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Sources 101: Audio Current Regulator

Tests for High Performance
Part 1: Basics of Operation

Noted designer and author of a classic op-amp design

cookbook begins his series on quieter power supplies.

his article deals with audio

current regulator circuits and
their performance with regard
to power-supply-related noise.
It describes a test methodology to char-
acterize these audio current regulation
elements and circuits for sensitivity to

applied voltage. In terms of audio power
¢ details a wide variety of available current

supply circuitry within systems, this
would be the line rejection or impedance
properties. Because audio current regu-
lators are often referred to as current
sources, and the performance aspects of

logically entitled “Sources 101.”

But, it isn't the last word on the topic
by any means. I hope it can explain to
many how to build better current regu-
lator circuits for audio. And, most im-

these circuits, and to differentiate their
performance.

THE WHYS AND WHEREFORES

While I have been fascinated by cur-
rent regulators for years, it wasn't until
recently that I investigated deeply the
wideband AC performance of various
topologies operating at many current
levels. It was brought home to me that

some greater insight could be useful, !
: jection) of noise appearing on the input,

when a relatively simple “One Vbe” type
of current regulator was found lacking, as
operated within a shunt regulator design.
That experience started this investiga-
tion several months ago, and the article
here is one fruit of those explorations.
So, there we are. It may seem obvi-
ous that it is desirable to have audio
circuits with high immunity to power
supply potentials, but this area is seldom,

if ever, addressed in audio design and :
construction articles. Typically, a current :
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source or sink circuit is presented with- :
out related performance data, so it is dif-
* ficult to differentiate what types of de- A
signs are better for audio. Some relatively
simple power-supply rejection tests can '
" in solid-state audio circuits is nonlin-
ear capacitance. While a pure capaci-
- tance is not a distortion producer within

help differentiate which circuits perform
best and are most immune to power-
supply-related distortions. This article

regulation circuitry, and documents their
relative performance in terms of power

supply immunity.

- CURRENT REGULATOR

such for audio are basic, the article is !

. PROPERTIES FOR AUDIO

Current regulators have several operat-
ing parameters that are key to audio
circuit performance. Probably the most

: important is the degree of regulation of
portant, it definitely shows how to test !

the associated current. In other words,
the output current, lout, is maintained
at some fixed design level, one which is

relatively independent of other circuit
conditions. Thus, although the unregu-
. lated input voltage varies, the design |
. current stays constant. A

As noted, just how well this is done

a current regulator. You can detail the
specification for this in several ways.
One is simply the rejection (or line re-

expressed most simply in dB, such
as, for example, a rejection of 100dB.
This means that input noise is reduced

. by 100dB (100,000/1), or it becomes
—-100dB with respect to the input

(1/100,000).

Because audio is a wideband signal,
it is important to quantify a regulator
over at least the 20Hz-20kHz audio
bandwidth, and preferably even wider.

This is because these circuits often have

www.audioXpress.com

By Walt Jung

a nonlinearity that can be excited with
supersonic signals. This particular per-

- formance parameter is also expressed as

impedance, which I will discuss further.
One form of nonlinearity often found

an audio circuit, nonlinear capacitance
can—and will—produce distortion, par-
ticularly when excited with high fre-
quency (HF) noises, such as those typi-
cal to rectified-AC supply systems. So,
one indirect figure of merit for audio
current regulators is the associated ca-
pacitance. The lower this is, generally
the lower will be any spurious responses
to HF noise.

CURRENT SOURCE
OR CURRENT SINK?

One point of potential confusion re-
garding current regulators for use within
audio circuits lies with the terminol-
ogy used. Two terms you often see are

. current source and current sink. These
. terms are often used interchangeably, but
is one of the major figures of merit for

this isn’t always technically correct. Some
review of the terminology is helpful.

A current source circuit is a device
(or more complex circuit) that provides
current regulation properties, typically
operating between a positive rail voltage
and common (ground), often using one
or more PNP transistors, so as to source
load current. This is the more popular
usage. However, you should note that
current regulator circuits operating be-
tween a negative rail and common are
also sometimes called current “sources.”

Regardless of this definition mud-
dling, it is more accurate to describe
such circuits as current sinks; that is,



a current regulator biased with respect to the negative rail,

often using one or more NPN transistors to sink load current.
This is the terminology I will use in this article; i.e., a current

source operates between a positive rail and the load or com-

mon, and a current sink operates between a negative rail and

the load or common.

To add slightly to the confusion, there are single transis-
tor devices that, because of their unique bias flexibility, can
operate as either a current source or sink. An example would
be the common junction field effect transistor, or JFET. So,
in applying such devices, their explicit connection details will
determine their exact function. More specifically, N-channel
JFET devices such as the J202 and others exhibit this type of
flexibility, and will be illustrated shortly.

WHAT TESTS?

While there are many tests potentially useful for audio char-
acterization, this exercise concentrates on power-supply rejec-
tion versus frequency, which yields a picture of current regu-
lator impedance versus frequency. These two performances
go hand-in-hand. For best immunity to power rail noise
components, a wide rejection bandwidth is desirable within
the audio circuits. This may not be immediately apparent,
because unregulated audio rails usually have predominant 120
or 100Hz ripple, from which it is relatively easy to provide
immunity.

A salient point here is that the AC to DC rectification pro-

cess is by definition a wideband noise generator, by chopping

the AC mains waveform into high peak current pulses in the
typically used capacitor input filter. A Fourier analysis of the
noise components will show there are ample HF components
associated with such supply rails, not just the 100/120Hz
fundamentals.

Another subtle point is that the audio circuits themselves
don’t have infinite bandwidth. Thus, while they may have
some degree of good supply rejection at lower audio fre-
quencies, in the ultrasonic range this rejection deteriorates,
introducing the potential for power noise components to

intermodulate with the audio. Of course, for high quality

reproduction, the possibility of any such intermod must be
minimized, either by careful filtering or the development of
circuits intrinsically immune to the nonlinearities that can
produce the intermodulation.

