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METHOD AND APPARATUS FOR FAST
PROTOTYPING OF WIRELLESS
TRANSCEIVERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 U.S.C. 119(e) to

U.S. Provisional Application Ser. No. 61/349,0977, entitled
“Method and Apparatus for Fast Prototyping of Wireless
Transceivers,” filed May 27, 2010.

BACKGROUND OF THE INVENTION

I. Field of the Invention

The present invention relates to rapid prototyping of
clectronic systems, and 1n particular, to systems and methods
for assembling and configuring wireless transceiver compo-
nents.

II. Description of the Related Axrt

The performance of a wireless communication network 1s
inseparably linked to the physical layer algorithms on which
it 1s built, the hardware used to implement the wireless links,
and the wireless environment i which i1t operates. One
major dithiculty with operating a wireless network 1s the
need to replace or redesign hardware when operating
requirements change. This well-recognized need 1n the art
has driven the development of software-defined radios in
which many of the components that were typically imple-
mented 1n special-purpose hardware are instead 1mple-
mented in software by a general-purpose processor. The
rationale behind such a design is to enable a radio to transmit
and receive a variety of different wireless protocols based
solely on the software used.

Many transceiver functions cannot be 1mplemented
entirely 1n software. For example, analog-to-digital (A/D)
converters lack the discrimination to pick up sub-microvolt,
nanowatt radio signals. Therefore, a low-noise amplifier
(LNA) must precede the A/D converter. Since spurious
signals cause an LNA to introduce distortions in the ampli-
fied signal, band-pass filters are typically used between the
antenna and the LNA. This reduces the radio’s flexibility,
thus eliminating many of the proposed benefits of soltware-
defined radio.

An mtegrated hardware and software system 1s required to
tulfill the need for a functional, versatile, and rapid proto-
typing platform. This often requires that both hardware and
software be developed concurrently, or else substantial hard-
ware redesign must be considered when software 1s devel-
oped that cannot be supported by the current hardware.
While multiple approaches are used by hardware designers
to solve this problem, including computer-aided design,
hardware emulation 1n software, and using Field Program-
mable Gateway Arrays (FPGAs), all these solutions have
numerous draw backs, most notably being they are generally
used only for prototyping until a final design 1s locked down.

Furthermore, there 1s a need 1n the art to provide the
end-user of a wireless communication network with the
ability to easily adapt, rapidly modity, and deploy wireless
devices 1n response to changing end-user needs and network
operating requirements.

SUMMARY OF THE INVENTION

Aspects of the present invention can solve these and other
problems by providing an integrated hardware and software
component architecture based on principles of Object Ori-
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ented Programming to allow system developers and end
users to rapidly design, build, and test hardware in an
iterative fashion, allowing for faster product life-cycles,
greater innovation, and facilitating end-user and third-party
development. In some aspects of the mmvention, network
users and operators can rapidly build novel solutions to
extend the network’s functionality to serve their speciific
needs by simply assembling objects. In further aspects of the
invention, sophisticated users can extend an object’s behav-
1ior by adding their own hardware and/or software to a base
object.

In traditional software development, Object-Oriented
Design 1s a process of planning a system of interacting
objects for the purpose of solving a soitware problem. In
aspects of the mvention, Object-Oriented Design principles
may be applied to systems of interacting objects that com-
prise both hardware and software for the purpose of solving
both hardware and software problems. For example, some
aspects of the invention facilitate the discovery of a hard-
ware component 1n a system without the need for physical
device configuration or user intervention in resolving
resource contlicts. A system component contains encapsu-
lated procedures (and optionally, data) grouped together to
represent an object. The object interface (1.e., how the object
can be interacted with) 1s also defined.

With respect to aspects of the invention, Object-Oriented
Design can pertain to the objects that make up a wireless
device. For example, in a wireless transceiver, an object may
comprise a hardware component of the transceiver, such as
an RF front-end, a filter, an A/D and D/A converter, a
modem, a spreader, a despreader, a MUX/DEMUX, an
antenna-array processor, an error correction coder/decoder,
or any combination thereof.

In one aspect of the mvention, a wireless transceiver
comprises a plurality of electronic objects configured for
cooperatively functioning together, wherein each object 1s
configured for performing a different transcerver function. A
sub-system router may be configured for routing signals
between the objects. Each object comprises a hardware
component and a software component. The hardware com-
ponent comprises a hardware interface for communicatively
coupling to at least one other object, a central processing
umt, and a memory for storing at least one of software and
data. The software component comprises a software inter-
face for allowing external access to the object’s resources,
and a discovery component configured for conveying the
object’s 1dentity and capabilities to other objects. The dis-
covery component may be configured for identifying other
objects and their capabilities.

In another aspect of the invention, a wireless transceiver
comprises a plurality of electronic objects configured for
performing a similar function. For example, 1n one aspect of
the invention, each of the plurality of electronic objects may
be configured for accepting a signal formatted 1n accordance
with a common signal format. Each of the objects performs
a similar Tunction on the input signal. For example, an object
may perform error correction, equalization, demodulation,
or other types of signal processing on the input signal.
However, the specific operations or algorithms employed by
cach object may differ. In one aspect of the mvention, a
signal output by each of the plurality of electronic objects 1s
formatted in accordance with a common signal format. In
accordance with another aspect of the invention, the signals
output by the different objects may difler with respect to one
or more signal parameters. For example, although the plu-
rality of electronic objects are configured for performing a
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similar Tunction, the signals output by each object may have
different symbol constellations, data rates, bit-error rates, or
other signal characteristics.

