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Attack The Noise Gremlins
That Plague High-Speed ADCs

Proper Converter Biasing, Voltage-Reference
Considerations, And Careful Layout And
Grounding Will Boost Accuracy.

NICHOLAS C. GRAY, National Semiconductor Corp., 2900 Semiconductor Dr.,
Santa Clara, CA 95052; (408) 721-6962; Nicholas.Gray@nsc.com

he analog nature of our physical | ing the noise coming from power sup-
world and the growing need to |

process continuous functions in
the digital domain place ever-strin-
gent performance demands on to-
day’s analog-to-digital converters
(ADCs). A converter’s raw process-
ing speed per se, however, isn’t usu-
ally the weak link in the system—
though many designers find it
difficult to get expected performance
from a given device. Rather, it’s the
presence of noise.

The system designer’s task, then,
is achieving the ADC’s advertised
spec-sheet capabilities by addressing
some signal and power issues in a
practical way. These include minimiz-

plies or on its lines, establishing
proper circuit biasing in the ADC, de-
veloping board layouts whose compo-
nents and traces are resistant to un-
wanted coupling, and implementing
sound grounding techniques. Overall,
it’s a better method than the “brute-
force” technique of selecting ADCs
with resolution that’s higher than
necessary.

Power considerations and associ-
ated issues are often the system de-
signer’s last thought, until noise—
which is often coupled into the ADC
through the power-supply pins—
creeps in. The debate between analog
and digital circuitry also complicates
matters. Indeed,
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the supply used for
digital circuitry
may be too noisy
for analog or
mixed-signal com-
ponents such as
ADCs, which usu-
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ally have a poor
high-frequency po-
wer-supply rejec-
tion ratio (PSRR).
Any way you look
at it, however, get-

ting the noise out
of the system that

1. Separately bypass the power supply at both the low and high
frequendies with capacitors suitably valued to the particular ADC and its
frequency of operation. Isolate the ADC’s output driver supply line with
a small choke. A ferrite core with 2.5 turns will do well.

powers the con-
verter is critically
important. :

One key to im- |

i proving ADC performance is maxi-

mizing its effective PSRR. A prod-
uct’s PSRR specification indicates
the variation in a particular parame-
ter for a given change in dc power-
supply voltage.

For example, an ADC may specify
the PSRR as the ratio of the change
in full-scale gain or offset error with a
given change in the dc supply voltage,
usually expressed in dB. For many
ADCs, the rejection ratio isn’t all that
good. If a change in supply voltage
from 4.75 to 5.25 V (500 mV) results
in a full-scale ADC gain error of4 mV,
the PSRR is:

PSRR = 2010gm Gain error
A Supply

- 2010g%§= ~42 dB

The PSRR of the same converter
will be much worse with an ac signal
riding on the supply voltage. If analog
and mixed-signal components are
treated as though they have essen-
tially a 0-dB PSRR, circuits will have
better noise performance than they
would if you relied upon the de PSRR
spec at higher frequencies. To mini-
mize supply-noise problems, analog
and digital supply pins should be sep-
arately decoupled with low-fre-
quency and high-frequency bypass

i capacitors.

Typically, a parallel combination of
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10- to 50-puF and 0.1-pF
monolithic capacitors will
suffice. The optimum capac-
itor values will vary some-
what with the particular
ADC selected and the fre-
quency of operation. Addi-
tionally, it’s good practice to
bring the power directly to
the analog supply pins and
supply the digital power
pins through a choke. For
high-speed ADCs, a ferrite
core with 2.5 turns will do
well. The choke usually only
needs to isolate the power
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The error at any given in-
stant is a function of the

|_

;
D

* High-speed ADC

fral

reference voltage error, the
input voltage at the time of
sampling, and the nominal
reference voltage value. So,
the importance of keeping
the reference voltage quiet
and stable cannot be
overemphasized. Another
source of noise comes from
the ADC itself.