TEST SETUP

The general setup for this test series is as per Figure 2a of
Reference 1, available at www.waltjung.org/PDFs/Regs_ for_
High_Perf_Audio_1.pdf. The test is basically a highly sensitive
crosstalk measurement done in the analog domain, measur-

ing the output of a circuit as it is related to a 20Hz-200kHz

swept sine wave excitation. This method was originally de-
veloped for the 1995 series of articles on audio regulators!.
In this current series of tests, the “regulator” under test is
either a current source or sink, which is connected as per Fig.
1. Here, the device or circuit under test is a two-terminal (in
some cases, three) current source device (or circuit) connect-
ed between Vin and the load. The load is simply a 1Q) resis-
tor, Rload1. Note that unlike Fig. 2a of Ref. 1, no output load

JANTZEN AUDIO DENMARK

- Great expectations! -

o

4"‘""‘“

gens® =

=

Standard Cap

Primus Silver Cap

Superior Cap

Our new Z-cap series have been blind tested by a number of
serious audiophiles, and this is their opinion:

Jantzen Audio Z - Standard Caps are fast, smooth, detailed
and less grainy compared to similar competitor Caps on the
world market.

Jantzen Audio Z - Superior Caps are absolutely high-end components,
delivering a natural, almost holographic soundstage. Even the
finest nuances can be heard.

Jantzen Audio Z - Primus Silver Cap is a phenomenon: ithasasa
sonic base all the good characteristics of the Z - Superior Cap, but with
some fantastic additional benefits - it sounds absolutely natural, nearly
without audible coloration to the music signal, delivering an authentic
soundstage. Besides, it is super smooth, without any harsh additions fo
the sound and the tonal balance is absolutely neutral. Sonically, it
beuléjmavesn;nreileaﬁne piece of wire than a capacitor. A truly outstanding
audio part!

Please note! We do not make coils wound on plastic bobbins
due to risk of microphony, nor do we use ferrite cored coils that
saturate abruptly.

All Jantzen coils are baked, producing rock-solid windings for optimized
and persistent performance.

Experience the difference!

NEW PRODUCT LINE

DIAMOND AND SOFT DOME TWEETER - 5", 6", 8" DRIVERS

The JA-6004 is a powerful 6" mid-
bass driver fited with a polypropylene
cone and a massive 75 mm voice coil
ensuring high power handling. A tho-
roughly vented spider chassis provi-
des free air ventilation and absence
of compression.

The driver may be used in 2-way monitors of modest size or as
a 2-way floorstander in a 16-22 litres enclosure..

For USA: available at Parts Express, Springboro, Ohio www.parts-express.com

JANTZEN AUDIO
DENMARK

www.jantzen-audio.com

audioXpress April 2007

1




capacitor is used for this test. The rail
driver circuit supplying the +18V DC
excitation with a superimposed 1V RMS
AC swept frequency signal is shown in
Fig. 6 of Ref. 1. It is represented here as
the dashed box figure.

Calibration of this test setup is done
by first calibrating the Audio Preci-
sion test set to the 1V RMS 0dB level,
against the applied rail driver Vin(AC)
signal. All subsequent measurements
are then referenced to this 0dB level.
The calibration is completed with a se-
ries of test runs, using fixed 1% calibra-
tion resistors in the Device Under Test
(DUT) position. This step establishes
corresponding reference Vout levels of
10kQ), 100kQ), and 1MQ, as shown in
the like-named plots of Fig. 2. On the
dB scale, these correspond to levels of
—80dB, —100dB, and —120dB, respec-
tively.

In this figure there is also shown a !
much lower level trace, marked GND.
This trace is the lower limit

. measurement bandpass filter, looking at
- the spectrum appearing across Rloadl. :

The measured noise, however, can be
from either of two sources. The obvious
one is due to the synchronous compo-

: nents related to Vin; i.e., the “crosstalk”

noise components' (see “Hofer” box, p.
8).

But, another potential component

- could be due to any self-generated noise

- in the DUT. The test as configured here

really has no means to distinguish one
noise from the other—they are simply
lumped together. It is true, however, that
if and when a very low noise level is
measured, both the synchronous as well
as the self-generated noises must be low.
And, in the many tests that follow, many

. circuits show very low noise—meaning !
that they have at or approaching levels

of —140dB with respect to 1V RMS;
in other words, on the order of 100nV

RMS. A potential future investigation !

might examine self-generated noise

more closely, with a higher load imped-
ance and noise analysis software.

WHICH DO YOU PREFER: IMPED-
ANCE OR NOISE REJECTION?

- You should understand that current reg-

ulator circuits may be specified in terms
of either equivalent dynamic impedance;
i.e., “100kQ),” or rejection with respect

© to some applied voltage reference level.

Here, the three calibration impedances
equate to rejections of 80dB (10kQ),
100dB (100kQ), and 120dB (1IMQ).

For impedances (Z) of more than

- 10kQ (rejection of more than 80dB), you

can use one of these approximations to
convert between the two terminologies.

dB ~ 20 * log (1/Z)

or
7, . 10(dB/20)

In the test plots following, the cur-

. rent source or sink can be either a sim-

ple device such as a JFET, an

of the test setup dynamic
range, which is the residual
noise seen at Vout of Fig. 1
with the test set active and
no DUT connected. In es-
sence, virtually all practical
devices/circuits tested show
appreciably higher levels at
Vout, although some do in-
deed begin to approach the
full dynamic range of more
than 140dB.

As you can also note in

________

T O -
\ -—
+
\
_____ | \ Current
I Source (Sink)
ll !0_ @ Dmrk:.:l.ln:ar
| Positive Rail Test
I Driver | / 6 a
I Regulator
ll Circuit é
(Fig. 6 of Ref. 1)
i +——O~_
_______ i O 4«
Rioad2 Rload1
n n
< Common

FIGURE 1: Current source/sink DC/AC test circuit.

