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Op amp stabilizes zener diode
In reference-voltage source

The operational amplifier’s isolation characteristics can be used to
buffer a reference zener against the supply and load variations that
would otherwise downgrade the diode’s temperature and voltage stability

by William D. Miller and Richard E. DeFreitas, Hybrid Systems Corp., Burlington, Mass.

O On its own, a reference zener diode can produce a
reasonably stable voltage. But in conjunction with an
operational amplifier, a reference diode of selected
quality can be made to provide a voltage temperature
stability as good as 1 part per million per degree cel-
sius—precise enough for applications like data conver-
sion and instrumentation.

To obtain a zener voltage and temperature coefficient
as stable as this, the current through the zener must be
kept constant and prevented from fluctuating with
changes in power-supply voltage and in load conditions.
The op amp does not cancel zener imperfections, but its
excellent isolation characteristics can be used to create
nearly ideal circuit conditions for the diode, buffering it
against both supply and load variations.

A third factor affecting zener current is operating
temperature, and of course it also must be kept con-
stant, by appropriate thermal management, which
might even involve thermostatic control of the environ-
ment or a constant-temperature oil bath.

Back to basics

The transfer characteristic of a zener diode is shown
in Fig. 1(a). Since the curve is not parailel to the current
. axis in the reverse breakdown region, where a zener is
operated, the zener dynamic impedance (rz) is finite,

usually on the order of 10 ohms. Because of this finite
impedance, a zener cannot function as a perfect voltage
source, supplying the same output voltage no matter
what the size of the load. The intrinsic zener impedance
and the load impedance always form a voltage divider
that attenuates the zener output. .

The zener current also influences the zener’s voltage-
temperature coefficient. Typically, this parameter rises
or falls approximately 4 ppm/°C for each milliampere
of increase or decrease in operating current. A zener
diode, therefore, is most stable when operated at a con-
stant current level. (In practice, the operating current
that minimizes the temperature coefficient will vary
slightly from device to device.)

The simple single-polarity reference source of Fig,

‘1(b) illustrates how load and supply variations affect ze-

ner current and, hence, zener voltage. Without the load
connected, the zener current is 7.5 milliamperes, and
the zener voltage is 6 volts. But when the load is put
across the zener, it pulls 1 mA from the diode so that ze-
ner current drops to 6.5 ma and zener voltage is re-
duced by 10 millivolts. This output voltage change cor-
responds to a load regulation of 0.16%, which is too
poor for many applications. Also, because the zener cur-
rent has varied by 1 ma, the zener’s voltage tempera-
ture coefficient will change by 4 ppm/°C.
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1. The problem. Because of the finite slope of the zener diode's transfer characteristic (a) in the reverse breakdown region, zener current is
affected by both supply and load varations. In circuit (b}, for instance, without the load, the zener current is 7.5 mA, producing a zener volt-
age of 6 V. When the 1-mA load is connecled, however, the zener voltage drops by 10 mV, corresponding to a load reguiation of 0.16%.
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2. A helping hand. It a zener is buftered by an op amp, it will be iso-
lated from load fluctuations. For both circuits shown hers, tha zener
current is independent of the {oad current, which is supplied by the
op amp. In (a), the op amp acts as a high-impedance buffer for the
zener. In (b), because of the virtual ground, the input current, how-
ever derived, detarmines the zener current. If the input current for ei-
ther of these circuits is obtained from an op amp, then tha zener will
also be isolated from supply variations.

In contrast, quite a large change in the supply volt-
age, about 1.2 v, is needed to produce the same 10-mv
output change. But the supply regulation becomes more
important if the loading is lighter, say 10 microamperes
instead of 1 mA. For example, a 10-uA change in the
load will produce an approximate output change of
only 0.1 mv. However, with a 10-uA load, a supply vari-
ation of just 12 mv will now cause a 0.1-mv output
change. _

An op amp, along with an appropriate feedback net-

work, can isolate a zener from the adverse effects of

both line and load variations. When a zener is properly
buffered, its current will remain essentially constant so
that changes in zener voltage and temperature coeffi-
cient can be held to a minimum.

