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The Nyquist sampling theorem states that band limited
signals may be represented without error by sampled
data. Among the effects which place additional restric-
tions on the signal, beyond those which are given by the
Nyquist theorem, are aperture effects. Aperture effects
such as aperture jitter, and aperture time, contribute to a
signal degradation which is frequency dependent. In
applications for high performance A/D converters, the
aperture effects may be the dominant source of noise in
the digitization process.

The purpose of this paper is to define the terms relating
to aperture effects, to develop a mathematical framework
to represent these effects, and to predict the errors that
will be introduced into the sampled signal as a result of
aperture effects.

Introduction and Terminology

The result of a sampling event is ideally the value of the
input function at the sampling instant. This can be
expressed as:

() = f: () & (t—n7) dt

where 3(t-n1) is a dirac delta distribution, f(t) is the input
signal and fg(n) is the sampled function. In practice the
sampling event is somewhat different, the instantaneous
sampling is replaced by an integration over a small
period of time, and there is uncertainty in the actual
instant at which the sample is taken. These two non-
idealities: the finite sampling time and the uncertainty of
the sampling instant can be accounted for by replacing
the delta distribution by another distribution W(t). WY(t)
will be an ordinary, continuous function of time which
includes a random variable: { to denote the uncertainty in
sampling instant. ¢ will not be explicitly written but it is
assumed that W(t) is W(t+{). C represents the uncertainty
in the sampling instant or aperture jitter and is a random
variable with a mean value of 0. The RMS value of { is
what will be specified as aperture jitter. The result of a
sampling operation may now be written as:

+00
fs=[f (t) g(t-n1)dt
A shorthand way of expressing this is fg = < f,&¥ >.

We are now in a position to evaluate the effects of
aperture non-idealities in the sampling process on the
sampled signal. One key is that since we are dealing
with a random process, the result of a single sample is
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meaningless, we must consider the effects upon the
signal, or the collection of the individual samples to have
meaningful results.

The Effects of Sampling Instant Uncertainty
(Aperture Jitter)

To consider Aperture Jitter we will assume that the
sampling function W is o(t+(), with { representing the
uncertainty in sampling instant. The error generated in
sampling is now < f,6 > — < f, §(t+{) > or f(ty) — f(tg+). If
we consider the Taylor expansion of f(t) about ty:

f(t)=f(to) +(t-to)

Then the error generated on each sample is approxi-
mately f'(t)-¢. This is intuitively comfortable since it states
that the error is proportional to the slew rate multiplied by
the aperture jitter.

When a signal is sampled, the expected error that will be
generated will be the RMS value of the slew rate multi-
plied by the RMS value of { (the RMS value of ¢ is what
is commonly specified as Aperture Jitter). Hence for a full
scale sinusoidal input signal of 10MHz, the RMS slew
rate is 0.02 full scale ranges/ns. If the Aperture Jitter is
10ps then the expected error would be 0.02 * 0.01lns
or 213ppm. This corresponds to a signal to noise ratio
of 73dB or approximately the same size error as the
guantization error from an ideal 12 bit converter.

In Figure 1 the Signal-to-Noise Ratio is plotted vs. the Input
frequency for various different values of aperture jitter.

SNR vs. Input Frequency

120

7

100

v/
27—

80

SNR

// 94
7

60

40

1k 10k 100k M 10M 100M
Input Frequency (Hz)

Figure 1: SNR vs. Input Frequency for Various
Values of Aperture Jitter
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The Effects of Non-zero Aperture Time

For the analysis of aperture time we will assume { to be
0. This is the case of no aperture jitter. We will, however,
consider the effects of W # 8. The error (as compared to
an ideal sampling process) will then be <f, W >—-<f d >
This is equivalent to < f, (W — 8) >. To progress we must
now make some assumptions about the nature of W. If
we consider the physical process of sampling that takes
place within a sample-and hold amplifier we can make an
educated guess as to the shape of W. Consider the
sample-and hold circuit shown in Figure 2. When the
switch is closed, Vo1 takes the form of the equation
below:

-t

t
Vout (t) = Ivln (T) eRC dr

Vin_| q":D_L/VWR i - Vout

Figure 2: Simplified Sample-And-Hold Circuit

The RC time constant of this circuit will be proportional
to the aperture time. This implies that W has the form
indicated below:

t

w=eRC t<0 w=0,t>0

To get an idea of what effect this has on the sampling
process we will expand f as a Taylor series expansion
about the sampling instant: t. Once again we will
consider the first two terms of the expansion:

f(t)=f(to) +f(t-to)

Now we can examine the value of < f, (W —-9) >. <f, 0>
is by definition f(ty) and the other terms of the expansion
do not contribute to the result. Since W has been
normalized, < f(tg),¥ > is f(ty): the ideal result of the
sampling event. If we consider the next term: f'(tg) (t-tp)

this is a constant
0 t

fg (to) error =f' (to) J’teﬁdt

slope going through 0 at the sampling point. This,
expanded out gives us an approximation of the error
generated by the non-zero sampling time. This implies
that the error generated is proportional to the slew rate of
the input, multiplied by the aperture time. This result is
very similar to the result for aperture jitter.

Let us now look at the shape of W that might be expected
in a CCD or SAW device where the sample consists of
the charge deposited in a bin as the bin passes beneath
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an input terminal. In this case, due to the symmetry of
the sampling process, we can expect W to be an even

function:
2
10 =1(t0) () 1-t0)+ (o) 2

such as a gaussian, or a rectangular pulse then the
odd nature of (t-tg) will force < f'(tg) (t-tp),% > = 0. Now in
order to determine the error generated by the non-zero
sampling time we must consider the next term in the
Taylor series expansion.

Now the expected error is:

f‘(to) 2
fs (tg) error = <(t-ty),Y>
5 (to) 5 <(t=to)
If the input function f(t) is sinusoidal in nature, all of it's
derivatives have approximately equal values so the
major difference between this case and the previous
case comes in the comparison of <t W > and 1/2 < t2,¥ >,

How to Minimize Aperture Induced Errors

As we have seen in the preceding analysis the results of
both aperture time and aperture jitter is an error signal
which increases in amplitude as the slew rates at the
input terminal of the A/D increase. One set of strategies
that are used to reduce aperture errors therefore focus
on minimizing this input slew rate. In fact, from an
aperture error standpoint the only thing that is important
is that the slew rate be small at the instant that the
converter is sampling the input, rapid slewing between
samples does not contribute to aperture error. Another
tack that can be taken to minimize aperture related errors
is one which takes advantage of the fact that the noise
generated through aperture effects has a random
characteristic and therefore lends itself to reduction
through some standard signal processing techniques.

Reducing the Input Slew Rate

In some cases, the input slew rate is higher than it needs
to be to recover the information content of the signal to
be digitized. An example would be if an input signal were
being digitally down converted through aliasing. As an
example if a 100kHz signal, modulated on a 101MHz
carrier is to be digitized, then there are several possible
approaches:

1) Demodulate the signal and digitize the 100kHz base
band signal at a rate of 1MHz. This scheme results in
very low input slew rates and would be the preferred
method from an aperture error standpoint.

2) Digitize the modulated signal at a 1MHz rate, allowing
aliasing to perform the down conversion. In this method
the usual mixers are eliminated and the digitized signal
is identical to that obtained in method 1 above. The
problem is that the input slew rates seen by the
converter are over one thousand times greater than
those seen in the above example and aperture related
errors may dominate.



3) Down convert to an |.F. of 1MHz then digitize at a rate
of 1IMHz. In this method, some of the advantages of
digital down conversion can be retained - multiple
channels can be demodulated simultaneously - and
complexity is reduced from a system that down converts
to baseband. From an aperture standpoint we are still
seeing input slew rates an order of magnitude greater
than we did in example 1, but two orders of magnitude
less than those seen in example 2.

