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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.

Driving a low resistance load with a precision amplifier
is an important requirement for many systems. This
function can be achieved with power op amps, but
cost may be prohibitive. This precision design shows
how to achieve high output drive capability using a
precision amplifier and a simple low cost discrete
bipolar transistor.
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Design Summary
The design requirements are as follows:


Supply Voltage: ±15V



Input: ±12V



Output: 0V to +12V, 50Ω load (source only)



Output: -12V to +12V, 10kΩ (source / sink)



Ambient Temperature Range: -40C to 65C

The design goals and performance are summarized in Table 1. Figure 1 depicts the measured transfer
function of the design.

Table 1. Summary of Simulated and Calculated Performance
Test Condition

Calculated

Simulated

Max Junction Temperature

Ta = 65C

135.3C

-na-

Total Error

0V<Vin<12V
RL = 50Ω

±8.1µV

-5.6 µV

Total Error

0V<Vin<12V
RL = 10kΩ

±8.1µV

-5.6 µV

Total Error

-12V<Vin<0V
RL = 10kΩ

±8.1µV

-5.6 µV
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Figure 1: Simulated Transfer Function
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Theory of Operation
Figure 2 shows the full schematic for the design. The overall circuit acts as a buffer (Gain = 1) with the
ability to source large output currents. The transistor T1 increases the output drive from milliamps to
hundreds of milliamps. The transistor T1 can source current (about 300mA in this design), but cannot sink
current. The amplifier can directly sink small amounts of current through R1. The sinking capability is
helpful for absorbing small transients that can occur such as the discharge of a capacitive load. The
resistor in series with the base (Rb) provides short circuit protection, and some amplifier output isolation
from the transistors parasitic capacitance. Because the transistor T1 is inside the feedback loop, the dc
accuracy of this circuit is controlled by the op amp U1.
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Figure 2: Complete Circuit Schematic
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2.1

Selecting the Type of Output Transistor
This precision design uses a NPN bipolar transistor. The bipolar transistor is a low cost, simple approach
to increasing the output drive. The bipolar output compliance is limited by the base to emitter turn on
voltage (approximately 0.7V) and the saturation voltage (approximately 0.2V). This example uses wide
(±15V) supplies so the compliance limitations are not significant relative to the output range. However, if
this circuit were adapted for low voltage single supply (i.e. 3V or 5V) the compliance limitations would be
more significant.
Most distributor web sites offer a parametric search tool to help select the best transistor for a given
application. Sections 2.2 to 2.8 describe the key parameters that can be used in a search tool to select
your transistor.

2.2

Selecting the Output Transistor: Transistor Power Maximum Rating
The transistor maximum power rating is a key criterion for selecting a discrete bipolar transistor. The
maximum dc power is dissipated in the transistor when the output voltage is one half the power supply
voltage (see Figure 3). In this example the maximum power is 1.125W (see Equation (1)), so 2W was
used as a search criterion for the transistor.

Transistor Power vs. Load Voltage
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Figure 3: dc Power vs. Output Signal

(1)

2.3

Selecting the Output Transistor: Vce breakdown
The normal expected collector to emitter voltage for this example is Vcc (15V). However, the system uses
dual supply, so under a fault condition it may be possible to have both the positive and negative supply
across the transistor (i.e. 30V). For this reason Vce breakdown criteria was set to Vce > 40V to provide
sufficient design margin.
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2.4

Maximum Op Amp Output Current for Linear Response
The op amp has limited output current drive ability. Furthermore, at high currents the op amp will become
non-linear. The open loop gain specification and its associated test conditions can be used to determine
an op amp output current that assures good linearity. Table 2 is an excerpt from the OPA188 data sheet
giving the minimum AOL specification tested under specific load resistance and output swing conditions.
Using the data sheet information you can determine an output current that will provide good linearity. Note
that good AOL implies good linearity. In this example the amplifier can output 1.5mA (Equation (2)) and still
have good linearity (i.e. AOL > 130dB).