The op amp’s advantages

Basically, an op amp is a differential amplifier that
rejects equal in-phase signals if they are common to
both its inputs. Since power-supply variations are such
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signals, they are rejected, and the op amp does not re-
spond to them. Therefore, if the output of an op amp,
which is inherently isolated from supply fluctuations, is
used to drive a zener, that zener will also be isolated
from line variations. The power-supply rejection of to-
day’s op amps is very good, frequently 80 decibels or
greater.

Isolating a zener from load variations is another mat-
ter. To do this, some of the other characteristics of an
op amp-such as high gain, low output impedance, and
high input impedance—must be exploited. Figure 2
shows two circuit techniques that use these op-amp
properties to make zener current independent of load-
ing demands.

In the circuit of Fig. 2(a), the op amp simply acts as a
high-impedance buffer for the zener. No matter what
the load current is, very little current is drawn by the op
amp, so that the zener current remains fairly constant.
The current required by the op amp is:

I, = En/Rp )

. where Ry is the op amp’s differential input impedance,

and Ep, is the voltage between the op amp’s inverting.
and noninverting inputs. This voltage can be expressed
as:

Ep = E./G )

where E, is the output voltage, and G is the gain of the
op amp. Since G is usually very large, on the order of
104 or more, differential voltage Ep is approximately
equal to zero, and the output voltage is essentially the
zener voltage: '

E,=Vz
Substituting Eqgs. 2 and 3 in Eq. 1 yields:
Ii = ED/GRD = Vz/GRD

which is a very small number. Effectively, differential
impedance Ry appears to be G times greater than its
nominal value, so that it draws G times less current.

However, it should be noted that the common-mode
impedance (Roy) of the op amp is what actually limits
the input impedance of this circnit. Since impedance
Rowm is grounded, it shunts the zener, as well as differ-
ential impedance Rp. Fortunately, for all op amps, Rem
is much greater than Rp, so that Rey itself never unduly
loads the zener. If zener loading must be kept to a min-
imum, then a FET-input op amp, because of its excep-
tionally high input-impedance levels, becomes a logical
choice for the amplifier.

This circuit (Fig. 2a) offers a straightforward method
of developing a single polarity reference source. How-
ever, the circuit of Fig. 2(b) makes possible even tighter
control of zener current. Here, the zener diode is placed
directly in the feedback loop of the op amp. Further-
more, this circuit (Fig. 2b) is useful for deriving both
single-polarity and dual-polarity reference sources.

The high gain of the op amp and the feedback action
combine to create a point that is very close to zero volt,
or ground potential. This virtual ground permits the in-
put current (I;) to determine the feedback zener current
(Iz) precisely and indépendently of the load, regardless
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of how the input current is derived. Therefore, because
of the virtual ground:

Ii = —Iz

Furthermore, the input current is not affected by the
levei of the output voltage:

I = Bi/ Z;

where E; is the input voltage, and Z, is the input imped-

ance. Again, as with the circuit of Fig. 2(a), the differ-
ential voltage, Ep, is about equal to zero, because:

) ED = EO/G
where G, the op-amp gain, is very large.
A single-polarity reference

One way to implement a single-polarity reference
source, using the inverting circuit of Fig. 2(b), is shown
in Fig. 3. In order to take advantage of the power-sup-
ply rejection of the op amp, the zener driving voltage is
derived from the op amp by the addition of a small
amount of positive feedback, through resistors R; and
R:. The destabilizing effect of this positive feedback is
minimal since negative feedback predominates.

