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Reducing Power Supply Ripple and Noise

Table of Contents

A. Introduction
1. Cancellation Method
2. RC Darlington Emitter Follower
3. Complimentary Follower
4. NPN Pass Follower
Summary
Conclusions
Links
Low Noise Switchers
Acknowledgments

nmmUoO®

| ntroduction

The ripple and noise from ordinary power supplgesften a limitation in working with low-level sigts. While the low-noise buried zener and
reference filtering in the LM72RL] allow it to produce 2.5 uV rms noise from 100 A0 KHz, the bandgap referen¢2kin other regulators
are far noisier. For example, the LM294[BT specification allows up to 1,000 uV of rms noisani 10 Hz to 100 KHz.

The rms output noise of the popular LM1#T voltage regulator is specified at 30 microvolts ypat of output from 10 Hz to 10 KHz. A 5 volt
supply can have 150 microvolts of wideband noise fipple rejection is from 60 to 80 dB, so withearolt of ripple at the input, the output can

have 100 to 1,000 microvolts of ripple. Bypassimg adjustment terminal to ground can improve tpple rejection, but this may not be done in
cheaper power supplies.

While good design techniques can reduce the nodeipple in regulators, they may not be implemerieoperly or may be omitted entirely.
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One example is low-cost wallwart power supplieseSehcan be a convenient source of DC, but thepeajuite noisy.

Even when all the techniques are used to mininggelator noise, the remaining noise and rippledegrade the performance of sensitive
electronics, such as precision pll's and low-leaplifiers. Here is a brief overview of differenethods of reducing it.

1. Cancellation M ethod

In his article "Finesse Voltage Regulator Noifg’, Charles Wenzel discusses several methods ofiregtpple and noise. Figure 1,
reproduced below, shows a method of cancelingeipglapplying an equal and opposite voltage tdaae side of a 15 ohm series resistor.

Standard regulator circuit Clean-up shunt
LT 16 ohm
—a—{n  OuT >
A
$ ; 1 k
100 k
N
—] 2N 4401
10 uF
2k 8.2 ohm
Figure 1: Clean-up circuit forlow current loads.

The circuit was modified to work in a power supfily a 3.3 volt PLL. The changes are shown below.
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in _ e _ Vout
F1 éEHS
vl | 14 100
33T Vi
1 T %RE
iy 100uf 47k
21
2 ﬁ;) »
- a3
- 27k
R4
— 6.6

As with any cancellation method, the attenuatioexisemely sensitive to changes in load impedastdjent temperature, and component drift
over time. This could cause unexplained variatiars/stem performance that could be difficult taghiose. The graph below shows the
attenuation as R4 is changed from 6.4 ohms tolth@so The attenuation at the null point changes 80eaiB for a 3% change. Since the same
change could easily occur with normal temperatargations, we conclude this circuit is too unstablée very useful.
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Distortion in the inverter is not canceled by feack The waveforms in the plot below show a 2 ol p-p input signal at 7 KHz (Blue), the

voltage at the collector of Q1 (Black), and thaultasg output signal (Red). Strong second harmdistortion is evident in the output signal,

which limits the maximum available attenuation. sTtistortion is not accounted for in the frequeresponse graph.
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3.0

EATTOR.CIR Temperature = 27
T

WVel)

0.0y E0.00y 120,00y 150,00y 240,00y 300,00y

Op Amp Version

Wenzel also describes a more complicated op angpoveshown below.
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+15 volts in 0.05 ohm +15 volts out
}, P— }

2N4401 220

10k
4300 I
L

10k ‘ 100 uF g
it o
300k

4 470 15

It was entered in SPICE as shown below.
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_ out

R4 _I_ Cd

220 I 100uf

R10
15

The attenuation as R10 is stepped from 10 ohm4 twhins is shown below.
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A three-stage RC filter in a Darlington emitterléaVer allows higher currents and provides excelfg@rformance over a wide frequency range.
It needs about 1.4 volts of headroom. ResistorsR&ed to trim the output voltage to the desirddesal he output voltage will change with load

Since the cancellation method relies on perfecthmag), which is difficult to achieve, no furthetehpt was made to optimize this circuit.
and temperature, but satisfactory operation cavblgined over a wide range.

