Single-supply

op-amps

There are no free lunches in op-amp design. Phil Darrington helps you make
the right choice by explaining the trade-offs involved in producing op-amps
designed to work from a single supply rail.

of operational amplifiers for single-supply

working,! the clearty heartfelt observation
is made that, in engineering, you usually have
to sacrifice one aspect of performance to
improve another.

How true, and designing an op-amp for use
in a piece of equipment that has to be small,
inexpensive, miserly in its use of current and
yet produce the required performance from a
single, low-voltage supply rail is a typical
example of a collection of Murphy’s Laws.
Common-mode input range, output swing,
common-mode rejection, noise and all the
other little annoyances become bigger ones and
the result is that trade-offs have te be made

I n Maxim’s application note on the design

Input

~ommon-mode input voltage range in a sin-
gle-supply op-amp is of first concern for a cir-
¢uit designer and the obvious thing to do is to
specify a rail-to-rail type — the phrase is
claimed as a trademark by Nippon Motorola,
50 it ought to have capital initials, but not here
— sorry. But there are things to watch. A pause
here for definitions.

Operational amplifiers allowing inputs
only down to the negative rail are
referved to as ground-sensing types; those
allowing signals to go to either rail are
rail-to-rail devices.

Angd there are others that let the inputs go
within a volt or two of positive and down to
ground If the amplifier has a voltage gain of
two or more from a signal referred to ground,
a ground sensor is probably a goed choeice and
may well work better than a rail-to-rail op-
amp, for reasons to do with the nse of two dif-
ferential input pairs in the rail-to-rail type, as
hown in Fig. 1

As the input voltage shifts from one 1ail to the
other, one or the other amplifier pair handles it
but, at the crossover, input bias curreni and
input offset voltage can be changed in magni-
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tude and polarity; the change in offset has a ten-
dency to increase distortion in comparison with
ground sensors unless the offset is trimmed at
both ends of the common-mode range

Fig. 1. Two types of rail-to-rail
input. That at a} has two
differential pairs, which can cause
trouble when the input moves
from one rail to the other and the
amplifier uses one pair or the
ather. The crossover can change
input bias current and offset
voltage, which requires careful
trimming during manufacture,

Fig. 2. Normal method of reducing
offset-voltage errors by matching
impedances ‘seen’ by each input of
the op-amp.
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Fig. 3. Rail-to-rail output a) contrasted
with a standard emitter-follower outpat,
which interposes two junction voltages

between output and rail.

Rail-to-rail op-amps are inherently more dif-
ficult to provide with high slewing rates than
the ground-sensing variety, simply because the
input stage is rather more exotic and is unable
to take advantage of the available technigues.
1t is usual in any op-amp circuit {0 match the
impedances seen at both inputs of the ampli-
fier to match input bias currents and therefore
reduce offsets caused by them.

Maxim quotes a change in bias current of
85nA for a 0-5V input voltage swing, while
the offset current changes by only *InA when
the above precautions are taken. in a rail-to-
rail op-amp .

Figure 2 shows another way to eliminate
input bias current changes, in this case by
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Fig. 4. In extreme cases, where a dual-rail
circuit is the anly option, this charge-
pump provides the second rail by
inverting the existing one.

making the common-mode voltage constant at
Ve Output is now,

Voulz("’vinRQf'R 1)+Vref( i +R2)IR E)

If Ry=R,, output is Vou=—Vint2Viets which is
1-4V for inputs of 0-3V. Common-mode volt-
age is fixed and common-mode rejection
errors eliminated.

Qutput

Since op-amps are — more often than not -
required to produce voltage gain, it follows
that a rail-to-rail output is needed more than
rail-to-rail input. In a single-supply op-amp,
the output stage is of somewhat different
design to that found in a dual-supply type

In rail-to-rail output stages, it is common to
use a common-emitter stage, while the ouiput
of a standard op-amp is usually an emitter-fol-
lower pair, Fig. 3. At (a), the common-emitter
form has only one junction between rail and
output and the output voltage can approach the
rail to within Vp(say In the emitter-follower
at (b), however, the output gets no closer to
the raik than a Vcp(sa and 2 Vae.