The reference ladder of
high-speed converters has

many internal switches
(Fig. 2). As these switches

pins used for the output dri-
vers (Fig. 1).

Careful consideration to
the size and routing of
board traces also pays divi-

dends. A wide trace for routing ana- :

log power, for instance, will often re-
sult in lower power-supply noise than
it would with an analog power plane.
This is because the capacitance be-
tween the ground and power planes
can couple noise into the analog
power plane, especially if the plane is
over or below the digital ground
plane. A trace has much less capaci-
tance than a plane, though. Use the
shortest possible runs to ground for
the bypass capacitors.

The type of supply also affects per-
formance. Switching power supplies,
including capacitive de-dc converters,
create excessive electrical noise on
the supply lines and on ground. When
it comes to ADCs, it’s best to avoid
them. If there is no alternative, ob-
serve the following guidelines:

® Locate the switcher circuit as far
as possible, electrically and physi-
cally, from all analog circuitry—espe-
cially from high-impedance nodes and
low-level signals.

® Keep the switching circuit small
and compact.

® Keep all traces with switching
currents and voltages as short as pos-
sible.

® Use a linear regulator, if possible,
to supply the analog circuitry. Or fil-
ter the analog supplies very well, at
least.

The analog input signal is mea-
sured with respect to the reference
voltage. The digital output indicates

2. Switches in the reference ladder of the ADC add noise to the reference
source. ADCs with reference force and sense pins make it easy for the
designer to control the reference voltage at the top and bottom of the
reference ladder.

reference voltage at the moment of !
sampling. For instance, an ideal 10-
bit ADC with a 2-V reference, sam-
pling a 1.6-V signal, yields an output
code of:

01.6 0 10
Output code = x 27 =819
utput code %E

Any noise in the reference circuit
will cause the instantaneous value of
the reference voltage to change, al-
tering the output code. In the above
example, an instantaneous reference
error of 50 mV changes the 2.00 V in
the above equation to 2.05 V. The out-
put code then becomes:

01.6 0O 10
Output code = x2" =799
weput eode = oo

open and close (usually at
the ADC’s clock rate), they
inject charge into the lad-
der, adding noise to the sys-
tem. ADCs with reference
force and sense pins make it easy to
force the reference ladder to a precise
de voltage by enclosing the ends of
the ladder in the driving amplifiers’
feedback loops. This eliminates er-
rors due to voltage drops across the
printed-circuit-board traces, device
bond wires, and traces within the con-
verter.

The op amp chosen for this applica-
tion should have a low offset voltage
to minimize the resulting ADC gain
and offset errors. The LMC6082A
(F1ig. 3) was chosen for its low offset
voltage (800 HV maximum, over tem-
perature) and reasonable price ($2.53
in hundred-unit quantities). The 0.01-
WUF op-amp feedback capacitor adds a
low-frequency pole to the op-amp
transfer function, ensuring circuit

1~0pA 1k v R
— Rep+ S $
S +—W 350V
1/2 LMC6082A 0.01 uF
— T KT 50 VREF+F RF
Vrep+=3.50V — A ADC
REFH =S o+ \ 1=2.0mA 10l 01 10030
3.664 V wF T T oF
3 '1/.336 v 1=20mA gy Vpge-F R Reference
VRgr-=1.50V j_ W ladder
= 10 0.1
1/2 LMCG082A T 0.01uF W D I |
= = S
————" VWV —
Vigr = (Vper+) - (Vper-) =2.00V 1-0 A L
RF =32 () (force-line impedance) > 1.50V
Rg =100 (2 (sense-line impedance) RyADDER =1k

3. Op amps used to establish the ladder’s limits should have low offset voltage to minimize the
ADC’s gain and offset errors. The 0.01-1iF feedback capacitor across the op amp maintains circvit
the ratio of the analog input to the i stability. Additional bypass caps across the ADC’s reference pins help keep noise low.
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4. This driver circuit for ADCs without reference force and sense pins behaves as a low-
impedance buffer with the feedback loop closed around it. Emitter-follower transistor stages and
0.1-iF feedback-loop capacitors ensure circuit stability.

stability (Fig. 3). The bypass capaci- !

tors at the ADC’s reference pins pro-
vide a low-impedance ac path to
ground for the top and bottom of the
reference ladder, keeping the refer-
ence pins quiet.