Vin{AC)

IC such as a three-terminal
regulator operated as a current
source, or a more complex cir-
cuit comprised of transistors,
resistors, and so on.

Referring to Fig. 1 again,
note that the measurement
point of Rloadl is fixed with
respect to the common point.
For current source circuits, this
is most appropriate, and the
output current is measured di-
rectly and accurately. For some

Vout

Fig. 2, the plot for the high-

est fixed calibration imped- | °
0.000

Current Reg L

ine Rej Cal (dB) vs Freg(Hz): Vin(AC)=1Vrms, Vin(OC)=18v

current sink circuits, a more
appropriate current sample

ance of 1MQ falls about

' vin |

Ap

point would appear to be with

20dB (or more) higher than | -10.00 : Rload to the (+) lead of the
the residual noise shown in | DUT. This test setup doesn’t
the GND trace, at the low- | %[ [ T[] M provide for this, but neverthe-
est frequencies. At the higher | _ ! less current sink type circuits
frequencies, setup/system | can still be assessed. In the ac-
noise shows impedance low- | -70.00 1 i tual measurements that follow,
ering, corresponding to a o i i s o B ™ this detail will become some-
dynamic range of ~110dB 00 C LT seonal T T T _|____ what moot.
at 200kHz, which is roughly | _ '
equivalent to 300kQ). — i L L L il — =111l THE MIEASUREMENTS
130.0 | T I measured a wide variety of
THE MEASURED NOISE N N current regulator circuits, all
1500 I g
The nature of this test is to " 100 Ik 10k 100k 200k of which were built up on 8

measure, first of all, synchro-
nous noise. This is because
it is a modified crosstalk test,

FIGURE 2: Multiple calibration runs with fixed 1% 10kQ, 100kQ, and
1MQ resistors establish measurement validity. The dynamic range
limits correspond to Vin and GND.

pin header assemblies and
plugged into the Fig. 1 setup
as a DUT. In the perfor-

and operates by sweeping a
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mance plots which follow, the



Vin(AC) trace is shown at the top, and
the GND trace at the bottom. The ac- i A “One Vbe” current source is shown in :
tual measurement data for a given DUT Fig. 3A, based on PNP transistors. In
this and many circuits that follow, the
. transistors used are the high gain, TO-
: 92 versions of general-purpose industry
For cases of multiple Vout traces rep- . standards, either the 2907A series for

PNPs, or 2222A series for NPNs. For |

¢ general purpose work, these parts are !

is contained in one (or more) Vout trac-
es, which fall somewhere between the

upper/lower dynamic range extremes. !

resenting different conditions, each is

labeled for clarity.

One Vbe Current Source

. preferable, since they represent a sweet

spot of performance for these applica-

. tions, that is excellent linearity for good
- rejection at lower frequencies, yet still
- low-to-moderate capacitance, which al-

lows the good performance to hold up

- well with increasing frequency, at great
. prices! They allow currents from low LA

levels up to 20mA or more, at voltage

O +18V
Rset
332Q
Q2
PN2907A
Q1
PN2907A

lout =
Vbe(Q2) / Rset
1 ~2mA

Rload1
1Q

FIGURE 3A: One Vbe
current source.

1¥be Line Rej (dB) vs Freq(Hz): Vin(AC)}=1Vrms, Vin(DC)=18V, Iset=2mA

10.000
Vin Ap

-10.00

-30.00

=50.00

-70.00

=590.00 |— g ey = T HiTE==
Vout

110.0 —
-130.0 — = mdui
L LA .4-f"\ LHH
-150.0 L
20 100 Tk 10k 100k 200k

FIGURE 3B: The performance of the Fig. 34 “One Vbe” current source

shows a rejection characteristic of about 93dB, corresponding to a

45k impedance.
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levels of 40V (or more).

Of course, higher-voltage parts should
be used when appropriate. While exotic
and super-high-gain parts aren’t neces-
sary for very good performance from
these circuits, low capacitance devices
definitely are preferred (<10pF), a critical
point if substituting. For truly excellent
performance (at higher cost and reduced
availability), you can use select “2S” se-
ries parts. Notable examples here are

the Sanyo 25A1016 PNP and 25C2362

NPN (see www.semiconductor-sanyo.com/
discrete/index.htm). These offer lower ca-

and are useful up to 120V or more. They

can work in the circuits shown, substi-

respectively.

used in audio circuits, perhaps due to the
relative simplicity. It is configurable over
a wide range of output current levels
by adjusting the sensing resistor, Rset,
which drops one Vbe (that of Q2) in
operation. As shown, the output current
is about 2mA.

The PN2907A types are useful up
to medium voltages and several tens
of mA. Q1 may require a heatsink for
power dissipation of 0.5W or more. You
can make a mirror-image current sink

- circuit with NPN transistors such as
- PN2222As for Q1-Q2, referring Rset to
pacitance than the 2907/2222 families,

a negative supply. Note: This circuit can

. oscillate readily when using wideband
. transistors. The tendency to do so is

tuting for the PN2907A and PN2222A, |

suppressed by R2, which should be used

with any form.
The familiar circuit of Fig. 3A is often |

Performance of the Fig. 3A current

source is shown in Fig. 3B, a plot of
Vout for the cited test conditions. While
the impedance offered by this circuit is
rather independent of frequency, being
flat to nearly 200kHz, it really isn't all
that high. The rejection of ~93dB corre-
sponds to an impedance of about 45k().

While at first glance this might ap-
pear OK, the performance of this circuit
is easily bettered by many others, both
more simple and cheaper. For these rea-
sons, plus the stability caveat, this circuit
isn't recommended. Except as an ex-
ample to avoid, perhaps!

