Walt Jung

IMPROVED POSITIVE/NEGATIVE REGULATORS

Several years—and a lot of hard work—later, here is a new version
of the popular super regulators first published in AE.

ark Kovach’s initial letter (see
M p.17), which I received in very

late 1998, turned out to keep us
busy with investigations for a few
months. From those experiences
emerged the improved positive and nega-
tive regulator circuits described here.

For reference purposes, we will refer
indirectly to the original schematics asso-
ciated with the Old Colony PCBD-3A/B
printed circuit boards (PCBs) as they
were published in Jan Didden’s “Regula-
tors For High-Performance Audio, Part 3”
(TAA 3/95, p. 20). Note that one of these
PCB sets implements paired * regulators.
To retain full compatibility with the art-
work of the 1995 card design, the
changes described here modify no PCB
tracks and require no additional holes.

As shown here, we have two new,
complete regulator schematics, both con-
sistent with the original PCBs. Note that
these two new figures (Figs. 1 and 2)
cover both the original form as well as the
new modifications described here. Figure
1 is the positive regulator form, and Fig. 2
is the negative. These figures correspond
respectively to the original positive and
negative regulator circuits, Fig. 2 and Fig.
3 in the previously cited article.

Taking the easiest problem category

first, Mark Kovach’s range of regulated
voltages can be considered normal. With
regard to Fig. 1, considering D1’s LM329
reference tolerance of 5%, and adding
the 2% scaling R5/R3 resistor tolerances,
the output can be roughly 2 x 6.9V £7%,
or 12.83-14.76V. That’s actually a wider
range than Mark quoted, so it sounds as
though he had a few very close LM329s,
possibly from the same batch. Of course,
these absolute DC voltage variations
don’t affect sound directly, as noted by
Jan Didden in the 1995 article (p. 21).

Startup Problems and Cures
More serious is the issue of regulator start-
up. For some of Mark’s eight regulator

8 Audio Electronics 4/00

cards, we resolved the startup problems
easily, while incorporating some simple
design improvements. For others, the so-
lution was more subtle, yet still simple.
Referring to Fig. 1 again, consider the
original form of the circuit, that is, using
the dotted-line components. Then, visual-
ize the effect of the voltage drop across
the originally used 1N4148 diode D8

upon startup. If the op amp goes LO ini-
tially (i.e., towards the negative rail, or
ground), the 0.6V drop across D8 will es-
sentially be cancelled by Q1’s Vi, which
makes voltage V- seen at PCB termi-
nals T2/T9 nominally equal to the op
amp LO state saturation voltage.

Note that terminals T2/T9 are
Jumpered external to the PCB in nor-
mal operation, as are T10/T20. The LO
state saturation voltage for the AD797 is
about 2V. So, if for any reason X1 gets
stuck in the LO state, Vo ;p will rest
around 2V, essentially what Mark re-
ported. This is by definition a false-start
condition.
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Mark and I exchanged a number of
e-mails and phone calls in troubleshoot-
ing his regulators remotely, without full
success. For some time I had been work-
ing on upgrades to this circuit—some
simple, others more complex. The most
direct of these is a simple one-for-one
component substitution for diode D8 (or
D10) (Photo 1), replacing Fig. I's D8
1N4148 (D10 in Fig. 2) with a 6.8V
zener. The 500mW 1N5235B is both me-
chanically and electrically suitable.

In doing this step, however, it is criti-
cal to note that a zener installed for D8
(D10) must be polarized exactly oppo-
site to the original 1N4148, so as to oper-
ate in reverse-breakdown mode. That is,
the diode is installed with the cathode to-
wards Q3-C in Fig. 1 (or anode to Q4-C,
in Fig. 2), i.e., just as shown in the re-
spective figures. For reference, the origi-
nal 1N4148s are also shown dotted. Note
also that shunt capacitors are added, C5
in Fig. 1, C13 in Fig. 2. These are further
discussed later in this article.

As far back as August 1995, Jan Did-
den and I explored operation of such
bias networks for startup aid within new
regulator forms operating the op-amp
supply from the regulator output, i.e.,

PHOTO 1: Overall top PCB-side view of the improved regulators, modified as per Figs. 1
and 2. AD825 ICs are mounted on an SOIC-DIP adapter in positive regulator (left), and an
8-pin DIP header in negative regulator (right). Sharp-eyed readers will note new polari-
ties for D8 (left) and D10 (right), corresponding to the Fig. 3 stuffing diagram. Al photos

are by Mark Kovach.

bootstrapped. Bootstrapping here refers
to operation with the op-amp rail volt
age derived entirely from the main out-
put (as opposed to operation from the

raw DC supply via R6, as in the original
circuit). Bootstrapping has the highly de-
sirable advantage of improving the line
rejection of a so-modified regulator to
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FIGURE 3: Stuffing guide for the improved positive/negative regulator board. For
reference, C5 and €13 are shown here in original locations.
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well beyond that of a comparable, but
conventionally powered version.

To implement bootstrapping, Jan had
first tried a couple of forward-biased
LEDs for D8, while I suggested a 6.8V
zener as preferable. My testing found
that the higher-voltage zener diode bias-
ing was absolutely required for a boot-
strapped version of the regulator; other-
wise, it wouldn’t start reliably. This
should be readily apparent, since the op
amp can’t operate dependably until it
has sufficient supply voltage. Thus to im-
plement a reliable bootstrapped regula-
tor, the breakdown voltage of D8 (or
D10) must allow the circuit sufficient
voltage to start unfailingly.

Jan Didden had tried the bootstrap
mode of operation first; then I tried it
later on, and also published a boot-
strapped form of the original 14V regula-
tor in “Regulator Excels In Noise and
Line Rejection,” EDN, Jan. 2, 1997. A 5V
form of the bootstrapped regulator was
also described in Walt’s Tools and Tips,
“Low-Noise Power for Analog Circuits,”
Electronic Design Analog Applications
Issue, June 23, 1997.

However, it is worth noting that at nei-
ther that time nor since have I ever per-
sonally seen a startup problem with the
original 1995 circuit, with all compo-
nents operating properly. I saw the false-
start conditions only when the circuit
was modified for the bootstrapping.
More details on this later.