4) Place a sample and hold circuit, sampling at a rate
of 1MHz, in front of the A/D in scenario 2. This results in
the A/D converter seeing a very low slew rate, but the
aperture errors are shifted to the sample-and-hold circuit.
In many cases a sample-and-hold has much lower
aperture errors associated with it than a comparable
speed A/D converter.

In all of the above scenarios, the digital output from the
converter is at a 1 MHz rate and the digital output would
be identical if the A/D converter were an ideal converter
with no aperture jitter. With real world converters, there
will be a vast difference in the signal to noise ratio in each
of these three scenarios.

The solution involving placing a sample and hold circuit in
front of an A/D converter is especially interesting with many
high speed, high resolution, monolithic A/D converters.
Many of these devices have particularly poor aperture
performance and as a result even if the input frequencies
are reduced to sub-nyquist rates, the aperture error may
be the dominant error source. Use of a separate sample
and hold will allow for the burden of sampling the signal
to be shifted to the sample and hold, reducing the
sensitivity to aperture jitter in the A/D converter.

Reducing Noise Through Signal Processing

A/D converter outputs contain noise that has as its
origins quantization noise, noise that comes from
aperture related effects and noise from other sources.
Often it is desirable to lump all of these together and just
treat them as noise and work towards reducing them.
One technique that can be used for this is simply to over-
sample the input then digitally low pass filter the output.
If we take the example above, where we have a 100MHz
carrier modulated with a 100kHz signal, if we sample at
a rate of 2MHz instead of a rate of 1 MHz, the noise is
distributed over a band that is twice as wide. If the
digital signal is then filtered, and the half of the band that
does not contain the signal of interest is thrown away, the
result is a 3dB improvement in the signal to noise level.
This could be carried on as far as the speed of the
converter permits with the cost being carried mainly in
the power and complexity of the digital filtering hardware.
Imagine sampling the signal at 1GHz, then filtering out all
but the lowest 500kHz band to obtain the equivalent of
1MHz sampling: we would be able to obtain a 30dB
improvement in SNR over what we would have sampling
at IMHz.

Another signal conditioning method that can be used
toreduce the noise both from aperture effects as well as
other sources is implemented in SD A/D converters. A
block diagram of a simple converter is shown in Figure 3.

Digital
Out

Sig“ﬁ:_(?— H(s) AID «|: DIA |

Figure 3

If we replace the SD A/D and D/A pair with a simple
additive noise where this noise represents the noise
contributed by the sampling process, both quantization
noise and aperture jitter related noise, then the block
diagram is modified to look like that in Figure 4. The
transfer function for the signal in this system is given by:

str=_H()_
1+H(S)
Sampling & Quantization
Noise In
Signlf:]'.,_(j[)_ H(s) — ,Out
Figure 4

It can be seen from this that if H(s) is large for the
frequency range in which the signal is, then the signal
transfer function is near unity.

The noise however, sees a different transfer function:

1

NTF:W(S)

If H(s) is large in the area of interest then the noise is
attenuated in this same area. The result is that the
signal to noise ratio is increased.

If an analysis is done of this (which is beyond the scope
of this paper) it turns out that this is a much more effec-
tive method of reducing the noise than the simple over-
sampling and low pass filtering that is outlined above.
With a first order filter for H(s) then the SNR improvement
that can be realized with ZA techniques is 9dB per octave
of oversampling as compared to the 3dB that we
obtained above. As the order of the filter used increases
the gains can be increased as well.

Conclusion

As digitizing systems increase in speed, aperture effects
play a larger and larger role in the total error budget of
the system. Techniques for analysis and prediction of
the errors have been presented. Techniques for the
reduction of aperture related errors have been presented.

http://www.national.com



Customer Design Applications Support

National Semiconductor is committed to design excellence. For sales, literature and technical support, call the National
Semiconductor Customer Response Group at 1-800-272-9959 or fax 1-800-737-7018.

Life Support Policy

National’s products are not authorized for use as critical components in life support devices or systems without the express written approval of the

president of National Semiconductor Corporation. As used herein:

1. Life support devices or systems are devices or systems which, a) are intended for surgical implant into the body, or b) support or
sustain life, and whose failure to perform, when properly used in accordance with instructions for use provided in the labeling, can

be reasonably expected to result in a significant injury to the user.