In another aspect of the invention, each of the plurality of

clectronic objects 1s configured for performing a similar
function, but each of the objects accepts a different signal
format. An object may perform error correction, equaliza-
tion, demodulation, or other types of signal processing on
the input signal. However, the manner in which each object
performs 1ts function may differ based on some predeter-
mined criterion, such as the type of signal input, the oper-
ating mode of the transceiver, or the amount of latency that
can be tolerated 1n the system. A sub-system router may be
configured for routing signals between the objects based at
least on the predetermined criterion. In one aspect of the
invention, the signals output by each of the plurality of
clectronic objects 1s formatted 1n accordance with a common
signal format. In accordance with another aspect of the
invention, the signals output by the different objects may
differ with respect to one or more signal parameters.
In yet another aspect of the invention, an object comprises
one of a plurality of components of a wireless transceiver
configured to operate in a wireless sensor network. The
object may comprise a component of a wireless transceiver
or a sensor device configured to operate 1 the sensor
network. For example, the object may comprise a motion-
detector sensor, a heat sensor, a microphone, a camera, a
thermometer, a barometer, a humidity sensor, any wireless
transceiver components, or any combination thereof.

In accordance with aspects of the mnvention, an electronic
object 1s configured to function as a signal-processing com-
ponent 1 a wireless device. It 1s a sub-system of a stand-
alone device, but not a stand-alone device 1n itself. While an
clectronic object’s hardware interface may include a wire-
less interface, the electronic object 1s one of a plurality of
components of a stand-alone system.

According to another aspect of the mvention, an elec-
tronic object configured for rapid prototyping of a wireless
communication transceiver comprises an 1dentification
means configured for automatically identifying the object’s
capabilities to at least one other object in the transceiver, an
interface means for allowing access to the object’s resources
through well-defined physical and logical entry points, and
a Tunction-adaptation means configurable to extend or over-
ride functionality of another object.

According to another aspect of the mvention, an elec-
tronic object configured for rapid prototyping of a wireless
communication transceiver comprises an 1dentification
means, an interface means, and a polymorphism means
configurable for adapting the object to perform different
functions based on at least one input parameter.

As used herein, the term, rapid prototyping, 1s defined as
constructing a device from a plurality of components con-
figured for easy assembly. The components may include
interchangeable components. A rapid-prototyping system
comprises a plurality of easily assembled components that
form a composite system or device.

Although particular aspects and embodiments are
described herein, many variations and permutations of these
embodiments fall within the scope of the invention.
Although some benefits and advantages of aspects of the
invention are mentioned, the scope of the invention 1s not
intended to be limited to particular benefits, uses, or objec-
tives. Rather, aspects of the invention are intended to be
broadly applicable to diflerent applications, system configu-
rations, networks, and devices, some of which are illustrated
by way of example 1n the figures and 1n the following
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description. The detailed description and drawings are
merely 1llustrative of some aspects of the invention rather
than limiting, the scope of the invention being defined by the
appended claims and equivalents thereof.

BRIEF DESCRIPTION OF THE

DRAWINGS

The invention 1s illustrated in the figures of the accom-
panying drawings which are meant to be exemplary and not
limiting, 1n which like references are intended to refer to like
or corresponding parts, and wherein:

FIG. 1 1s a block diagram of a wireless transceiver in
accordance with one aspect of the mvention;

FIG. 2 1s a block diagram of a wireless transceiver in
accordance with another aspect of the mvention;

FIG. 3 1s a flow diagram that depicts a method according
to an aspect ol the mvention;

FIG. 4 1s a flow diagram depicting a method for creating
a network of objects 1n accordance with an aspect of the
invention;

FIG. 5 1s a tlow diagram that depicts a method according,
to another aspect of the invention;

FIG. 6 1s a functional diagram of a Rake equalizer object
according to an aspect of the imvention;

FIG. 7 1s a functional diagram of a frequency-domain
equalizer object according to an aspect of the invention;

FIG. 8 1s a functional diagram of an interference-canceller
equalizer object according to an aspect of the invention;

FIG. 9 1s a block diagram of a compound object according,
to an aspect ol the mvention;

FIG. 10 1s a flow diagram that depicts a method according,
to an aspect of the mvention;

FIG. 11 1s a block diagram of a wireless transceiver in
accordance with aspects of the invention; and

FIG. 12 1s a block diagram of a set of electronic objects
communicatively coupled to a router. The set of electronic

L ] [

objects comprise different types of equalizers.

DETAILED DESCRIPTION

In the following description, reference 1s made to the
accompanymg drawings that form a part hereof, and in
which 1s shown by way of illustration specific aspects in
which the invention may be practiced. It 1s to be understood
that other aspects and embodiments may be utilized, and
structural changes may be made without departing from the
scope of the present mnvention.

FIG. 1 1s a block diagram of a wireless transceiver 101 1n
accordance with an aspect of the invention. The transceiver
101 comprises a plurality of rapid-prototyping transceiver
components, or objects 120-124. Each object 120-124 com-
prises a combination of hardware and software configured
for “plug-and-play” assembly. The principle of plug-and-
play, as used herein, refers to methods and aspects of the
invention that facilitate the discovery of a hardware com-
ponent 1n a system without the need for physical device
configuration or user intervention in resolving resource
conflicts.