Two Diode Current Source

An effective and still relatively simple
current source is shown in Fig. 4A, again
based on PNP transistors. With Q2
and Q3 connected as diodes, this is a

+18V

Q3 Rset

PN2907A 332Q

Q2 Q1
PN2907A PN2907A
l ~2mA
R1

Rload1

10kQ 10

FIGURE 4A: The
“Two Diode” current
source. Q2-Q3 are
diode-connected

transistors, but can LED1
also be discrete GREEN
diodes (IN914, and (Digi-Key
so on). P309)
lout =

Vbe(Q3) / Rset

R1
10kQ

+18V
FIGURE 5A:
The LED current
Rset source. LED1 is
499Q) here a green
type.
Q1
PN2907A
lout =
1.2/ Rset
~2mA
Rload1
1Q

10.000 T

2 Diode/2907 Line Rej (dB) vs Freq(Hz): Vin(AC)=1Vrms, Vin(OC)=18V, Iset=2mA

10.000

LED/2907 Line Rej (dB) vs Freg(Hz): Vin{AC)=1V¥rms, Vin(DC)=18YV, Iset=2mA

Vin

_}1‘? | Vin

Ap

=10.00

-10.00

-30.00

=30.00

-50.00 |

50.00

-70.00

-70.00

-90.00 }

-90.00

-110.0

-110.0

-130.0

-130.0

P _,_/\\-""\f A

_ oo |
-150.0 :

100kQ impedance.

20 100 Tk 10k

FIGURE 48: The performance of the Fig. 4A Two-Diode current source
shows a rejection characteristic of about 100dB, corresponding to a

-150.0

100k 200k 20 100

impedance.

FIGURE 58B: The performance of the Fig. 5A LED based current source
shows a rejection characteristic of 105dB, corresponding to a 177kQ

1k 10k 100k 200k
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two-diode-biased current source. It is :

often seen with two 1N914 or other di-
odes functioning just as Q2-Q3 do here.

still be inexpensive, because standard
types such as these PN2907As are less

expensive than metal film resistors. Out-

put current is set by Rset and the Vbe :

of Q3, and is 2mA. As was true with
the One Vbe current source, you can
implement a current sink with the use of
PN2222A NPN transistors.
Performance of the Fig. 4A current
source is shown in Fig. 4B, where the
impedance is again independent of fre-
quency. Here the rejection of 100dB
corresponds to an impedance of 100kQ).
This circuit is useful for moderate per-
formance at low cost, at the expense of
requiring five parts. Or, you could maxi-
mize efficiency by using the dual (or

quad) packaged 2907A transistor types.

LED Current Sources

Replacing the two diodes of Fig. 4A
with a single green LED forms the LED : If you replace the
%LED (with the

slightly less complex and inexpensive,

current source of Fig. 5A. This setup is

and provides good performance for the

across it. The slightly higher voltage of a

change for the LED.

Performance of this LED current

source is shown in Fig. 5B, operating

with an output current of 2mA. The :
. diode is used, resulting in about 1.8-1.9V

rejection is about 105dB, correspond-
ing to an imped-

. erence voltage) from Fig. 5A with a true
- cost/complexity. Output current is set by
the value of Rset, which has about 1.2V
While it does use three transistors, it can
- green versus red LED provides the 1.2V,
- but you could also use a red LED. A
current sink is also possible, using NPN
transistors biased to a negative voltage,
plus, of course, an appropriate polarity :

voltage reference diode, a much higher
quality current source is formed (Fig.

: 6A). Note that this form of the circuit

has the same number of basic parts as

¢ the simple LED source, but is capable

of much higher performance. This is due
largely to the more stable voltage across
the diode, which changes very little with
current. An optional cascode connection
for Q1 enhances performance consider-
ably.

In this example an LM336Z-2.5V

ance of 177kQ.

O +18v

This circuit actu- T

ally achieves better i D .h | Reet E

performance than |Lm3sez-2.5 " S 1KkQ
- the “two-diode” l K ai B i T
© current source, but PN2907A 3
© with fewer parts! 2N5462
~0.8mA q_s.-.-.gl ¥ lout ~1.9/ Rset :
. Reference Diode = Alternate Q1 JFET Cascode

Rload1
Current Source 20ka2 10
FIGURE 6A: 2.5V reference diode

|

relatively poor ref-

current source (basic, left) with al-
ternate Q1 cascode (right).

Hum or Buzz Problems?

Don’t defeat safety grounds (it’s dangerous and illegal) and don’t waste
money on new wiring, ground rods, exotic cables, or power conditioning!
ISO-MAXP® isolators solve ground loop problems safely while preserving

Dual Unbalanced Audio

Jensen has made the world’s pre-eminent high-
performance audio transformers since 1974

pristine signal quality.

Cable TV

Composite Video

www.jensen-transformers.com has
complete technical data and pricing on
ISO-MAX products for audio and video
systems, including our new moving coil

units, as well as over 70 stocked OEM
transformer designs. It’s also the most
authoritative source in the industry for
tutorials, application notes, DIY
schematics, and troubleshooting advice.

Jensen Transformers, Inc.
9304 Deering Avenue
Chatsworth, CA 91311
Info/Support 818.374.5857
Order Desk 866.1S0O.MAX1

jensen

audioXpress April 2007 15



16

450.656.2759
I: solen@solen.ca

audioXpress 4/07

across Rset. Thus a 1kQ value for Rset
supplies just under 2mA of output cur-
rent. Note that the circuit is by no means
limited to just such lower currents. As
long as the power dissipation of Q1 is
maintained low (or sufficient heatsinking
used), currents up to 10mA or more are
allowable from this basic circuit.

Figure 6B shows the performance of
this simple current source in two modes,
one basic, the other with Q1 operated
with the optional cascode. In both cases
the resulting performance is excellent. For
the basic operation using a simply con-
nected PN2907A for Q1 as shown at the
left, the low frequency (LF) rejection ap-
proaches 130dB, which would be equiva-
lent to 3MQ. There is a slight rise in im-
pedance at the upper frequencies, but all
in all, the performance is exceptional for
such a simple circuit.