The positive feedback factor can be written as:

Br = Ra/(R1+ Ry) ) .
which is less than 1. The negative feedback factor is:
Bn = Rs/(Ra+rg)

where 1y, is the zener impedance. Since rz is small com-
pared to Ry, By is approximately unity, so that:

By is greater than Bp
The op amp’s differential input voltage is given by:

Ep = EfSip —(Eo - Vz)Bn
Since:

Ep = E/G
then:

E, = GEp

E, = GE.Bp - (E, - Vz)Bx]
Eo = GEo(Bp - Bx) + GVzBy
E, = (BuVg)/[(1/G) - (B - Bx)]
where G is the gain of the op amp. Since G is much

greater than 1, Ay approximately equals 1 and By is
greater than BP, then:

E = Vg/(I - B}
= Vg(R1+ Rs)/ Ry
E = Vol + (Ra/R1)]

The load regulation for the circuit can be expressed as:

regulation = r,/[RLG{Bx - Bp)]

where 1, is the output impedance of the op amp, and Ry,
is the load resistance.

Since the output impedance of an op amp is quite
low, ranging from milliohms to ohms, depending on the
type of amplifier being used, the op amp acts much like
an ideal voltage source, supplying a constant output
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3. Unlipolar reference. Here, the inverting circuit of Fig. 2(b) isolates
the zener from ioad varations. A small amount of positive feedback
permits the zener to derive its driving voltage from the op amp and
thus take advantage of the op amp’s power-supply rejection.

voltage that is independent of the load. This means that
the circuit’s voltage regulation can be very good—any-
where between 0.001% and 0.01%, depending on the op
amp and zener diode selected. Also, the voltage tem-
perature coefficient of this circuit can be that of the ze-

" ner itself, as long as the resistors used for the circuit are

closely'matched.

The op amp chosen must be able to supply all circuit
operating currents, as well as the load current. In addi-
tion, since the noninverting op-amp input is above
ground potential, the common-mode capability of the
op amp must be adcquatc for desired circuit operation,
Of course, the op amp’s power-supply rejection and off-
set voltage drift are also important. Typical circuit val-
ues and device type numbers are indicated paren-
thetically in the diagram.

Dual-polarity references

The requirements of a dual-polarity voltage reference
can be even more demanding than those of a single-po-
larity source, especially if both the positive and negative
voltages must be maintained symmetrically about
ground. The inverting circuit of Fig. 2(b), because of its
inherent virtual-ground point, is particularly adaptable
for such an application.

In the dual-polarity source of Fig. 4, a single zener
diode is made to generate precise ground-referenced
bipolar output voltages. The zener voltage is the differ-
ence between the two outputs:

Vg = Va-Va ' (4)

‘where V, is the positive output, and Vg is the negative

output. Since the virtual-ground point is the node to
which all circuit voltages and currents are referred, the
output voltages are merely scaled by resistors R; and
R.:

VA/R1 = — VB/Rz
Rearranging the terms of this equation yields:
Va= ~(VeRi)/Re &)

103



{1mA:Il

Ry % {3k}
VIATUAL

Ry [ B2 GROUND

{1.5 k8

=15V

(301A)

+y
*i5 W)
it mA)l (15K
4 mAll (3 mA}l T
+
ALy S (1K) V3V
+ 1 :
rz < (108} v, 6V} T _I_
| _
R § 3k i
3 \liNBZS) P SOK) Va3Vl
+
3 mAil l

(1Ng14)

Q,
{2N3964)

{8 mA)l

(1.5 ke

-V
{-15V)

Since Vi = Vz + Vg (from Eq. 4), Eq. 5 can be rewrit-
ten as:

Ve + Ve = —(VBR1)/R2
or:
Vs = —(VzRo)/(Ry+ Re)

Similarly, since Vg = V4 - Vg (from Eq. 4), Eq. 5 can
- again be rewritten as:

Va = {(Va- Vz)R1l/Rz
or:
Va = (VzR1}/(R1+Rz)

