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1. 

DEVICES AND METHODS FOR 
ORTHOGONAL FREQUENCY DIVISION 

MULTIPLEXING SIGNAL PHASE SHAPNG 

BACKGROUND 

The present disclosure relates generally to polar transmit 
ters, and more particularly, to polar transmitters included 
within electronic devices. 

This section is intended to introduce the reader to various 
aspects of art that may be related to various aspects of the 
present disclosure, which are described and/or claimed 
below. This discussion is believed to be helpful in providing 
the reader with background information to facilitate a better 
understanding of the various aspects of the present disclosure. 
Accordingly, it should be understood that these statements are 
to be read in this light, and not as admissions of prior art. 

Transmitters and receivers are commonly included in vari 
ous electronic devices, and particularly, portable electronic 
devices such as, for example, phones (e.g., mobile and cellu 
lar phones, cordless phones, personal assistance devices), 
computers (e.g., laptops, tablet computers), internet connec 
tivity routers (e.g., Wi-Fi routers or modems), radios, televi 
sions, or any of various other stationary or handheld devices. 
One type of transmitter, known as a wireless transmitter, may 
be used to generate a wireless signal to be transmitted by way 
of an antenna coupled to the transmitter. Specifically, the 
wireless transmitter is generally used to wirelessly commu 
nicate data over a network channel or other medium (e.g., air) 
to one or more receiving devices. 

The wireless transmitters may generally include Subcom 
ponents such as, for example, an oscillator, a modulator, one 
or more filters, and a power amplifier. Furthermore certain 
data modulation techniques that may be implemented by 
wireless transmitters may include a modulation of in-phase 
(I)/quadrature (Q) time samples of a signal into amplitude and 
phase signals. However, because certain wireless transmitters 
may also utilize phase information to modulate the frequency 
of one or more oscillators included within the wireless trans 
mitters, the output signal, and, by extension, the information 
to be transmitted may become distorted. It may be useful to 
provide more advanced and improved wireless transmitters. 

SUMMARY 

A Summary of certain embodiments disclosed herein is set 
forth below. It should be understood that these aspects are 
presented merely to provide the reader with a brief summary 
of these certain embodiments and that these aspects are not 
intended to limit the scope of this disclosure. Indeed, this 
disclosure may encompass a variety of aspects that may not 
be set forth below. 

Various embodiments of the present disclosure may be 
useful in “shaping a slope of the phase component of 
orthogonal frequency division multiplexing (OFDM) data 
symbols in order to decrease an accumulation of phase error. 
By way of example, a method includes receiving an incoming 
data signal via a processor of a transmitter. The method fur 
ther includes computing one or more roots of a first function 
representing a phase component of the data signal, computing 
a second function representing the phase component based on 
the one or more roots, deriving a periodicity of the phase 
component based on the second function, and deriving a value 
of a slope of the phase component based at least in part on the 
periodicity of the phase component to reduce or eliminate an 
error of the phase component. 
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2 
Various refinements of the features noted above may exist 

in relation to various aspects of the present disclosure. Further 
features may also be incorporated in these various aspects as 
well. These refinements and additional features may exist 
individually or in any combination. For instance, various 
features discussed below in relation to one or more of the 
illustrated embodiments may be incorporated into any of the 
above-described aspects of the present disclosure alone or in 
any combination. The brief Summary presented above is 
intended only to familiarize the reader with certain aspects 
and contexts of embodiments of the present disclosure with 
out limitation to the claimed Subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 
publication with color drawing(s) will be provided by the 
Office upon request and payment of the necessary fee. 

Various aspects of this disclosure may be better understood 
upon reading the following detailed description and upon 
reference to the drawings in which: 

FIG. 1 is a schematic block diagram of an electronic device 
including a transceiver, in accordance with an embodiment; 

FIG. 2 is a perspective view of a notebook computer rep 
resenting an embodiment of the electronic device of FIG. 1; 

FIG. 3 is a front view of a hand-held device representing 
another embodiment of the electronic device of FIG. 1; 

FIG. 4 is a front view of a desktop computer representing 
another embodiment of the electronic device of FIG. 1; 

FIG.5 is a front view and side view of a wearable electronic 
device representing another embodiment of the electronic 
device of FIG. 1; 

FIG. 6 is a block diagram of the transceiver included within 
the electronic device of FIG. 1 including a transmitter, in 
accordance with an embodiment; 

FIG. 7 is a block diagram of a polar modulator included as 
part of the transmitter of FIG. 6, in accordance with an 
embodiment; 

FIG. 8 is a plot diagram illustrating an example of a peri 
odic phase component signal, in accordance with an embodi 
ment; 

FIG. 9 is a block diagram of a frequency synthesizer 
included as part of the transceiver of FIG. 6, in accordance 
with an embodiment; 

FIG. 10 is a flow diagram illustrating an embodiment of a 
process useful in “shaping a slope of the phase component of 
OFDM data symbols in order to decrease an accumulation of 
phase error, in accordance with an embodiment; and 

FIG. 11 is a plot diagram illustrating the performance of a 
WLAN OFDM data signal as a function of error with a 
“shaped phase slope, in accordance with an embodiment. 