When the optional cascode connec-
tion shown at the right is used, both LF
and HF performance is enhanced. The
cascode data, as noted, approaches the re-
sidual noise at all frequencies. It is enabled
simply by using the optional connection
for Q1/]1, which is, in turn, used as Q1 in
the main circuit.

Note that this rather elegant connec-
tion is self-biasing, due to the manner in
which the Vgs of J1 automatically pro-
vides a collector voltage for Q1. It will do
so as long as the Idss of J1 is equal to or
greater than the desired output current.
For example, the 2N5462 specification for
Idss is 4mA(min), which means that this
cascode should only be used with lower
currents, such as this 1.8mA case.

Alternately, for higher currents, either
2N5462s can be screened for a higher
Idss, so that the tested Idss of J1 is al-
ways equal to or more than the desired
Iout. Or, a basically higher Idss family
of P-channel FETs can be used, such as
the 25J74 V series (being careful to note
that these are limited to 25V supplies).
But, the 2N5460/5462 series is preferred,
both from the standpoint of the low ca-
pacitance they offer, <10pF, plus their 40V
voltage rating. The low noise 25]74 audio
types have much higher capacitance than
10pF and don't perform as well as HF
current sources (although they do excel-
lent below 1kHz).

With a cascode connection such as this,
you can expect a loss of output swing, due
to the gate-source bias voltage of J1. Take

www.audioXpress.com

care in testing at higher output swings
to ensure that this is not a problem. The
circuit of Fig. 9A following also discusses
cascodes, at higher output currents.

Although the D1 reference diode used
in Fig. 6A has low TC by itself, as it is
applied here the net output current will
still change with temperature, following
a positive slope due to the Vbe of Q1.
Another version of this circuit can also
be built, using a 1.2V diode for D1. With
this option, the output current will also
have a positive slope of about 0.3%/ °C;
i.e., the opposite of that of a conventional
silicon diode. Although none of the cur-
rent sources/sinks discussed thus far have
low inherent TC, several examples to fol-
low do in fact have both low TC and a
predictable output current.

LM334 Current Sources and Sinks
The LM334 is a monolithic IC designed
to be used as a current source (or sink),
or, alternately, as a temperature trans-
ducer. It is shown in Fig. 7A (left), used
as a basic 2mA current source, requiring
only one additional part for functional-
ity, Rset. The device features very simple
operation and can be used up to about
5mA of current as shown. It is perhaps
one of the more predictable types for
output current among the circuits de-
scribed thus far.

But, note that the LM334 output cur-
rent is not constant with temperature;
it does, in fact, vary linearly with a posi-
tive slope of about 0.33%/°K. The basic
expression for output current is shown in
the figure. Note that the very low sense
voltage implies efficient utilization of
power supply voltage. The part achieves
operation at low thresholds, requiring only
~1V across the terminals to operate. Just
as shown here, it is configured as a cur-
rent source. Operation as a current sink is
possible with the same number of parts,
but with the V- terminal and Rset tied to
a negative supply, with a load connected
to V+.

Rejection versus frequency perfor-
mance of the LM334 as both a basic
and a cascode current source is shown
in Fig. 7B. As will be appreciated, these
impedance characteristics are exception-
al, particularly at the lower frequencies
where rejection is a few dB above the
setup residual noise, even for the basic
curve. This is indicative of an equivalent
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FIGURE 6B: The Fig. 6A reference diode current source performance
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proves low frequency rejection.
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FIGURE 7A: LM334 current source (basic, left) with alternate cascode
(right).
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impedance close to 10MQ, albeit with
deterioration at the higher frequencies.

An improved version is available by
erated, an LM334 produces noise compo-
- nents higher than that of a simple bipolar -
. transistor at the same current. This is fun-

adding a cascode-connected JFET, shown
as the Fig. 7A option at the right. With
this version, J1 is preferably a 2N5486
JFET, which is suitable for output currents
up to 2mA. There are no other changes to
the circuit. The beauty of this cascode
connection is that it extends both low and
HF impedance, and the resulting com-
posite performance is barely above the
residual noise level. The circuit can still be
used either as the current source shown
or as a current sink, with the load in the
drain lead of the JFET.

However, it is important to note that
selecting the JFET device for the cascode

position really isn’t trivial, but requires

is quite useful because of the low capaci-
tance and medium currents, but it does
have the disadvantage of only a 25V volt-
age rating, lower than the LM334’s 40V
rating. Alternatively, the PN4393 family
can operate to 40V, but it does have high-
er capacitance than the 2N5486 family of
RF devices.

Other JFET parts can also work as ]2.
The basic requirement is that the desired
output current be safely less than the min-
imum device Idss rating, and the JFET
Vgs at the operating current is safely

greater than the LM334 minimum voltage :
of 1.2V (~2V recommended). Some gen-
eral considerations for the JFET selection !

are included on the LM334 datasheet?,

and in references 3 and 4. This process

. is also discussed in more detail with the
. JFET-based current sources to follow.

Some LM334 caveats: As typically op-

damental to the device design, so take this
factor into account before application in

sions). It will also have a higher output ca-
pacitance than many small signal transis-
tors—about 15pF. Fortunately, this latter
characteristic can be mitigated with the
use of cascoding, providing that the cas-
code transistor used has low capacitance.

JFET-Based Current Sources and Sinks
It is fairly well known that many JFET

- devices make natural current limiters,
some careful thought. The 2N5486 series

. rent sources or sinks. For an N-channel

and thus they can be used as either cur-

part (the most popular) all you need to
do is short the gate and source terminals,
apply positive bias to the drain terminal,
and connect the gate/source to the load.
Under these conditions the JFET will
conduct a current equal to the device’s
Idss (drain current with gate/source
common). Once the applied voltage is
greater than a minimum voltage equal to
Vgs(off), this current will then remain
relatively constant with further voltage
increases; i.e., the device is operating in a
current-limited mode.

