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A WINDOWING FUNCTION FOR MAINTAINING ORTHOGONALITY OF
CHANNELS
IN THE RECEPTION OF OFDM SYMBOLGS

BACKGROUND OF THE INVENTION

The invention relates generally to broadband

transmission of information. More specifically, the

invention relates to improving data transfer over OFDM

channels in the presence of narrowband nolse.
Orthogonal Frequency Division Multiplexing
(OFDM) is a spread spectrum technology wherein the
available bandwidth is subdivided into a number of
discrete channels or subcarriers that are overlapping

and orthogonal to each other. Each channel has a well

defined frequency. Data are transmitted in the form
of symbols that have a predetermined duration and
encompass some number of subcarrilier frequencies. The

data transmitted over these channels can be encoded in

amplitude and/or phase, using conventional encodilng

schemes such as Binary Phase Shift Key (BPDK),

OQuadrature Phase Shift Key (QPSK), m-bit Quadrature
Amplitude Modulation (m-QAM).

The OFDM channels fregquently experience

noise interference from interference sources which can

effect both the amplitude and the phase of the

subcarriers. Such noise can arise from two SsSoOurces:
random noise wherein the noise energy 1s randomly

distributed in both time and frequency domaln; and

narrowband noise generated, for example, by a jammer

emitting a narrowband signal at one or several

PCT/US00/11032
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"requencies that are localized within the frequency

range of the OFDM channels. At the receiver, the data

e

have to be separated from the noise. The receiver

typically performs a Fourler transform oOn the recelved

temporal symbol to recover from the temporal symbol

waveform the phase and amplitude of each OFDM channel.

The Fourier transform is performed over a finite time

interval, e.g., the symbol time Ts. I a temporal

waveform is not strictly periodic during the finite

time interval, e.g., due to random noise or narrowband

noise, artifacts are introduced 1in the Fourier-

transformed signal. These artifacts may make 1t more

difficult to recover the originally transmitted data.

As is known in the art, processing a nolse-
distorted temporal waveform with an apodizing window

function (e.g., a Hanning window) confines

interference from narrowband noise to a relatively

small number of OFDM channels. That is, the window

prevents the noise signal from spreading substantially

to channels beyond the channels closest to that

g
—

signal. However, the apodizing function 1tself

introduces interchannel interference (ICI), which

degrades the orthogonal characteristics of the OFDM

—

channels. Thus, even in the absence of random Or

narrowband noise, the ICI generated by an apodizing

function causes each OFDM channel to “leak” some amount

pr— —
pr—

of energy into nearby adjacent channels. In the case

- -
e

of a Hanning window, each of the OFDM channels contailn
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50% of the original signal and

signal Ifrom

each of the adjacent channels.

SUMMARY OF THE INVENTION

5 In one aspect of the invention, a method of
processing an OFDM symbol performs a wlndowlng
function on a sympbol sample having a symbol period oif
T and a time-offset symbol sample offset Irom the
symbol sample by T/2 to produce first windowed values

10 for the symbol sample and second windowed values for
tne time-offset symbol sample. The method further
includes applying a time shift to re-align the time-
offset symbol sample with the symbo. sample and
therefore re-align the second windowed values with

15  corresponding first windowed values. Once the time-
offset symbol sample is re-aligned with the symbol

sample, the method adds the second windowed values to
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The

performed windowing function is a “symmetric” apodizing

window function W, which is defined as an apodizing

window function having the property Wy +

W (rrrsize/2+5)=Cconstant, where FFTSize 1s the size of the

FET sample.

or more of the follwiling features.

The symmetric apodizing window

be performed in the time domain.

The symmetric apodizing wlndow

be performed in the frequency domalin and

v -
ettt

applied to FFT frequency coefficients of

-
p—

sample and the time-o:

The symmetric apodizing wilindow

be a Hanning window.

The 1.5*T sample and windowlng

F

invention offers several advantages. In

domain, the windowing scheme eliminates the effects ot

fset symbol sample.

Fmbodiments of the invention may include one

function may

function may
may be

the symbol

function may

.

scheme of the

the frequency

F
p—

a symmetric apodizing window (e.g., Hanning window) oOn

adjacent carriers. Consequently, such an apodizing

window may be used to reduce jammer-related signal

degradation, i.e., limiting the effect of a non-

orthogonal narrowband interferer Dby tapering the

endpoints of a signal smoothly to zero, without

introducing added distortion into the OFDM recelver.