Transceiver components 120-124 are referred to as
objects for the purpose of relating some functional aspects of
the mnvention to principles ol Object-Oriented Design in
soltware development. Object-Oriented Design 1s known 1n
the art as a process of planning a system of interacting
objects for the purpose of solving a soitware problem. In
some aspects of the mvention, Object-Onented Design
relates to systems of interacting objects that comprise both
hardware and software for the purpose of solving both
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hardware and software problems related to communications
in a wireless network and/or functional aspects of a wireless
transceiver.

Each object 120-124 comprises a CPU, a storage medium
for storing software, and an interface. For example, object
121, which 1s a pulse-shaping filter, comprises CPU 131,
memory 141, and interface 151. The objects 120-124 are
configurable for being easily connected to each other, such
as may be useful mn a rapid-prototyping application. The
hardware 1interfaces 1350-154 facilitate assembly of the
objects 120-124 to produce the transceiver 101. In one
aspect of the imnvention, the interfaces 150-154 connect the
objects directly to each other. In another aspect of the
invention, the interfaces 150-154 may connect to an inter-
mediary device, such as a controller board or a router, which
communicatively couples the objects 120-124 together.

Objects 120-124 may comprise additional elements. For
example, the RF Front-End object 120 further comprises a
frequency converter 135 for up-converting signals to be
transmitted and down-converting received signals, and an
ADC/DAC module 136 performs analog-to-digital conver-
sion of recerved signals and digital-to-analog conversion of
signals to be transmitted. Additional elements (which are not
shown) may also be included, such as a power amplifier, a
preamplifier, filters, and other components employed for RF
front-end processing. Additional elements (which are not
shown) may be included 1n any of the other objects 121-124.

The transcerver 101 may further comprise controller
components for enabling or facilitating the operation of the
objects 120-124. For example, the transceiver 101 may
comprise a power system 110, a CPU 111, a router 112, and
an interface 113. Other components that are not shown may
also be 1included 1n the transcerver 101. In one aspect of the
invention, the power system 110 provides electrical power to
objects 120-124. In another aspect of the invention, one or
more of the objects may include their own power source (not
shown). In one aspect, the CPU 111 may be configured for
processing signals employed by one or more of the objects
120-124. The CPU 111 may assist objects 120-124 1n
interacting with each other. The CPU 111 may process
signals transmitted between the objects 120-124. In another
aspect, the CPU 111 may be absent and all computer
processing performed in the transceiver 101 1s performed by
the object CPUs 130-134. Interface 113 i1s also an optional
component. The interface 113 may comprise a data port (not
shown) for data sources and/or data sinks (not shown) that
may be communicatively coupled to the transceiver 101.

Some aspects of the mvention mclude methods of signal
routing between the objects 120-124. Various hardware
configurations may be employed for routing signals in the
transceiver 101. In one aspect, the router 112 provides for
routing signals between the objects 120-124. In another
aspect of the invention, such as shown i FIG. 2, the
transceiver 101 does not comprise a discrete router. Rather,
routing functions are performed by the individual objects
120-124. In yet another aspect of the imnvention, one of the
objects 120-124 may comprise a sub-system router (not
shown) or otherwise be configurable for providing all sub-
system routing.

A method according to one aspect of the invention 1s
depicted by the flow diagram shown in FIG. 3. Object
discovery 301 may be performed automatically when an
object 1s physically coupled to at least one other object or
alter a network of objects 1s assembled. Alternatively, an
object discovery process 301 may be iitiated by a user.
Object discovery 301 comprises identifying the types of
objects 1n the network. Object discovery 301 may further
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comprise collecting other information about each object. For
example, object information may comprise an object’s oper-
ating capabilities (e.g., memory size, processing speed,
bit-error-rate performance), operating requirements (e.g.,
power consumption, latency), the types of signals the object
1s configured for processing, signal formats for signals
output by the object, etc.

Logical channels between the objects are created 302 after
the objects are i1dentified 1n the object discovery step 301.
Logical channels comprise associations between objects
indicating which objects communicate with each other.
These associations may further comprise the order of those
communications. For example, the pulse-shaping filter 121
may communicate with the RF Front-end 120, the equalizer
122, and the Mux/Demux 123, but not with the Error-
Correction Coder/Decoder 124.

Routing 303 of the signals between the objects employs
the logical channels, and may optionally employ informa-
tion about the signals. According to one aspect of the
invention, the signal format of an output signal and/or the
identification of the object transmitting the signal may be
used to determine a destination object for the transmission.
For example, the pulse-shaping filter 121 processes a
received signal routed from the RF Front-end 120, and then
the pulse-shaped received signal 1s routed to the equalizer
122. Since the equalizer 122 may only process received
baseband signals, a signal to be transmitted 1s routed from
the Mux/Demux 123 to the pulse-shaping filter 121, by-
passing the equalizer 122. The resulting pulse-shaped signal
1s then routed to the RF Front-end 120.

FIG. 4 1s a flow diagram depicting a method for creating
a network of objects 1n accordance with an aspect of the
invention. For example, a system CPU 111 runming network-
initialization software performs object identification 401 for
identifying each object. Alternatively, at least one object
CPU 130-134 running network-initialization software per-
forms object identification 401.