What is not likely to be as well known
are the details appropriate to selecting
a JFET part so that this supply volt-

age independence is maximized. For the

. testing described here, this implies the
highest rejection characteristic. This is a
. function of both the specific JFET part

itself, and how it is used.

A case in point is the simple JFET

. current source of Fig. 8A, using the J202
- N-channel FET. While many different
- FETS can be used in this circuit, the J202
low level circuits (see datasheet discus- :
because the rejection characteristics are

- optimum for the J201 and J202, which

series is well suited to this application,

are 40V rated devices. They come from
a family made with a long gate process,
which minimizes the device output con-
ductance, and thus maximizes the re-
jection. An important note: References
3 and 4 cover this area quite well, and
should be considered required reading
for anyone building these types of cir-
cuits.

Within all the various JFET process
families, there are typically several clas-
sifications of devices, sorted as to Idss
and Vgs(off) limits. The lower Vgs(off)
parts in a given family will have the low-
est output conductance, and thus the
best rejection. For this family, this would
be the J201, which has a max Vgs(off) of
1.5V. From Reference 3, for best rejec-
tion, the J1 Vdg > Vgs(off), preferably 2 *
Vgs(off). Practically speaking, this means
that such FET circuits like lots of voltage
to achieve their best performance.

But, it isn’t always possible to use such a
low Vgs(off) part, as in this case I needed
1mA, which is well above the J201’s mini-

- mum Idss of 0.2mA. So I used the J202,

¢ which, fortunately, still gave great results.

J202 (2) Line Rej (dB) ws Fregq(Hz): Vin{AC)=1Vrms, Vin{DC)=18V, Iset=1mA
10.000 |
O +av +18v Vin 1] Ap
2 -10.00 |—t 1
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series (see text) ‘
-30 00 .
H H ‘
J202 J202
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R1
R1 |
Is:em!‘:xl} 1000 -70 00
(I) 90.00
l il l‘l mA Vout Vout
(cascoded) [basic) ‘
Rioad1 Rioad1 -110.0 ittt : L e
L] ua] =11 TH— 1" =rert111t L e o B s i A 5 11
| ‘L —1 GND
hvg < -130.0 === e
LA RNATIT ‘
Basic N-Channel JFET Current Source Cascode N-Channel JFET Current Source -150.0 bl
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FIGURE 8B: The Fig. 8A N-channel JFET current source performance
FIGURE 8A: N-channel JFET current source (basic, left) with alternate for basic and cascode J202 operation. Cascoding greatly improves
cascode (right). low frequency rejection.
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Although the most simple circuit of
this type would use an R1 value of zero,
I set up these tests with R1 = 100Q to
simplify selection of a device sample to
conduct 1mA, the target output current,
which occurs with 0.1V across R1. This
device was then used in the rejection tests.
It actually helps the circuit a bit to use
some finite resistance for R1, because this
resistance increases the net output imped-
ance slightly. Consider it optional in your
final circuit. Store-bought JFET current
limiters simply short the gate-source ter-
minals and sell the so-wired part as a two-
terminal device (equivalent to the J1 part
of the Fig. 8A circuit with R1 shorted).

Performance of the J202 as both a basic
and cascode JFET current source is shown
in Fig. 8B, and as you can note, even the
basic circuit is excellent, considering the
simplicity. The rejection is about 113dB,
corresponding to roughly a 446kQ) im-
pedance. While this can be considered
very good for such a simple circuit, this
is really due to the optimum conditions.
There is first the optimum type of device
(the J202), then there is also the relatively
high bias voltage of 18V, well above the 2
* Vgs(off) rule of thumb. Circuits which

bias J1 at lower potentials would be ex-
pected to perform more poorly, particu-
larly when Vdg approaches Vgs(off).

While the J202 current source in basic
mode is excellent for the simplicity, add-
ing a cascode device makes the rejection
characteristics approach the measurement
limits. A cascode version of this ImA cur-
rent source is shown within the right op-
tion of Fig. 8A. These measurements used
a 2N5486 for J2, and the cascode mode
data of Fig. 8B is barely discernible from
the residual noise.

But, there are more caveats to remem-
ber about this cascode circuit. The cascode
device must be selected to provide a bias
for J1 that is above J1’s Vgs(off), prefer-
ably well above. For the sample devices
used here ]2 applied a 2.7V bias to J1,
indicating that the sample J202 was a
low Vgs(off) device. Furthermore, the 2 *
Vgs(off) rule should also be applied to ]2,
and will be more stringent for that part,
because it is by necessity a higher Vgs(oft)
part than is J1. The comments about dete-
rioration of rejection with lower rail volt-
ages apply even more so to this cascoded
version, and may require supplies of 12V
minimum, for example, for the very best

performance.

So, in essence what you have here is a
circuit that can work really well, but also
exhibits some subtlety to extracting maxi-
mum performance. In fact, some J1/]J2
pre-selection may be appropriate to set
things up optimally. Fortunately, it appears
that once the J1/J2 DC biasing conditions
are properly met, the good AC perfor-
mance falls in place. Watch the voltages
on J1 and ]2 and use higher voltage parts
when necessary for the cascode. A caveat
here applies to the 25V 2N5486, as noted.

Finally, I reiterate that both the basic
and the cascoded versions of this current
regulator can operate as either a source
(as shown) or as a sink, with the JFET
most negative terminal tied to the nega-
tive supply and the load in the positive
leg. This is one intrinsic beauty of all
JFET-based current regulators; that is,
the ability to operate as either a source or
a sink, without performance compromise.
Note a somewhat subtle minor point
here: you need only consider N-chan-
nel JFETs for such two-terminal current
regulators; not only do they work (well),
there are many more of them to choose
from than the P-channel counterparts.
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JFET Current Regulator Diode Based
Current Sources and Sinks

Most of these discussions apply equally to
JFET current regulator diodes (also called
JFET current limiters), because they are
JFETs internally wired as two-terminal
parts. One series of these is the Vishay/
Siliconix J500 family, consisting of indi-
vidual parts with output current ratings
from 0.24mA (J500) to 4.7mA (J511),
all rated for 50V operatior15 . Of this series

I had some J507s on hand, rated for a :

nominal 1.8mA operation, and some of

these were tested.

