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Noise Considerations
in ADC Signal Chains

This article addresses some basic noise principles and how to apply them to each
analog-to-digital converter input node to minimize any noise convolving onto the

output spectrum.

any noise sources can plague high-speed

radio-frequency (RF) analog signal chains,

making design considerations that much

more challenging. Both megahertz and
sub-terahertz sampling-rate converters have analog, clock,
and power inputs, which realize the converter as a multi-
input “mixer” with a digital back end.

With continuously constrained converter headroom,
maintaining a noise spectral density of 150 dBrg/Hz is chal-
lenging with each new design. That’s why it's paramount to
recognize the importance of the surrounding noise contri-
butions that may erode performance within the entire signal
chain.

Indeed, there’s an extensive range of noise principles—too
many to even list. This article addresses some basic noise
principles and how to apply them to each analog-to-digital
converter (ADC) input node to minimize any noise con-
volving onto the output spectrum.

Defining Noise Bandwidth
Noise bandwidth isn’t the same as the typical -3-dB

System Order | Noise Bandwidth (Multiplication
Factor)

1 1.57
2 1.22
3 1.15
4 1.13
5 1.1

Multiplication factor to use for resulting noise bandwidth vs. filter and
system order.

bandwidth you may be accustomed to, such as an amplifier’s
bandwidth or filter cutoff point. Noise takes on a rectangular
shape to specify the integration of the bandwidth. (Without
going into a lengthy derivation in noise bandwidth, see Refer-
ence 1.) When integrating the noise in rectangular form, for
a standard first-order system, the noise bandwidth will be
57% larger than the —3-dB cutoff. For example, 150 MHz of
bandwidth determined by a second-order anti-aliasing filter
(AAF) located between an amplifier and an ADC will result
in a noise bandwidth of 183 MHz, or 1.22%150 MHz.

The table lists the integration noise bandwidth for mul-
tiple order systems, which a designer can use to help set final
calculations in the signal chain.

Resistor Noise and Amplifier Noise Contributions

The second noise fundamental to consider is resistor
noise. Think of resistors as very small heating elements that
generate thermal noise. Even though their contributions to
noise are small, they can add up quickly if high-value re-
sistors are used. Resistive noise contributions add up even
more quickly if high-value resistors are wrapped around an
amplifier in a gain configuration.

Equation 1 defines resistive noise or error as:

Er = V(4kTRAf) (1)

where:

e kis 1.38 * 102°W/s/K (Boltzmann’s constant)
« T is 290 Kelvin

« R is the resistance in ohms

« fis the noise bandwidth of the system in hertz

Therefore, 1 kQ = 4 nVyys/Hz for 1-Hz bandwidth; resis-
tor noise is equal to 4 nV/\(Hz) per 1 kQ. The designer can
use this reference ratio when calculating noise contributions
with resistors that are wrapped around an amplifier to en-
able gain.
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1. Generic amplifier noise model. (Credit: Texas Instruments)

Amplifiers are active devices, which means that they need
a power supply to function properly. In most signal-chain
noise analyses, the goal is to find or calculate the amplifier’s
referred-to-output (RTO) noise, which is the noise value re-
quired to complete the signal-chain noise analysis and how
RTO noise affects the ADC’s overall performance.

For example, using Figure 1 as a generic amplifier mod-
el, if the amplifier’s datasheet specifies a bandwidth of 320
MHz, that equates to a noise bandwidth of 1.57*(3-dB band-
width), or 502.4 MHz per the previous section.

Then find the amplifier’s voltage- and current-noise con-
tributions, which are located in most amplifier datasheets.
In this case:

Voltage noise or E, = 5 nV/(Hz)

Current noise or I, =2 pA/ V(Hz)

The next step is to calculate the error ratios for the input
(E;) and feedback (Ey) resistive elements:

E; = (550/1,000) " 4 nV = 2.2 nV/V(Hz)

E;=(557/1,000) * 4 nV = 2.23 nV/V(Hz)

To round out the amplifier noise analysis, compute the in-
put resistive voltage-noise, the amplifier’s voltage-noise, and
current-noise contributions based on the resistors used in
Figure 1’5 noise model:

Rynpur Voltage noise = E; x (1 + 557/605) = 4.23 nV/N(Hz)
Amplifier voltage noise = E x (1 + 557/605) = 9.6
nV/V(Hz)

Amplifier current noise = (I, x 557 || 605™) x (1 +
557/605) = 1.11 nV/V(Hz)

**“557 || 605” denotes the total resistance of 557- and 605-
Q resistors in parallel.

Now, root sum square (RSS) these terms to compute the
final RTO noise value:

Front-end noise = V((Rynpyr voltage noise)? + (Amp
voltage noise)? + (Amp current
noise)? + (Ep?) = V((4.23 nV2 + 9.6 nV2 + 1.11 nV?2 + 2.23

nV?))