—_

In the time domain, the windowing scheme,

the

realignment and combination of the signals restores

the original signal without changing the

benefit gain
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(reduction 1in effects of narrowband interferer) achieved by
applying the window. In addition to improved jammer

performance, the technique may result in an improved S/N

ratio (of approximately 0.6 dB) because it takes a longer
sample and, while the two instances of the signal add

coherently, the noise does not.

In accordance with the present invention, there is
provided a receiver for processing symbols transmitted over
a transmission channel, the receiver comprising: a window
filter for applying an apodizing window to a first symbol
sample of a symbol having a symbol period T and a second
symbol sample corresponding to the first symbol sample
offset by T/2 to produce first windowed values for the first
symbol sample and second windowed values for the second

symbol sample, the apodizing window being a symmetric

apodizing window; a time shifting element for time-shifting
the second windowed values into alignmént with the first

windowed values; and an adder for adding the second windowed

values to the corresponding first windowed values.
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BRIEEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a temporal OFDM symbol having a
cyclic prefix;

FIG. 2 1llustrates symbolically a frequency
distribution of the OFDM symbol;

FIG. 3 1s a schematic diagram of an OFDM
transmission system;

FIG. 4 i1s a sequence of OFDM symbols that
have cyblic prefixes; | -

FIG. 5 is the sequence of OFDM symbols of
FIG. 4 with superimposed narrowband noise from a
Jjammer;

FIG. © 1llustrates a jammer signal
coinciding in frequency with an OFDM channel frequency
and processed with a rectangular window;

FIG. 7 illustrates a jammer signal differing
in freéuency from an OFDM channel freguency and
processed with a rectangularwindbw:

FIG. B 1llustrates the jammer signal of FIG.

6 processed with a Hanning window;

5a
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FIG. 9 illustrates a jammer signal of

with a Hanning wilindow;

FIG. 10 illustrates the signal amplitude of

the subcarriers without interchannel interference;

pl—

FIG. 11 illustrates the signal of the

subcarriers of FIG. 10 processed with a Hanning

Wwlndow;

FIG. 12 is a block diagram of an OFDM

recelver;

FIG. 13 is a depiction of a Hanning window

applied to a symbol sample and the symbol sample

offset by T/2 in the frequency domain;

FIG. 14 is an illustration of a Hanning

window applied to a symbol sample having a cyclic

prefix and the symbol sample offset Dby T/2 in the

fregquency domain.

pl—

FIG. 15 is a flow diagram of a frequency

domain based windowing process performed by the

receiver shown 1n FIG. 12;

FIG. 16 is alternative embodiment of the

OFDM receiver of FIG. 12Z;

FIGS. 17A-C are depictions of a Hanning

window applied to a symbol sample and a time-offset

version of the symbol sample in the time domaln; and

FIG. 18 is a time-domain based windowing

process performed by the receiver shown in FIG. 1lo.

DETAILED DESCRIPTION
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In OFDM transmission, data are transmitted

in the form of symbols. Each symbol has a

predetermined time duration Or symbol time Tg. Each

symbol is comprised

of N sinusoidal waveforms that are

h—

orthogonal to each other and rform the OFDM channels

and subcarriers. Each subcarrier has a frequency Fj

and a phase ®; measured from the beginning of the

symbol. Orthogonality of the subcarriers requires

that a whole number

p—

of periods of each waveform are

contained within the symbol time Ts. The phases ®; and

amplitude A; of the

waveforms can be set arbitrarily

without affecting the orthogonality of the waveforms.

The OFDM subcarriers occupy a frequency range between

frequencies f; and fy referred to as OFDM bandwidth.

Fach subcarrier frequency f; has a uniform frequency

spacing Af from the

The Af is inversely

Ts.

adjacent subcarrier frequency ZIi.1.

proportional to the symbol time

Typically, and as is well known 1in the art,

intersymbol and intercarrier 1interierence in

transmitted OFDM syI

cyclic prefix. The

to a transmitted OF.

bols is mitigated by using a

cyclic prefix, which is prepended

DM symbol, 1s a copy of the last

part of the OFDM symbol. Thus, a symbol with a cyclic

prefix remains periodilc.