Since saturation voltage depends on collec-
tor current, cutput swing varies and, infect,
never really gets to the rail; it will approach to
within tens or hundreds of millivolts.

Crnos output stages have the same problem:
drain-source voltage caused by channel cur-
rent flowing through the finite on-resistance

Load-dependent gain :
A further problem with rail-to-rail op-amps is
the matter of gain dependence on load current.
Common-emitter stages provide gain at fairly
high impedance, the output node therefore
being included in the compensation network,
while the emitter followers used in standard
types have less than unity gain and are com-
pensated before the outpul. In rail-to-rail op-
amps, therefore, gain depends on toad current
and instability with capacitive loads is a pos-
sibility. .

Orice again, trade-offs are needed and in this
case the circuitry needed to make the op-amp
stable requites more supply current than is the
case with standard designs. Nevertheless,

some of Maxim’s op-amps with rail-to-rail
input and outpui will drive a 500pF load, the
extra circuitry also conferring good large-sig-
nal voltage gain into heavy resistive loads.

Charge-pumps
A novel use for the up-and-coming charge-
pump circuit? is the provision of bias voltage
for an emitter-follower output stage and power
to the other stages.

This use of the internal charge pump enables
a ground-sensing amplifier inputs to swing
from ground to the supply rail; in other words,
input and output are of standard form and it is
found that such devices perform rather better
than rail-to-tail amplifiers, with good cmit,
high gain and stability into capacitive loads: A
typical amplifier of this type takes 35mA, has
a 200kHz bandwidth and drives a load of
20k} and S00pF. :

Sometimes, you just have to give in and
bow to the inevitable; for the absolute maxi-
mum performance it might be necessary i use
two supply rails. But, of course, this does not
mean that you have to redesign the system
power supply for one op-aimp; there are ways
of making a dual supply from one rail

An atiractive method of obtaining the com-
plementary rail is, again, to use a charge
pump. Figure 4 shows the Maxim 861 charge-
pump voltage converter accepting a +1 3 1o
5.5V input and providing an mverted output
equal in magnitude to the input, The device
can be made to operate at 13, 100 or 250kHz
for more trade-offs: quiescent current, capac-
itor size and output voliage ripple.

Noise

This is an arca where you simply cannot win.
There seems not to be 2 way in which you can
have low-voltage, single-supply rails, low
noise and low power. :

Using low-voltage rails demands lower-
noise cireuitry just to maintain a reasonable
¢ ratio, bur low voltage usually means 2
requirement for low power and lower currents
mean more noise, There is no way round the
unpalatable fact that, for low noise, an ampli-
fier must dissipate higher power.

‘Noise sources are shown in Fig, 5, the cir-

Fig. 5. Noise sources in a voltage-feedbrack op-amp. 0
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cuit being a voltage-feedback op-amp. Sources
in evidence are input voltage and current noise
and the thermal noise from R} and Ra, the
gain-setting resistors. Capacitor C; is the
inverting input stray, C, limits noise gain and
signal bandwidth and R; is the impedance-bal-
ancing resistor referred to earlier

As you will see in Fig. 6, noise gain at lower
frequencies is 14R,/R,, which applies up to
the first zero at the frequency 1/2nR,C|, from
which point it increases at 6dB/octave as far as
the pole 1/2aR»C, From here, the noise gain
is equal to 1+C1/C; until the frequency hits the
point at which the open-loop gain of the
amplifier is equal to the noise gain, from
where the two gains roll off together at
6dB/octave.

