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An emerging class of high-performance RF-sampling data
converters sets out to finally deliver on the promise of
true software-defined radio (SDR).

Receiver system designers are seeing a change from the widely adopted heterodyne
architecture to a direct RF-sampling approach. In the traditional receiver, the designer
selects the analog-to-digital converter (ADC) based on key specifications, such as signal-
to-noise ratio (SNR) and spurious-free dynamic range (SFDR). In a direct RF-sampling
receiver, designers focus instead on how the RF ADC impacts the receiver system noise
figure (NF). A key concern is its performance in a blocking environment for which the
heterodyne architecture has been optimized for many years.

This paper explains the differences between a traditional heterodyne receiver and
the modern RF-sampling data converter. It then compares some key design aspects,
particularly for the complete signal chain line-up.
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First bandpass filter

The first RF BPF is typically a wideband, low-loss, pre-
select filter, providing most of the out-of-band rejection.

It prevents signals that are far from the actual passband
from saturating the analog front end (AFE).

Low-noise amplifier

This front-end RF amplifier increases the amplitude

of weak signals. The lower its noise figure, the less it
degrades the overall noise figure of the receiver based on
the cascaded noise figure equation.

Second bandpass filter

The second RF filter is a narrow-band filter prior to the mixer
— typically a surface acoustic wave (SAW) type. It suppresses
nearby out-of-band interferers at the mixer image locations
(m*LO +n*RF) that would fall into the IF passhand.

Mixer

The mixer translates the RF signal to IF frequencies. The RF
and LO signals mix to produce a difference frequency known
as IF frequency (fF = IfRF — fLOI). Undesired spurs and images
(for example, a half IF) need to be filtered out either before or
after the mixer stage. It also can be used to convert the single-
ended input signal to a differential signal for the ADC.

Local oscillator

The LO is tuned to the desired frequency spacing above
or below the RF signal and is injected into the mixer. In

a direct RF-sampling system, the LO essentially turns

into the ADC’s sampling clock. However, similar to the
IF-sampling converter, the RF ADC clock also requires very
good phase noise.

Intermediate frequency amplifier

The IF amplifier adds gain to the input signal by reducing
the ADC’s impact to the receiver noise figure.
Additionally, it compensates for the bandpass filter’s gain
loss (attenuation). It can also be used as a buffer to drive

the ADC’s capacitive load. In many cases, this stage has
multiple gain steps that are digitally controlled to provide
an automated gain control loop, which enhances the
system’s dynamic range.

7. Anti-aliasing filter
The AAF limits noise and distortion contribution from
the IF amplifier. More importantly, however, it filters the
ADC’s alias bands. This filter may need a sharp rolloff. The
implementation is more feasible at IF than RF because
the ratio of alias frequency to the desired signal is larger.
Thus, aliasing frequencies are further away from the filter
cut-off frequency.

8. Analog-to-digital converter
The ADC digitizes the input signal. It needs a fast sampling
rate to allow room for filter rolloffs — typically at least
three to five times the signal bandwidth. Its SNR needs to
be good to ensure minimal impact on the receiver noise
figure. SFDR also needs to be sufficient so that spurs
caused by in-band and out-of-band interferers do not
dominate the noise budget.

System design considerations

When evaluating a transition from an IF-sampling-
based to a direct-RF-sampling-based receiver
design, one must examine the overall impact to

the receiver sensitivity, as well as performance in

a blocking condition. Since the RF-sampling ADC
replaces the signal chain from the mixer onward,
the comparisons provided are focused at the mixer
input, assuming the same analog front end for both
designs. The parameters also can be calculated
for the antenna input for a given LNA in the same
fashion using the respective gains and losses of the
amplifier and filters.
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Figure 2. Performance comparison between heterodyne and direct RF-sampling receivers
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Receiver sensitivity

Receiver sensitivity is a measure of how well it

can recover and process very small input signals.
Weak input signals cannot be demodulated if the
receiver noise within the demodulated bandwidth is
larger than the received signal itself. Oftentimes the

transmitter and receiver are completely independent.