To summarize, the primary goal of the
additional bias voltage is to provide
enough initial output voltage so that the
op amp always has a sufficient supply of
operating voltage. With D8 chosen cor-
rectly, this also forces reference diode D1
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to break down. Since the LO state output
saturation of the op amp is ~2V, choosing
a voltage for D8 nominally equal to the
reference ensures this.

In the example here, 6.8V + 2V - 0.6V
provides about an 8.2V initial output.
Note that in the original positive (or neg-
ative) regulator circuit(s), changing only
D8 (or D10) to a 6.8V zener diode pro-
vides the additional bias, and this change
can be implemented by itself with no
side effects.

Mark first implemented the 1-for-1
zener-for-1N4148 replacements in the DS
(D10) locations of his regulators, and this
fixed four of the eight circuits. Further

troubleshooting with the others revealed
some bad parts, but a couple still stub-
bornly refused to start.

To get to the bottom of the problem, I
agreed to examine these for him. Our
agreement was that I would test and fix
the two problem card sets, and at the
same time upgrade one set of the + out-
put paired regulator card sets with some
other modifications I had been testing,
including the supply bootstrap operating
mode. He would then complete these ad-
ditional upgrades on the remaining posi-
tive/negative set when I returned the
cards, as well as his remaining sets.

To briefly summarize tests on these
two-card positive/negative pairs, in the
first set the positive output (POS) card
wouldn’t start at all, which was traced to
a bad resistor and/or solder contact
around R4. Replacing R4 fixed the start-
up problem. The NEG regulator of the
set started OK, but the output wandered
several mV. This anomalous variation
was traced to a flaky LM329 (DG), where
a replacement fixed things.

On the second + set of PCBs, I also
found a startup problem with the POS ver-
sion. This was traced to an apparently bad
solder connection around the same resis-
tor, R4. I resoldered everything around
these components and lifted the body of
the resistor up away from the ground
plane, and it then fired up OK.

A caveat here for anyone working
with cards like these, with a ground
Dlane beneath components: There may
be some potential for any exposed com-

PHOTO 2: Bottom PCB-side view of the improved regulators, again modified as per Figs. 1
and 2. Note new V, ; insulated bus wire jumpers, plus newly located C5 in the positive
regulator (right), ana C13 in the negative regulator (left). Be sure to orient these caps with
the (+) lead towards the D8 (or D10) cathode.



TABLE 1: PARTS LIST

Reterence Part Manufacturer Distributor order #, comments
Figures 18 2
£1,4,57, 120pF/28Y Panasonic Digi-Key P5838-ND or P10270-ND
10,1213 type HFG
15,17, 18 orFC
D1,6 LM320D2 Nationai Semiconductar Digi-Key LM329DZ-ND
D25 1N4148 Vishay Diodes Inc Digi-Key 1N4148DICT-ND
08,10 1N32358 Vishay Diodes inc Digi-Key 1IN5235BDICT-ND
07,9 T-1 clear green LED Panaspnic Digi-Key P309-ND iwas red type P308}
type LN3BGCP
1 D44H11 {or D44H10, see text) Motorola (Harris} Allied, Mouser, Newark
Q2 D45H11 {or D45H10, see text) Motorola (Harris) Allied, Mouser, Newark
Q3 2N5087 {or equiv.) Fairchild Digi-Key 2N5087-ND {see text)
04 2N508 {or equiv.) Fairchild Digi-Key 2N5088-ND (see text)
R1, 13 48902 +1%, 1W metal film, type MK-2 Vishay Roaderstein Welbome Labs
R1g 22 240802 +1%, %W metal fiim, ype MK-2 Vishay Roederstein Welbome Labs {was 100C))
R4, 14 4,992 +1%, %W metal fim, lype MK-2  Vishay Roederstsin Welbome Labs
R15,23 1002 £19%, %W metal film, type MK-2 Vishay Roederstein Weilhome Labs
R20, 21 12102 1%, YW metat film, type MK2  Vishay Roederstein Weiborme Labs
R3,5,16,17 1k 1%, YW metal film, type MK-3 Vishay Roederstein Weibome Labs
x1,2 ADB2ZRAR or ADB17AN op amp Analog Bevices fnc Newark, Welbome Labs, Note: With ADB25AR, you must also
use efther a header or an adapter {see below)
Header for ADB25AR 8 pin: DIP style Aries Digi-Key A101-ND
Altemative adapter for ADB25AR 8 pin SOIC-DIP style Arigs Digi-Key A724-ND
Figure 4: Higher performance (recommended) option
101 LM3t7 1.5A regutator, TO-220 case National Semiconductor Digi-Key LM317T-ND
U102 LM337 1.54 regulator, TO-220 case National Semiconducior Digi-Key LM337T-ND
Ci01, 102 100pF/35Y type FC Panasonic Digi-Key P10294-ND  nole—Use only when necessary
R161, 103 1k £1%, YW metal film, type MK-3 Vishay Roaederstein Welborne Labs
R102, 104 B250 +1%, W metal film, fype MK-3 Vishay Roaderstein Weiborne Labs
Figure 5: Use only when necessary
R1,R2 4392 +1%, AW metal film, type MK-2 Vishay Roederstein Welborne Labs
C1,G2 100pF, £5%, 50V ceramic, COG or NP0 Panascnic Digi-Key P4925-ND
Header 8-pin DIP style Aties Digi-Key A101-ND
Figures 14 2 For reference onby
obsolete parts:
2.3 0.3 pF/50Y fim NA
R, 18 2200 £1%, W metal film NA
Miscellaneous items:

Quantity (2) TO-220 low-profile PCB-style heatsink, 15.6°CMW (Digi-Key HS12-ND or equivalent for PGB rounting); quantity (1) Old Coleny PCBD-3A/B circuit-board set, as
required; mounting hardware; 1BAWG hookup wire, and so on.

ponertd leads to towch the ground plane
ard short oui, so be carefuld!

As one exampie, this is possible with an
exposed end cap on the Vishay Roeder-
stein MK-3 W metal film resistors Mark
uscd. While there is nothing generally
wrong with using these resistors in all lo-
cations {they are good), the caveat [ note is
to be especially careful that the end caps
of metal tilms never lie directly on the
ground plane.