When resistors Ry and R are equal to each other, posi-
tive output V, becomes +Vz/2, while negative output
Vg becomes -Vz/2.
" The load current for the negative output is supplied
directly by the op amp. Therefore, any variations in the
negative load current will not affect the zener’s current
or voltage. A load variation on the positive output, how-
ever, will directly reduce zener current, thereby chang-
ing the zener voltage. But, because of the virtual ground
created by the op amp, this change in zener voltage is
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4. Bipolar reference. Because of the virtual ground in the circuit of
Fig. 2(b), a single zener can be made to produce positive and nega-
tive outputs that remain symmetrical with respect to ground. How-
ever, since the op amp supplies only the negative load current di-
rectly, a change in the positive load current still affects the zener.
The resulting voltage reduction is divided equally between the out-
puts, so the symmetry about ground is preserved. Also, the zener,
baing driven by the supply, is subject to line variations.

divided equally between the two outputs, so that both
positive and negative outputs remain symmetrical with
respect to ground. '

With this circuit, however, the zener, being driven di-
rectly by the supply and not by the op amp, is not iso-
lated from supply fluctuations. As a rule, though, a sup-
ply having adequate regulation for an op amp will pose
no-problems for the zener.

A current-booster transistor, Qq, is included here to
permit the use of an op amp having only a moderate
output capability. The op amp must be able to sink all
of the circuit’s operating currents, except for the positive
load current, and this can add up to a heavy demand
and a costly amplifier. The transistor is an inexpensive
way to save money on the op amp. Diode D, is included
to assure that the amplifier turns on properly. Typical
circuit values and device type numbers are noted par-
enthetically in the figure.

To build a dual-polarity reference that is immune to
line fluctuations, as well as load variations on both the
positive and negative outputs, requires a second op
amp. In the circuit of Fig. 5, amplifier A; supplies the
negative load current, while amplifier A, supplies the
positive load current. The zener current then will not be
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5. Improved bipolar reference. Adding a second op amp to the ¢ir-
cuit of Fig. 4 enhances output stahbllity considerably. Since amplifier

A, supplies the nagative Joad current and amplifier A, supplies the
positive load current, the zener is immune to load variations on ‘either
output. The zener is now also isolated from line variations because
its driving voltage is obtained through the op amps.

affected by a change in the load for cither output.
Moreover, since the driving voltage for the zener is de-
rived from the op amps, the zener is isolated from sup-
ply variations by the power—supply rejection of the op
amps.

Both outputs are maintained symmetrically about
ground because each amplifier creates its own virtual-
ground point. The negative output voltage is simply an
inverted version of the zener voltage:

VB = '-Vz

The positive output voltage, on the other hand, is scaled
by resistors Ry and Rz, permitting it to be an amplified
or attenuated version of the zener voltage:

Va = (VeRy)/ R

If resistors R, and R; are equal, then V is simply + V5.
As with the dual-polarity reference of Fig. 4, the two
output voitages are related to each other by:

VA/Rl = - VB/Rz

Transistors Q; and Q. act as economical current
boosters, while diodes Dy and D- provide the gating ac-
tion necessary for turning the amplifiers on properly. If
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chopper-stabilized op amps are chosen for amplifiers A,
and Ay, the circuit’s thermal and long-term stablhty will
be quite good. Typical device type numbers and circuit
values are shown parenthetically in Fig. 5.

Both of the dual-polarity references descnbed here
permit a line and load regulation of 0.001% to 0.01% to
be achieved. And the temperature stability of both cir-
cuits can be as good as that of the zener diode being
used. For example, the temperature coefficient of the
popular type 1N829 reference diode can be as low as 4
ppm/°C.

Naturally, any reference source must operate in an
appropriate thermal environment if circuit stability is to
be maximized. Remember that the circuitry associated
with the zener diode can dissipate significant amounts
of power. An obvious way to minimize the unwanted
heat this generates is to choose a low-current reference
diode and low-power op amps. 0
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