=10.8 nV/V(Hz)

Total noise = V (Noise bandwidth) x front-end noise =
V(502.4 MHz) x 10.8 nV = 241.7 uVyyss

Note that amplifiers are different from operational am-
plifiers, simply because they typically include resistive ele-
ments internal to their package. Thus, the noise contribution
is the overall noise given in the respective amplifier’s data-
sheet. An amplifier with included resistors usually specifies
the noise as referred-to-input (RTI) noise. Using the gain in
the amplifier circuit enables conversion of the RTI number
to RTO noise.

For example, if a specific amplifier in the RF signal chain
has 1.3 nV/V(Hz) of RTI noise, and the designer wants to
use a gain of 16 dB to translate the input signal more closely
to the full scale of the ADC, see Equation 2 below:

The designer will need to know the RTO noise of the am-
plifier to fully calculate the RF signal-chain noise of the en-
tire system. This number will become significant later when
summarizing all of the signal-chain noises together.

References 1 and 2 offer more information about noise
bandwidth, resistor noise, and amplifier calculations and
considerations.

Clocking Noise Contributions

Another important noise contribution to overall signal-
chain performance is clock noise or jitter. This contribution
affects the performance of an ADC at its core and can quick-
ly degrade its rated dynamic range capability if the right
clocking signal chain, clock oscillator, voltage-controlled
oscillator—or all three—aren’t well-defined.

With just a basic understanding of how to factor in clock
noise and an initial assumption that clock noise and jitter
are broadband, it’s possible to get a good sense of the influ-
ence that this metric may have on the total system’s signal-
chain performance.

To calculate jitter, set the lower integration bandwidth
limit to a value close to DC to consider the entire phase-
noise profile of the clock. It's recommended to use at least
the ADC sampling frequency (F,), and for even better analy-
sis, 2 x F for the integration bandwidth. Many times, 2 x F
is more appropriate to understand the broadband noise con-
tribution and reach the sampling clock’s noise floor (Fig. 2).

For example, if the ADC is sampling at 65 MSPS, the in-
tegration bandwidth ranges from 20 Hz to at least 65 MHz
(or up to 130 MHz for a more detailed noise consideration).
Simply use the defined integration broadband jitter noise in
seconds (preferably femtoseconds or below) and the analog
input frequency or intermediate frequency (IF) of interest.

RTI = 1.3nV/V(Hz), gain = 16dB thus, RTO = 1.3n x 1016/20) = 8 2nV//v(Hz) (2)
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Phase Noise (dBc/Hz)

The maximum error occurs when the clock amplitude is at
its highest, assuming a sine-wave input.

Equation 3 calculates the root mean square (RMS) voltage
error—that is, the sampling clock’s additive noise to the RF
signal chain. For example, a 30-MHz analog input IF and
a clock jitter of 100 fs yields a broadband voltage noise or
error of:

18.8uV or Vn = (2m) x (30MHz) x (100fs) (3)

References 3 and 4 offer more information about clocking
considerations, and how these relate to ADC and RF signal
chain performance.

Power-Supply Noise Contributions

Let’s explore how power-supply noise can influence RF
signal-chain performance. Typically, in an analog supply
domain (AVpp), the analog power domains are the most
sensitive to power-supply noise, so this
supply type will be used as an example.

Similar to all active devices that re-
quire a power supply connected to
them, all regulator types (low-dropout
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pins of the ADC or any active device that requires a power-
supply connection. In the clock example, the internal cir-
cuitry of the clocking nodes is tied into the sample-and-hold
structures internal to the analog inputs of the ADC. This
makes it the perfect place for any noise or coupling through
the clock pins to find its way into the internal signal path of
the ADC.

The coupling path has almost zero attenuation in this case.
In the power supply’s case, however, notice that the internal
circuitry from the power-supply pin of the ADC includes an
attenuation symbol (Fig. 3).

This symbol represents the ADC’s rejection of any noise
or signal coupling through the power pins, which is mea-
sured as the power-supply rejection ratio (PSRR). Ultimate-
ly, this attenuation defines the amount of coupled rejection,
or PSRR, from the internal circuit design inside the ADC.
Some circuit design topologies allow for less noise attenu-
ation than others; therefore, more noise can leak into the
ADC’s digitization path, degrading the
ADC’s performance.

To quantify the regulator’s noise and
its effect on the ADC, the designer
can use the regulator’s measured noise

regulators and switchers) have some
sort of noise. This noise, depending on
how dominant it is, can also affect the
ADC’s performance, just like an ampli-
fier'’s noise or anything else in the RF
signal chain. Here’s how.

oo
£

band, which is usually found in the
regulator’s datasheet. For example, a
regulator can have 225 iV of noise over
a 100-kHz bandwidth. Assuming that
the noise is flat or Gaussian, the design-
er can use this specification to estimate

As with clock noise, regulator noise
can couple through the power-supply

3. Power-supply noise and ADC PSRR.
(Credit: Texas Instruments)

how it might contribute to the overall
performance of the ADC signal chain.
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However, the ADC’s power-supply rejection (PSR) num-
ber also needs to be known. Sometimes this number is in the
datasheet or is measurable on the lab bench.