The reference driver circuit in Fig-
ure 4 is intended for ADCs without
reference force and sense pins. This
circuit uses a low-impedance buffer
with the feedback loop closed around
it. The 0.1-pF capacitor in the op-amp
feedback loop ensures stability by re-
ducing the high-frequency gain to
unity. The output transistors are con-
figured as emitter followers (high
current gain, unity voltage gain). The
additional voltage gain of a common-
source or common-emitter configura-
tion in the feedback loop of an op amp
invites instability. That’s why those
configurations aren’t recommended.

There are many ways to connect
the analog and digital grounds of an
ADC. The most important thing to
remember is that they should both
remain at the same potential at all
times. One of the oldest grounding
methods is to use separate analog and
digital ground traces from the ADC
to the power supply or to the board’s
power-ground entry point. The diffi-
culty in doing this, though, is that the
magnitude and frequency compo-
nents of the analog and digital cur-
rents differ. This results in a potential
difference between the analog and
digital grounds of the converter as
these currents flow through their re-

mon point (Fig. 5). Another big prob-
lem with this technique is that trial
and error, lots of experience, and a bit
of luck are needed to secure low noise
levels.

Alternative Ground Techniques

Also, grounding can be accom-
plished by connecting all ground pins
to the analog ground plane at the
ADC. This can work well for ADCs
with relatively low-frequency digital
ground currents that wouldn’t add
significant noise to the analog ground
plane. But it isn’t desirable for high-
speed ADCs, because their fast logic
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5. The differing ground currents that flow in
boards that have separate analog and digital
common points create a small potential
between the grounds. Minimizing the resulting
noise with this layout requires much trial-and-
error experimentation.

edge rates can add digital noise to the
analog ground plane. Avoid this tech-
nique for sample rates over a few
hundred kilosamples per second.

For very good first-time results,
use separate analog and digital
ground planes placed in the same
board layer. The boundary between
these planes should pass beneath the
ADC and separate the pins with ana-
log functions from those with digital
functions. The two ground planes
should be connected beneath the
ADC by a narrow trace, the width of
which is a function of the copper
thickness, the analog ground-current

Analo . "
9 roung Driving amplifier located
plane close to converter

Reference bypass capacitors —
located close to reference

All digital components
mounted over
digital ground plane

Ground connection to power supply

in digital ground plane only

and cross no other lines

pins 1 m|
All analog components DIDE Lg Narrow, single-point
it /E - iy gl
/E Ani}gﬁ[;m‘" = ground planes
7—|.||JU|J|J|J|J|J Digital
Clock e should be shor O e,

6. Use this suggested ground-plane layout for the ADC10030 and other similar high-speed ADCs.
The trace width connecting analog and digital grounds, which itself is a function of copper
spective trace resistances to a com- | thickness and the magnitude and frequency of analog ground currents, is a primary consideration.
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frequency, and the amount of analog
current going through this point.

We have empirically found that a
width of 2 to 3 mm will work well with
1-0z copper and FR-4 board material.
This narrow connection provides a
relatively high impedance to the flow
of high-frequency digital ground cur-
rents with high edge rates, but a rela-
tively low impedance to the analog
ground currents with lower-fre-
quency components. A suggested
ground plane layout for the
ADC10030, a 10-bit, 27-Msample/s
ADC, is shown in Figure 6.

tions can cause voltage fluctuations in
the ground path that are seen at the
ADC. These ground voltage fluctua-
tions appear in the ADC input as
noise. Figure 7c shows better posi-
tioning of these components.