DETAILED DESCRIPTION 

One or more specific embodiments of the present disclo 
sure will be described below. These described embodiments 
are only examples of the presently disclosed techniques. 
Additionally, in an effort to provide a concise description of 
these embodiments, all features of an actual implementation 
may not be described in the specification. It should be appre 
ciated that in the development of any such actual implemen 
tation, as in any engineering or design project, numerous 
implementation-specific decisions must be made to achieve 
the developers specific goals, such as compliance with sys 
tem-related and business-related constraints, which may vary 
from one implementation to another. Moreover, it should be 
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appreciated that Such a development effort might be complex 
and time consuming, but would nevertheless be a routine 
undertaking of design, fabrication, and manufacture for those 
of ordinary skill having the benefit of this disclosure. 
When introducing elements of various embodiments of the 

present disclosure, the articles “a” “an and “the are 
intended to mean that there are one or more of the elements. 
The terms “comprising.” “including, and “having are 
intended to be inclusive and mean that there may be addi 
tional elements other than the listed elements. Additionally, it 
should be understood that references to "one embodiment” or 
“an embodiment of the present disclosure are not intended to 
be interpreted as excluding the existence of additional 
embodiments that also incorporate the recited features. 

Embodiments of the present disclosure generally relates to 
techniques for increasing frequency modulation accuracy in 
orthogonal frequency division multiplexing (OFDM) polar 
transmitters. For example, the present techniques may 
include providing a technique to “shape” the phase of OFDM 
signal symbols in order to decrease an accumulation of phase 
error between OFDM symbols that may become apparent due 
to, for example, the translation of an initial calculated fre 
quency command word (FCW) to the frequency of an oscil 
lator of the OFDM polar transmitter. The present techniques 
may further include a method to detect the offset between the 
OFDM polar transmitter and a receiver. For example, the 
frequency offset may be estimated by finding the phase dif 
ference between identical samples of a specific training field 
for carrier frequency offset estimation. Indeed, the present 
techniques of preventing phase error accumulation may be 
particularly useful for transmission standards which apply 
carrier frequency offset estimation algorithms, which may, 
for example, be based on phase difference between succes 
sive symbols. 

With the foregoing in mind, a general description of Suit 
able electronic devices that may employ polar transmitters 
and are useful in “shaping a slope of the phase component of 
OFDM data symbols in order to decrease an accumulation of 
phase error will be provided below. Turning first to FIG. 1, an 
electronic device 10 according to an embodiment of the 
present disclosure may include, among other things, one or 
more processor(s) 12, memory 14, nonvolatile storage 16, a 
display 18 input structures 22, an input/output (I/O) interface 
24, network interfaces 26, a transceiver 28, and a power 
source 29. The various functional blocks shown in FIG.1 may 
include hardware elements (including circuitry), Software 
elements (including computer code stored on a computer 
readable medium) or a combination of both hardware and 
software elements. It should be noted that FIG. 1 is merely 
one example of a particular implementation and is intended to 
illustrate the types of components that may be present in 
electronic device 10. 
By way of example, the electronic device 10 may represent 

a block diagram of the notebook computer depicted in FIG. 2, 
the handheld device depicted in FIG.3, the desktop computer 
depicted in FIG. 4, the wearable electronic device depicted in 
FIG. 5, or similar devices. It should be noted that the proces 
sor(s) 12 and/or other data processing circuitry may be gen 
erally referred to herein as “data processing circuitry.” Such 
data processing circuitry may be embodied wholly or in part 
as Software, firmware, hardware, or any combination thereof. 
Furthermore, the data processing circuitry may be a single 
contained processing module or may be incorporated wholly 
or partially within any of the other elements within the elec 
tronic device 10. 

In the electronic device 10 of FIG. 1, the processor(s) 12 
and/or other data processing circuitry may be operably 
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4 
coupled with the memory 14 and the nonvolatile memory 16 
to perform various algorithms. Such programs or instructions 
executed by the processor(s) 12 may be stored in any suitable 
article of manufacture that includes one or more tangible, 
computer-readable media at least collectively storing the 
instructions or routines, such as the memory 14 and the non 
volatile storage 16. The memory 14 and the nonvolatile stor 
age 16 may include any suitable articles of manufacture for 
storing data and executable instructions, such as random 
access memory, read-only memory, rewritable flash memory, 
hard drives, and optical discs. Also, programs (e.g., an oper 
ating system) encoded on Such a computer program product 
may also include instructions that may be executed by the 
processor(s) 12 to enable the electronic device 10 to provide 
various functionalities. 

In certain embodiments, the display 18 may be a liquid 
crystal display (LCD), which may allow users to view images 
generated on the electronic device 10. In some embodiments, 
the display 18 may include a touch screen, which may allow 
users to interact with a user interface of the electronic device 
10. Furthermore, it should be appreciated that, in some 
embodiments, the display 18 may include one or more 
organic light emitting diode (OLED) displays, or some com 
bination of LCD panels and OLED panels. 
The input structures 22 of the electronic device 10 may 

enable a user to interact with the electronic device 10 (e.g., 
pressing a button to increase or decrease a Volume level). The 
I/O interface 24 may enable electronic device 10 to interface 
with various other electronic devices, as may the network 
interfaces 26. The network interfaces 26 may include, for 
example, interfaces for a personal area network (PAN), such 
as a Bluetooth network, for a local area network (LAN) or 
wireless local area network (WLAN), such as an 802.11x 
Wi-Fi network, and/or for a wide area network (WAN), such 
as a 3" generation (3G) cellular network, 4" generation (4G) 
cellular network, or long term evolution (LTE) cellular net 
work. The network interface 26 may also include interfaces 
for, for example, broadband fixed wireless access networks 
(WiMAX), mobile broadband Wireless networks (mobile 
WiMAX), asynchronous digital subscriberlines (e.g., ADSL, 
VDSL), digital video broadcasting-terrestrial (DVB-T) and 
its extension DVB Handheld (DVB-H), ultra Wideband 
(UWB), alternating current (AC) power lines, and so forth. 