To swmmarize the diagnosis of the
nonstarting regulators, the tp-oft symp-
tom was that there was little or no volt-
age developed across 1. Specifically,
this voltage measurcd only about 10mY,
where it should normally be 6.9V! With a
broken conduction path through R4,
there is no way for the op amp to prop-
erly sense the inputs, and thus the out-

put staved stuck in a LY state. This per
sisted until R4 was repaired, wherenpon
the circnit then started OK. S6, as with
any quality andio circuit, carcful assem-
bly work is required for correct results.

Additional Reguiator Enhancements
Several other regulator enhancements
were added to the first pair of Mark's
cards as | tested them. He subsequently
replicated these same changes on the sec-
ond set of cards, plus his other two sets
{four scts total, cight regulators in all),
These changes were referenced in his
secorud letter (p.17), along with his reac-

source is raised. ‘This step cases the cur-
rent and power loading of the op amp by
loweering the current rom 10mA 10 3mA.
With a minimum gain of 40 in the pass
transistor, this still allows an output drive
of at least 200mA from the circuit.

If you would like to verify this for
vourself. test the regulators wich a [XC
lead of 1000), which validates it for more
than 140mA. Then, in your final circuit,
you can simulate a net 100ma load by
using a dummy resistor to bring the load
up o LOOmMA Cassuming that the active
stages will draw less current),

a) (POS): Change the value of R19 to

tion 1o their performance in his system. 2490,
b} (NEG): Change the value of R22 to
1) Change of current source resistor: 24902,

As part of an overall upgrade, the value of
the current defining resistor in the carrent

[ recommiend adding a dummy resistor

~alo 1t e - — 14/ _
calculated as: Rd”mm}_ = 1475001 — x),
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where x is the current drain of your pre-
amp circuitry, in amperes. For example, if
your preamp draws 0.0254, an R of 186Q
is OK. The nearest standard value is fine,
and make it a 5W type to be safe. Do this
for both positive and negative supplies.

2) Bootstrap op-amp supply lines:
To implement the bootstrap supply
mode for the op amp, the original con-
nection to the unregulated input via a
22Q) resistor is opened, and the op-amp
rail pin is connected directly to the Vp
line, between the pass transistors and
the output pad. The film bypass capaci-
tor near the op amp is also removed.

A special note is applicable to the use of
bootstrapping mode: Bootstrapping must
be done along with the 6.8V zener update
described previously. It won’t work with
the original 1N4148 used for D8 or D10.
Note that a revised stuffing guide appropri-
ate to the schematics of Figs. I and 2 is
shown in Fig. 3. Be aware that it reflects all
subsequently described changes, i.e., steps
2a, 2b, and 3.

a) (POS): To enable bootstrapping of
the op-amp supply line in a positive regu-
lator, simply remove (or do not install if
building new) R6 (22Q2) and C2 (0.1pF)
and jumper the V+ line from X1 pin 7 to
the Vyypr = 14V pad TERM T2. Place this
jumper on the back (trace) side of the
board as shown in Fig. 3 and Photo 2, sol-
der carefully at both ends, and use sleev-
ing over the lead. I recommend Teflon®
sleeving if you have it, but any good-quali-
ty insulation will work. If you execute this
change, verify that D8 is a IN5235B, po-
larized as shown in Fig. 1 and Fig. 3.

b) (NEG): To enable bootstrapping
for a negative regulator, remove (or do
not install if building new) R18 (22Q)
and C3 (100nF) and jumper the V- line
from X2 pin 4 to the Vg;p = 14V pad
TERM T14. Again, place this jumper on
the track side of the PCB as shown in Fig.
3 and Photo 2, solder carefully, and use
sleeving. If you execute this change, ver-
ify that D10 is a IN5235B, polarized as
shown in Fig. 2 and Fig. 3.

12 Audio Electronics 4/00

AD8ZS
AR

D825
ARIB17

H12103 61595

A RN

PHOTO 4: Close-up
view of one prereg,
with dip-on heatsink
attached.

3) Op-amp changes: Related to the
Figs. 1 and 2 regulators, it has been veri-
fied that they are stable with the AD797
and the AD817 op amps, as well as the
ADBS825 (see later). However, it is now
recommended that the op amp in both
regulators be changed to a new type—ei-
ther an AD825 or an AD817. Since the
PCB accepts an 8-pin DIP device, the
ADB817AN can drop directly into the cir-
cuit in place of the AD797, with the
only associated change being the inclu-
sion of the back-to-back 1N4148 protec-
tion diodes (D2-D3 of Fig. 1 and D4-D5
in Fig. 2).

PHOTO 3: Close-up view of three
op-amp configurations. At left is
an AD817 header module, with
the optional RC network, as per
Fig. 5(a}. In the middle is an
AD825 mounted on an 8-pin DIP
header, and at the right is another
AD825 mounted on the SOIC-DIP
adapter. With the use of the 8-pin
DIP header, all pins of the AD825
need not be soldered, since 1, 5,
and 8 aren’t connected. They can
be (carefully) snipped off prior to
soldering the others.

Note that since similar protection
diodes are internal to the AD797, they
aren’t necessary in that unique case. But,
they are appropriate with the AD817 (or
any other unprotected-input op amp).
The AD825 should not require protec-
tion for normal +15V level supplies.

The AD825 op amp, available only in
an 8-pin SOIC package, will require the
use of some sort of SOIC-to-DIP adapter
to match the PCB footprint of Fig. 1 or 2.
Two methods have been used to accom-
plish this. The more expensive route is to
use a true 8-pin SOIC-to-DIP adapter,
such as those by Aries. As an alternative,

l / Vour =14V

system positive rail load

system negative rail ioad

Vour +2.3 Vergposy  =1-25(1 + R102/R101).
‘[" w LM317 / ‘
. : : proved POS
i N ‘°U~T . B regulator circuit T2
c101 1+ |Laby . R;E‘ (+urreg) (Fig 1)
100pF/35V r!\ , R102
. 825Q \d
J>+unreg gnd =
Vi U102
T LM337 - - oy
IN - ouT proved NEG |
- - . : T12 regulator circuit T4
1 010/2 Y § Rios (unreg) {Fig 2)
00pF/35V
" ™ :1 R104
; » 825Q I,
) -unreg gnd P
FIGURE 4: Higher performance option using U101 (POS) and U102 (NEG) off-card,
floating IC preregulators.




