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Precision voltage regulation for ultra-low noise applications
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Introduction

A simple discrete regulator circuit using Zetex voltage references and transistors can realise performance
levels that are beyond IC regulators, whilst being of reasonable cost and with very little board space
overhead. Although Integrated Circuit (IC) regulators dominate the marketplace through their
combination of simplicity and low cost, there are situations where lower noise and better regulation are
requirements for the highest level of circuit performance. In applications where performance is critical and
efficiency and cost may be of a lower priority, such as data conversion in audio and video, instrumentation
and low noise power for clock circuits, this discrete circuit can be immensely useful.

Zetex' expertise in small package components allows the circuit to come close to matching the power
density of the IC regulator whilst maintaining higher performance through use of Zetex transistors and
references. 

This application note details the design of a high-performance discrete regulator and shows how to easily
tailor it for new or existing designs. 

The circuit

Figure 1 The discrete regulator circuit (3.3V)

Working backwards through the circuit, the output voltage is divided by resistors R1 and R2 to match the
output voltage of the voltage reference U1. In the circuit with values as shown in figure 1, the reference
voltage (across U1) is 1.22V, and the output voltage of 3.3V is scaled easily with standard value resistors.
The capacitors C1 and C2 provide a path for the output noise to the error amplifier. The voltage reference
U1 is strongly decoupled by C3 and C4, reducing reference (and thus output) noise. Dual Diode D1 acts
simply to limit the size of the maximum differential input signal that may be seen by the error amplifier
limits. The reference signal is again decoupled at the amplifier input in order to reduce noise yet further.
U3 drives Q3 (with D2 for biasing), which then moderates the base current into Q1.

Of note in the design of the circuit is the use of the regulator circuit's output to power the error amplifier.
Of course, this could give startup problems, but these are solved by the bootstrap circuit on the front end;
when power is first applied, the voltage reference U2 generates a base-emitter voltage on transistor Q2,
switching it on. This in turn generates a base-emitter voltage on Q1, the pass transistor, allowing the
output to rise sharply until enough voltage is available for the error amplifier to operate.
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Performance

The resulting regulator circuit has excellent performance, with 3�V unweighted RMS output
noise between 10Hz and 22kHz (<-120dB ref output voltage). It also offers excellent rejection and
extremely low output impedance (good load regulation). These characteristics make it suitable
for high-precision data conversion and isolation of sensitive parts of mixed-signal circuits.

Noise

Figure 2 Output Noise FFT comparing Zetex Discrete solution with 317 type regulator

Clearly the output noise performance of the discrete regulator is significantly better than the IC
regulator - the ubiquitous 317. Both circuits were operated in a similar configuration - 100�F
decoupling capacitance on both input and output, and 100�F decoupling on the 317's adjust pin
to match up to the 100�F decoupling the reference on the discrete circuit. For the above plot the
load used was 47Ω, giving an output current of 70mA. 

Colour Sweep Comment

1 Blue Zetex Discrete Solution
2 Red 317 with decoupled adjust pin
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Output Impedance

Measuring output impedance of the regulator accurately is difficult as it is extremely low. Wire lengths
to the load and return paths all have very significant effects. By connecting the load to the sense point
(as it would be in a real implementation), repeatedly connecting and removing the load while the
regulator is in operation yields very little change - a 6½ digit multimeter can not register a change.
That puts the resultant change at less than 100�V. For a load current of 76mA, that gives a maximum
output impedance at DC of less than 7.6�Ω, giving excellent load regulation. 

Input Voltage

The regulator will operate down to 1V dropout, although it is advisable to allow a little more
headroom. As the circuit is implemented in this note the maximum input voltage is 10V, limited by
the voltage rating of the capacitors used on the input decoupling. A higher voltage capacitor would
allow input voltages up to 20V, although this is not recommended due to the resulting power
dissipation in the pass transistor. 

Output Current

The circuit will drive up to 350mA with excellent performance as detailed. Although the circuit will
drive higher currents than this (up to 800mA), performance will begin to suffer at these high current
levels. 