In certain embodiments, to allow the electronic device 10 
to communicate over the aforementioned wireless networks 
(e.g., Wi-Fi, WiMAX, mobile WiMAX, 4G, LTE, and so 
forth), the electronic device 10 may include a transceiver 28. 
The transceiver 28 may include any circuitry that may be 
useful in both wirelessly receiving and wirelessly transmit 
ting signals (e.g., data signals). Indeed, in some embodi 
ments, as will be further appreciated, the transceiver 28 may 
include a transmitter and a receiver combined into a single 
unit, or, in other embodiments, the transceiver 28 may include 
a transmitter separate from the receiver. For example, as noted 
above, the transceiver 28 may transmit and receive OFDM 
signals (e.g., OFDM data symbols) to support data commu 
nication in wireless applications such as, for example, PAN 
networks (e.g., Bluetooth), WLAN networks (e.g., 802.11x 
Wi-Fi), WAN networks (e.g., 3G, 4G, and LTE cellular net 
works), WiMAX networks, mobile WiMAX networks, 
ADSL and VDSL networks, DVB-T and DVB-H networks, 
UWB networks, and so forth. As used herein, “orthogonal 
frequency division multiplexing (OFDM) may refer to 
modulation technique or scheme in which a transmission 
channel may be divided into a number of orthogonal Subcar 
riers or subchannels to increase data transmission efficiency. 
Further, in some embodiments, the transceiver 28 may be 
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integrated as part of the network interfaces 26. As further 
illustrated, the electronic device 10 may include a power 
source 29. The power source 29 may include any suitable 
Source of power, Such as a rechargeable lithium polymer 
(Li-poly) battery and/or an alternating current (AC) power 
converter. 

In certain embodiments, the electronic device 10 may take 
the form of a computer, a portable electronic device, a wear 
able electronic device, or other type of electronic device. 
Such computers may include computers that are generally 
portable (such as laptop, notebook, and tablet computers) as 
well as computers that are generally used in one place (such as 
conventional desktop computers, workstations and/or serv 
ers). In certain embodiments, the electronic device 10 in the 
form of a computer may be a model of a MacBook.(R), Mac 
Book(R) Pro, MacBook AirR), iMac(R), MacR) mini, or Mac 
ProR available from Apple Inc. By way of example, the 
electronic device 10, taking the form of a notebook computer 
30A, is illustrated in FIG. 2 in accordance with one embodi 
ment of the present disclosure. The depicted computer 30A 
may include a housing or enclosure 32, a display 18, input 
structures 22, and ports of an I/O interface 24. In one embodi 
ment, the input structures 22 (Such as a keyboard and/or 
touchpad) may be used to interact with the computer 30A, 
Such as to start, control, or operate a GUI or applications 
running on computer 30A. For example, a keyboard and/or 
touchpad may allow a user to navigate a user interface or 
application interface displayed on display 18. 

FIG. 3 depicts a front view of a handheld device 30B, 
which represents one embodiment of the electronic device 10. 
The handheld device 30B may represent, for example, a por 
table phone, a media player, a personal data organizer, a 
handheld game platform, or any combination of such devices. 
By way of example, the handheld device 30B may be a 
tablet-sized embodiment of the electronic device 10, which 
may be, for example, a model of an iPadR available from 
Apple Inc of Cupertino, Calif. 
The handheld device 30B may include an enclosure 36 to 

protect interior components from physical damage and to 
shield them from electromagnetic interference. The enclo 
sure 36 may surround the display 18, which may display 
indicator icons 39. The indicator icons 38 may indicate, 
among other things, a cellular signal strength, Bluetooth con 
nection, and/or battery life. The I/O interfaces 24 may open 
through the enclosure 36 and may include, for example, an 
I/O port for a hard wired connection for charging and/or 
content manipulation using a standard connector and proto 
col, Such as the Lightning connector provided by Apple Inc., 
a universal service bus (USB), or other similar connector and 
protocol. 

User input structures 42, in combination with the display 
18, may allow a user to control the handheld device 30B. For 
example, the input structure 40 may activate or deactivate the 
handheld device 30B, the input structure 42 may navigate 
user interface to a home screen, a user-configurable applica 
tion screen, and/or activate a Voice-recognition feature of the 
handheld device 30B, the input structures 42 may provide 
Volume control, or may toggle between vibrate and ring 
modes. The input structures 42 may also include a micro 
phone may obtain a user's voice for various voice-related 
features, and a speaker may enable audio playback and/or 
certain phone capabilities. The input structures 42 may also 
include a headphone input may provide a connection to exter 
nal speakers and/or headphones. 

Turning to FIG. 4, a computer 30C may represent another 
embodiment of the electronic device 10 of FIG.1. The com 
puter 30C may be any computer, such as a desktop computer, 
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6 
a server, or a notebook computer, but may also be a standalone 
media player or video gaming machine. By way of example, 
the computer 30C may be an iMac(R), a MacBookR), or other 
similar device by Apple Inc. It should be noted that the com 
puter 30C may also represent a personal computer (PC) by 
another manufacturer. A similar enclosure 36 may be pro 
vided to protect and enclose internal components of the com 
puter 30C such as the dual-layer display 18. In certain 
embodiments, a user of the computer 30C may interact with 
the computer 30C using various peripheral input devices, 
such as the keyboard 22 or mouse 38, which may connect to 
the computer 30C via a wired and/or wireless I/O interface 
24. 