PHOTO 5: Top PCB-side view of improved
regulators, modified as per Figs. 7 and 2,
with AD825s on headers. Figure 4 preregs
are included, to the right side of the posi-
tive and negative PCB sections, respective-
ly, mounted on proto board sections. The
preregs’ clip-on heatsinks were removed for
this photo.

the tiny SOIC IC can be soldered directly
to an 8-pin DIP header (also made by
Aries), which is then soldered in place as
a conventional 8-pin IC.

While the parts list (Table 1) in-
cludes both adapters, frankly, I prefer
the less expensive header solution. Im-
plementing it is tedious and does re-
quire close, careful work in alignment

amljfsy(::ge cf;:%& this, it helps to snip off The BORBELY AUDIO

the unused AD825 pins (1, 5, and 8)

and to prealign the 0.1” centered header FET (R)EVOLUTION

pins. Bend them slightly inward to form
a “shelf” matching the SOIC pins. Then
(taking care that no solder wicks be- 5
tween adjacent SOIC pins 2-3, 34, and
6-7) solder the IC pins 2, 3, 4, 6, and 7
to the like numbers of the header. Be-
fore installing the finished IC along with
header or adapter onto the PCB, careful-
ly inspect the assembly for shorts and
solid solder connections. Photo 3 shows
header and adapter modules, ready for
PCB mounting. Photo 4 is a very close-
up view.

The use of the AD797 op amp in these
regulators has not been without some
problems, mainly associated with stabili-
ty. This was noted in Gary Galo’s “Regu-
lators For High Performance Audio, Part

The "MILLENNIUM" ALL-FET CLASS-A
POWER AMPLIFIER

The FET Evolution continues! The high-speed, high power "MILLENNIUM"
Class-A power amplifier brings you exceptional resolution, and dynamics. Its
transparent sound makes it equally applicable in high-end home systems and
in studio monitor and recording applications.

Read more about the "MILLENNIUM" and other ALL-FET amplifiers on our
homepage or send two IRC (available at your post office) to:

PHOTO 6: Very close-up view of AD 825s BORBELY AUDIO
ted 8-pin DIP header (left) and "
S'“(;’I‘é'_‘DTP :;a;',:er ;’r'i';ht)- Tael?e f;écial)cz'r‘e Angerstr. 9,86836 Obermeitingen, Germany
to note the orientation of pins 1-4 of the Tel: +49/8232/903616  Fax +49/8232/903618 (24 hours)
SOIC pack the header (at left sid  WWW. :
and tﬁ: csglgceglr; adeap:!:r gt(;ottor: de) . WEB'_ .bm:belyaudlo.com
side). These pins are denoted by the slop- Email: borbelyaudio@t-online.de or EBorbely@aol.com

ing side on the SOIC package.
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JUSTHOW DOES IT START?

There has been considerable curiosity on
the part of some correspondents as to just
how the original regulator starts up in a cor-
rect state. This is worth a side discussion,
because there are multiple mechanisms in-
herent to both the original and new circuits
that provide this useful feature.

First, it should be noted that in the de-
fault power-on condition of Fig. 1 or 2,
current source Q3 (or Q4) will always
tend to turn on the pass device. Then, for
normal operation, the op amp shunts cur-
rent away from the pass device and estab-
lishes the precise operating conditions for
a given design. So the current source is the
first level of fundamental operation that
will always try to bring up the output.

Second, there are several more involved
levels of op-amp operation as it powers
up. The answers to this lie in the details of
the startup bias networks and how they
relate dynamically to op-amp input volt-
age sensing. Regarding Fig. 1 (again), in
the original configuration with the
1N4148 diode, the diode forward voltage
and Vg of Q1 essentially cancel, so the
X1 output voltage is equal to the overall
output voltage (within a hundred mitli-
volts or so).

For all output conditions, note that the
X1-Q1 output voltage V., appears at the
junction of R4 and R5. And, for the op
amps typically used (i.e., the AD797 and
others), the lowest possible Vi, voltage
(VOUTG_O)) will be about 2V above the op
amp’s negative rail voltage. Since all these
regulator circuits have the op amp com-
mon rail grounded as shown, VOUT(DO) is
then simply 2V.

We define phase 1 of regulator opera-
tion as the time interval immediately after
input voltage Vy is applied. In the first
few milliseconds of this phase, the X1 (+)
input sees the voltage across C7, which
initially will be very close to ground. This
essentially zero voltage, combined with a
much higher, close to VOUT(LO) potential
at X1 (-), causes the op amp to act as a
comparator within this phase (i.e., no

4” (TAA 4/95) and also in Jan Didden’s
“So It Oscillates—Now What?” sidebar
within that same article.

Jan’s dissatisfaction concerning the
AD797 has been consistent since then,
and in fairness to him, it should be
noted that he has desired to change
from that device from the outset. Until
as recently as late 1998, I had resisted
this, and was still using the AD797 in
various regulators. I did need to deal
with some cases of stability along the
way, but none in which careful atten-
tion to bypassing, decoupling, and so on
couldn’t be made to prevail, and so yield
net overall regulator stability.
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overall feedback-loop closure, and an out-
put stuck at one rail limit, negative).

The relative sign of the two inputs
forces X1 to remain at Vo rq ) for an ini-
tial period of time. At the same time, how-
ever, the network R4-R1 sees the ~2V
Voutao) voltage, and thus C7 begins to
charge towards V. As C7 charges, the
X1 (+) input eventually reaches the X1 (-
potential.

At the point where the two X1 inputs
first enter their linear range, the op amp
becomes active and begins to control
Vour- This is phase 2 of regulator opera-
tion, with X1 now operating in a linear
mode (as opposed to phase 1, with X1
simply a comparator). In phase 2, the cir-
cuit enters a controlled, positive-feedback-
dominated timing sequence, with V5p
ramping upward. In this interval, Vyp
rises towards the ultimate V1. At an in-
termediate point, when Vg, reaches
6.9V and reference diode D1 breaks
down, the circuit then enters into its final
operational sequence, phase 3.