Thus, raising the desired signal amplitude above the
noise floor is not always possible (for example, a
radar receiver). The only option to improve receiver
sensitivity is to reduce its noise floor or, in other

words, improve its noise figure.
A
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Figure 3. Small wanted signal in sensitivity case
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The cascaded noise figure at the input of the mixer
can be calculated, as shown in Figure 4 and
equations (1-2):

Mixer IF Amplifier ~ AAF/BPF ADC
NFMIX NFAMP NFBPF NFADc
Gwx G amp Gepr Ganc

Figure 4. Cascaded signal chain line up
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The noise figure (dB) then calculates to

NF =10-log(F) (3

Calculating the ADC'’s noise figure is a little more
involved:
NF = Prorscar [dBm] —kTB—-NSD,,. =
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Using these formulas, the equivalent noise figure can
be calculated for modern day IF-sampling and
RF-sampling ADCs. Examples include the ADS4149
and ADC12J4000, respectively.

Parameter TR0 ADCIZMO00
Sampling rate (FS) 250 MSPS 4 GSPS
Input fullscale (Vpp) 2 \Ipp 0.8 Vpp
Signal-to-noise ratio 71.9dB 55 dB

Input impedance (Z,,) 200 Q (external) 100 Q (internal)
Calculated noise figure 25.1dB 25 dB

On paper, the noise figures for both ADCs are
nearly identical. However, the IF-sampling-based
approach has additional gain from the mixer and
the IF amplifier (minus the loss of the BPF), which
substantially reduces the impact of the ADC noise
figure to the receiver sensitivity. Therefore, the
RF-sampling ADC requires additional front-end gain
(additional LNA) that is approximately equivalent to
Gyix + Gavp + Ggee- This should achieve a total noise
figure that is similar to the IF ADC-based option.

Blocker environment

In the sensitivity condition, the receiver operates at
maximum gain. In the presence of a strong blocker/
interferer, the gain needs to be reduced in order

to avoid saturation of the input (desensitization).
Therefore, the receiver noise figure will be much
larger, which impacts the minimum signal that can

be recovered in a blocking condition.


http://www.ti.com/product/ads4149
http://www.ti.com/product/adc12j4000

In addition to the impact on the noise figure, the
interferer itself can generate several different noise
impairments that can overlap with the wanted signal.
This interferer needs to be considered when doing
the noise budget analysis and designing the overall
filter profile (Figure 5).
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Figure 5. Different noise impairments due to interferer (illustrated
with single-tone interferer)

Mixer

The images from the mixer at m*LO +n* RF can fall
into a band of interest that requires adequate filtering
at RF. This ensures that an out-of-band blocker at
the image locations does not generate a mixing
product in-band. Furthermore, the phase noise of
the LO itself also gets mixed with the RF signal
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(interferer). This increases the noise power with
in-band blockers, increasing the amount of e
noise leaking from the blocker into the wanted

carrier bandwidth.
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The IF gain amplifier generates HD2 and HD3
products from the strong interferer, which can fall """
in-band of the signal band of interest. Typically,
these low-order harmonics are either frequency
planned out by choosing an appropriate IF frequency, or

attenuated by the following bandpass filter.

Analog-to-digital converter

Several impairments come from the data converter:

e Similar to the IF amplifier, the ADC generates strong low-

order harmonics (HD2 and HD3) from the blocker. The IF
frequency can be chosen so that these harmonics alias
out-of-band for an in-band blocker. For an out-of-band
blocker, adequate external filtering should be provided.

e High-order harmonics set a spur floor that cannot be
planned around and needs to be taken into consideration.

e The phase noise of the sampling clock (jitter) also mixes
with the interferer. It scales with 20*log(FS/F,,), so the
higher the input frequency range (IF) with a fixed ADC
sampling rate, the larger its impact on the noise budget.

e The RF-sampling ADC may achieve its fast clock rate using
interleaving techniques. In this case, the interleaving spurs
need to be considered for the noise analysis with in-band
blockers, but also for the filter design for out-of-band
interferers.

Filter design analysis
IF sampling solution

As can be seen from the previous section, the out-
of-band blocker scenario requires well-thought-out
filtering. The following example further illustrates this:

A 250-MSPS ADC digitizes a 60-MHz wideband
filter located at 2.3 GHz. Next, a mixer with a
2112.5-MHz LO down converts the band to a high
IF of 187.5 MHz.
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Figure 6. Filter mask showing frequency band locations from
different impairment sources — heterodyne receiver

The actual amount of filter attenuation needed
depends on out-of-band blocker power, as well as
the mixer’s spur level performance, IF amplifier and
ADC. However, spur locations can be calculated
regardless of power levels.



The RF band centered at 2.3 GHz is down-
converted to a high IF of 187.5 MHz (centered
in the middle of the ADC Nyquist zone).
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Figure 7. Filter mask shows frequency band location from different

impairment sources, such as a direct RF-sampling receiver

can be split between the RF and IF bandpass filter.