System determination 402 1s a process whereby the CPU
111 software determines i a minimum set of objects 1s
present to perform as a wireless transceiver 101. Alterna-
tively, One or more object CPUs 130-134 running system
determination 402 software determines 11 a minimum set of
networked objects 1s present to function as a wireless
transceiver 101. Object identification 401 and/or system
determination 402 may be included in the Object discovery
step 301 shown 1n FIG. 3.

Path determination 403 1s a process performed by the
system CPU 111 or one or more of the object CPUs 130-134
for determining which objects communicate with each other.
Path determination 403 may be performed 1n the step of
creating logical channels 302 shown 1n FIG. 3.

Routing determination 404 1s a process whereby the
system CPU 111 and/or one or more of the object CPUs
130-134 route messages between the objects 120-124. In
one aspect of the invention, the system CPU 111 and/or one
or more of the object CPUs 130-134 creates a routing table.
Either the CPU 111 or an object 120-124 may determine at
least one destination object 120-124 for an object’s output
signal using some predetermined criterion, such as the type
of signal (e.g., signal format) and/or which object 120-124
1s transmuitting 1t. The routing step 303 shown 1n FIG. 3 may
comprise path determination 403 and/or routing determina-
tion 404.

In some aspects of the invention, one or more object
CPUs (such as CPUs 130-134) may perform the same
functions as the system CPU 111 described with respect to
FIG. 4. For example, as shown 1n the flow diagram depicted
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by FIG. 5, each object 120-124 announces its presence by
transmitting a selt-identification message 501. In one aspect
of the mvention, one or more of the objects 120-124 may
transmit probing messages requesting other objects 120-124
to 1dentily themselves.

Next, each object determines which other object(s) it
connects to 502. In a packet-switched network, each object
120-124 records the address of other objects 120-124 it
communicates with. Fach object 120-124 may establish
links with other objects 120-124 that are identified by a
predetermined object type. For example, the pulse-shaping
filter 121 seeks objects that are an RF Front-end type (e.g.,
object 120), an equalizer type (e.g., object 122), or a
Mux/Demux type (e.g., object 123), and then records the
addresses of those respective objects 120, 122, and 123.

In one aspect of the invention, one of the objects 120-124
functions as a network controller. The network controller
may determine 11 a suflicient set of objects 1s present 503 to
perform as a transceiver before proceeding to the next step.
In another aspect of the invention, a plurality of the objects
120-124 may work cooperatively to perform network-con-
trol functions. According to one aspect, each object 120-124
may determine 11 1t 1s able to connect to a predetermined set
of objects 120-124. For example, the pulse-shaping filter
121 may search for any object that 1s an RF Front-End type
(e.g., object 120), an equalizer type (e.g., object 122), or a
Mux/Demux type (e.g., object 123). If the pulse-shaping
filter 121 1s unable to find another object that i1s an RF
Front-End type (e.g., object 120), 1t may generate a message
indicating that there i1s an insuflicient set of objects to
perform as a transceiver. If a suflicient set of objects 1s
present, then each object 120-124 addresses its transmis-
sions to the other objects 120-124 based on the type of
signals 1t 1s transmitting. Routing determination 504 may be
performed by a central network controller, or routing 504
and other network control may be performed using ad-hoc
networking protocols.

In one aspect of the imnvention, a combined hardware and
software platform 1s provided according to principles of
Object Oriented Design whereby the hardware 1s compo-
nentized 1nto objects defined by interfaces, services, and
information (e.g., metadata) about each object. This enables
users to rapidly build, modily, and customize wireless
transceivers to their specific needs by simply assembling the
objects. The object model employed in some aspects of the
invention allows users to extend an object’s capabilities by
adding their own hardware and/or soitware to the object or
otherwise adapting the object while preserving the object’s
interface.

FIG. 6 1s a functional diagram of a Rake equalizer object
600, which may be denoted as an equalizer object, such as
the equalizer object 122 shown in FIG. 1. The equalizer
object 600 1s configured to equalize a received CDMA
signal. The equalizer object 600 comprises an interface 601,
a path selector 602, a path delay 603, and a combiner 604.
Additional components that are not shown may be included
in the equalizer object 600. While the equalizer object 600
may be configured to process received CDMA signals, the
equalizer object 600 may be used to process other types of
signals as well. In some aspects of the invention, Rake
equalization may precede frequency-domain equalization.

FIG. 7 1s a functional diagram of a frequency-domain
equalizer object 700, which may be denoted as an equalizer
object, such as equalizer object 122 shown in FIG. 1. The
equalizer object 700 may be configured to equalize a
received OFDM signal. The equalizer 700 comprises an
interface 701, an FFT 702, a complex-weighting process
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703, and an IFFT 704. Additional signal-processing com-
ponents that are not shown may be included 1n the equalizer
object 700. While frequency-domain equalization may be
performed on a recerved OFDM signal, the equalizer object
700 may be configured to process other types of signals as
well, such as single-carrier signals having a cyclic prefix.
Furthermore, the equalizer object 700 may be configured to
function with other equalizer objects. For example, fre-
quency-domain equalization follow Rake equalization.

