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BACKGROUND

100021 Radio frequency {RF) receivers are complex slectronic systems that arg
typically requived to meet strict performance specifications. One performance parameter
that is sometimes dithioul! to achieve in an RF receiver is linearity. To achieve a
specified Hoearity reguirement, digitsl compensation oiraudivy may sometimes be added
0 an analog receiver design to suppress non-linear distorfion components in an output
signal of the analog receiver. Techuiques are needed for designing RF receiver eysiems

that use digital nondinearity compensation.

SUMMARY

(00031 In accordance with the concepts, systems, olrcuits, and technigues described
herein, a method to design a recsiver system comprises: goneraling an inifial analog
receiver design; characterizing nonlineartfies in the initial analog receiver design;
designing digital nonlinearity compensation cirewitry for the initial analog receiver
dosign based on the nondinearities and spplving the digital nonlinearity compensation
circuitry to the initial analog recetver design; and modifving the analog receiver design
and the digital nonlinearity compensation clvaudiry to wWdentify a combination of the two

that achioves a receiver Hnsarity reguiroment with relafively low power consumption.
(00047 In one enbodiment, modifving Includes modifving the analog recetver design
L SRS M

and the digital nonlinearity compensation civeuilry in an Herative manner.

(O005T  In one ombodiment, modifving includes modifving the analog receiver design

and the digital nonlinearity compensation circuitry to identify & combination of the two
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that achieves the receiver Hoearity requirement with relatively low power consumption in

the digital nonlinearity compensation civouitry.

{30061 In one embodimen, the method further comprises estimating power
consumption of the digital nontinearity compensation clrcutiry each time the digital

nondinearity compensation civcuiiry s modified.

{0007]  In one ombodiment, the digital nonlinearity compensation circuiiry includes an

analog to digital converter (ADC) and & digital equalizer having a plurality of taps.

[O081  In one embodiment, modifving the analog receiver design and the digital
nonlinearity compensation oiveuitry to identify 2 combination of the two that achicves
the system Hnearity requirement with refatively low power consumption in the digital
nonlinearity compensation cironitry includes identifying an analog receiver design that
requires 2 lowest munber of computations in the digital equalizer to achieve the receiver

Hnearity regoirernent,

P08 In accordance with a further aspect of the concepts, systems, circuits and
techniques described herein, a method for designing & receiver comprising sn analog
receiver chain followed by a digital equalization clronlt comprises: selecting
components {or the analog recelver chain that allow the analog recetver chain fo achieve
receiver design requirements other than a recelver Unearity requirement; and designing
the digital equalization eivenit to reduce non-linsar distortion components in an outpat
signal of the anslog recelver chain In & manner that achieves the recetver linearity
reguirerment; wherein selecting components for the analog vecetver chain includes
selecting components having nonlinear characteristios that require a relatively small
nuenber of computations within the digital equalization cirouit to achieve the receiver

linearity requirement,

(00107 In one embodiment, selecting components for the analog recetver chain
mcludes selecting components baving nonlinear characteristics thet requive relatively low
power consuniption in the digital equalization circuit to achieve the receiver Hnearity

regquirement.

10011} I one embodiment, selecting components for the analog receiver chain

includes selecting components having nonlinesr characteristics that require & miniwnam
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BRIEF DESCRIPTION OF THE DRAWINGS

FO0297  Figs. 1 and 2 ave portions of a fowchart ilustrating a method foruse in

designing a radio frequency (RF)} receiver system in accordance with an erabodiment;

TO030]  Fig 3 i3 a block diagram illusteating an example analog recebver architecture
5 that may be considered during a receiver design process in accordancs with an

embodiment;

f00311  Fig 4 is a block diagrann Hlustrating an example asadog receiver architecture
with digital compensation cireuitry that may be considersd during a receiver design

process in accordance with an embodiment;

1 {00321 Fig 8 iz g block disgram Hustrating an example digital egualizer civcuit that
may be wsed to provide nondinearity compensation for an analog receiver design in

accordance with an embodiment;

{00331 Fig 6 is a block diagram of an example procsssing element that may be used

within the dightal equalizer circutt of Fig. § In accordance with an embodiment;

15 (00341 Figs. 7 and § are scheomatic dagrams of an amplifier circuit having feedback
that may be considersd for use as a buffer amplifier during & receiver design process in

accordance with an embodiment;

100387 Figs. 9 and 10 are schematic diagrams of an amplifier ciroui! without feedback

that may be considered for use ag 8 buffer amplifier during a recsiver design process in
3 accordance with an embodiment;