Implementation, Layout and Variations

Implementation

Of course, the ideal method of implementing this circuit is to design it into the PCB of the system that
it will be part of. When doing this, the required board space is not a lot greater than that required by
a 317 in DPAK packaging. In both the discrete regulator and the 317 in DPAK the power dissipation is
largely constrained by the board area given over to heatsinking - the tab of the pass transistor Q1 is
equivalent to the tab on the package of the IC regulator. This integration of the circuit into the design
allows the output sense point (i.e. where R1 connects to the power output rail) to be moved closer to
the load, lowering the output impedance of the regulator still further. 

An alternative way to implement this circuit is in a stand alone "module" which can drop in place of
an existing TO220 regulator. A small PCB can be produced, 11mm wide by 45mm long, with a 3-pin
connector on one end, with a standard TO220 fixed regulator pin-out. This can also drop in place of a
TO220 adjustable regulator such as the 317 by simply altering the configuration of the adjust resistors.
However, while this option does not achieve quite the same level of performance as integrating the
circuit into the target design it still offers a significant improvement over the existing TO220 regulator. 

Layout

There are several points to keep in mind when laying out this circuit:

• Place the regulator circuit close to where its output is to be used. 

• Solid ground-planes should be used throughout, with all vias to ground planes as close as
possible to the device pins. Attention should be paid to careful circuit partitioning rather than
use of split ground planes.

• If through-hole electrolytic capacitors are used then space can be saved by mounting them
on the opposite side of the board. In some situations this may not be appropriate however.

• An area of copper should given to heatsinking the pass transistor, depending on expected
load. This consideration is the same as for surface-mount IC regulators. 

• The sense point (Where R1 connects to the regulator output) should be connected close to
the load, to minimise output impedance
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Variations

Other than the variation of how the circuit is integrated into the target system, there is also the
question of different output voltages. It is easy to alter the output voltage of the circuit by applying
the following formula:

Where Vref is the reference voltage across U1. This gives three user-selectable variables which can
be used to alter the output voltage: The scaling of R1 and R2 can be altered as per an adjustable
IC regulator, but also the value of Vref can be changed by using a larger value reference, such as
ZRC250. 

The suggested reference and resistor values for given voltages are:

Table 1 Suggested standard voltage implementations

Other voltages between 2.5V and 5V can be realised through the use of the given formula. Going
outside of this range is not possible with the op-amp used here. 

The selection of voltage reference and scaling resistors R1 and R2 can also give tight control over
the output voltage tolerance. Through selection of a 0.5% tolerance voltage reference (ZXRE125C)
and 0.1% precision resistors the output voltage level can be set with around 0.7% accuracy
without the use of trimming, comparing very well to the 4% accuracy of the 317 IC regulator. 

Vout (V) Reference R1 (Ω) R2 (Ω)

2.5 ZXRE125 499 475

3.3 ZXRE125 680 390

5 ZRC250 470 470
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Bill of materials

This is given for the 3.3V circuit as shown in Figure 1. U1, R1 and R2 may vary as detailed above. 

Conclusion

A linear adjustable voltage regulator circuit with a noise level of less than 3�V can be constructed
using standard Zetex parts and precision, low-noise voltage reference. It is scalable over a range
of input and output voltages and current values. For circuits where low noise, high load regulation
stability and precise tolerance is required, this discrete circuit significantly outperforms off-the-
shelf IC regulators. 

Part 

reference(s)

Quantity Value Package Comment

R1 1 680Ω 0805 Value will affect output

R2 1 390Ω 0805 Value will affect output

R3 1 470Ω 0805 Generic

R4, R9 2 4.7kΩ 0805 Generic

R5 1 10Ω 0805 Generic

R6 1 47Ω 0805 Generic

R7 1 1kΩ 0805 Generic

R8 1 10Ω 1206 Generic

C1, C4, C5,
C8, C12

5 100�F 2.0mm pitch 
Radial

Rubycon 10ZL100M5X11

C2, C3, C6,
C7, C11

5 1�F 0805 Murata 
GRM21BR71C105KA01L

U1, U2 2 ZXRE125 SOT23 Zetex
Different tolerances 

available

U3 1 OPA365 SOT23-5 TI

Q1 1 FZT851 SOT223 Zetex

Q2,Q3 2 ZXTP25020DFH SOT23 Zetex

D1 1 BAV99 SOT23 Generic

D2 1 BAS216 SOD110 Generic

Table 2 Bill of materials for 3.3V variant
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Definitions