FIG. 8 1s a functional diagram of an interference-canceller
equalizer object 800, which may be denoted as an equalizer
object, such as the equalizer object 122 shown 1n FIG. 1. The
equalizer object 800 1s configured to cancel co-channel
interference 1n a received signal. The equalizer object 800
comprises an interface 801, a channel-decomposition pro-
cess 802, an interference selector 803, a synthesizer 804, a
channel emulator 805, and a canceller 806. Additional
components that are not shown may be included in the
equalizer object 800. Interference cancellation may be per-
formed on various types of received signals, such as CDMA
signals, single-carrier signals having a cyclic prefix, and/or
OFDM signals. The particular signals selected for process-
ing by the equalizer 800 may be determined 1n a decision
step performed by at least one object CPU (such as CPU
132) or a system CPU (such as CPU 111).

According to one aspect of the invention, interfaces 601,
701, and 801 are characterized by the same type of hardware
interface and the same type of software interface. For
example, the hardware interface may comprise a circuit
board socket, terminal, connector, or any other connection
means configured for communicatively coupling the objects
120-124 together or for communicatively coupling the
objects 120-124 to a mother board, a multi-socket adaptor,
or some other mntermediary interface. The software interface
may comprise a predetermined set of data structures,
arrangement ol arguments, and/or data types.

In one aspect of the invention, a data transmission
addressed to an equalizer 1s received by a plurality of
equalizer objects, such as equalizer objects 600, 700, and
800. The equalizer objects 600, 700, and 800 decide whether
to process the data transmission based on an identifier value
in the received transmission. The 1dentifier value may be a
preamble symbol prepended to a data packet. The identifier
value may 1dentify the type of data and/or an mstruction for
indicating the type of equalization to be performed. For
example, the identifier value may 1ndicate that the data 1s a
received CDMA signal. The Rake equalizer object 600 1s
responsive to this identifier value for performing equaliza-
tion on the data payload of the received data transmission.
The frequency-domain equalizer object 700 reads the 1den-
tifier value and then 1gnores the rest of the data transmission,
since the frequency-domain equalizer object 700 1s config-
ured for processing only OFDM signals. Similarly, the
interference-canceller equalizer object 800 may respond to
the CDMA 1dentifier by not processing the received signal.
However, 1n another aspect of the invention, the interfer-
ence-canceller equalizer object 800 may equalize the
received CDMA signal. The transceiver 101 may further
comprise signal-selection means (not shown) for selecting
one of a plurality of equalized signals based on some
criteria, such as a SNR or BER measurement. The trans-
ceiver 101 may further comprise signal-combining means
(not shown) for combining a plurality of equalized signals.

According to one aspect of the invention, an object (such
as at least one of the objects 120-124) 1s configurable for
being responsive to a software interface parameter for
adapting one or more internal functions 1t performs. For
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example, the interference-canceller equalizer object 800
may respond to a CDMA 1dentifier value 1n the received data
for adapting channel decomposition 802 and interference
synthesis 804 functions for processing CDMA signals. Like-
wise, the interference-canceller equalizer object 800 may
respond to an OFDM identifier value by adapting channel
decomposition 802 and interference synthesis 804 functions
to process OFDM signals.

According to another aspect of the invention, a signal 1s
addressed to one or more of the objects 120-124, and the
objects 120-124 perform routing. For example, an OFDM
signal may be addressed to the frequency-domain equalizer
object 700 and the interference-canceller equalizer object
800. When the Rake equalizer object 600 receives the
OFDM signal, 1t may 1gnore the signal or retransmit the
signal to the appropriate objects 700 and 800.

FIG. 9 1s a block diagram of a compound object 900
according to an aspect ol the ivention. An object may
contain other objects. For example, the compound equalizer
object 900 may contain a Rake equalizer object 911, an
OFDM equalizer object 912, and an interference-cancella-
tion equalizer object 913. The objects 911, 912, 913 may
comprise well-defined hardware and software mterfaces (not
shown) such that objects 911, 912, 913 may be replaced with
other objects (not shown) having the same type of interfaces,
and/or additional objects may be connected to the equalizer
object 913.

According to a functional aspect of the invention, the
compound equalizer object 900 1s responsive to a signal
received by i1ts interface 901. An internal router 902 pro-
cesses the received signal for directing 1t to one or more of
the objects 911, 912, 913. The equalizer object 900 may be
configured for selecting an equalized signal from a plurality
of equalized signals. Alternatively, the equalizer object 900
may be configured for combining a plurality of equalized
signals. A resulting equalized signal produced by one or
more of the objects 911, 912, 913 1s coupled back to the
interface 901 for transmission to at least one of the other
objects 120-124 1n the transceiver 101.

A Tunctional aspect of a compound object i1s that as
changes are made to 1ts component objects, those changes
may automatically be incorporated into the compound
object’s properties and/or interface. For example, 1if the
OFDM equalizer object 912 1s added to the compound
equalizer object 900, the equalizer 900 may adapt 1ts sofit-
ware 1nterface to accept OFDM signals, and/or the equalizer
900 may automatically imform other objects 1n the trans-
ceiver of 1ts updated properties.

In one aspect of the invention, such as illustrated in FIG.
10, an object 1s added 1001 to a compound object (or some
other change 1s made to the compound object’s internal
system). An 1dentification procedure 1002 comprises an
exchange of messages between at least one of the internal
objects (e.g., the new object) and the compound object,
which i1dentifies the properties of the new object to the
compound object. The compound object responds to the
messages by updating its own properties. The compound
object then transmits 1ts updated properties to other objects
120-124 1n the transcerver 101.