Similarly, FIG.5 depicts a wearable electronic device 30D 
representing another embodiment of the electronic device 10 
of FIG. 1 that may be configured to operate using the tech 
niques described herein. By way of example, the wearable 
electronic device 30D, which may include a wristband 43, 
may be an Apple Watch(R) by Apple, Inc. However, in other 
embodiments, the wearable electronic device 30D may 
include any wearable electronic device Such as, for example, 
a wearable exercise monitoring device (e.g., pedometer, 
accelerometer, heart rate monitor), or other device by another 
manufacturer. The display 18 of the wearable electronic 
device 30D may include a touch screen (e.g., LCD, OLED 
display, active-matrix organic light emitting diode 
(AMOLED) display, and so forth), which may allow users to 
interact withauser interface of the wearable electronic device 
3OD. 

In certain embodiments, as previously noted above, each 
embodiment (e.g., notebook computer 30A, handheld device 
30B, computer 30C, and wearable electronic device 30D) of 
the electronic device 10 may include a transceiver 28, which 
may include an orthogonal frequency division multiplexing 
(OFDM) polar transmitter (e.g., WLAN OFDM polar trans 
mitter). Indeed, as will be further appreciated, the polar trans 
mitter may include a modulator (e.g., digital signal processor 
(DSP), coordinate rotation digital computer (CORDIC) pro 
cessor) that may be used to translate the information of an 
incoming in-phase/quadrature (I/O) component signal (e.g., 
Cartesian coordinate representation of an incoming data sig 
nal) into respective polar amplitude and phase signals (e.g., 
polar coordinate representation of the an incoming data Sig 
nal). Specifically, as will be further appreciated, the polar 
modulator of the transmitter may generate a translated polar 
phase component in which the slope of the phase component 
may be attenuated and/or substantially annulled to generate a 
periodic phase component in which any phase error accumu 
lation between the individual OFDM data symbols may be 
reduced or substantially eliminated. 

With the foregoing in mind, FIG. 6 depicts a transmitter 44 
that may be included as part of the transceiver 28. Although 
not illustrated, it should be appreciated that the transceiver 28 
may also include a receiver that may be coupled to the trans 
mitter 44. As depicted, the transmitter 44 may receive a signal 
45 that may be modulated via a polar modulator 46. In certain 
embodiments, the transmitter 44 may receive a Cartesian 
coordinate represented signal 45, which may include, for 
example, data symbols encoded according to orthogonal in 
phase (I) and quadrature (Q) vectors. Thus, when an I/O 
signal is converted into an electromagnetic wave (e.g., radio 
frequency (RF) signal, microwave signal, millimeter wave 
signal), the conversion is generally linear as the I/O maybe 
frequency band-limited. However, in certain embodiments, 
the polar modulator 46 may be used to translate the I/O vector 
components of the signal 45 into a polar coordinate represen 
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tation of the signal 45, in which OFDM data symbols may be 
encoded according to an amplitude component and a phase 
component as illustrated. 

For example, in certain embodiments, the polar modulator 
46 may include a digital signal processor (DSP), a coordinate 
rotation digital computer (CORDIC), or other processing 
device that may be used to process and preprocess the indi 
vidual Cartesian represented data symbols (e.g., OFDM sym 
bols) into polar coordinate amplitude and phase components. 
As further depicted in FIG. 6, the transmitter 44 may also 

include digital-to-analog converters (DACs) 48A and 48B 
that may be used to convert (e.g., sample) the polar amplitude 
component and the phase component of the signal 45 into 
digital signal components. As further illustrated, the phase 
component signal may be then passed to a mixer 52, which 
may be used to mix (e.g., upconvert or downconvert) the 
frequency of the polar phase component signal with the fre 
quency of a local oscillator (LO)50 to generate, for example, 
a radio frequency (RF) (e.g., f) signal for transmission. In 
one embodiment, the polar amplitude component signal may 
be passed through an amplifier 56 (e.g., envelop amplifier) 
that may be used to track and adjust the envelope of the polar 
amplitude component signal. Lastly, the polar amplitude 
component signal and the polar phase component signal may 
be each passed to a high power amplifier (HPA)54 to generate 
an electromagnetic signal (e.g., radio frequency (RF) signal, 
microwave signal, millimeter wave signal) at the RF fre 
quency to transmit (e.g., via an antenna coupled to the trans 
mitter 44). 

In some embodiments, because the transmitter 44 (e.g., 
OFDM polar transmitter) may utilize phase information to 
modulate (e.g., directly or indirectly) the frequency of, for 
example, the oscillator 50, an inherent constraint on the 
modulation accuracy may be experienced due to the accuracy 
of the translation from, for example, a digital frequency com 
mand word (FCW) to an actual electromagnetic signal at the 
RF frequency. Thus, in one embodiment, for example, the 
frequency of the output (e.g., f) of the HPA 54 may be 
generally expressed as: 

In equation (1), f may represent, for example, a fre 
quency command word (FCW) (e.g., which may include fre 
quency multiplication ratio). Similarly, f(f) may 
include the frequency error, and, in one embodiment, may 
include a linear function of the FCW f. For example, the 
linear error function of the of the FCW f (e.g., f(f)) 
may be generally expressed as: 

ferror(?oma) fond 

Accordingly, as will be further appreciated, the polar 
modulator 46 may deduce based on, for example, equations 
(1) and (2) that an accumulation of phase error between 
OFDM data symbols may be prevented when each transmit 
ted OFDM data symbol includes a periodic phase. Thus, 
based on equation (2), the phase error accumulated during a 
symbol duration (T) may be generally expressed as: 

equation (1). 

equation (2). 

