm/°C ±75V 8ppm/°C <2ppm at 2000 
Hrs 

–55°C to 150°C 

 

Table 8. Fully Differential Amplifier 

Part Number Vos 

(uV) max 

Ibias 

(uA) max 

GBP 

(MHz) typ 

Vnoise 

(nV/rt-Hz) typ 

Iq/Amp (A) typ Vs span 
min/max (V) 

ADA4945-1 50 -2.5 145 5 180u 3/10 

 

Table 9. Op Amps  

Part Number Vos 

(uV) max 

Ibias 

(uA) max 

−3 dB 
Bandwidth 
(G=1) (MHz) 

Vnoise 

(nV/rt-Hz) typ 

Iq/Amp (A) typ Supply Voltage 
Range 

ADA4898-1 125 -0.4 65 0.9 7.9m ±5 V to ±16 V 

 

Table 10. ADCs  

Part Number Resolution 

(bits) 

FSAMPLE 

(Msps) max 

Input Type 

(SE or DIFF) 

VIN SPAN 

(V) VMIN/VMAX 

SNR 

(dB) typ 

THD 

(dB) typ 

Data Interface 

(I2C, SPI,Parallel) 

ADAQ23875 16 15 Fully DIFF 4.096V 89 -115 LVDS 

 

Reference
LTspice 

LTspice® is a high-performance SPICE III simulator, 
schematic capture and waveform viewer with 
enhancements and models for easing the simulation of 
switching regulator, linear, and signal chain circuits. 

Precision ADC Driver Tool 

The Precision ADC Driver Tool provides a specialized 

simulation environment where the engineer can quickly 

determine the impact of the drive amplifier and R-C 

filter selection on the overall performance of an ADC 

signal chain.  

 

 

https://www.analog.com/en/products/lt5400.html
https://www.analog.com/en/products/ada4945-1.html#product-overview
https://www.analog.com/en/products/ada4898-1.html
https://www.analog.com/en/products/ADAQ23875.html
https://www.analog.com/en/design-center/design-tools-and-calculators/ltspice-simulator.html
https://tools.analog.com/en/adcdriver/