The null has moved down from about 8 KHz to 130aHd shows less attenuation than the single transistsion in Figure 1. In addition, the

op amp now contributes its own broadband noishdmttput.
The above methods are limited to low-current lodwks to the voltage drop across the power suppigssegsistor.

The output impedance of the circuit shown is 1.B88s, as calculated in SPICE.

2. RC Darlington Emitter Follower
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With the values shown, this method provides gotehattion from 50 Hz to 100 MHz. The attenuati@oflbetween 100 Hz and 10 KHz is

determined by the impedance of transistor Q2, whithvary from one transistor to the next.
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The performance above 10 KHz is determined by tBR Bf the filter capacitors and the circuit laydatorder to improve the performance at

higher frequencies, multiple ceramic capacitorstzaadded in parallel with the electrolytic. Thase usually provided by the bypass capac
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in the following circuitry. However, this can easdreate additional resonances with the capacitdrtieace inductances. Some nodes may show
large resonances and others litle or none, sorsast be taken to examine the entire supply straciuer the complete frequency range of
interest plus harmonics, and any clock frequenalies their harmonics. (Yes, Virginia, that can detaof work. But you have to do it. Every
node. You might be shocked by what you discoved Aa it again every time you make a change to yipassing.)

The ultimate noise floor is determined by transistoise. For the 2N4401 (2N2222), the typical nasselaimed to be about 1 nanovolt per root-
hertz or about 1uV rms in a 1 MHz bandwidth. Thesaavill vary with output current and transistopgy

Fault Protection
1. Short-Circuit at the Output:
There is no protection against output short ciscuturrent limiting must be provided in previousgss.
2. Short-Circuit at the Input:

A short on the input supply will forward-bias thade-collector junctions and discharge the 47 ula#aps. For low output voltages, the
energy is small and is not likely to cause damage.

The 10 uF capacitor Q4 will discharge through tredl If the output voltage is above 6 volts, it mayerse-bias the base-emitter junction
of Q2. A protection diode should be added to pretias.

3. Complimentary Follower

A Complimentary Follower (see al§ziklai pai) has advantages over the conventional Darlingtbe.output noise and drift are cut in half
since Q1's contribution is canceled by the negdéedback from transistor Q2.

Resistor R2 can be adjusted to set the outputgekidout 1.4V below the supply voltage. The ouitpygiedance of the circuit shown below is
1.31 ohms, as calculated in SPICE.
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The attenuation is similar to the Darlington. Thtemuation floor between 100 Hz and 100 KHz is deieed by the loop gain, which is device-

dependent. The response above 100 KHz is largédyrdaned by the ESR of the output capacitor C4.
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4. NPN Pass Follower

A follower using a NPN pass transistor can supplyents up to 1A with a low, fixed voltage drop.the example shown below, the output is
93% of the supply voltage. In the example showdAX495 [6] Rail-to-Rail Op Amp is used as the control elem&ee the Maxim
Application Note 8997] for more details. NOTE: The polarity of the op amput shown in Figure 1 in the Maxim App Note 89%rong. The
plus and minus input pins need to be swapped.

_ Vin = &5V
l*ﬂ ém
o 330K
V2 : B
1 (] MAX4Es @1
J__ L R2 vy . ZETEX
1 10uf < 4.7meq |- R3 FrimTE1 9CT
100

- VYout = 4,65V

lcz 13 ﬁf‘
10uf 0.1uf
R4 g R =
0.1 01

The attenuation is shown below, and more or lestsrtee Maxim specification of 40dB attenuatiomirdO0OHz to 20KHz. The response forms
a null where the left part is the attenuation @ RC filter. The rising portion on the right occasthe decreasing gain and increasing phase
shift of the op amp degrades the cancellation @féledback signal. The cure is to use a fastermgp hut it may have more internal noise.