Additionally, the out-of-band blocker (after down-
conversion) also generates an HD2 and HD3
component that can fall in-band. These interferer
HD2,3 alias locations also require filter attenuation,
commonly at IF, as they are fairly close to the IF band
of interest.

Since the mixer image and ADC alias are down-
converted without any attenuation by the mixer
and ADC, the external filters need to provide all
the attenuation to meet the SFDR requirement.
On the other hand, the ADC and mixer also create
harmonics and spurs with some attenuation, thus,
requiring less external filter attenuation. This is
illustrated in Figure 6. The mixer image and ADC
alias bars are larger (requiring larger attenuation),
while the bars of the ADC and mixer spurs are
smaller (requiring less attenuation).

Direct RF-sampling solution

Overall filter mask requirements change with direct-
RF-sampling. Since no mixer is involved, there are
no mixing images to worry about, nor LO spurs.
Furthermore, the RF ADC typically operates at a
much faster sampling rate than the IF-sampling
ADC. Thus, the ADC alias frequency bands can

be spaced much further away from the RF band

of interest with proper sampling frequency choice.
However, flexibility in RF-ADC clock frequency may
not always be available.

When designing the filter mask for the direct RF-
sampling receiver, the following components should
be considered.

ADC alias

Every ADC has alias frequency bands in the adjacent
Nyquist zones. The interferer in the alias band folds
directly into the band of interest during the sampling
instant. The ADC sampling rate should be chosen

to ensure there is enough space at the edge of the
Nyquist zone to allow for filter rolloff (similar to IF-
sampling ADCs).

Interleaving spurs

Most RF-sampling ADCs are interleaved to achieve a
fast sampling rate — the ADC12J4000 is interleaved
four times, producing three interleaving spurs (FS/2 -
Fn FS74 £ F). The interleaving spur performance of
modern RF-sampling ADCs meets the requirements
of many applications already, and no special filtering
may be required.

As the RF bands are increasing in bandwidth,
the interleaving spur bands increase by the same
amount as well. This quickly closes the gap in
between. Hence, frequency planning around the
interleaving spurs for a specific input frequency
range may require more flexibility on the sampling
clock frequency.



ADC HD2,3

Out-of-band blockers get sampled by the ADC and
create HD2 and HD3 spurs during the sampling
instant. These spurs can then fall into the wanted

RF band or one of its aliases, thus, requiring filtering.

The HD2 and HD3 markers in Figure 7 indicate the
frequency location of such an out-of-band blocker

whose HD2 and HDS3 alias into the wanted RF band.

ADC non-HD2,3

Based on the maximum out-of-band blocker power,
the high-order harmonic spurious performance of
the RF ADC determines the minimum broadband
filter mask.

Similar to the heterodyne receiver, the ADC alias
bands require the full amount of filter rejection. This

is because a blocker in that band directly falls on top

of the wanted band during the sampling process.

Meanwhile, the remaining ADC spurious products
all have inherent attenuation, which require far less
attenuation (Figure 7).

Filter comparison

The filter masks for IF- and RF-sampling-based
signal chains can be superimposed to observe the
differences. At first glance, the close-in filter design
for the RF-sampling receiver appears more relaxed,
as there are fewer critical spur locations close by
and fewer bands requiring the full filter rejection
amount. However, a flexible RF-ADC-sampling
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clock frequency is necessary when the RF band
approaches the edge of the Nyquist zone or the
interleaving spur locations.

Alternatively, the heterodyne receiver requires more
stop-band attenuation close to the band of interest.
Now the attenuation can be weighted towards the
anti-alias bandpass filter for the IF frequencies.

In-band blocker

The receiver performance in the presence of a
strong, in-band interferer is independent of the filter
mask, but is primarily limited by the active receiver
components (mixer, IF amplifier and ADC). With
some frequency planning, the low-order harmonics
HD2, HD3, and even the interleaving spurs, may
be avoided. However, the spur floor from the higher
order harmonics will always be present.