Applying this type of current regula-
tor is simplicity itself, as shown in the
simple two-part basic test circuit of Fig.
9A, using a J507 as J1. Virtually all of the

performance characteristics of this circuit :

to some extent the applied voltage). In the
case of the J507 sample, an output cur-
rent of ~1.5mA resulted.

Figure 9B shows the performance of
this circuit for both basic and cascode
modes. For the basic mode, the LF rejec-
tion is 120dB, equivalent to a 1IMQ im-
pedance. Even at the higher frequencies
the impedance is still excellent, rising only
slightly above the noise level.

The two-terminal J507 is cascoded with
a JFET as shown as the right option in
Fig. 9A, a hookup very similar to the JFET :
cascode of Fig. 8C. For the J500 series, a
minimum limiting voltage bias is given on
the datasheet, which for the J507 is 2.5V.

Thus any cascode circuit should provide a

bias from the cascode part above this volt-

JFET Current Source

cascode (right).

JFET Current Source

FIGURE 9A: J507 series JFET current source (basic, left) with alternate

age to achieve best

are dependent upon the basic J1 part (and

The actual voltage for the parts tested

¢ was 2.6V, which was sufficient to allow

the performance shown in the cascoded
Vout plot. As you will note, this allows a
LF rejection of ~140dB (10MQ), and at
higher frequencies performance just above
the noise level.

Like the cascoded JFET circuit of
Fig. 8A, you can apply this cascode to
any part of the J500 series or to other
similar JFET current regulators. You
should choose the cascode device to
supply the required minimum voltage
across J1. Also take into account voltage
limitations for J2, as in the case of the J2
device of Fig. 8A, right.

. Reference Diode Buffered

Current Source
The necessity for very careful attention

Q1 shown at the right.

FIGURE 9C: A reference diode buffered JFET current source. Basic op-
eration is shown at the left, with an alternate cascode connection for

O +18v +av results. with the JFET cascode biasing can be a
J2
2N5486 or
PN4393 ey
series (see text) .
s
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frequency rejection.

FIGURE 98B: The Fig. 9A J507 series current source performance for
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real source of user frustration. Or, perhaps,

a much higher voltage capability may also

be necessary to get around a low JFET !
© rent sources when operated at higher cur-

device rating, for example. A solution to
both of these points is the reference diode
buffered current source of Fig. 9C.

Here a 6.9V reference diode is used to
bias Q1, a bipolar device, which allows
operation up to the Q1 60V Vcb rat-
ing. The PN2907A is general purpose,
but you can also substitute higher volt-

age parts, for example the 25A1016. The

6.9V from D1 is reduced to about 6.3V

across J1, which is sufficient to provide

operation in the flat portion of the JFET :

device’s output curve, where the rejection
is highest. This is true at least for all de-
vices of the J500 series, but some higher
Vgs(off) individual JFETs could use even
higher voltage bias (~10V).

Performance of this basic circuit is
shown in Fig. 9D for two basic condi-
tions: 1) a J507 operating at 1.5mA, and

2) a selected J113 JFET operating at
10mA. The J507 performance is generally

very close to the noise level, except for a

gradual departure at higher frequencies.
The J113 is not quite as good, achieving

. a LF rejection of 125dB, which would be

in performance is typical of many cur-

rents. Fortunately, there is a solution for
it, which is the application of a cascode
device for Q1, as originally discussed with
Fig. 6A.

But, in terms of basic operation, some
notes on D1 selection are appropriate

here. This diode need not be a high pre-

¢ cision part, and even ordinary 1N5230
series (and other similar) zeners will work
" if chosen for a ~6V breakdown at the
final operating current. Note that this can

lead to some pre-qualification for proper
operating voltage for any ordinary zener;
that is, one specified for such higher test
currents as 20mA.

It is for this reason that an IC refer-
ence diode is preferred here, to alleviate

. this voltage uncertainty and allow pre- !
- dictable operation at 1-2mA. If an IC
diode is used for D1, it can be the loosest
tolerance of the family without impacting

- performance. The LM336Z-5.0 can also

be useful in this circuit.

Note that this circuit has similarities :
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. to Fig. 6A, but Fig. 6A depends upon the
equivalent to 1.8MQ. This degradation
¢ circuit. In this Fig. 9C circuit, the JFET

diode characteristics much more than this

(or other current source part) in the emit-
ter of Q1 determines the output current,
the stability, and so on.

Bruce Hofer, Chaiman and
CoFounder of Audio Precision Inc.,
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“I would like to note that System
One is now an obsolete product hav-
ing been replaced in the mid 90s with
our System Two, which itself has gone
through several cycles of evolution.
The technique of displaying noise
spectrally using a swept 1/3-octave
filter is still valid, but some engineers
today would probably prefer to look
at noise using the FF'T. I should also
note that analyzer analog input noise
has improved (dropped) somewhat
since System One, but only slightly.
Indeed, many of our competitors today
have yet to equal the performance of
our original System One! Thus I think
your graphs are still quite relevant.”
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For high currents, a cascode connection
can be used for Q1, and will reap perfor-

mance benefits similar to those noted for

Fig. 6A, operated with the simple cascode. :
¢ currents of 10mA or more, without satura-

But the simple cascode using a JFET such
as the 2N5462 will be limited to currents
of just 4mA within this circuit. To allow a
greater degree of freedom in the cascode
device selection, you can use the alternate