&r (T) = p(T) - spend (T) = equation (3) 
T T 

? ferror (fond (t)) dt is a ? find(t) dt = 0. 
O O 

Thus, as will be further appreciated, it may be useful provide 
a technique to “shape” (e.g., adjust) the phase of the OFDM 
data symbols in order to decrease an accumulation of phase 
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8 
error between the individual OFDM data symbols that may 
become apparent in the frequency (e.g., f) of the output 
signal of the HPA54 and also at a receiver that may receive the 
output signal. 

Referring now to FIG. 7, a number of computational blocks 
(e.g., computational blocks 60, 62. 64, and 66), which may be 
used to “shape” (e.g., adjust) the phase of OFDM data sym 
bols in order to decrease an accumulation of phase error 
between OFDM data symbols may be provided. In certain 
embodiments, the computational blocks 60, 62, 64, and 66 
may each include a software system, a hardware system, or 
some combination of hardware and software that may be 
implemented as part of the polar modulator 46 (e.g., DSP 
CORDIC). During operation, for example, a frequency-do 
main (e.g., frequency-dependent) signal 58 (e.g., {X}) may 
be provided to the polynomial roots calculation block 60. In 
one embodiment, the frequency-domain signal 58 (e.g., 
{X}) may include, for example, the complex Fourier coeffi 
cients of a signal representation of a OFDM data symbol or a 
stream of OFDM data symbols. The polynomial roots calcu 
lation block 60 may, in conjunction with the Fourier coeffi 
cients calculation block 62, and the fast Fourier transform 
(FFT) and/or inverse fast Fourier transform (IFFT) block 64, 
may be used to calculate a Fourier series representation of the 
amplitude component and the phase component. For 
example, in one embodiment, the time-domain (e.g., time 
dependent) representation or form of the signal 58 (e.g., 
{X}) may be expressed as: 

N-1 equation (4) 

In equation (4), X(t) may represent, for example, a time 
domain function (e.g., continuous time signal) of one or more 
OFDM data symbols included within an OFDM data signal. 
Specifically, an OFDM data signal may include a physical 
layer convergence procedure (PLCP) protocol data unit 
(PPDU) frame format, which may include approximately 52 
Subcarriers per symbol for data transmission. In equation (4), 
f, may represent the central frequency of the k" subcarrier or 
tone (e.g. k is the order of the Subcarriers of the time-domain 
function X(t)) of the time-domain function X(t) representing 
one or more OFDM data symbols and N may representa total 
numbers of tones or Subcarriers, and may be a function of a 
period T of the time-domain function x(t). As noted above, 
the term X may represent the complex coefficients (e.g., 
complex amplitude) of, for example, transmitted bits of the 
data symbols (e.g., OFDM data symbols). 

In certain embodiments, the polynomial roots calculation 
block 60 may then transform the signal 58 (e.g., continuous 
signal X(t) of equation (4)) from the time-domain into the 
Z-domain to characterize the signal 58 in terms of the roots of 
the function, or more specifically, the poles and Zeroes of the 
signal 58. For example, the Z-domain representation of the 
signal 58 (e.g., continuous signal X(t) of equation (4)) may be 
expressed as: 

3-1 equation (5) 
.2 

x(3) ag polynomiak Xk} = X, xz = x(t), for z = e'Ts. 
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In certain embodiments, once the polynomial roots calcu 
lation block 60 transforms the signal 58 (e.g., continuous 
signal X(t) of equation (2)) from the time-domain into the 
Z-domain, the polynomial roots calculation block 60 may 
then calculate the Zeroes of the signal 58 (e.g., the Z-domain 
representation of the continuous signal X(t) of equation (4)) 
based on, for example, the fundamental theorem of algebra. 
Thus, the Z-domain representation X(Z) of the signal 58 may 
be then expressed as: 

equation (6) 

As illustrated in equation (6), the terms {a} and {b} may 
represent, for example, the Zeros of the Z-domain represen 
tation X(Z) (e.g., corresponding to the continuous signal X(t) 
of equation (2)) inside and outside of the unit circle (e.g., 
where 

and graphically represented as a circle in the real and imagi 
nary plane having a radius of approximately 1), respectively. 
In other embodiments, the polynomial roots calculation block 
60 may calculate the Zeroes {a} and {b} of the Z-domain 
representation X(Z)(e.g., equation (4)) by, for example, gen 
erating a companion matrix of the Z-domain representation 
X(Z)(e.g., equation (4)) through QR factorization. 