Table 2: Open Loop Gain Specification from OPA188 Data Sheet
PARAMETERS

CONDITIONS

AOL Open-loop voltage gain

OPA188

RL = 10kΩ,

MIN

TYP

130

136

UNIT
MAX
dB

(V–) + 0.5 V < VO < (V+) – 0.5 V

(2)
Where
Iout_good_lin = maximum op amp output current for good linearity. Taken from Aol test
conditions.
Vcc = maximum output voltage
RL-test = load used for Aol test conditions

2.5

Selecting the Output Transistor: Transistor Current Gain (hfe)
The objective of the transistor is to increase the output drive capability of the amplifier. Bipolar transistors
amplify the current applied to the base by the current gain hfe. The current gain needs to be large enough
to minimize the op amp output current to assure linear operation (op amp output current < Iout_good_lin).
In this example the load current is 0.3A (see Equation (3)). The collector current of the transistor is
approximately equal to the load current (see Equation (4)). Equation (5) is the general relationship for
current gain. Equation (6) calculates the minimum require current gain to minimize the op amp output
drive requirements. Thus, in this example the current gain must be greater than 200 A/A to insure linear
operation of the amplifier.

(3)
(4)
(5)
(6)
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2.6

Selecting the Output Transistor: Maximum Junction Temperature
The power dissipated in the transistor will cause self heating. It is important to confirm that the transistor
self heating is kept below the maximum junction temperature of the device (150℃). Equation (7) shows
how the transistors maximum junction temperature is calculated. The maximum ambient temperature (Tamax = 65℃) and the transistor maximum power dissipation are determined by the design. The transistor
thermal impedance θja depends on the selected transistor and package style. The maximum thermal
impedance that will keep the junction temperature below 150℃ can be determined using Equation (8). In
this example we must select a device with a thermal impedance less than 75.6℃/W.
(7)

℃

2.7

℃

(8)

℃

Selecting the Output Transistor: Package and Cost
The SOT89 package style was selected because it is widely used, so many drop in replacements are
available. Also, the SOT89 is a leaded package making it easy to solder and inspect. Some other power
transistor packages are leadless which has size advantages but is less convenient for prototyping.
After considering all other factors, the device cost was used to further refine the selection. In this example,
the FCX690 was selected.

2.8

Selecting the Output Transistor: Summary
Table 3 summarizes the goals entered into the parametric search engine and the results for the selected
device.
Table 3: Summary of Transistor Selection

6

Parameter

Goal

FCX690

Reference

Pmax

>1.125W

2W

Equation (1)

VCE Breakdown

>30V

45V

Section 2.3

hfe

>200 A/A

500 A/A

Equation (6)

θja

< 75.6℃/W

62.5℃/W

Equation (8)

Package

Small, Leaded

SOT89

-na-

Cost

Low

0.20

-na-
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Component Selection

3.1

Op Amp Selection
The OPA188 was used in this example because it has excellent dc performance (i.e. offset, offset drift,
CMRR, PSRR). This design is optimized for driving an accurate dc signal on a low resistance load.

3.2

Passive Component Selection
The resistor (Rb and R1) tolerance does not affect accuracy because transistor buffer is inside feedback
loop. R1 is selected based on the sinking requirement for the design (Isink = VR1 / R1 = 0.7V / 1kΩ =
0.7mA).
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4

Simulation
TM

The TINA-TI

schematic shown in Figure 4 includes the circuit values obtained in the design process.
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Figure 4: TINA-TI
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4.1

Transfer Function
The result of the dc transfer function is shown in Figure 5 and Figure 6.
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Figure 5: Transfer Function for 0V < Vin < 12V, RL = 50Ω (Source Only)
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Figure 6: Transfer Function for -12V < Vin < 12V, RL = 10kΩ
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4.2

Small Step Response and Stability
Figure 7 shows the circuit response to a small signal step. The response is well behaved and shows no
overshoot which indicates that the circuit is stable. This simulation was performed with a 50Ω load. The
10kΩ load test also confirms stability.
T

20m

VG1 10m

0
20m
Vout10m

0
75.00u

125.00u
Time (s)

175.00u

Figure 7: Small Signal Step Response (RL = 50Ω)

4.3

Large Step Response
Figure 8 shows the large signal step response. This simulation was performed with a 50Ω load. The rise
time of the output signal is set by the amplifiers slew rate. The output transistor does not limit slew rate or
bandwidth.
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Figure 8: Large Signal Step Response (RL = 50Ω)
`
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4.4

Amplifier Output Current
Figure 9 provides detail on the current flow in this his circuit. It is important to verify that the op amp does
not need to provide current greater than the maximum linear output current derived in Section2.4. Note
that some of the op amp output current is drawn directly by the load through R1. The remainder of the op
amp current is drawn through the base of T1. The maximum amplifier output current from the simulation is
about 1mA which is less than the limit from Section 2.4 (Iout_good_lin = 1.5mA).
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Figure 9: Analysis of Current Flow is Transistor Buffer Circuit

4.5

Simulated Results Summary
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Table 4 summarizes the simulated and calculated performance of the design. The total error can be
determined by using cursors on the dc transfer functions, or from hand calculations. The hand calculation
results compare well to simulated results. The total error is from the op amp dc errors (i.e. Vos, CMRR).
The total error can also be calculated from the typical data sheet values for Vos and CMRR (see Equation
(8)(9) and (10)). The transistor has a voltage gain of 1V/V and is kept inside the amplifiers feedback loop.
Thus, the transistor does not introduce any significant error.