Noise due to mput voltage, current noise at
the nen-inverting input and that from R; are
integrated over the whole closed-loop band-
vidth and multiplied by the noise gain. Circuit
noise is smallest when an op-amp having a
low unity-gain crossover frequency is used

At the inverting input, current noise and
thermal noise from Ry and R, are only inte-
grated over the signal bandwidrh. Capacitor €5
is not used in current-feedback amplifiers and

noise for this type is integrated over the whole
closed-loop bandwidth

Distortion
Since an amplifier’s gain falls off at high fre-
quencies, non-linearity of input/output transfer
function becomes relatively more important
and harmonic distortion increases. At a given
frequency, therefore, you get less harmonic
distortion if the amplifier is in its more linear
region at maximum loop gain, which can be
obtained by biasing output away from the sup-
ply 1ails in a circuit such as that in Fig. 7a)
THis conﬁguranon provides the offset and
also inversion or in 7b) which just provides
the offset. That of Fig. 7a) keeps the common-
mode input voltage constant and so eliminates
common-mode non-linearity, useful in rail-to-
rail op-amps where the non-linearity is caused
by common-mode input changes as one o1 the
other input pair comes into use. |
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Fig. 7. Ata), an inverting op-amp providing
gain and offset to the input and biasing the
oulput away from the supply. The circuit at
b) does the same, but without inversion.

M&B RADIO (LEEDS)
THE NORTH’S LEADING USED TEST EQUIPMENT DEALER

OSCILLOSCOPES
HP 541110 500 Mie digitizing 3¢ (colour display)
HP“ZﬂIDmM y g d!g‘i‘:n! dﬂnn:tsfugl:snlalr

I’
LIPS PM me 100 Ml‘t dehy.'eveau .
PHILIPS PM 33II‘.|6DHsz:gl torage
r.hannel with cursors

Hx-13
TF2370 30 Hz-110 MHz d._gm; stoﬁge {as new)
SIGNAL GENERATORS

HP“SM 100 950 HHzrm:
HP 8620CIB6220A 10-7300 Mtz sweeper .
HP 3520CI042308 1.8 GHz-t.2 GHz sv-eeper
HP S620€186241 1183 Griz swesper .

HP B620CIB6242D 5,99 GHz sweeper

HP 3620C nécames fas new) . .,
HE 56408 S0 R h 13 KL ol peabrc
HF 36548 10 MHz-520 MHz el
HP 3200 . b ..

yfli‘tﬂmr meter
HP 33204 thesizer 0.8 Hz-13 MHz
4 :mno 1 hz-m; ﬁﬁzmm senerator .

3108 . Mz function

FE101
MARCONI [F104% 10 KHz-5[0 MHz RF
J.llIB 10 Kriz-120 HHx(
100 KHz-IOOO

I&
GleA GREIDIA IIGHZIBGHZ .
PH LIPS PM5326 |oo KHz\-IZS Mn]xlmRigenmmr .
DRET 223:

YR
TEST EQUIPMENT
BALL EFRATROM MRTH rubidium frequency smndard

WAVETEK 1818A lop lin RF peak power meter DC-26 GHz £1300
SERTRANIG | LSRG IS o vidad ginarsior W]
jan
TEKTRONIX 14 gen. lock ] £1500
TEKTRONIX 52| A vector scopes . . -£300
TEKTRONIX AS902A lsobror ., . . . £450
ROHDES & SCHWARTL URE 10Hz-20 MHz £404
SCHLUMBERGER 7702 digital rasmission anal 2500
SCHLUMBERGER AF405 1 tona ganeratorimoduhitor .. £150
P S4BA, 10Hz-265GHz microwava counter . 41350
EIP 331 125GHx :amha:miumuavecwnur . L350
MARCONI 29408 icati L3250
MARCONI Hﬂinludmet:rSOKHx 2.1 GHz L2000
MARCONITFIBT| dim mmunmuons mani £980
MARCONITF1610 true RMS. . £E95
MARCORN! 5930/8910 |0 HHZ-IO Gz £800
MARCON| 65918 VEWR ndicator ........ e £250
MARCORN| £450/6421 10 MHz-124 GHz RF power m £250
MARCON] TF220 2xrl:gl"u|'wnabk} fncerfice unit . ... £330
R e A3
el +
HP 4508A b VecTor voitmetas . .. L3150
HP 89704, noise ﬁgure meter .. SO0
HP I77L1A Thdamcom test set
P R/232 serins R controlier 4100
HP BT50A o, '3 £300
HP 5 130A wavelorm recorder 1750
HP 53428 500 MHz-19 GHz mnrwﬂw frequency macer
P £3348 universal sy, cou mm o £500
umv:nal counmr 4600
P5 m&wﬂl > L7150
£2000
A3