In certain embodiments, once the polynomial roots calcu 
lation block 60 calculate the Zeroes {a} and {b}, the poly 
nomial roots calculation block 60 may then pass the Zeroes 
{a} and {b} to the Fourier series calculation block 62. The 
Fourier series calculation block 62 may then utilize the Zeroes 
{a} and {b} to calculate the Fourier coefficients corre 
sponding to each of the k subcarriers of the OFDM signal. 
Specifically, the Fourier series calculation block 62 may first 
calculate the logarithm of the of the Z-domain representation 
X(Z)(e.g., equation (4)), which may be expressed as: 

log(x(z)) = (M, A logo + log(A) + equation (7) 

M; M; 

XE log(1- an: )+X log(1 - biz). 
n=1 n=1 

Then, performing a power series expansion of the terms 
X, '(1-a,Z) and X, '(1-a,Z) of equation (7), the 
FFT block 68 may then generate an equality phase compo 
nent based on, for example, the logarithm of the of the Z-do 
main representation X(Z)(e.g., equation (5)). Specifically, the 
FFT and/or IFFT block 64 may be used to perform one or 
more fast Fourier transforms (FFTs) and/or inverse fast Fou 
rier transforms (IFFTs) to compute one or more discrete 
Fourier transforms (DFTs) and/or inverse discrete Fourier 
transforms (IDFTs) on the signal 58, for instance. For 
example, based on equation (7), the FFT and/or IFFT block 
64 may generate the following expression for the phase com 
ponent: 
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N \ 27t equation (8) 
lx(t) = (M, ..) T ... t + 1 A+ 

Mo 

(1-aei). X (1-bei). 
n=1 ic 

In certain embodiments, as may be appreciated from equa 
tion (8), the polar modulator 46 may derive that the phase 
component of a given OFDM data symbol may become peri 
odic with a period T when the term representing the slope of 
the phase 

becomes a value of approximately 0, or, more aptly, when the 
slope term 

becomes a value of 0 

(e.g., when M = S. and/or M as S). 

Thus, the polar modulator 46 (e.g., DSP, CORDIC) may 
generate a translated polar phase component in which the 
slope M, and/or slope term 

M; - - - 
! 2 

of the phase component may be attenuated or Substantially 
annulled. In this way, the polar modulator 46 may generate a 
periodic phase component in which any phase error accumu 
lation between the individual OFDM data symbols based on, 
for example, carrier frequency offset (CFO) (e.g., f) and/ 
or the translation of the calculated FCW f (e.g. f. 
(f)) into the output frequency (e.g., f) may be reduced or 
substantially eliminated. That is, the polar modulator 46 may 
“shape” the slope 

(e.g., adjust oriteratively adjust the slope such that M = 

N dior M N and/or is 

of the phase component of the individual OFDM data sym 
bols in order to reduce or substantially eliminate the accumu 
lation of phase error between the individual OFDM data 
symbols that may otherwise become distorted when the out 
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put frequency signal is received, for example, at a receiver in 
communication with the transmitter 44. 

Furthermore, in certain embodiments, due to the fact that 
the transmitter 44 may be sensitive to frequency errors, the 
frequency offset (e.g., f) may be also estimated by deter 
mining the phase difference between identical samples or 
Subcarriers of a specific training field (e.g., legacy long train 
ing field (L-LTF)) of, for example, the PPDU of the OFDM 
signal T seconds apart, as expressed by: 

equation (9) 1 sk Af= N 2. argSun Sun - NFTT)}. 

In equation (9), S. In may represent, for example, a 
discrete-time output signal (e.g., at the output of the amplifier 
54), while Sn-N may represent, for example, a com 
plex conjugate of the discrete-time output signal time shifted 
by N. As may be appreciated, when the transmitter 44 
experiences distortion (e.g., CFO or Doppler shift) in the 
translation of the calculated FCW f (e.g., f(f)) into 
the output frequency (e.g., f), the linear slope of the phase 
of a given OFDM data symbol (e.g., unwrapped phase) may 
not be periodic, and may thus allow distortion to be translated 
into frequency offset. However, because the presently dis 
closed techniques may ensure periodicity in the phase com 
ponent of each of the training field OFDM data symbols by 
attenuating or Substantially annulling the slope of the phase of 
the individual OFDM data symbols, the overall OFDM data 
transmission may be substantially more robust and accurate. 
As further illustrated in FIG. 7, the phase component (e.g., 
{{p}) and logarithm of the amplitude component (e.g., 
{logla,I) may be then each passed to a log base 2 addition 
and windowing block 66 to, for example, equalize or limit the 
phase component (e.g., {{p}) and a logarithm of the ampli 
tude component (e.g., logla,I), and to generate a time 
domain translated phase component (e.g., p.) and amplitude 
component (e.g., a) to be recombined and transmitted. 

For example, FIG. 8 depicts a phase plot 67, which illus 
trates a periodic phase component signal 68. Specifically, in 
one embodiment, the phase component signal 68, which as 
depicted may include a discrete-time signal, may correspond 
to the phase component signal as expressed above by equa 
tion (8). As further illustrated, utilizing one or more available 
bins within an OFDM symbol spectrum, any slope of the 
phase component signal 68 is attenuated or Substantially 
annulled, and thus the phase component signal 68 is depicted 
as periodic. The phase plot 67 further illustrates that any 
phase error accumulation between OFDM symbols is elimi 
nated by utilizing the present techniques of 'shaping the 
slope of the phase component signal 68 to generate a periodic 
phase component signal 68. 