2. A critical component is any component of a life support device or system whose failure to perform can be reasonably expected to
cause the failure of the life support device or system, or to affect its safety or effectiveness.

National Semiconductor National Semiconductor

Corporation Europe

1111 West Bardin Road Fax: (+49) 0-180-530 85 86
Arlington, TX 76017 E-mail: europe.support@nsc.com
Tel: 1(800) 272-9959 Deutsch Tel: (+49) 0-180-530 85 85
Fax: 1(800) 737-7018 English Tel: (+49) 0-180-532 78 32

Francais Tel: (+49) 0-180-532 93 58
Italiano Tel: (+49) 0-180-534 16 80

National Semiconductor National Semiconductor
Hong Kong Ltd. Japan Ltd.
13th Floor, Straight Block Tel: 81-043-299-2309

Ocean Centre, 5 Canton Road Fax: 81-043-299-2408
Tsimshatsui, Kowloon

Hong Kong

Tel: (852) 2737-1600

Fax: (852) 2736-9960

National does not assume any responsibility for use of any circuitry described, no circuit patent licenses are implied and National reserves the right at any time without notice to change said

circuitry and specifications.

http://www.national.com 4

Lit #350003-001



IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in accordance with TI's standard
warranty. Testing and other quality control techniques are used to the extent Tl deems necessary to support this warranty. Except where
mandated by government requirements, testing of all parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for their products and
applications using TI components. To minimize the risks associated with customer products and applications, customers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right, copyright, mask work right,
or other Tl intellectual property right relating to any combination, machine, or process in which Tl products or services are used. Information
published by TI regarding third-party products or services does not constitute a license from Tl to use such products or services or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration and is accompanied
by all associated warranties, conditions, limitations, and notices. Reproduction of this information with alteration is an unfair and deceptive
business practice. Tl is not responsible or liable for such altered documentation. Information of third parties may be subject to additional
restrictions.

Resale of Tl products or services with statements different from or beyond the parameters stated by TI for that product or service voids all
express and any implied warranties for the associated Tl product or service and is an unfair and deceptive business practice. Tl is not
responsible or liable for any such statements.

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by Tl as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications
Audio www.ti.com/audio Communications and Telecom www.ti.com/communications
Amplifiers amplifier.ti.com Computers and Peripherals www.ti.com/computers
Data Converters dataconverter.ti.com Consumer Electronics Www.ti.com/consumer-apps
DLP® Products www.dlp.com Energy and Lighting www.ti.com/energy
DSP dsp.ti.com Industrial www.ti.com/industrial
Clocks and Timers www.ti.com/clocks Medical www.ti.com/medical
Interface interface.ti.com Security www.ti.com/security
Logic logic.ti.com Space, Avionics and Defense  www.ti.com/space-avionics-defense
Power Mgmt power.ti.com Transportation and Automotive www.ti.com/automotive
Microcontrollers microcontroller.ti.com Video and Imaging www.ti.com/video
RFID www.ti-rfid.com
OMAP Mobile Processors www.ti.com/omap
Wireless Connectivity www.ti.com/wirelessconnectivity

TI E2E Community Home Page e2e.ti.com

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2011, Texas Instruments Incorporated


http://www.ti.com/audio
http://www.ti.com/communications
http://amplifier.ti.com
http://www.ti.com/computers
http://dataconverter.ti.com
http://www.ti.com/consumer-apps
http://www.dlp.com
http://www.ti.com/energy
http://dsp.ti.com
http://www.ti.com/industrial
http://www.ti.com/clocks
http://www.ti.com/medical
http://interface.ti.com
http://www.ti.com/security
http://logic.ti.com
http://www.ti.com/space-avionics-defense
http://power.ti.com
http://www.ti.com/automotive
http://microcontroller.ti.com
http://www.ti.com/video
http://www.ti-rfid.com
http://www.ti.com/omap
http://www.ti.com/wirelessconnectivity
http://e2e.ti.com