Bl‘ld 11 DMIDMH:ISGHZ(I!WIH?
HP QJSWISIA 19 M?h-ISG&-hP.F meter
HP 435A/BAS2AH 100 KHz.4.] GHz powerml:l
HP 4120\.':] 8A 10 MHz- 10 GHz RF power mecer
metels

P 20874 teboson smptiet
HP I531A 15 Hz-50 KHz sefectiva

ALL PRICES PLUS VAT AND CARRIAGE + ALE EQUIPMENT SUPPLIED WITH 30 DAYS WARRANTY
86 Bishopsgate Street, Leeds LS| 4BB

Tel: (0113) 2435649

May 1998 ELECTRONICS WORLD

Fax: (0113) 2426881

CIRCLE NO. 124 ON REPLY CARD

HP 333 aartion analer v oo e e e £295
HP 11710A down convarter . .
HP 574018, bus system analyser -

HP 400E 10 H:-10 MHz AC voitmerer . £]25
HP 34884 4.5 digit autoranging multimet L2200
HP 3437A 15 dight high speed systen vaitmazar £200
HP 3455A &5 digre banch nuldmeter .. .. .. 495
HP 346BA 5.5 digic muldmatariauea cal (LCD) £400
HP SMMA sigrature analyser .. .. ..., £150

HP 62914 DC power supply 8-40w0-5 amp . .
Hrs«u DC power supply 3-600w0-1.5 zmp
EXC power supply 0-20v/0-10 amp .
HP | !ﬁéSB 150 MHr-18 GHr modularar . . £315¢
HP 1 1532A atcenuator set DC-18 GHz. B
HP 355€ RF step attenuators 0-12 dB CC-1 GHz NEW) L £195
HP 3550 RF stap attenvatons 0-020dBDC—| GHz |NEW) £195
BIRD 3323 36 db coasetal attenuacor [OOVY
BIRD 3329 300V 30 db areenuasor . ... 500
BIRD 3922 5000WY 50 ohm coaxial resiscor . L1900
BRADLEY 192 cuilloscopa calibrator ., . ... - £5
KEMO DP{ | Hz-100 KHz phase macer (new) . .
AVO 215-1/2 AC/DC breakdown/ionisadon
FARMELL RBIDIES alectronie Joad .
FARNELL PDD3502 dual power supply 0-35v
FARMNELE TSY7{ powar sllppb' 0-7v &-10 amp
SIEMENS D2108 200 KHz-30 MHz Tave]
SIEMENS W1108 200 KHz-30 MHz lavel nodlhwr
NARDA 30448-20 3.7 Griz-8. GHz 20db direcdional oowler . E150
SAYROSA AMM | 5 MHz-2 GHz mn:mpduhﬂcn mazers

RACAL DANA 9504
RACAL DANA 9914 10 Hz-200 MHz frequency counter
RACAL DANA 9915 [0 Hz.520 Mz fraquency counter L
RACAL DANA 9915 [0 Hz-520 MHz frequency councer . £150
RACAL BANA 9919 0 Hz-1 {00 Mz frequency courer ,

RACAL BANA 9508 10 Hz-$100 Mz universal counter times.
RACAL BANA 1891 10 Hz-165 Mk universal counter timer 9
RACAL DANA 1992 10 Hz.1300 Ml-lzmmsacmd Couatar
RACAL DANA 9300 RMS voltmeter ..o.ouene o.e., £350
RA.CALBANAHDIAmRNERFmAI!mr -

ibrator
RF MICROSYSTEMS INC.ANITRC-1 756 YHFIUHF K3L fiters |
SPECIAL QFFERS

FLUKEJS"@”PE‘*W nuhmmrswiﬁ!mmnl&pmbes(asm) L. AT0
SMITHS 3" da . 4%

BIRD» 43 AF wiumelzrs
BIRD 43 AF wazmmeters wi £
RACAL RAFTL 30 MiHz receivers ...

Visit our Web site
http:/iwww.mb-radio.co.uk
e-mail info@mb-radio.co.uk