In phase 3, with D1 operating at 6.9V,
C7 settles to a final voltage value of 6.9V,
overall negative feedback dominates, and
Vour settles out to the design value of 6.9
x (1 + R53/R3) volts. With the values in the
circuit, this entire sequence takes about
two seconds, with V- settling to a nom-
inal 13.8V.

To provide some data on this opera-
tion, 1 set up a couple of tests to illustrate
this sequence and to test the general ro-
bustness of the circuit. I used the original
TAA 3/95 Fig. 2 circuit, with the AD797
and the 1N4148 diode for D8, and a
switched ON/OFF mode 18V input, inter-
rupted on a two second ON/OFF period.

To see more easily the timing wave-
forms, I reduced C7 and C10 to 10yF,
which allowed the ~14V output level to
be reached in about 160ms. I ran this test
most of a day, that is, more than 10,000
ON/OFF cycles, without evidence of a
false start. This would probably serve as
more than minimum simulation for typi-

That lasted until the end of 1998,
when I encountered a situation where
use of the AD797 gave rise to spurious
responses. This was within a 12V ver-
sion of the regulator used in a synthe-
sized FM tuner. What, you ask, is so dif-
ferent about such an environment, so as
to make it unfriendly to a low-noise de-
vice like the AD797? Simply put, it was
the high levels of 100MHz TTL clock
noise associated with the physical
grounding scheme of this design.

Very high levels of RF noise were pres-
ent (note that “high” here need only be a
few mV in amplitude, considering the
normal microvolt-level error signals of a

cal equipment lifetime tests—allowing for
one ON/OFF regulator cycle per day, it
corresponds to over 27 years of operation.

It is also well worth noting that the reg-
ulator configuration used tends to be self-
correcting as it goes about following the
three-phase sequence just described. This
is because of the two separate feedback
paths, one of which dynamically takes
precedence, depending upon the relative
output voltage.

'The positive feedback path is via R4-D1-
R1, and it has essentially 100% feedback
when Vi p i < Vg, and zero feedback
when D1 is regulating and V- is > Vg
The negative path is via R5 and R3, and it
is subject to the division ratio of the val-
ues chosen. This dual-mode operation is
what gives the circuit its property of self
correction, since the positive-feedback
path predominates during phase 2 of
startup, and then the negative path takes
over once D1 breaks down, removing the
positive feedback (phase 3).

However, given all of this, there may
also be a soft false start, a condition which
Mark’s original regulators must have been
experiencing. Note that he reported being
able simply to probe the circuit and start
the regulator into a correct output state.
An unstable connection, perhaps?

Of course, the common-mode range of
the op amp comes into play here. When
and if this is violated, the output won’t be
of the proper sense, and can’t be coaxed
into it. This constitutes a hard false start.
This condition is what was found with the
second POS regulator, where the mea-
sured input was only 10mV. This can be
fixed only by correcting the offending
component(s). And, in fact, this is just
what fixed Mark Kovach’s regulators.

Although the above sequence of op-
amp power-up operation is described in a
context of the original circuit, it also holds
in principle with the use of a zener for D8
(or D10). The higher startup voltage pro-
vides an even more forceful startup pro-

gression. —WJ

high gain-bandwidth device like the
AD797). This level of high-frequency
noise is sufficient to push a low-noise
bipolar front-end device into a nonlinear
input operating range, where it can then
detect spurious signals mixed with real
audio-frequency error signals.

Although the AD797 didn’t oscillate
outright in this setup, it simply wasn’t as
linear an error amplifier as might be de-
sired. As for examples of devices less sus-
ceptible to front-end nonlinearity, in gen-
eral this would include low transconduc-
tance input-stage parts, such as FET
input devices, or highly degenerated
bipolar input-stage units.



For more on the theory behind this
type of nonlinearity, see my discussions
in Walt’s Tools and Tips, “Op Amp
Audio: Realizing High Performance
Bandwidth Limitations,” Electronic De-
sign, December 1, 1998 (also available at
http://www.elecdesign.com/magazine/
1998/dec0198/1t/1201tt.shtml).

It turns out that a high-slew-rate bipo-
lar input device such as the AD817 is
much more immune to RF detection, al-
beit at the expense of some noise perfor-
mance. Similar comments also apply to
high-speed JFET input devices like the
AD825. For both lab results as well as
theoretical discussions of the RF detec-
tion phenomenon, see Adolfo Garcia’s
“Input Stage RFI Rectification Sensitivity”
in System Applications Guide, Walt
Kester, Ed., Analog Devices Inc., 1993,
pp. 137 through 1-55.

At this point, I am of the opinion that
very high gain-bandwidth, low-noise am-
plifiers such as the AD797 need to be
very carefully applied in audio stage
regulators. Speaking more generally, this
includes not only the AD797, but also
many other undegenerated bipolar
input-stage parts. In fact, this type of
amplifier may not be an optimum
choice at all. Although bench-measure-
ment results with the AD797 are superi-
or in many regards, they simply don’t
tell the entire story, especially when
high-speed, high-level clock signals are
factored into the picture.

As a general qualification, I would
now say that all high-performance audio
regulators should be carefully evaluated
for the best amplifier suitable. It is im-
portant to note that, because of the RFI
sensitivity issues previously described,
this choice may not necessarily include
such steadfast favorites as the 5534 and
5532 families, as well as many other un-
degenerated bipolar input-stage devices.

To summarize the op-amp selection
story, what it now comes down to is a
choice of the AD817 or the AD825 in
place of the AD797. With linear front
ends and very high speed, the AD817
and AD825 offer good RF immunity.

In the FM tuner tests, I had first tried
the AD817 and AD825, and both worked
well. However, I had been reluctant to
generally recommend the small-outline in-
tegrated circuit (SOIC)-only packaged
ADS825 used in the Fig. 1 and 2 regula-
tors, simply because the PCB pattern uses
an 8-pin DIP footprint. My original think-
ing was that it would be an unpleasant
challenge and a big hassle for folks to
wire up an adapter just to be able to plug
the AD825 SOIC IC into the card.