Some systems — like multi-carrier (MC) GSM that
have very strong, narrowband blocker requirements
and demand 16-bit, IF-sampling ADCs with typical

Parameter IF-sampling ADC RF-sampling ADC
ADS4149 ADC12J4000

Sampling

e 250 MSPS 4 GSPS

HD2 (ty)) | 84dBc(@F,=170MHz) | 79 dBc (@ F, = 2400 MHz)

HD3 (ty)) | 82dBc(@F,=170MHz) | 76 dBc (@F, = 2400 MHz)

Interleaving na 57 dBc (@ F,, = 2400 MHz)

spur (typ)

g"z{‘y';m* 88 dBc (@ F, = 170 MH2) | 75 dBc (@ F,, = 2400 MHz)
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Figure 8. Filter mask comparison between heterodyne and direct RF-sampling receiver
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non-HD2,3 spur levels of 100 dB — are still out of
reach for current-generation RF ADCs. However,
some wideband systems, such as LTE, are
becoming feasible.

Summary

Most system designers are eager to examine the
viability of RF sampling-based systems to meet the
ongoing demand for smaller radio form factors.
RF-sampling ADCs provide a higher level of
integration, because they reduce both active signal
chain components and supporting elements, such
as different power rails and control signals.

As the communications industry moves towards
multi-band radios, the direct RF-sampling
architecture is gaining even more support, because
it enables the transition from one heterodyne receiver
per band to one RF-sampling ADC per radio.

Furthermore, the power-efficient, on-chip decimation
filters of GSPS RF-sampling ADCs make the

digital output interface look more like that of the
IF-sampling data converter — and are no longer a
barrier for multi-channel receivers. Plus, the external
filter requirement for RF-sampling ADCs doesn’t
appear to be tougher than those for IF-sampling-
based systems.

Advanced CMOS direct-RF-sampling ADCs, like the
ADC12J4000, are being adopted in a wide range

of designs and applications. This is because they
reduce the overall receiver signal chain while the fast
sampling rate gives plenty of space for frequency
planning. Additionally, the technology enables very
wide-bandwidth signals to be captured directly at RF.

Texas Instruments is continuing to push the limits of
technology with our next generation of RF-sampling
ADCs, which will deliver enhanced AC performance,
among other advancements. These products will
enable the direct RF-sampling architecture to finally
deliver on the promise of software-defined radio and
become the preferred approach of radio designers.

References

1. ADC12J4000 datasheet
www.ti.com/adc12j4000

2. All high-speed data converters
3. TIE2E™ high-speed data converter forum

4. Robert Keller, SIGNAL CHAIN BASICS #40:
Frequency planning with high-speed ADCs to
improve in-band system SFDR, Planet Analog,
April 5, 2010

Robert Keller, Signal Chain Basics (Part 97)
Faster is better: GSPS ADCs Enable wide
bandwidth RF digitizers, Planet Analog,
January 28, 2015

5. Robert Keller, Signal Chain Basics #90:
Calculating harmonic distortion frequencies in
high-speed data converters, Planet Analog,
July 3, 2014

6. Tommy Neu, A new leap towards true
software-defined radio, Antenna Systems and
Technology, January 12, 2015

Important Notice: The products and services of Texas Instruments Incorporated and its subsidiaries described herein are sold subject to Tl's standard terms and
conditions of sale. Customers are advised to obtain the most current and complete information about Tl products and services before placing orders. Tl assumes no
liability for applications assistance, customer’s applications or product designs, software performance, or infringement of patents. The publication of information
regarding any other company’s products or services does not constitute Tl's approval, warranty or endorsement thereof.

The platform bar is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

© 2015 Texas Instruments Incorporated
Printed in the U.S.A.

SLYY068



http://www.ti.com/adc12j4000
http://www.ti.com/lsds/ti/data-converters/high-speed-adc-greater-10msps-products.page
http://e2e.ti.com/support/data_converters/high_speed_data_converters/
http://www.eetimes.com/document.asp?doc_id=1272547
http://www.eetimes.com/document.asp?doc_id=1272547
http://www.eetimes.com/document.asp?doc_id=1272547
http://www.planetanalog.com/author.asp?doc_id=563850
http://www.planetanalog.com/author.asp?doc_id=563850
http://www.planetanalog.com/author.asp?doc_id=563850
http://www.planetanalog.com/author.asp?section_id=483&doc_id=563196
http://www.planetanalog.com/author.asp?section_id=483&doc_id=563196
http://www.planetanalog.com/author.asp?section_id=483&doc_id=563196
http://www.antennasonline.com/main/articles/a-new-leap-towards-true-software-defined-radio/
http://www.antennasonline.com/main/articles/a-new-leap-towards-true-software-defined-radio/

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

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

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

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license 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 significant portions 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. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

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

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2015, Texas Instruments Incorporated


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