The analog and digital ground
planes should not overlap each other.
Current in the digital ground plane
may couple energy into the analog
ground plane, adding noise to the ana-
log circuitry. Since the grounds don’t
overlap each other, it makes sense to
use a single layer for the analog and

the digital ground planes. Digital
noise can be coupled into the analog
circuitry if digital components are
placed over the analog ground plane,
or vice versa. Place analog compo-
nents over the analog ground plane
and digital components over the digi-
tal ground plane to keep digital noise
out of the analog circuitry.

You'll get the best high-frequency
performance with a physically
straight signal path. A path that folds
back upon itself can lead to capacitive
and inductive coupling that can cause
unwanted feedback, re-

Compared to the digital sulting in increased distor-
ground currents, the ana- — tion and noise. The best
log energy can flow 'grnoﬂag D'%‘“"I' layout is one that produces
through the connection be- plane pononabo ground plane . a straight or nearly
tween the analog and digi- n L i | 'lHII?hr-porm?:’t . straight signal path. Also,
tal ground planes more 5 7 E %igli]tal M 2urgre‘:|l:ﬂuvfu be especially careful with
easily. Consequently, the L = components / inductors. Mutual induc-
power-supply ground f ADC10030CIVT = ~ tance can change the char-
should be connected to the /9 o) = ADC ground- os‘";'""'"gl acteristics of the circuit in
digital ground plane. AginngRyNRRRNREI return . which it is used. Orient in-

To avoid interaction be- carent flow ductors 90° to each other
tween the ADC ground with a minimum separa-
current and the digital (@) tion equal to the length of
ground currents of any Analog Diaital : their bodies. Alternatively,
high-powered digital com- ground grc?und High-power place them in line with
ponents, locate the ADC’s plane poooodhn plane con(:fulrelms each other, again sepa-
linear power supply =H] =) rated by at least the length
ground or its regulator = s B . .Hligh-power, of their bodies. With high
close to the ADC. Place the L = d'g“zuﬁgﬂﬂ;‘v tum current levels, additional
switching regulator and j 7' ADC10030CIVT :\ L separation may be re-
any high-current digital = (TQFP) B ADC groung-~] _ Swilching quired.
components as far from the OTOOOOO000 return poseer SR It’s not too difficult to ob-
ADC as possible. current flow tain the high data-sheet

On the other hand, if you performance touted for
must use a switching sup- (b) some high-speed ADCs.
ply without a linear regula- But it does require knowl-
tor, filter the ADC supply Analog Digital High-power edge and application of
voltages well and locate gg?aunr;d grf””d digitl sound design and layout
the switching supply as far 4 1” e L plane - rules. Proper attention to
as practically possible from = 7 B i power-supply connections,
the ADC. The ADC = 9 = du;?talp;rv;z:m voltage reference consid-
ground current and high- f R — - current flow erations, and layout and
power digital ground-cur- 5 (T0FP) g\ grounding go a long way
rent paths should not run ARIRERTRRRARIRE: ADC ground NL toward getting there. O
in parallel with each other. current flow Switching
They also should be kept as power SRS Nicholas C. Gray is a staff
physically far as practi- applications engineer with
cally possible from each (c) National Semiconductor’s
other. data conversion systems

Figures Ta and b show 7. A common path for the ADC and high-power digital ground returns will ~ group. He received his

examples of poor layouts.
If the ADC and high-
power digital ground-re-
turn paths are common,
the high-power digital

ground-current fluctua- minimal (c).

create ground noise at the ADC (a). These ground-return paths are well-
separated, but the proximity of the switching supply to the ADC and other
analog components can induce noise into the analog circvitry (b). When
ground currents from properly placed switching supplies and high-power
digital components aren’t parallel to the ADC’s ground current, noise is

BSEE degree from Gon-
zaga University, Spokane,
Wash., in 1965, and he has
done graduate work at
California State Univer-
sity, Sam Jose.
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