JFET/PNP cascode shown at the right

¢ lower current JFET part (the 2N5461) is |
- used, and is operated at 200pA. In typical :
in the circuit of Fig. 9C is shown in Fig.
1V below the gate, sufficient to drive Q2 at
- to the noise level, and the HF perfor-
© mance is also improved. The use of this
¢ cascode is recommended for any current

operation, this biases the source of J1 about

tion of Q1. In essence a composite JFET

. is formed, with a much greater freedom
of operating current, but, importantly, still

retaining the self-biasing feature of Q1.

and E terminals as

The performance of this alternate cas-

code operating with the J113 at 10mA

9E. Now the LF rejection is comparable

above a few mA, or whenever the high-

. est performance is required.
The alternate cascode at the right replaces !

in Fig. 9C for Q1. In this configuration, a Q1 in the circuit at the left, with the C, B,

Reference Diode Buffered Current Sink

: Comparably operated current regula-
¢ tors can be built to operate as current

JFET+ Buffer Line Rej {dB) vs Freg(Hz): Yin(AC)}=1Vrms. Vin(OC)=18V, Iset=~10mA l’lOth
10.000 T - '
vin Ap
10.00 ¢
-30.00 R1  §
10kQ 4
-50.00
70.00 + + +
-90.00 T Vout ——
{eascoded)
| (1= D1 Cr
Vout v | i
-110.0 kzrs T masie] L LM329D
| g
Lol-p4 i J__ ot JI el b ;"ﬁ'ﬂé. i
-130.0 4 B =i
s :'—/C.\"—r-'(\/“'\‘l;”
-150 0 o !
20 100 1k 100k 200k
FIGURE 9E: The Fig. 9C buffered current source performance for basic and
cascoded 10mA, J113 operation. Cascoding greatly increases performance. for Q1 shown at the right.

FIGURE 9F: A reference diode buffered JFET current sink. Basic op-
eration is shown at the left, with an alternate cascode connection
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sinks, and have similar options to those
of Fig. 9C for cascoding, and so on. Be-
cause it is potentially confusing to say
simply “use mirror image connections
and complementary devices,” a full cur-
rent sink schematic example is shown in

Fig. 9F. The basic circuit at the left is an
. REFERENCES

exact complement to Fig. 9C operated at
10mA, with the J113 setting the current.
In the case of this current sink circuit,
biasing is from a —18V supply, and the
output drives load Rload1.

Cascoding Q1 of this current sink can
be done if a JFET/NPN setup is used, as
shown in the option at the right of Fig.
9F. This alternate JFET/NPN cascode
can be used at currents of SmA and up,
without concerns of JFET device pre-
selection. This optional circuit operates

similar to the alternate JFET/PNP cas-
code of Fig. 9C, but here uses comple-

mentary devices. To employ this cascode
connect the noted C, B, and E terminals

within the left basic circuit at the three !

Q1 nodes.

NEXT TIME. ...

Part 2 will continue these discussions, and

. will focus on higher current and higher

voltage regulators with predictable, low
TC output currents, and with very high
rejection. It will conclude with some sug-
gestions for applications and user modifi-
cations toward optimum use. aX

1. Walt Jung, “Regulators for High Per-
formance Audio, parts 1 and 2,” The Audio
Amateur, issues 1 and 2,1995.

2. “LM134/234/334 3-Terminal Adjust-
able Current Sources,” National Semiconduc-
tor, Mlarch 2005, www.national.com.

3. Arthur D. Evans, Designing With Field-

Effect Transistors, McGraw-Hill, ISBN 0-

07-057449-9, 1981.

4, “The FET Constant-Current Source/
Limiter,” Application Note AN103, Vishay/

Siliconix, March 10, 1997, www.vishay.com.

5. “J500 Series Current Regulator Di-
odes,” Vishay/Siliconix, July 2, 2001, www. :

vishay.com.

6. Selected and matched JFETs and
¢ JFET current regulator devices, as well as
© other audio components, are available from
Borbely Audio. See www.borbelyaudio.com/ :

audiophile_components.asp.

The results are outstanding !

1/0 hoard ))

* Upgrade your DCX-2496 with this
1/0 board. Completely transparent,
just Plug & Play. Uses top of the line
circuitry.

To improve on the audio performance of the DCX, Selectronic offers a range of high end
kits for the DIYer. Very easy to assemble (no SMD) and minimally invasive on your DCX.

(( Precision analog power supply

Are you ready for SubDuction?

From the Latin —"to lead from below” —
Get the bass right and you establish a
firm foundation for the rest of your
music and sound reproduction.
Introducing the SD12, the first sub
woofer in the new CSS SubDuction
series.

parameters are preliminary

F 233 Qes 045  Xmax 19.5mm

Qms 2.87 BL 14.6
Re 3.6 Qs

039 Mms B6

Le 1.45 S4 490 SPL 8s.0

www.creativesound.ca
©® 604 504 3954

AROUND the DCX-2496... |-

A DCX-2496 is THE affordable high performance audio DAC coupled with a powerful loudspeaker
management processor. It is the ultimate tool for those seeking the audio perfection.

Ultra-low jitter clock )}

« This clock circuit uses a high performance TCX0 with
less than 10ps jitter resulting in extremely detailed sound.
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:Selectronic
F L'"TUNIVERS ELECTRONIQUE
Outstanding kits for the DI/Yer

More information : www.dcx2496.fr / ww.selectron

 Decrease noise and improve stability
with this supply designed for DSP circuits.

adjustment on each channel ¢ Infrared R/C
e Zout : 600<2 * Easy assembly ¢ Compatible with any DSP or
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« Highly transparent Technology uses pure "Class A" 1/0 audio i
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And MORE...

¢ 6-channel R/C volume control

J-FET buffers and special ALPS motorized pot ¢ +3dB level

Zin : 47kQ

* Sequential mains switch

e Switch your audio installation on or off without noise,
thumps, or spikes * Turns on the various parts of your system
in a safe order ¢ Avoids dangerous transients in your speakers

______________________________________

Selectronic - File AXP 01-2007 - Mechanicals : 181 x 120 mm
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