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Abstract

The best performance of any audio amplifier is achieved when it is powered by a regulated power supply.
Many audio amplifiers incorporate regulated power supplies to minimize distortion and audio compresson
effects A serious problem with linear regulated power supplies is that they will waste between 30 to 50%
of their total input power as heat ingde the amplifier. When we then add the linear amplifier's power losses,
the tota can be as high as 75%, with only 25% of the input power actually going to the speaker.

With high efficiency amplifiers, like the dl-digitd DDX® amplifier series, the power supply regulator
should be a high efficiency switching type to keep down the overal power losses. Unfortunately, switching
power supplies typicaly cost more than unregulated "brute force’ power supplies. This paper offersahigh
efficiency regulation solution that offers some of the benefits of a switching power supply’s efficiency
while dill being very cog-effective like an unregulated power supply.
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Introduction

When an unregulated power supply is not
delivering power to the load the voltage is high, but
when maximum power is ddlivered to the load the
voltage can drop by 25% or more. Power supply
ripple will increase when fully loaded and, due to
the power supply rejection ratio (PSRR), appears
directly in the output of traditiond audio amplifiers
as anoise sgnd. It isusualy adirect function of
the amplifie's PSRR and appears a a fairly
condant levd rdative to the maximum power
output. A conventiona amplifiers maximum
sgnd swing has to be set lower than the minimum
voltage of an unregulated power supply so that
clipping does not occur.

When DDX® dl-digitd amplifiers are used with
unregulated power supplies, AM sidebands appear
due to the power supply ripple.  These sdebands
vary directly with the ratio of the AC ripple voltage
to the DC voltage. Note that these sdebands
disappear completely when the output is in the no-
sgna or damped date.  With the power supply
used in this paper, the sdebands measured 40 to 45
dB bedow the actud output leve with one or two
channels operating. As Figure 1 shows, the output
has acceptable power supply ripple regection
because the energy content condgs of just
amplitude modulation (AM) sideband noise around
the 1 kHz carrier. There is dmost negligible (-85
dBFS) 120 Hz fundamental content. The
Sdebands do not appear as harmonic digortion
because they are not harmonicdly related to the
carier frequency. Instead they appear as noise or
non-harmonic digtortion in the THD+N plot. Due
to psycho-acoudic frequency masking, these
Sdebands become virtualy undetectable in a red
lisening environment.

As afirg approach, one might try to just add more
capacitance to reduce the power supply ripple but,
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Figure 1. FFT of aDDX® Amplifier, one channel
driven -3 dBFS @ 1 kHz, with an unregulated supply,
showing AM sidebands due to 120 Hz power supply

ripple.
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Figure 2. Measured THD+N vs Frequency.

Unregulated supply powering two DDX® channels @
-3dBFS (10.74 W /channel, 21.4 Vdc, 0.13 Vrms, 0.42
Vp-p). Upper trace is for a capacitance of 9400 uF.
Each successive trace adds one more 4700 uF
capacitor for atotal of 32,900 uF.

as Figure 2 shows, this method requires enormous capacitance with diminishing benefit as each capacitor is

adlded.

When using a DDX® amplifier with an unregulated supply it is possible to reasonably smulate some of the
more desirable audio performance characteristics of a regulated power supply by floating a Low Drop-Out
(LDO) regulator circuit in series with the supply’s output. Connecting the Low Drop-Out regulator's
reference pin to a capacitor-amoothed voltage divider across the DC input, rather than to the regulator's
own output voltage, will "float" the output voltage as a percentage of the DC input voltage. Two different
ripple atenuator desgns are reviewed: one that uses a commercid Low-Drop-Out (LDO) adjustable
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regulator, and one that uses a high beta quasi-NPN series pass transgstor as aregulation element. They both
effectively remove 40 dB or more of ripple while presarving excdlent overdl efficiency. The following
design examples were designed and tested to work with up to four 8-ohm, or two 4-chm DDX® amplifier
channels smultaneoudly.
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Design Example 1: Using a 3-Terminal Low-Drop-Out (LDO) Regulator

We'll firgt design aripple attenuator for use with an inexpensive, brute force, unregulated 24V supply. We
gart with the following vaues that are typicd for afully loaded supply:

Vign =240V (Supply not loaded.)

View =180V (Supply loaded at 2 A.)

Vo =15V (Ripplewill be closeto zero when supply is not loaded.)
Vipo =03V (ThisistheLDO regulator's drop-out voltage.)

Vig =25V (Theregulated output voltage of the LDO.)

leono =125 UA (Quiescent current through the LDO’'s GND pin.)