Although the flow diagram 1n FIG. 10 describes an aspect
of the mvention 1n which the steps 1001-1004 are a sequen-
tial process, 1n other aspects, two or more of the steps
1001-1004 may be performed 1n parallel or concurrently. In
addition, the order of the steps 1001-1004 may be re-
arranged. The process shown in FIG. 10 1s terminated when
its operations are completed. However, the process may
comprise additional steps not shown in the figure. The
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process may correspond to a method, a function, a proce-
dure, a subroutine, a subprogram, etc. When the process
corresponds to a function, 1ts termination corresponds to a
return of the function to 1ts calling function or main function.

FIG. 11 1s a block diagram of a wireless transceiver 1100
that comprises a plurality of objects configurable for rapid
prototyping 1n accordance with an aspect of the invention.
The wireless transcerver 1100 comprises an 1dentification
means 1101, an encapsulation means 1102, a function adap-
tation means 1103, an object interface means 1104, and a
polymorphism means 1103.

The 1dentification means 1101 1s configured for automati-
cally identifying the object’s capabilities to at least one other
object 1n the transceiver. Each object 1s defined by its
properties, what 1t 1s, and what 1t can do (its capabilities). Its
properties may comprise the type of hardware that 1t imple-
ments, or the properties of that hardware. For example, each
object employs a CPU. Properties may include the process-
ing speed and memory of the CPU. Signal properties may
include the delay between the input and the output. What the
object 1s can be defined by 1ts function. For example, the
object may be a modem, an error-correction coder, etc. What
the object can do may be defined by either or both the nature
of its mputs and 1ts outputs. For example, an object may be
defined by the rate it can process input data, or by the mput
signal levels 1t can accept. An object may be defined by
characteristics of 1ts outputs. For example, an error correc-
tion decoder may be defined by 1ts constraint length or the
bit-error rate 1t 1s capable of achieving.

According to one aspect of the imvention, the 1dentifica-
tion means 1101 comprises a storage medium containing
identification data corresponding to the object and software
configured for transmitting the identification to other
objects.

The encapsulation means 1102 1s configured for hiding
the object’s internal structure. Each object has the capability
of hiding at least some of 1ts internal structure. For example,
cach object has a well-defined hardware interface and signal
interface. That 1s, both the mputs and the outputs are
well-defined. The hardware requires a signal to be delivered
in a specific way (e.g., via USB, Bluetooth, Cat 5, 802.11¢g)
and formatted in a specific way (e.g., an analog signal
having a power level between a set of predetermined limaits,
or a digital signal having a specified data rate and/or data
structure). However, the type of hardware or the path of the
signals through the hardware (such as in the case where an
object comprises multiple boards, or even a computer net-
work) may be hidden 1f 1t 1s not pertinent to 1ts object
definition. Similarly, algorithms for processing signals
inside the object may be hidden if those details are not
pertinent to the object definition.

In one aspect of the mvention, the encapsulation means
1102 comprises predetermined sets of input types and output
types for the object’s intertace. This permits the internal
structure of the object to be implemented 1n various ways
without the details of the implementation being pertinent to
the interfaces.

The function adaptation means 1103 1s configurable to
allow the object to extend or override functionality of
another object. For example, 1n the case where two error-
correction objects are employed 1n a system, one error-
correction object may override the other error-correction
object when an nput signal level 1s above (or below) a
predetermined threshold. For example, while both objects
may be communicatively coupled to a network, the address
of a signal configured for error correction may be dynami-
cally selectable so the signal 1s routed to one or the other
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error-correction object based on some predetermined crite-
rion. It 1s common to employ cascaded filters in digital
signal processing. Therefore, an example ol one object
extending the function of another object can include a
second filter object providing additional signal processing to
the function of a first filter object. In one aspect, signals
output from the first filter are routed to the second filter for
subsequent processing. In another aspect, signals routed
from the output of the second filter object are routed back to
the first filter object, such as for performing an 1terative or
cascaded filtering function, until a predetermined criterion 1s
met and the signal 1s re-addressed to a different destination
object for further processing.

In one aspect of the invention, the function adaptation
means 1103 comprises a router and software configured for
routing signals to a first object when at least a first prede-
termined criterion 1s met, and routing signals to a second
object of the same type as the first object when at least a
second predetermined criterion 1s met. In another aspect of
the invention, the function adaptation means 1103 comprises
a router and soitware configured for routing signals output
from a first object to a second object of the same type as the
first object when a predetermined criterion 1s met.

The object’s interface 1104 means allows access to the
object’s resources only through well-defined physical and
logical entry points. In hardware, the object’s interface is
defined by its physical communication link. In order to
communicatively couple two objects together, a physical-
layer interface (e.g., a wired or wireless communication
network) 1s necessary. Furthermore, a logical interface, such
as an address space, may be necessary as well. In software,
an 1nterface can refer to a set of named operations that can
be mvoked. Interface generally refers to an abstraction that
an entity provides of itself to the outside. This separates the
methods of external communication from internal opera-
tions, and allows the entity to be internally modified without
allecting the way outside enftities interact with it. The
interface may also pertain to signals, including data struc-
tures, arrangement ol arguments, and data types.