Product change

Zetex Semiconductors reserves the right to alter, without notice, specifications, design, price or conditions of supply of any product or
service. Customers are solely responsible for obtaining the latest relevant information before placing orders.
Applications disclaimer

The circuits in this design/application note are offered as design ideas. It is the responsibility of the user to ensure that the circuit is fit for
the user’s application and meets with the user’s requirements. No representation or warranty is given and no liability whatsoever is
assumed by Zetex with respect to the accuracy or use of such information, or infringement of patents or other intellectual property rights
arising from such use or otherwise. Zetex does not assume any legal responsibility or will not be held legally liable (whether in contract,
tort (including negligence), breach of statutory duty, restriction or otherwise) for any damages, loss of profit, business, contract,
opportunity or consequential loss in the use of these circuit applications, under any circumstances.
Life support

Zetex products are specifically not authorized for use as critical components in life support devices or systems without the express written
approval of the Chief Executive Officer of Zetex Semiconductors plc. As used herein:
A. Life support devices or systems are devices or systems which: 

1. are intended to implant into the body 
or 

2. support or sustain life and whose failure to perform when properly used in accordance with instructions for use provided in the
labelling can be reasonably expected to result in significant injury to the user.

B. A critical component is any component in a life support device or system whose failure to perform can be reasonably expected to 
cause the failure of the life support device or to affect its safety or effectiveness.

Reproduction

The product specifications contained in this publication are issued to provide outline information only which (unless agreed by the
company in writing) may not be used, applied or reproduced for any purpose or form part of any order or contract or be regarded as a
representation relating to the products or services concerned. 
Terms and Conditions

All products are sold subjects to Zetex’ terms and conditions of sale, and this disclaimer (save in the event of a conflict between the two
when the terms of the contract shall prevail) according to region, supplied at the time of order acknowledgement.
For the latest information on technology, delivery terms and conditions and prices, please contact your nearest Zetex sales office .
Quality of product

Zetex is an ISO 9001 and TS16949 certified semiconductor manufacturer.
To ensure quality of service and products we strongly advise the purchase of parts directly from Zetex Semiconductors or one of our
regionally authorized distributors. For a complete listing of authorized distributors please visit: www.zetex.com/salesnetwork 

Zetex Semiconductors does not warrant or accept any liability whatsoever in respect of any parts purchased through unauthorized sales channels.
ESD (Electrostatic discharge)

Semiconductor devices are susceptible to damage by ESD. Suitable precautions should be taken when handling and transporting devices.
The possible damage to devices depends on the circumstances of the handling and transporting, and the nature of the device. The extent
of damage can vary from immediate functional or parametric malfunction to degradation of function or performance in use over time.
Devices suspected of being affected should be replaced.
Green compliance

Zetex Semiconductors is committed to  environmental  excellence in all aspects of its operations which includes meeting or exceeding
regulatory requirements with respect to the use of hazardous substances. Numerous successful programs have been implemented to
reduce the use of hazardous substances and/or emissions.  
All Zetex components are compliant with the RoHS directive, and through this it is supporting its customers in their compliance with
WEEE and ELV directives.
Product status key:

“Preview” Future device intended for production at some point. Samples may be available
“Active” Product status recommended for new designs
“Last time buy (LTB)” Device will be discontinued and last time buy period and delivery is in effect
“Not recommended for new designs” Device is still in production to support existing designs and production
“Obsolete” Production has been discontinued
Datasheet status key:

“Draft version” This term denotes a very early datasheet version and contains highly provisional information, which
may change in any manner without notice.

“Provisional version” This term denotes a pre-release datasheet. It provides a clear indication of anticipated performance.
However, changes to the test conditions and specifications may occur, at any time and without notice.

“Issue” This term denotes an issued datasheet containing finalized specifications. However, changes to
specifications may occur, at any time and without notice.
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