Ul -TPS75725
LDO PG %
* AL ouT —o—
R1 EN GND
2.87k 3
Hc1 c3 &
4700nF C2 4700nF
11.5k 100ntF
: 1 I\

Figure3. LDO Ripple Attenuator Schematic

The chosen LDO regulator sources 125 uA to the resstive divider through its GND pin. Since we want this
current to have a negligible effect on the voltage divider resgtors, we choose R; such that its no load current
is~1.25 mA (10 timesthe GND pin’s current). That leads usto the following:

reg —
%]
= 870W Eq. 1-1
1.25mA @ a

It then follows that:

&/ 0
g% +Vipo +Vig =

gllow - ?pr +VLDO +Vreg g(:)
2 @11.5kW Eq. 1-2

R = 1.25mA

Usng these resistance vaues will assure that the input to the LDO will be above its minimum input voltage
of 2.8V aslong as V., doesn't go below 14.8 volts. In order to attenuate the A-C ripple across C; by 40 dB
we need to set the corner frequency to less than 1/100th of the AC ripple frequency (120 Hz), or 1.2 Hz.
We can now calculate:

1

C,=—F———=58nF (100 n¥ was used in the test circuit.) Eqg. 1-3
2f (R//R,)
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Cdculating the voltage across C,:

*
Ve, = R "Vigw =14.4 Eq. 1-4
R+R
Adding the regulator’ s voltage, we now find that the output voltageis:
Vour =Vez 1V, =16.9V Eq. 1-5

Audio compression will be directly proportiond to the changein Vo

&/ o, * R, v 0

: : R, +R, %
Compression Ratio = -=.779:1or-2.17dB Eqg. 1-6

B/ " R, 0

+V =
R,+R, “p

In this example, for a 1.1 volt power supply reduction we have effectively removed the ripple. The primary
Sdebands in the output are now reduced by an additiona 40 dB to -85 dB and secondary Sidebands are logt
inthenoisefloor. SeeFigures7aand 7b.

Since the leskage current through the regulator and bleeder are negligible, the output efficiency will be;

Vout 16.9
h@—=—""==09%4 Eq. 1-7
Vin 18 a

If we now factor in the DDX® amplifier's 88% efficiency, the overall efficiency is 82.6%. Since the best-
case average efficiency of most analog audio amplifiers isless than 50% this means that, using the same
transformer, rectifiers and capacitors, a DDX® amplifier with an L DO version ripple attenuator delivers
65% more power to the load than an analog audio amplifier.
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Design Example 2: Using a Series Pass Transistor.

Well now design a transstor-based ripple attenuator for use with the unregulated 24V supply. Well use
the following valuesthat are typica for afully loaded supply:

Vigr  =24.0V (supply not loaded)

View =180V (supply loaded a 2A)

Vo =15V (Ripplewill be doseto zero when supply isnot loaded.)
Vpax =10V (The quas-darlington's saturation voltage = Vi + Q2«)
0.65V (The maximum base-emitter voltage for Q2.)

40 (@3A)

Hee =100 (typ.)

MJE2955T (PNP)

¢ Q1 ¢
2N2222 (NPN)
R1 Q2 ¢
365
H C1 # C3
4700nt C2 4700nF

5.62k 470nF

@ I @

Figure4. Transistor Ripple Attenuator Schematic.
In this design, since the effective Hy of the Q1-Q2 pair is 4000, the current drawn into the base of Q2 is:

., = 2A/4000 = 0.5mA

We would normally use 10 times Q2's possible base current but we want to economize in the losses and use
minimaly szed resstors. Aswe shdl see, 6 times the base current is afair compromise and works out OK.
Wewill use 3mA for the bleeder current in the resstor divider:

| peeder = 3-0MA
The current in Ry isnow 3mA a no load and 3.5 mA at full load. It then follows that:

5
gﬁ + VDsat be2 =+
2 @B65W Eq. 2-1

I bleeder

Cdculating at low voltage, but without considering Q2' s base current:

Vlow ) ?pp +VD$=1t - Vbezg
2 .
9 @6.62kwW Eq. 2-2

R2:

I bleeder

Notice the sign reversal for Ve as opposed to Vg in Example 1. In this design, the voltage drop across R,
increases with the load current because the current drawn into the base of Q. increases the voltage drop
across R;. While this gives us added ripple margin protection a pesk currents it also adds just dightly to
the compresson effect.
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For a1.2 Hz corner frequency (with R1 in pardld with R2), C, must now be:

C,» 1 - 387ntF (470 nF was usad in the test circuit.) Eq. 2-3
2f (R/IR,)

Cdculating the voltage across C; at full load (2 A):

Ve, =Vigw = R* (e +11p2) =16.72V Eq. 2-4
We now find that;
V. =Ve, - Vi, =16.07V Eq. 2-5

Audio compression will ill be directly proportiond to the change in Vo Note that the compresson
equation fully accounts for the voltage drop caused by Q2's base current:

. -R* + -
Compression = (VL“” R (e * ! bz)__ Vb92) =0.734:10r - 2.69dB Eq. 2-6

%/High *R, 0

T 2 Vbez =

Rl + RZ ﬂ

Sinceamog al the current for the pass elements goes to the output, the efficiency will be:
vout _ 1607 _ 5 g9 Eq. 27
Vin 18

Factoring in the DDX® amplifier’s 88% efficiency, the overdl efficiency becomes 79%. Since the best-
case efficiency of an anadog audio amplifier is less than 50% this means that, usng the same transformer,
rectifiers and capacitors, a DDX® amplifier with a transistor version of the ripple attenuator ddlivers
58% mor e power to theload than an analog audio amplifier.