Referring

to FIGS. 1 and 2, an exemplary

OFDM symbol 10 has a symbol time Tg of 10 pus, which

g

produces a channel spacing Af = 1/10ps = 100 kHz. The

symbol includes 84 subcarriers, subcarriers 23 through
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106. In the example of FIG. 1, the symbol is a QPSK-

modulated symbol with random phases and constant

amplitudes. However, any other set of phases and

amplitudes may be selected. For the purpose of

5 digital signal processing, the symbol is sampled

during the symbol time Ts at 256 sample points at a

clock rate of 25.6 MHz.

As illustrated in FIG. 1, the symbol 10 has

a cycle prefix 12. The cycle prefix is shown to be O

10 us in duration.

Referring to FIG. 3, an exemplary prior art

OFDM transmission system 20 is shown. The OFDM system

20 includes an OFDM transmitter 22, an OFDM

transmission network 24, and an OFDM recelver 26. An

15 encoder 28 encodes a set of points {Xi,...,Xn}. which

are generally complex numbers, as phases and/or

amplitudes of the N orthogonal OFDM subcarriers having

frequencies fi,...,fy. The encoded subcarriers are

transformed in inverse Fourler +ransform module 30 to

20 form a temporal waveform S(t), which can Dbe written as
N
S(t) = ¥ Ajcos (2rf:t+d;) Eg. (1)
i=1

25  where A; is the amplitude and @; is the phase ol the

g,
e

subcarrier at freguency Ii;.

The temporal waveform S(t) 1s transmitted

via transmission network 24 which is characterized Dy

54 transmission function g(t;t) representing an impulse

30 response of the OFDM transmission channel. The OFDM
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transmission network may add noise r(t), which may be

random noise and/or narrowband noise emitted by a

jammer.

5

filter 32

The recejiver 26 includes a window

and an FFT module 34. The window filter 32 applies a

F

window function, the width of which is the same as the

symbol time Tg. The FFT module 34 transforms the

signal it receives as input into the frequency domain.

In the arrangement shown in the figure, the window

filter 32 is placed before the FFT module 34 and

multiplies the received waveform r(t)=(g*s) (t) with a

window function W(t), forming temporal signal rw(t)

windowed temporal signal rw(t). Alternatively, the

window filter 32 may be arranged after the FFT module

34. In the alternative arrangement, the FFT module

first transforms the signal r(t) into the frequency

domain and the multiplication rw{t) = W(t)*r(t) in the

time domain is therefore replaced by a convolution.

The window amplitude in the frequency domain, for the

case of a Hanning window, is obtained by subtracting

M—

F

for each subcarrier f; one half of the sum of the

amplitudes at the adjacent carriers, i.e., 1/2(fi-; +

f..1). A demodulator 36 recelives the amplitudes and

phases of the subcarrier waveforms Y; (t) which

h—

represent the data {yi,...,yn}-

It is assumed that the pre-demodulation

processing performed by the receiver 26 on recelved

symbols occurs after synchronization. Synchronization

may be performed using techniques described 1n a
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U.S. Patent No. 6,111,919 which was issued August 29,

1n the name of Lawrence W. Yonge III, as well as other

techniques known 1n the art.

Referring now to FIG. 4, an exemplary
temporal signal waveform 40 1s composed of three
consecutive OFDM symbols, tne Ifirst ciI the three

corresponding to the symbol 10 shown in FIG. 1, and

2000

cach having a duration of Ty = 10us. As can be seen in

the figure, each of the three symbols has a 5.0us
cyclic prefix. ‘

Referring now to FIG. 5, the signal of an
exemplary jammer emitting a strong'interfering signal
at a single freguency 1is added tO'the témporal
waveform 40 of FIG. 4, producing the waveform 50. In
the example, the jammer-to-signal ratio is 31.7 dB,
i.e., the jammer amplitude 1s 500 times stronger than
the signal amplitude 1n each of the 84 OFDM channels.
As seen in FIG. 5, the jammer completely masks the
OFDM symbols of the témporal waveform 30.

In an i1deal OFDM network, symbols include
only the orthogonal OFDM frequencies. IiI these ideal
symbols are sampled with a rectangular window R(t)
having a width equal to the symbol time Ts,'theh the
recelved symbol decoded with the rectangular window Dby
the OFDM receiver 26 reproduces the originally ,

transmitted data , 1.e., vy;=%x; for all channels. The

i

received symbol, however, may include additional

10
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frequency components, such as a jammer signal. These

additional fregquency components are unlikely toO

coincide exactly with one of the orthogonal OFDM

frequencies f; and are therefore not orthogonal to the

other OFDM channels. The non-orthogonality introduces

crosstalk between channels, generally referred to as

interchannel interference (ICI).