(00361 Fig. 11 is a plot illusteating responses for a frst vecstver having a buffer that

uses feedback and 8 second receiver having a buffer that does not use feedback;

[0037]  Fig 12 is a plot Hlustrating measured spurious free dynamic range (SFDR) for a

receiver having a buffer that uses feedback, for various levels of digital compensation;

2
LA

TO0381  Fig. 13 is a plot tllustrating measured SFDR for a recetver having a bufler that
does not use fesdback, for various levels of digital compensation; and
[0038]  Figs. 14 and 15 are portions of a flowchart Hlustrating s method for use in

designing an RF recelver system in accordance with another embodiment.
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products, harmondes, ofe.} in an output of the analog recelver cirouit may be
implemented. As a first step in the digital design process, nontinesr distortion
conmponents in the analog output signal, as well as the sources of these components, may
be identified (block 22). Tn some inplementations, & calibration procedure may be used
to identify the nonlinear distortion components being generated in the receiver. The
calibration procedure may fnvolve, for example, applying 8 series of two-tone signals fo
an input of the analog receiver circuif and monitoring, recording, and analyzing resuliing

output signals.

TO047]  Based on the identified nonlinesar components and sourees, a digital
compensation architecture may be designed for reducing or climinating the nonlinear
distortion components in the output of the snslog receiver cirendt (block 24). In at least
one embodiment, the digital compensation oircuitry may fnclude one or more analog to
digital conrverters (ADCS) coupled o an oulpot of the analog recetver chainds} followed
by digital processing cireutiry {e.g., a digital squalizer, etc.) that ix configurad {o digitally
suppress one of more of the nonlinesr dstortion components within the output signal of
the analog receiver chain. The power consumption of the resulting digital compensation

clrentiry may he sstimated at this point.

[0048]  Referring now to Fig. 2, the digital compensation architecture may next be
applied o the analog receiver system (block 26). The Hoeartty performance of the
modified system may then be simulated (block 28}, If the modified systom does not
achieve the specified system Hnearity requirement {block 34-N}, then the method 10 may
repeat the digital design process to make modifications o the digital compensation
architecture. That is, nonlinear distortion components may agein be identified (block 22)
and adiustments may be made to the digital compensation architecture based thereon
{hlock 263 This process may be repeated until the systom linesrity requivement has been
achieved or some other condition has boen met {e.g., & maximum number of design
iferations has ocowved, sfe). Hach time the digital compensation architecture i3

modified, the power consumption of the oedified architecture may again be estimated.

00497 When the digitally modified system achieves the specified system Hnearily
reguirament (block 30-Y}, then it may next be delermined whether 8 particular power
condition of the receiver svstem has besn satisfied (block 32}, As will be described in
greater detail, the power condition may include any condition that 18 selected to achieve

8
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output signal. The smonnt of power constaned by processor 74 will typically increase
with increased complexity, In addition, as will be described in greater detail, it has been
discovered that the digital complexity required in digital processor 74 to achiove a
desived linearity performance for a recetver systeom {o.p., recetver system 70} may not
neeessarily depend upon the Hnearity performance of the asalog recetver chain being
used. That is, in many cases, analog receiver designs having better linearity performance
may require more complex digital compensation civeuttry than other analog receiver
designs having poorer Hueseily performance. The receiver design methods described
hiorein {e.g., method 10 of Figs. | and 2, etc.) ave capable of finding a combination of
analog and digitad civewitry that achieves a desived lineanity performance overall, while

consuming a reduced, or in some cases minimal, amount of power,

100541 | should be appreciated that anslog recetver architocture 50 of Fig. 3 roprosents
one possible analog recsiver architecture thet may be considered for use during s design
process in accordance with an embodiment. Many alternative architectores, tncluding
much more comples receiver architectures, may be selected in other implementations.
As desoribed above, the particular srchitecture that is selected will depend, at least in

part, on the particolar system andfor sub-block requirements of the system,

(0851 1o some implomentations, 8 digital equalizer may be used as part of the digital
cornpensation architectire to reduce nonlinesr distortion components in the outpot signsl
of the analog receiver chain, In RF systems having memory effects {e.g., RV receivers,

efe. ), 8 general nondinear fnite tmpudse response (FIR) model that may be used to model

nonlinear operation is the Volterra series, which may be expressed as:

O
S

5
LSRR AR
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114, 116 are sach operative for delaving an Input signal by s desived amount. Fivst delay
block 114 delays the truncated (8-bit) version of fnpwt signal x{n) by a first delay
amount. Second delay block 116 delays 8 truncated version of either the toput signal
x{n} or the second, third, or fowrth powers of x{n} {as selected by nmitiplezer 112} by a
second delay amount. The delayed oufput signals of first and second delay hlocks 114,
116 are multiplied together in fivst nualtiplier 118 o form a fest product. To conserve
power, the first product may be tnmeated to & particular munber of MSBs {a.g., 8-bity,
gto) in some embodiments. The first product may then be wmultipiied by a predetenmined
coefficient in second moultiplier 120 to form a second produect, which serves as the cutput

signal of processing element 110,

FOOS01  In at least one implementation, sach of the delay blocks 114, 116 may include &
series of delay elements 122 and 2 nroltiplexer 1240 The delay clements 122 may each
have an owtpnt that is coupled to an input of multiplexer 124, A signal to be delayed s
apphed to an fopat of the sexies of delay clements 122 and allowed to propagate through
the clements. Multiplexer 124 is then able o select an output signal of one of the delay
slements 122 that has a desired delay amount for passage to an ouipat. Other types of

delay blocks may be wsed in other implementations.

T00611  The signal selected by multiplexer 112, the delay values used in fivst and
second delay blocks 114, 116, and the coefficisnt used by second multiplier 120 roay
sach be determined during & training operation to achieve a desived equalizer response
for a corresponding equalizer {o.g., dightal equalizer civenit 80 of Fig. 5). Afler tralning,
contrel signals may be sent to the comresponding components of processing slement 110
to configure the element. In general, sach processing element in an squalizer will be

independently configured to schieve & desired equalizer response.

[OG621 Tt shonld be appreciated that digital equalizer cireuit 80 of Fig, § and processing
slement 110 of Fig. § ave merely examples of difforent circuits that may be used to
perform digital compensation in varions implomentations. Many aliernative

compensation architectures may be used.

F0631  In method 10 of Figs. 1 and 2, affer an tmitial analog recsiver has been
designed, nonlinear distorfion components within an output signal of the analog receiver

arve identified. A digital compensation architecture wmay then be designed to reduce the

15
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£, The method of claim §, wherein:

modifying the analog recetver design and the digital nonlineanity compensation
circuitry to idenitfy a combination of the two that achieves the system Hoearity
requirement with relatively low power constunpiion in the digital nonlinearity
cornpensation oirawitry includes identifying an snalog recelver design that requires a
fowest number of computations in the digitsl equalizer to achieve the recerver Iineanty

roguiroment,

7. A method for designing a receiver comprising an analog receiver chain followed
by a digital equalization circudt, the method comprising:

selecting components for the analog recsiver chain that allow the analog receiver
chain to achieve recelver design requivements other than a receiver linearity requivement;
and

designing the digital squatization clveul! to reduce non-linear distortion
components in an output signal of the analog receiver chain in a manmer that achioves the
receiver linsarify requirement;

wherein selecting components for the analog recetver chain includes selecting
components having nonlinear characteristics that require 2 relatively small number of
computations within the digital egualization civouit to achieve the receiver Huearity

requurement.

R, The method of claim 7, wheretn:
selecting components for the analog receiver chain includes selecting components
having nonlinear characteristios that requive relatively low powsr consupaption in the

digital squalization circwit to achisve the recetver lineanity requirement.

g, The method of claim 7, whersin:
selecting coroponents for the analog receiver chain includes selecting components
having nonlinear characteristios that require a mindnman level of power consumption in

the digital equalization cireudt to achisve the receiver linearity requirement.
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33, The method of claim 19, whersin:
identifying nonlinear distortion components nclodes performing @ calibration
procedure that includes delivering a series of multi-lone signals to an input of the analog

recetver oiveudt and analyzing resulling output signals,

24, A receiver comprising:

an analog receiver chain having a plurality of analog cirawit components, each of
the anslog cirontt components having known nonlinear response characteristios; and

a digital equalizer coupled o an cutput of the analog receiver chain, the digital
squalizer to reduce one or more nonlinear distortion componens in an oulput signal of
the analog recetver chain to achieve & receiver Hnearity requirement, wherein the cironit
comnponents of the analog vecelver chain are selected to achiove low power consumption

i the digital equalizer,

25, The receiver architecture of claim 24, wheretn:
the analog receiver chain inclndes a number of amplifiers, all of which ave driven

at or below their 1 dB compression poinis wnder normal operating conditions.

28, The receiver architecture of claim 24, wherein:
the cirentt components of the analog receiver chain are selected to achiove

minimwn powesr consumption in the digitad equalizer,

(4]

.y
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