The polymorphism means 1103 1s configurable for adapt-
ing at least one of the objects to perform different functions
based on at least one 1nput parameter. In one aspect of the
invention, an object may be configured to exhibit polymor-
phism. Specifically, polymorphism is the ability of one type
ol object or function to appear as, and be used like, another

type of object or function. For example, according to one
aspect of the mvention, an equalizer object equalizes both
CDMA and OFDM input signals. An mput CDMA signal 1s
processed by a Rake receiver, which combines diflerent
multipath components of the received signal and outputs an
equalized signal. An input OFDM signal has its cyclic prefix
removed and 1s separated into its component subcarrier
values by an FFT, and then the values are weighted with
respect to measured channel estimates and the resulting
equalized signal 1s output.

In one aspect of the invention, a wireless transceiver
comprises a plurality of electronic objects configured for
performing a similar function. For example, FIG. 12 1s a
block diagram of a set of electronic objects 1201-1203
communicatively coupled to a router 1200. The object 1201
1s a Rake equalizer having a signal input s, (t) and a signal
output s',(t). Object 1202 1s an OFDM equalizer having a
signal input s,(t) and a signal output s',(t). Object 1203 1s an
interference canceller (IC) equalizer having a signal 1nput
s,(t) and a signal output s';(t). In some aspects of the
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invention, the signal outputs s',(t), s',(t), and s';(t) may be
coupled back to the router 1200 or to other electronic objects
(not shown).

Each of a plurality of electronic objects may be config-
ured for accepting a signal formatted 1n accordance with a
common signal format. Fach of the objects performs a
similar function on its input signal. For example, an object
may perform error correction, equalization, demodulation,
or other types of signal processing on the input signal.
However, the specific operations or algorithms employed by
cach object may differ.

In FIG. 10, each object 1201-1203 15 an equalizer object.
Therefore, each object 1201-1203 performs equalization on
its respective mput signal. However, each object 1201-1203
performs a different type of equalization. In one aspect of the
invention, the signal inputs s, (t), s,(t), and s,(t) comprise a
common signal format. For example, a single-carrier signal
with a cyclic prefix may be equalized by any of the equalizer
objects 1201-1203. In some aspects, the signal inputs s, (1),
s,(t), and s;(t) may comprise the same signal.

In one aspect of the invention, a signal output by each of
a plurality of similar electronic objects i1s formatted 1n
accordance with a common signal format. For example, the
signal outputs s' (1), s',(t), and s';(t) may comprise soit-
decision symbol estimates quantized with respect to a pre-
determined symbol constellation.

In accordance with another aspect of the invention, sig-
nals output by the different objects may differ with respect
to one or more signal parameters. Although a plurality of
similar electronic objects are configured for performing a
similar function, the signals output by each object may
comprise different symbol constellations, data rates, bait-
error rates, or other signal characteristics. For example, each
of the signal outputs s' (1), s'5(t), and s';(t) may comprise
symbol estimates quantized with respect to a diflerent sym-
bol constellation.

In another aspect of the invention, each of a plurality of
clectronic objects 1s configured for performing a similar
function, but each object accepts a different signal format.
An object may perform error correction, equalization,
demodulation, or other types of signal processing on the
input signal. However, the manner 1n which each object
performs 1ts function may differ based on some predeter-
mined criterion, such as the type of signal input, the oper-
ating mode of the transceiver, or the amount of latency that
can be tolerated in the system. For example, in FIG. 12, the
signal 1nputs s,(t), s,(t), and s,(t) may comprise diflerent
signal formats, each signal format being processed by a
different set of equalizer objects 1201-1203. A sub-system
router, such as router 1200, may be configured for routing
signals between the objects 1201-1203 based at least on one
predetermined criterion. In one aspect of the mvention, the
output signals s',(t), s',(t), and s';(t) are formatted in accor-
dance with a common signal format. In accordance with
another aspect of the invention, the signal outputs s',(t),
s', (1), and s',(t) may differ with respect to one or more signal
parameters.

It should be understood that various aspects of the inven-
tion may be implemented in hardware, firmware, software,
or combinations thereof. In such aspects, any of the steps
301-303 can be implemented 1n hardware, firmware, and/or
soltware to perform the functions of the present invention.
For example, the same piece of hardware, firmware, or
module of software may perform one or more of the steps
301-303. Alternatively, one or more of the steps 301-303
may be performed across multiple platforms, such as 1n a
distributed computing environment.
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When implemented 1n software, firmware, middleware or
microcode, the program code or code segments to perform
the necessary tasks may be stored in a machine-readable
medium such as a storage medium, or memory. A processor
(s) may perform the necessary tasks. A code segment may
represent a procedure, a function, a subprogram, a program,
a routine, a subroutine, a module, a software package, a
class, or any combination of mstructions, data structures, or
program statements. A code segment may be coupled to
another code segment or a hardware circuit by passing
and/or recerving information, data, arguments, parameters,
or memory contents. Information, arguments, parameters,
data, etc. may be passed, forwarded, or transmitted via any
suitable means including memory sharing, message passing,
token passing, network transmission, etc.

As disclosed herein, the term “computer-readable media”
may represent one or more devices for storing data, includ-
ing read only memory (ROM), random access memory
(RAM), magnetic RAM, core memory, magnetic disk stor-
age mediums, optical storage mediums, flash memory
devices and/or other machine readable mediums for storing
information. The term “computer-readable medium”
includes, but 1s not limited to portable or fixed storage
devices, optical storage devices, wireless channels and vari-
ous other mediums capable of storing, containing or carry-
ing instruction(s) and/or data.