But I was soon advised otherwise by
Mark Kovach and his audiophile test
group, who ran some A/B tests of the
ADS817 versus the AD825, as alternated
within his modified regulators (as per
Figs. 1 and 2). Most of his listeners pre-
ferred the AD825 in terms of the result-
ing sound from Mark’s system. While
this preference is one I share, it is likely
more useful for readers to know that sev-
eral additional people with no interest in
one op amp versus another had pre-
ferred the JFET input amplifier. Never-
theless, readers building the new circuit
can also try both op amps for them-

selves, and simply use whichever one is
most suitable.

Now, Even More Options

Some time after we all thought things
were done on the “Improved Regulator”
project, two additional developments
came along that had a further impact. As
mentioned earlier, I had been working on
other, more extensive regulators, offering
several other circuit enhancements. But,
unfortunately, these more complex
changes were simply not feasible within
the context of the original PCB set, since
they required additional components. So
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AN OPTION FOR EXTRA STABILITY AND/OR RFI PREVENTION

As a footnote to the stability discussions in
the main text, and to further address the
issue of regulator stability, I present here a
special compensation technique for the
regulator op amp. It is intended for ex-
treme cases of instability, and then only if
necessary.

One example would be a regulator cir-
cuit that must directly drive small-value,
high-Q bypass caps, i.e., in the 0.01-0.1uF
range. Although this type of bypass isn't
recommended, some folks still insist on
doing it (if my troubleshooting e-mails
mean anvthing). Another example could
be a regulator that must be used within a
strong RF field. The compensation
method consists of two RC networks that
make up a composite compensation/filter
assembly, as shown in Figs. 5a and 5b.

Because of the fact that in Figs. 7 and 2
the common op-amp supply pin differs be-
tween the negative and positive regulators,
there are two versions shown for the RC
compensation networks. This subtle differ-
entiation is simply to
allow the best possi-
ble ground path for
C1. The 5a version

header assembly

shown at the left in Photo 3.

Note that this RC network inserts a
4990 resistor in series with each op-amp
input and adds high-frequency filtering
via the 100pF caps, which are returned to
a low impedance point. If pres-
ent, this network reduces the op amp’s ef-
fective gain to unity above about 3MHz.
While it has little effect on operation in
the audio range, it does have a very useful
effect on RF signals, by keeping them
away from the op-amp inputs. It also has
the nice attribute of electrically removing
the pass transistor from the feedback path
above 3MHz, thus providing greater isola-
tion from reactive loads.

Since the use of this circuit requires
breaking the op-amp input path for
R1-R2, it isn't compatible with the Old
Colony PCBs. If necessary, it can be retro-
fitted to an 8-pin header, along with a pig-
gyback op amp and the RC components,
to stabilize an op amp even further.

For example, the AD817 works fine

Plus Supply

suits positive regula- R RLR S R .
tors, while the 5b ver- h
sion suits the Il‘Cg‘:].ﬁV(’.‘ Pos Input | 499 Pos Input
The intent is that, in (3 3 o
either case, a complet- 2) o——~~nd | (2}
ed subassembly of 5a Mgt ony sz B Neg Input
or 5b is used as a i Ci

! 100 pF

drop-in replacement
for an op amp at loca-
tions “X1” or “X2,” ei-
ther within Fig. I or
Fig. 2. The assembly
can be built on an 8
pin DIP header, as

most of these changes simply hadn’t
been considered for this project, due to
those basic physical limits.

Nevertheless, audiophile mania being
what it is, I guess it was inevitable that
someone would try some portions of
the new circuits. In fact, this was done
by both Rick Miller and Mark Kovach,
who added other modifications using a
preregulator (prereg) stage. Rick modi-
fied a 5V regulator in his CD player,
using the prereg shown in Fig. 4. With
the same circuit, Mark modified his sys-
tem’s +14V regulators a la Figs. 1 and 2.
Of course, this optional modification to
the regulators of Figs. 1 and 2 is not an
outright mod to those circuits per se;
rather, it is an add-on type of mod that
works as follows.

One of the limitations of the Fig. I and
2 circuits is the dynamic stability of the
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with this network added, which does
help high-frequency stability. With this
compensation network in place on one of
Mark Kovach's PCBs, I was able to apply
high-QQ capacitive loads to the output of
the AD817 + regulators without oscilla-
tions. But, alas, this trick definitely does
not work with the AD797. It is recom-
mended only for those op amps that are
AC stable with 100% capacitive feedback
at high frequencies.

On the other hand, for normal cases,
there doesn’t seem to be any fundamental
necessity to use these RC networks within
the new regulator circuits when using ei-
ther the AD825 or the AD817 op amps.
Obviously, that simplifies things consider-
ably, and most readers can safely just ig-
nore this option. Indeed, the Fig. 5 RC
compensation networks should be consid-
ered as an option for use in stubborn ap-
plications. All of the other changes de-
scribed can be implemented without il.
=l

current sources (Q3 and Q4). While this
situation is difficult to address totally by
simple component changes to the card’s
circuits, one direct way of impacting it
positively is just to add an external pre-
reg. Accordingly, this specific improve-
ment is one of the main features of the
Fig. 4 circuit.

When operated in conjunction with
either Fig. 1 or 2, the prereg stabilizes
the input voltage to the card, thereby de-
creasing the sensitivity of the current
sources to unregulated input voltage
changes. It also has some more subtle
and useful side benefits. By choosing a
relatively low output voltage (2.3V) from
the prereg, the power dissipation of the
pass devices is much decreased.

If, for example, +V;, were 10V above
Vours @ regulator without the prereg
would dissipate 1W with a 100mA load.

4o
Neg Supply
B ply

FIGURE 5: Optional RC compensation networks for use in X1, X2 locations within positive
and negative regulators.

With the prereg, this dissipation re-
duces to 0.23W. The bulk of the power
being dissipated is transferred to the ex-
ternal IC regulators U101 or U102, leav-
ing the main regulator of Fig. 1 or 2 to
do fine control.

The expression for the prereg’s float-
ing output voltage, Vppgpog), is shown
for the positive side, with the negative
side being similar. The exact voltages
aren’t critical, but they should not be al-
lowed to drop below about 2V.