The performance above 10 KHz is determined by R Bf the output capacitors C2 and C3.
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, or apgroately 2.5 uV rms from 1 to 10 KHz. This is siarilto the LM7231]. The plot below

shows how the noise appears at the output of thdator:

The MAX495 is specified at 25 nV/sqrt(Hz)
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but have littlecetibove 1 KHz.
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Summar

1. The cancellation method is capable of high atiéon at a specific frequency, but it is very semsito component drift. The op amp

version has the same problem and contributes addltnoise to the output.

cal frequencies. It can supply high

current, but has a large voltage drop and temperatefficient. The noise floor is determined bg transistors.

2. The RC Darlington offers low sensitivity to conmagmt variation and excellent attenuation at typi

ingtth half the noise and thermal

3. The Complimentary Follower has similar voltagepland input and output impedance as the Darli

drift.

of the op amp appears at the output from DC updattoff frequency of the regulator. Dependinglaop amp, the resulting noise

4. The NPN Pass Follower can supply moderate riggalaction for load currents up to 1A with a lowtagle drop. However, the input noise
could be equal to or greater than the originalaign

Conclusions
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Overall, the RC Darlington and Complimentary Folwgive the highest ripple attenuation but are agrtbe poorest for regulation and thermal
drift.

The various cancellation methods give sharp notelitgspoor attenuation on either side, and regeiteemely tight tolerances on gain and
component values that are unlikely to be met icgiza. Cancellation has no effect on the strongneaiic distortion produced in the error
amplifier due to low values of the feedback residttowever, if the ripple is at a single frequemay there is no other noise to consider,
cancellation might be an effective approach.

Circuits using op amps tend to have poor performatdigher frequencies due to decreasing loop gain

All ripple reduction circuits are likely to be séng to pcb trace impedance, capacitor ESR, ayolieand grounding techniques. In order to
improve the ESR at higher frequencies, multipl@oec capacitors can be added in parallel with eotedlytic. These are usually provided by
the bypass capacitors in the following circuitryovrever, this can easily create additional resorandth the capacitor and trace inductances.
Some nodes may show large resonances and otheis Iitone, so care must be taken to examine tiire eapply structure over the complete
frequency range of interest plus harmonics, andcéook frequencies plus their harmonics.

Links

[1] National SemiconductdtM723

[2] The Best of Bob Peas&he Design of Band-Gap Reference Circuits: Traald Tribulations"
[3] National SemiconductdtM2940C

[4] National SemiconductdtM117

[5] Charles WenzelFinesse Voltage Regulator Noise"

[6] Maxim Data SheetlAX495 (Obsolete)

[7] Maxim Application Note 899;Low-power Circuit Reduces Vcc Audio Ripple by 40dB
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L ow Noise Switchers

Linear regulators tend to waste power due to thersgvolts required for the pass device. Dependimgystem requirements, the Linear
Technology Low Noise Switching Regulators can gipele values of less than 100uV, which is complraéb or less than many linear
regulators. These switchers reduce noise by cdinggahe slew rate of the switching waveform.

1. The first model uses a conventional transform#ér & push-pull primary and diode rectifiers on seeondary:
LT1533 Ultralow Noise 1A Switching Regulator.

2. The second model is a fixed frequency currentersydtching regulator suitable for Boost, Flybalckerting, Cuk, etc.:
LT1534 Ultralow Noise Switching Regulator.

The following app notes are also useful:
AN70 A Monolithic Switching Regulator with 100uV @uut Noise
snan70 (corrects pin number errors in AN70)
AN75 Circuitry for Signal Conditioning and Power i&e@rsion
AN118 - High Voltage, Low Noise, DC/DC Converters
LT1533 Ultralow Noise Switching Regulator for Higtoltage or High Current Applications

It might be interesting to see if the LT1533/LT15%h close the loop around one of the widebanetsiltsuch as the@omplimentary Follower
This would give the ne plus ultra of low noise,higfficiency supplies.
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