(9)
(10)
Equation (11) shows the calculation for maximum junction temperature given the maximum power and
ambient temperature.

℃

12
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Table 4. Comparison of Design Goals, Simulation, and Measured Performance
Test Condition

Calculated

Simulated

Max Junction Temperature

Ta = 65C

135.3C

-na-

Total Error

0V<Vin<12V
RL = 50Ω

±8.1µV

-5.6 µV

Total Error

0V<Vin<12V
RL = 10kΩ

±8.1µV

-5.6 µV

Total Error

-12V<Vin<0V
RL = 10kΩ

±8.1µV

-5.6 µV
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5

Modifications
The method described in this TI Precision Design can be used for a wide range of different wide supply
amplifiers. This method could also be used for low voltage single supply amplifiers, but compliance
voltage may limit the usefulness for these applications. Table 5 provides examples of different amplifiers
that can be used to achieve different design objectives.

Table 5. Brief Comparison of ±15V Supply Amplifiers
Output
Amplifier

Design Objective

Vos
uV

Vos Drift
uV/degC

Iq
uA

Voltage
Noise
nV/√Hz

GBW
MHz

SR
V/uS

Approx.
Price
US$ / 1ku

OPA188

DC Precision, Low Noise, Low Iq

6

0.03

450

8.8

2

0.8

0.8

OPA140

Wide Band, Low Noise, DC Precision

30

0.35

1800

8

11

20

1.55

OPA827

Wide Band, Low Noise, DC Precision

75

0.1

4800

4

22

28

3.75

OPA211

Wide Band, Low Noise, DC Precision

30

0.35

3600

1.1

80

27

3.45

14

Op Amp with Single Discrete Bipolar Transistor Output Drive

TIDU017-December 2013-Revised December 2013

Copyright © 2013, Texas Instruments Incorporated

www.ti.com

6

About the Author
Arthur Kay is an applications engineering manager at TI where he specializes in the support of amplifiers,
references, and mixed signal devices. Arthur focuses a good deal on industrial applications such as bridge
sensor signal conditioning. Arthur has published a book and an article series on amplifier noise. Arthur
received his MSEE from Georgia Institute of Technology, and BSEE from Cleveland State University.

7

Acknowledgements & References

7.1

Acknowledgements
The author wishes to acknowledge Collin Wells, Tim Green, and Marek Lis for technical contributions to
this design.

TIDU017-December 2013-Revised December 2013

Op Amp with Single Discrete Bipolar Transistor Output Drive

Copyright © 2013, Texas Instruments Incorporated

15

IMPORTANT NOTICE
Texas Instruments Incorporated and its subsidiaries (TI) reserve 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 (also referred to herein as “components”) 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 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.
TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.
Reproduction of significant portions of TI information in TI data books or data sheets 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.
Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
TI is not responsible or liable for any such statements.
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 which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm 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 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 a special agreement specifically governing such use.
Only those TI components which 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
which have not been so designated is solely at the Buyer's risk, and that 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.
Products

Applications

Audio

www.ti.com/audio

Automotive and Transportation

www.ti.com/automotive

Amplifiers

amplifier.ti.com

Communications and Telecom

www.ti.com/communications

Data Converters

dataconverter.ti.com

Computers and Peripherals

www.ti.com/computers

DLP® Products

www.dlp.com

Consumer Electronics

www.ti.com/consumer-apps

DSP

dsp.ti.com

Energy and Lighting

www.ti.com/energy

Clocks and Timers

www.ti.com/clocks

Industrial

www.ti.com/industrial

Interface

interface.ti.com

Medical

www.ti.com/medical

Logic

logic.ti.com

Security

www.ti.com/security

Power Mgmt

power.ti.com

Space, Avionics and Defense

www.ti.com/space-avionics-defense

Microcontrollers

microcontroller.ti.com

Video and Imaging

www.ti.com/video

RFID

www.ti-rfid.com

OMAP Applications Processors

www.ti.com/omap

TI E2E Community

e2e.ti.com

Wireless Connectivity

www.ti.com/wirelessconnectivity
Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2014, Texas Instruments Incorporated