Turning now to FIG. 9, a frequency synthesizer 69 that 
may, in Some embodiments, be included as part of the polar 
modulator 46 of the transmitter 44 is presented. In other 
embodiments, the frequency synthesizer 69 may be included 
as part of the phase path (e.g., phase branch) of the transmitter 
44. Specifically, in certain embodiments, the frequency syn 
thesizer 69 may include, for example, a 2-Point direct fre 
quency modulation frequency synthesizer that may be used to 
perform a direct modulation of the FCW (e.g., f) and the 
carrier frequency (e.g., f) and thus compensate for CFO 
(e.g., f) For example, during operation, a data signal 58 
may be provided to a pulse filter 70 to filter the signal 58. 
Similarly, an FCW (e.g., f) input may be provided to a 
reference phase accumulator (RPA) 72, which may also 
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receive a reference frequency input (e.g., f) via a time-to 
digital converter (TDC) 74. The TDC 74 may be used to 
generate, for example, a value indicative of the phase differ 
ence between one or more clocks of the synthesizer 69 and the 
reference frequency input (e.g., f) and to provide the value 
to the RPA 72. 
The phase difference value may be also provided to a mixer 

76 to multiply the phase difference value by a generated DCO 
period normalization value. A phase detector 78 may then 
Sum these various phase values, and generate a total phase 
signal (e.g., p.k) to provide to a loop filter 80. The Summed 
phase signal may be then passed to a digitally controlled 
oscillator (DCO) gain normalization block 82 to, for 
example, modulate or tune the Summed phase signal (e.g., 
shape the slope of the Summed phase signal) before being 
modulated or tuned once more via a DCO 84 to generate a 
carrier frequency signal. In one embodiment, as further illus 
trated, the carrier frequency signal may be fed back to the 
phase detector 78 via an oscillator phase accumulator 86 and 
a sampler88, and may thus allow the DCO gain normalization 
block 82 to constantly adjust the Summed phase signal. The 
carrier frequency signal may be then passed to a digital phase 
accumulator (DPA) 90 to generate an RF signal for transmis 
S1O. 

Turning now to FIG. 10, a flow diagram is presented, 
illustrating an embodiment of a process 100 useful in “shap 
ing” (e.g., adjusting) a slope of the phase component of 
OFDM data symbols in order to decrease the accumulation of 
phase error between the individual OFDM data symbols that 
may become apparent in the output frequency (e.g., f) by 
using, for example, the polar modulator 46 included within 
the transceiver 28 depicted in FIG. 1. The process 100 may 
include code or instructions stored in a non-transitory 
machine-readable medium (e.g., the memory 14) and 
executed, for example, by the one or more processor(s) 12 
and/or the polar modulator 46 included within the system 10 
and illustrated in FIG. 6. The process 100 may begin with the 
polar modulator 46 receiving (block 102) a Cartesian repre 
sentation of a data signal. For example, the polar modulator 
46 may receive a Cartesian coordinate represented signal 45. 
which may include, for example, OFDM data symbols 
encoded according to orthogonal I/O vectors. 
The process 100 may then continue with the polar modu 

lator 46 computing (block 104) one or more roots of a phase 
component of the data signal. For example, as discussed 
above with respect to FIG. 7, the polar modulator 46 may 
calculate the Zeroes of the phase component. The process 100 
may then continue with the polar modulator 46 determining 
(block 106) a period of the phase component based on the 
calculated roots (e.g., Zeroes). Specifically, as previously 
noted, the polar modulator 46 may derive that the phase 
component of a given OFDM data symbol may become peri 
odic with a periodT, when the term representing the slope of 
the phase (e.g., 

becomes a value of 0, or when 

N 
M. 2. and/or M, St. 
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The process 100 may then conclude with the polar modulator 
46 adjusting (block 108) a slope of the phase component 
based on the period to reduce or eliminate an error of the 
phase component of the OFDM data symbols. For example, 
the polar modulator 46 may “shape” the slope of the phase 
component, such that the slope is characterized by 

(M = ) 
of the individual OFDM data symbols in order to reduce or 
eliminate any accumulation of phase error between the indi 
vidual OFDM data symbols that may otherwise become dis 
torted when the output frequency signal (e.g., f) is received, 
for example, at a receiver in communication with the trans 
mitter 44. 

FIG. 11 depicts a plot 110, which illustrates the perfor 
mance of a WLAN OFDM data signal 112 as a function of 
error (e.g., error-vector magnitude (EVM)) in K, estima 
tion error percentage without using the presently disclosed 
phase slope shaping techniques, and the performance of a 
WLAN OFDM data signal 114 as a function of EVM in K 
estimation error percentage when using the presently dis 
closed techniques of phase slope shaping of OFDM data 
symbols. As illustrated, the WLAN OFDM data signal 112 
may experience Substantial distortion (e.g., as illustrated by 
the sharp rise) due to, for example, frequency offset error 
(e.g., f) that may be caused by the tuning inconsistencies 
and/or one or more Doppler shifts in the carrier frequency 
signal. On the other hand, by shaping or adjusting the slope of 
the phase component as described herein, any accumulation 
of phase error between the individual OFDM data symbols 
may be reduced or eliminated as illustrated by the substan 
tially linear WLAN OFDM data signal 114. 

The specific embodiments described above have been 
shown by way of example, and it should be understood that 
these embodiments may be susceptible to various modifica 
tions and alternative forms. It should be further understood 
that the claims are not intended to be limited to the particular 
forms disclosed, but rather to coverall modifications, equiva 
lents, and alternatives falling within the spirit and scope of 
this disclosure. 

What is claimed is: 
1. A method, comprising: receiving an incoming data Sig 

nal via a processor of a transmitter, wherein the data signal 
comprises an in-phase (I) component and a quadrature (Q) 
component; computing one or more roots of a first function 
representing a phase component of the data signal; computing 
a second function representing the phase component based at 
least in part on the one or more roots; deriving a periodicity of 
the phase component based at least in part on the second 
function; and adjusting a value of a slope of the phase com 
ponent based at least in part on the periodicity of the phase 
component, wherein adjusting the value of the slope com 
prises reducing or Substantially eliminating an error of the 
phase component; recombining an amplitude component and 
the phase component into a polar coordinate transmission 
signal following the adjustment of the value of the slope; and 
transmitting the polar coordinate transmission signal via the 
transmitter. 