In most cases, the PSR is around —40 to —60 dB over the
first Nyquist in the AV, which is typically the most sensi-
tive converter supply. In this case, let’s assume —40 dB for
simplicity. The effective noise contribution is then 7.12 nV
or 225 uV/V(100 kHz) x 10(~40/20).

Keep in mind that this is only for one supply domain.
The designer will need to evaluate all supply domains in the
same manner, and each domain may have different PSR val-
ues within the ADC, amplifier, and so on.

References 5 and 6 offer more information and insight on
power-supply noise and PSR and its effects on ADCs (see
References 6 and 7).

Putting All of the Noise Contributions Together

Figure 4 shows a simplified RF signal-chain block diagram
noise model that builds on the preceding discussion.

The last step is to find the ADC’s noise contribution in
the signal chain. For example, an ADC may have an analog
input full scale of 1.75 V p-p differential, while the datasheet
lists the signal-to-noise ratio (SNR) as 71.7 dBgg. By back-
calculating noise out of the SNR equation, Equation 4 re-
veals the thermal noise:

EQ. 4a(below)

or

EQ. 4b(below)

Next, determine the noise contributions as previously de-
scribed for the rest of the power supplies.

ADC
DRVDD

(=]

I_

0.1u

The AV contribution for the ADC analog supply is 7.12
nViums-

Do the same for the digital supply domain (DRVpp) of
the converter and the AV, of the amplifier. In these calcu-
lations, the PSRR of the DRV, of the converter is —80 dB
and the PSRR of the amplifier’s AV, is —60 dB:

Amplifier AVpyp, = 450 ©V/V(100k) x 10(~60/20) = 1.42
nV

ADC AVpp, = 225 uV/V(100k) x 10(~40/20) = 7.12 nV

ADC DRV pp, = 225 uV/V(100k) x 10(~80/20) = 71.2 pV

To find the total noise contribution of all of the power
supplies, simply RSS these three noise sources, which gives
a total of 7.2 6nVpys or V(7.12 nV2 + 71.2 pV2 + 1.42 nV?),

From the previous amplifier example, the RTO noise is 8.2
nV/V(Hz) with a gain of 16 dB.

Typically, the designer will use an AAF between the out-
put of the amplifier and the input of the converter. Oth-
erwise, all broadband noise from the amplifier folds back
in-band. Therefore, by limiting this noise with an AAF, the
assumption becomes that the bandwidth of the filter is 105
MHz (-3-dB cutoff), because the ADC is sampling at 250
MSPS and has a Nyquist band of F/2 or 125 MHz.

Generally, to capture the entire Nyquist band of interest
without folding noise back in, a general estimate of 85% of
the Nyquist band can be assumed. Therefore, the AAF can
be designed to be somewhat smaller.

In this example, a two-pole inductor-capacitor filter (sec-
ond-order system) for the AAF implementation was used,
yielding a noise bandwidth of 105 MHz x 1.22 = 128.1 MHz.
The noise contribution of the amplifier is thus 92.8 pVyy g or

SNR = 20 x log(full scale (Vgus)/thermal noise (Vrws)) (4)

71.7dB = 20 x log(((1.75/2)/v(2))/thermal noise (Vrus)) = ADC thermal noise = 161uVrus
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8.2nV x V(128.1 MHz).

Finally, collect all of the noise sources derived in the ex-
ample signal chain using the following standard SNR equa-
tion (Equation 5) and RSS them all together:

EQ. 5a(below)

or

EQ. 5b(below)

This example identifies the total signal dynamic range in
terms of the converter’s SNR. By reviewing these contribu-
tions in more detail, the designer can easily see what part of
the signal chain is “donating” the highest noise contribution
aside from the ADC’s own internal thermal noise. In this
case, the amplifier’s noise is the largest contributor. It helps
the designer understand each individual noise source im-
pact and offers insight into the tradeoffs one needs to make
to improve overall system performance.

References 7, 8, and 9 offer more information about sum-
marizing ADC errors and understanding these tradeoffs at
the AAF and system level.

Conclusion
Understanding signal-chain noise tradeoffs and root
causes of noise can lead to easier design tradeoffs upfront
when designing high-speed signal chains. Knowledge of
how both active and passive devices interact within a signal
chain in terms of noise illuminates how to predict the total
dynamic range performance outcome, in terms of SNR, of
the entire signal chain. Keep these principles in mind when
calculating signal-chain dynamic range tradeoffs. Other-
wise, the next design may go noisy.
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SNR = 20 x log ((FSams)/(V(ADC pVaus? + Amp pVews? + LDO nVeams? + Clock pVaws2))) (5)

SNR =20 x |Og ((175/2)/V(2)/(V(161HVRM52 + 92.8[1VRM52 + 7.26nVRM52 + 188{1VRM§2))) =70.4dB
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