It is worthwhile noting that this pre-
reg does not produce a stand-alone volt-
age a few volts above the main output,
which is the classic approach to a pre-
reg. See Mike Sulzer’s “Regulators Revisit-
ed,” TAA 1/81, for an example of the lat-
ter approach using three-terminal ad-
justable ICs. Or, see Hank Zumbahlen’s
“The New Outboard DAC, Part 3,” AE



LETTERS FROM MARK KOVACHTO AE

Original Nov. 1998 letter:

Recently I huilt eight Didden/Jung reguta-
tors {four positive and four ncgative) as
described in The Audio Amateur 3/95.
Used with a [ronrend supply similar to
one described by Rick Miller (744 4/95)
my preamp/crossover has pever sounded
better. But I have a few questions regard-
ing some kinks T have encountered.

I am using the Panasonic green LED,
AD797, and the 10€}/.01uF R/C antioscil
lating network. When working, all posi-
tive regulators give me 1406V under load
conditions, as aiso does one of the nega-
Live regs { -14.00). However, the remain-
ing three negative regs give me -13.87V.

Did I do something wrong? Why would
three negative regs give me --13.87V while
the others, including one negative, give
me +14.06V? Has anvone efse had a simi-
far experience?

SOICTMES 0N pOWEr up, onc positive
and one negative reg does not charge o
full voliage, remaining at about <2V,
These are not a pair; rather, cach is on a

2797, tor a prereg scheme using throe-
terminal fixed 1Cs,

By vsing a floating prereg, as in the
cuse huere, the voltage of the prereg is re

board coupled o another working regula-
tor. After lightly touching several compo-
nents (usually caps) the reg charges up,
The odd thing is that it isn't the same
CoOMpONCnt every time.

I have soldered about a million connec-
tions in my life and haven't had a problem
with that in over 20 years. Ail compo-
nents are new, recently purchased from
Digi-Key or Allied. The boards are recent
ly purchased from Old Colony (however,
they must be a new run, since [ had w
wait about eight wecks for delivery).

Has anyone had a similar problem? Is
there 2 compoenent change that 1 may
have missed in a later issue of 44?7 If not,
can you point me in a direction that may
help me locate the problem?

March 1999 e-mail:

What has eranspired as a result of my pre-

vious letter is well worth mentioning and

printing, since it can greatly upgrade the

quality of the systerms of many AF rcaders.
In January 1999, Walt Jung contacted

duced to a minimuony, and at the same
time the guality of regulation is maxi
mized. In a floating form of prereg, the
preregulalor circuitry controls the volt-

me via e-mail regarding che problem | was
having with some of the regulators. Dur-
ing the next three months, we corre-
sponded on a regular basis, and Walt came
up with a simple fix for my probien,
which I instalied and tested. It involves
changing one component.

As you can see by my first letter, ¢the
regulators are a fantastic improvement,
and—without any startup problems—are a
welcome addition to my system. But we
dide't stop there. Walt resurrected a boot-
strapped version of the regulator and
adapted it 1o the original cards. It involves
a littke more work, including some PCB
jumpers and a few component changes,
but T easily adapted it to the cards. There
is also an optional R/C network 1hat vou
can attach to the IC for added stability.

1 have tested this version of the regala-
tor in my system for more than a2 month
and can say without hesitation that the in-
creased definition and wider soundstage
are worth all the time Walt and [ spent to
get o this point.

age across the pass device, as opposed wo
the total voltage as measured o commaon.

The prereg TCs vsed are the TM317
and LM337, in TO220 packages. Both
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should use a bolt-on heatsink, and a suit-
able 9.6°C/W type is included in Table 1.
Taking the positive-regulation path as
one example, it can be seen that the ex-
ternal circuit being added to the Fig. 1
circuit is quite simple, relatively speak-
ing. It consists of the IC U101, plus two
resistors to set the voltage. The resistor
values shown will produce about 2.3V
more than whatever may be the main
output voltage, Vop. If, for example,
you are using a standard 14V output
from Fig. 1, Vour + Vpggpos, Will be
~16.3V (assuming sufficient raw DC at
+Vy is available). To implement these
changes mechanically, you can use a
small terminal strip to support the ICs
and resistors. Photo 5 shows the modi-
fied regulators with the preregs on the
small added cards, and Photo G is a close-
up of one prereg.

Note that two capacitors, C101 and
C102, are shown dotted. It is likely that
they won’t be necessary, as long as U101
and U102 are within a few inches of the
main filter caps (normally the case). In
such instances, you can delete them. On
the other hand, if the raw DC supply is
remote, then use them. Both U101 and
U102 also require an output cap for best
performance, but since this is provided
within the Fig. 1 and 2 circuits (C1 and
C12), it shouldn’t be an issue.

Measured dropout voltages on these
regulators cascaded as shown in Fig. 4
should be between 4.5 and 5V, depend-
ing on loading. Thus for a 14V output,
you will need 19V or more raw DC volt-
age at Vy for the lowest expected AC
mains voltage. This is, of course, no
longer a low dropout regulator, since
essentially two regulators are operating
in series.

Nevertheless, for a transformer and
line conditions which do provide
enough voltage, the overall performance
of an audio regulation system such as
Fig. 4 is greatly enhanced over more
simple hookups, where the raw DC is
fed directly into Figs. I and 2. Consider-
ing the relatively modest component
count and cost, and the moderate effort
to add it to the basic Fig. I and 2 cir-
cuits, the prereg modification can be
recommended. Finally, note that all ap-
propriate jumpers to the Fig. I and Fig.
2 circuits are still applicable.

A more subtle “mod” was also tested
about the same time: the D8D10 zener by-
pass caps C5 and C13, shown in Figs. 1
and 2, respectively. It should be noted that
these caps were used originally to bypass
the op-amp rails via their original connec-
tions (shown dotted). With the op-amp
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rails now bootstrapped to the output line,
C5 and C13 become redundant, since C4
and C19 already occupy those locations.
So it turns out that C5 and C13 can be
gainfully employed elsewhere.

Thus evolves the new connections
across D8 and D10, respectively. While
moving these caps to the zener bypass
spots isn't absolutely necessary, it is nev-
ertheless quite useful. The bypass capaci-
tors, which provide an impedance less
than the zener above 1kHz, serve to re-
duce dynamic noise.