2. The method of claim 1, wherein receiving the incoming 
data signal comprises receiving a Cartesian coordinate rep 
resentation of the data signal. 
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3. The method of claim 1, wherein receiving the incoming 

data signal comprises receiving a plurality of orthogonal fre 
quency division multiplexing (OFDM) data symbols. 

4. The method of claim 1, wherein computing the one or 
more roots of the first function comprises computing one or 
more Zeroes of the first function in a frequency domain. 

5. The method of claim 1, wherein adjusting the value of 
the slope comprises adjusting the value of the slope to be 
equal to a total number N Subcarriers of the data signal 
divided by 2, and wherein N is greater than 0. 

6. The method of claim 1, wherein adjusting the value of 
the slope comprises generating a periodic phase signal com 
ponent. 

7. The method of claim 1, wherein adjusting the value of 
the slope comprises deriving a value of a slope of each of a 
plurality of orthogonal frequency division multiplexing 
(OFDM) data symbols. 

8. The method of claim 1, wherein adjusting the value of 
the slope comprises adjusting the value of the slope to be 
equal to a value of approximately 0 to attenuate or Substan 
tially annul the slope. 

9. The method of claim 1, wherein adjusting the value of 
the slope comprises reducing or Substantially eliminating a 
carrier frequency offset (CFO) as the error. 

10. An electronic device, comprising: 
a transmitter, comprising: 

a polar modulator device configured to: 
receive a first signal comprising orthogonal frequency 

division multiplexing (OFDM) data symbols 
encoded according to in-phase/quadrature (I/O) 
Vectors; 

adjust a slope of a phase component of the first signal 
based at least in part on a periodicity of the phase 
component, wherein adjusting the slope of the 
phase component comprises reducing or Substan 
tially eliminating an error of the phase component; 

combine an amplitude component of the first signal 
and the phase component into a polar coordinate 
transmission signal; and 

an amplifier configured to generate an electromagnetic 
signal based on the polar coordinate transmission sig 
nal for transmission. 

11. The electronic device of claim 10, wherein the second 
signal comprises a physical layer convergence procedure 
(PLCP) protocol data unit (PPDU) frame format comprising 
approximately 52 subcarriers, and wherein the OFDM data 
symbols are stored into a first subset of the approximately 52 
Subcarriers. 

12. The electronic device of claim 11, wherein a second 
Subset of the approximately 52 Subcarriers comprises a pre 
amble of the PPDU frame format, and wherein the preamble 
comprises a plurality of long legacy training field (L-LTF) 
symbols and a plurality of short legacy training field (S-LTF) 
symbols. 

13. The electronic device of claim 12, wherein the polar 
modulator device is configured to adjust the slope of the phase 
component by adjusting a slope of each of the plurality of 
L-LTF symbols. 

14. The electronic device of claim 10, wherein the polar 
modulator device is configured to adjust the slope of the phase 
component by increasing the periodicity of the phase com 
ponent. 

15. The electronic device of claim 10, wherein the polar 
modulator device is configured to adjust a slope of a phase 
component of each of the OFDM data symbols. 

16. The electronic device of claim 15, wherein the polar 
modulator device is configured to adjust the slope of the phase 
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component of each of the OFDM data symbols to reduce or 
Substantially eliminate an accumulation of phase error com 
ponents between each of the OFDM data symbols. 

17. The electronic device of claim 10, wherein the polar 
modulator device is configured to adjust the value of the slope 
to reduce or Substantially eliminate an offset errorengendered 
between a frequency command word (FCW) and a carrier 
frequency as the phase error. 

18. A method, comprising: receiving an incoming orthogo 
nal frequency division multiplexing (OFDM) signal data Sig 
nal via a processor of a transmitter, deriving a phase compo 
nent of the OFDM signal via the processor of an electronic 
device the transmitter, wherein the OFDM signal comprises 
N number of subcarriers; deriving a slope M, of the phase 
component; adjusting the slope M, of the phase component 
based at least in part on a periodicity of the phase component, 
wherein adjusting the slope M, comprises reducing or Sub 
stantially eliminating an error of the phase component; com 
bining the phase component and an amplitude component to 
generate a polar form OFDM transmission signal; and trans 
mitting the polar form OFDM transmission signal via the 
transmitter. 

19. The method of claim 18, wherein deriving the slope of 
the phase component comprises deriving a slope 

N O 
- 3 s v, 

wherein N comprises a total number of subcarriers of the 
OFDM signal and i comprises a discrete time interval of the 
OFDM signal, and wherein the total number of subcarriers is 
greater than 0. 

20. The method of claim 18, wherein deriving the phase 
component of the OFDM signal comprises deriving a phase 
component of each of a plurality OFDM symbols encoded 
within the OFDM signal. 
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21. The method of claim 18, wherein deriving the phase 

component of the OFDM signal comprises deriving a phase 
component expressed by: 

22. The method of claim 21, wherein adjusting the slope of 
the phase component comprises adjusting the slope to a value 

23. The method of claim 21, wherein adjusting the slope of 
the phase component comprises adjusting the slope to a value 

N 

~ 2. 

24. The method of claim 18, comprising deriving the 
amplitude component of the OFDM signal. 

25. The method of claim 18, wherein deriving the slope of 
the phase component comprises deriving a periodic phase 
component error, and wherein the periodic phase component 
error is expressed by: 

e.t. --Tit.0) di-off.0 (ii). 