The foregoing description of the specific embodiments so
tully reveals the general nature of the invention that others
can, by applying knowledge within the skill of the relevant
art(s) (including the contents of the documents cited and
incorporated by reference herein), readily modity and/or
adapt for various applications such specific embodiments,
without undue experimentation, without departing from the
general concept of the present invention. Such adaptations
and modifications are therefore intended to be within the
meaning and range of equivalents of the disclosed embodi-
ments, based on the teaching and guidance presented herein.
It 1s to be understood that the phraseology or terminology
herein 1s for the purpose of description and not of limitation,
such that the terminology or phraseology of the present
specification 1s to be interpreted by the skilled artisan 1n light
of the teachings and guidance presented herein, 1n combi-
nation with the knowledge of one skilled 1n the relevant arts.

The invention claimed 1s:

1. A first device, comprising:

a first processor;

a communication network interface; and

a first memory including processor-executable code for a
first component of a software-defined radio (SDR) that
1s distributed across a plurality of devices, comprising:

a set of signal processing structions configured to per-
form a first physical-layer SDR algorithm correspond-
ing to a first radio protocol; and

a set of signal processing instructions configured to coop-
cratively process first radio protocol signals with a
second device comprising a second processor and a
second memory including processor-executable code
for a second component of the SDR, the second
memory comprising a set of signal processing instruc-
tions configured to perform a second physical-layer

SDR algorithm corresponding to the first radio proto-
col.

2. The first device recited 1n claim 1, wherein the first
memory further comprises signal processing instructions
configured for identitfying other devices and their capabili-
ties.
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3. The first device recited 1n claim 1, further configured
for routing signals between a plurality of devices.

4. The first device recited 1n claim 1, further configured
for self organizing with the second device to create a
communication network.

5. The first device recited 1n claim 1, further configured
for interfacing with a controller device.

6. The first device recited 1n claim 1, further comprising
at least one of a data source and a data sink.

7. The first device recited in claim 1, further configured
for adapting 1ts signal processing for different signal inputs.

8. The first device recited in claim 1, comprising a
plurality of devices.

9. The first device recited 1n claim 1, further configured to
write software.

10. The first device recited 1n claim 1, further configured
to update its identity upon updates to 1ts set of signal
processing instructions.

11. A wireless transceiver comprising a plurality of
devices, each device comprising:

a Processor;

a communication network interface; and

a memory
including processor-executable code for one software com-
ponent of a software-defined radio (SDR) that 1s distributed
across a plurality of devices, comprising:

a set of signal processing instructions configured to per-

form a physical-layer SDR algorithm corresponding to
a first radio protocol; and

a set of signal processing instructions configured to coop-
cratively process first radio protocol signals with an
other device comprising an other processor and an
other memory including processor-executable code for
an other component of the SDR, the other memory
comprising a set of signal processing instructions con-
figured to perform an other physical-layer SDR algo-
rithm processing corresponding to the first radio pro-
tocol.

12. The wireless transceiver recited 1in claim 11, further
comprising a router configured for routing signals between
the plurality of devices.

13. The wireless transceiver recited 1in claim 11, wherein
at least one of the plurality of devices 1s configured for
routing signals between the plurality of devices.

14. The wireless transceiver recited 1n claim 11, wherein
the plurality of devices 1s configured for self organizing to
create a communication network.

15. The wireless transceiver recited 1n claim 11, wherein
cach device 1s configured for interfacing with a controller
device.

16. The wireless transceiver recited 1n claim 11, compris-
ing a second plurality of devices configured for performing
similar signal processing on different signals.

17. A device configured for rapid prototyping of a wireless
transceiver, comprising:

an 1dentification means configured for automatically con-
veying the device’s 1dentity to at least one other device;

a signal-processing means comprising a processor and a
non-transitory computer-readable medium comprising
first signal processing instructions of a software-de-
fined radio (SDR) that 1s distributed across a plurality
of devices, comprising:

a set of signal processing mnstructions configured to per-
form a first physical-layer SDR algorithm correspond-
ing to a first radio protocol; and

a set of signal processing instructions configured to coop-
eratively process first radio protocol signals with a
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second device comprising a second processor and a
second memory including processor-executable code
for a second component of the SDR, the second
memory comprising a set of signal processing instruc-
tions configured to perform a second physical-layer s
SDR algorithm corresponding to the first radio proto-
col.

18. The device recited 1 claim 17, further comprising a
function adaptation means configurable to perform at least
one of extending and overriding functionality of another 10
device.

19. The device recited 1n claim 17, further comprising a
polymorphism means configurable for adapting the signal
processing means to perform different functions based on at
least one mnput parameter. 15

20. A method for assembling a wireless transceiver, the
method comprising:

communicatively coupling together a plurality of devices,

cach of the plurality of devices comprising:

a Processor; 20

a communication interface; and

a memory including processor-executable code for a
first component of a software-defined radio (SDR)
that 1s distributed across the plurality of devices;

providing each of the plurality of devices with a set of 25

signal processing instructions for performing a ditler-
ent one of a plurality of physical-layer SDR algorithms
corresponding to a first radio protocol; and

coordinating the plurality of devices to cooperatively

process the first radio protocol signals. 30
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