Like the prereg(s), this mod isn’t
mandatory, since both regulators function
well in their basic roles without it. It is also
not the prettiest thing, because physically
the only spot for the caps is on the reverse
side of the PCB. If you do enable this mod,
make sure that in both the D8-C5 as well
as the D10-C13 locations the (+) termi-
nal of the capacitor being added con-
nects to the anode end of the zener. Once
soldered in place, the caps can be glued to
the track side of the PCB for mechanical
stability. See Photo 2 again.

List of Parts

A parts list for a set of the improved +
regulators and the various options is
shown in Table 1. This list is reasonably
straightforward, but some comments
are in order. There is an alternative listed
for the low ESR Panasonic HFQ capaci-
tors, Panasonic type “FC” (see “RE-CAP,”
Letters, AE 3/99). These offer a slightly
higher ESR, but are still useful within
these circuits. The LED types are now
listed as type P309, a T1 style green
LED, which is recommended for new
builds.

All metal film resistors are listed as
Vishay Roederstein types, which are ex-
cellent choices at moderate cost. The
small transistors are listed as 2N5087/89
types, but I have also built many ver-
sions of these regulators with PN2222A
NPNs and PN2907A PNPs. The power
transistors could present some problems
in finding stock, so alternatives are list-
ed. The higher-gain D4xH11 types are
the first choice, but harder to find. The
more readily available D4xH10 units
will also work, as will the 15A
D4xVH10 series. Multiple distributors
are listed for these.

Also listed are parts for the various
options, commented appropriately in
the right-hand column. Although it is
technically true that all of the Fig. 4 ma-
terials are indeed an overall option, note
that it is a recommended option. Finally,
the obsolete parts are also listed for ref-
erence.

Summary

As noted, I had never seen a false startup
with the original circuit until Mark Ko-
vach’s letter and regulators arrived and
were subsequently corrected with some
component fixes. Altogether, my regula-
tor experiences include about a dozen or
so of the original article’s Fig. 2 and 3 cir-
cuits, some of which operated for years.
Gary Galo also reports similar experi-
ences with the regulators he installed
and described in his TAA 4/95 article.

Old Colony reports sales of several
hundred of the same PCBs with which
Mark constructed his regulators, and of
these, Mark’s unfortunate experiences
appear to be the only startup problem re-
ported. I would certainly expect that if
wholesale startup problems did exist
among several hundred users, many oth-
ers would have had similar complaints.

But I hasten to add that I cite these ex-
periences not necessarily to argue the
case for retaining the original Fig. 2 con-
figuration, but more to calm possible
fears in those still using it. If the circuit
has been working, it will likely continue
to do so. On the other hand, since most
of the new changes are simple, straight-
forward, and low cost, they can be confi-
dently recommended.

The changes are suggested as an up-
grade for existing Old Colony regulator
PCB users. New builders of the circuit
using the PCBD-3A/B PCB set can sim-
ply adopt all the changes described here
in Figs. 1, 2, 3, and 4 as the cards are
built. In fact, when reviewing a draft of
this manuscript, Mark Kovach reacted
to my wording regarding the bootstrap-
ping and other upgrade suggestions by
saying, ‘I would urge it. As I have stated
previously, the sonic differences are
well worth the time and effort needed
to do so.”

Now, here is a very important point.
It should be appreciated that you simply
cannot get full use from these new cir-
cuits without going back and reviewing
Jan Didden’s 3/95 TAA article, “Regula-
tors For High Performance Audio, Part
3.” In fact, a careful study of that article
should be the first order of business for
those now coming on board, or just for
a review.

Virtually all the wiring details and so
on described therein are still applicable to
these new circuits, because we have
taken pains to make the new versions
consistent with the original. Figures 1
and 2 of this article change only the de-
tails within the regulator schematics, not
the overall system usage. The stuffing
guide of Fig. 3 shows the associated parts



changes in context (and mav be com-
pared o the original articie's Fig. 5 for ref:
erence). Figure . if implenented. docs
add another box within the overall block
dingrani, but this is also one worth doing,

It is well worth noting that any of

these regutators otfer great potential for
improving audio systems, event the 1995
versions! However, the versions present-
ed here take the incremental improve-
ments substantially further than the
1995 vintage circuits, by allowing even
greater line rejection and lower spuri-
OLLS DS

Finally, somw notes on overll perspec-
tive dare warranted here. It seems that
high-quality audio regulation is somewhat
of a stepsister. in terms of being proporly
appreciated by audiophiles, I ds relatively
casy (o find accounts of different users re-
porting opposite performance reactions
oL, say, an [Chased preamp, but it is rare
1o find any accounts that connect linal
system performance to the guality of reg-
ulation usced with the preamp. It is my
opinion that this shortchanging of the
regulator performance is most likely due
tw a lwck of expericnce with the various
graces of regulation available.

All audio umplitier circuits, whether 1C
or discrete in form, have hoth their “real”
as well as illegitimate inputs. If vou think
of imperfect supply rejection ol an ampli-
fier as a spurious input. it nmay then he
made clear how such imperfections
might result in reduced performance. Op
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also o the e-mail correspondents who implemented other
forms of these regulaters and shared their results.

Il take the responsibility for relaining the AD797 within
these regulators untl now. | sincerely hope that users of
fhe 1985 circuits haven't been disappointed because of
that chaice. At the same time, however, | am also very
conficent that anyone using an earlier circuit version wil
be able to find real merit in the improved versions. |
hope that in ihe future a new PCBrequtator design can
be presenfed that incamporates the changes alluded toin
the lext. It would te helphul if readers interested in this
next level of audio-specialized regulalor would express
inerest.

amps have two such spurious input
sources. numncly. the +V_and =V, rails. So.
aiso, do discrete amplifiers usin}_.{ dual-rail
supplivs. Certudndy, no single-ended ampli
fier cirenit is totally imumune to power-rail
inperfections. [ hope these points can be
lood for thought with regard o improv-
g your own sysem.

We hope that the regulator improves
menis described herein will be upparent
L vou, should you choose w oy our
them out. E-muail comments are wel-
come. of course, to Walter Jung@
analog.com, as is traditional mail o
Awiedior Electronies. |
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