We have again removed the ripple and improved the sound. The AM sSdebands in the output are again
reduced by 40 dB to -85 dB asin Design Example 1. See Figures 7aand 7b.
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A Word About Compression

When audio amplifiers run with unregulated W . SOy

power supplies and the output load increases, : ! § § ! : : :
reduction in audio output. This effect is cdled [F=ms "7 77T Ripple Attenuator - No Load
‘compresson’.  The gan of most linear T lnregulated - Full Load TR
amplifiers is set such that the amplifier | [~ =" Rippl Attonuator FullLoad
operates as if the minimum voltage a full load T T

is dl that is available. By not USing dl the -l-I-I-E-i-I-I el |-i-|-|-|-|-i_-|-|-|-|-i-|-|-.-|-i-:-|- P T

voltage thet is available at al times the output P : s B : : :
transistors act as linear voltage regulators and PR LIRS S Spp—. _ 1NNV | N S C—
dissipate this excess power as heat for S S
medium level passages. This results in lower

power output and poorer efficiency.
For the unregulated supply that we have been

discussng, the ratio of no-load to full-load
voltage is 0.750:1. That means tha it is

Iy

i

r nsible for about 2.50 dB of compression. Figure 5. Voltage waveforms of theri pple_attenuator VS.
Tl 1 shows the ratio of full-load to no-losd an Unregulated Supply, both delivering 50 Watts.
supply voltage for the three cases:

The LDO method yidlds less compression and the trangstor method dightly more compresson than the
unregulated supply, but they each differ by LESS THAN
+0.4dB from the unregulated supply. This difference in | Type Ratio | DB Ratio
unnoticesble.  Up to this point we have been discussng
dteady state or RMS power. Most audio content has afairly | Unregulated 0.750:1 | 2.50dB

smdll average power but periodically has short bursts of full ™ 3rg50r Reg. | 0.7341 | 269dB
power. The power supply’s stored energy can ddliver high ' - '

power for repeated short bursts without voltage sag. This  14h1e1 Rinnle Attennator Ratios
effect is cdled “dynamic headroom” and effectively

reduces the impact of compression to just the sustained loud passages.
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Conclusions

th@e regu|ation with ether version of the [Audio Precision 03/02/01 16:41:25
ripple attenuator approximately tracks the s

unregulated supply itself, but AM sidebands 2 Ap
in the amplifier's output are decreased by L

about 40 dB by reducing the 120 Hz power =E S

supply ripple. Unlike a linear amplifier, the '

120Hz ripple fundamental ‘di ears 02 = b o

(-85 dBFS) pr?n the output of fp I§DX® %o, ==
amplifier. . !
Thetop trace of Figure 6 shows THD+N for a !
single DDX® amplifier channel powered by oo

an unregulated supply. The test equipment 001

doesn't see the AM modulation as distortion 0.008

20 50 100 200 500 1k 2k 5k 10k 20k

but instead adds it in as noise in the curve. In Hz

the lower trace, with the ripple attenuator Figure 6. Mezsured THD+N vs. Frequency.

endbled, THD+N s great!y reduced. 5 channel driven, 8 Ohm load, Vol. = -3 dBFS.
Remember these are unwanted sidebands, not 1oy No Ripple Attenuator

harmonic distortion that are being removed. Bottom: With Ripple Attenuator
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Figure 7a. Normalized FFT of an Unregulated Supply Figure 8b. Normalized FFT for the Transistor Ripple
With One Channel Driven to -3 dBFS Attenuator With One Channel Driven to -3 dBFS.

A comparison of the waveforms in Figure 7 above shows this clearly. Figure 7a shows the sidebands
in the output for one channel of a stereo amp running with an unregulated supply. Figure 7b showsthe
greatly reduced sidebands in the output for one channel of a stereo amp running with atransistor version
of the ripple attenuator.

The DDX® amplifier and ripple atenuator combination is still 58-65% more efficient than an analog audio
amplifier. Rether than using the additional available output power, one can trandate these increased
efficiencies backward to the origina raw DC power supply configuration and realize additiona savings by
reducing the size of the power transformer, rectifiers and capacitors as well.
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