Referring now to FIG. 6, a Jjammer emlits a

strong signal at a frequency identical to the

p—

frequency of channel 60. The received signal 1s

processed or filtered with a rectangular window R (L) .

Because the jammer in this example 1s orthogonal to

the OFDM subcarrier frequencies f;, the jammer signal

is confined to channel 60 and does not spread to the

remaining OFDM channels. Data transmitted over the

remaining channels are undisturbed by the Jammer, and

the OFDM network is fully usable by, for example,

excluding channel 60 from data transmission.

Referring now to FIG. 7, the jammer

frequency shown here is not identical to an OFDM

subcarrier frequency. In fact, FIG. 7 illustrates the

worst case where the jammer frequency 1s located

halfway between two OFDM channels, e.g., between

channel 60 and 61. In this example, the jammer

essentially impacts all OFDM channels, making data

transmission over the OFDM network virtually

impossible. The situation illustrated in FIG. 1S

most likely to occur in practical applications.

11
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gi—

Referring now to FIG. 8, the jammer of FIG.

6 is filtered with a Hanning window H(t). Although

the jammer frequency 1is orthogonal to the OFDM

channels, the jammer signal spreads to the two

adjacent channels. The Jjammer has a negligible effect

on the other OFDM channels. A comparison between FIG.

6 and FIG. 8 suggests that the Hanning window degrades

the performance of the OFDM network if the jammer

frequency coincides with the frequency of an OFDM

channel. The Hanning window H(t), however, provides a

significant improvement over a rectangular window R (tT)

when the jammer frequency 1is different from the

frequency of an OFDM channel.

Referring to FIG. 9, the jammer of FIG. 7,

with a frequency halfway between OFDM channels 60 and

61, is filtered with a Hanning window H(t). As seen

in FIG. 9, the jammer signal may impair approximately

5 OFDM channels on either side of the jammer

frequency. A total of 10 channels may have toO be

excluded from data transmission, while the remaining

OFDM channels are unaffected by the jammer. In other

words, processing the received signal waveform wlith a

Hanning window confines interference from the jammer

P

to a relatively small number of OFDM channels.

The Hanning window provides the advantage oI

preventing the jammer’s signal from spreading

substantially to channels beyond the channels closest

to the jammer. However, the Hanning window, like any

other apodizing function, introduces interchannel

12
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interference (ICI), which degrades the orthogonal
~haracteristics of the OFDM channels. Ekven in the
sbsence of random or narrowband noise, ICI causes each

OFDM channel to “leak” some portion of the originally

received signal amplitude into each of the respective

adjacent channels.

Referring now to FIGS. 10 and 11, an

exemplary OFDM network transmits data over OFDM

~hannels 60 with identical signal power (FIG. 10). AS
discussed above, a rectangular window R(t) 1n the

receiver 1130 reproduces the transmitted data set

(X1, ..., Xy} SO that yi=x; IOr all channels. A Hanning

window, on the other hand, transfer approximately 25%

of the transmitted signal 60 to the precedilng channel

ol

3

79 and the following channel 70. Approximately 50% ot

the transmitted signal 60 remailns 1n the original

~hannel 70. In other words, after the Hanning wilindow,

each of the OFDM channels contain 50% of the orliginal

signal 70 and 25% of the signal from each of the

neighboring channels 72, 74. The decoded data
{v1,...,yn} therefore are no longer identical to the

data set {x,,...,Xy} originally transmitted.

Referring to FIG. 12, an OFDM receiver 8 0

for receiving OFDM symbols over OFDM channel 24 (FIG.

3) is shown. The receiver 80 includes a time delay or

~rffset element 82, a “dual” FFT engine 84, a window

filter 86, a time shift element 88 and a summation

unit (or “adder”) 90. The output of the adder 90 1s

13
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ﬁ

connected to the demodulator 36 (of FILG. 3). The

window filter includes a first Hanning wlndow function

92 and a second Hanning window function 94, as will be
described later. The dual FFT module recelives a

sample of the original signal r(t) and a time—-offset

1)

|

sample r(t-t,) offset by to = T/2. The dual FFT engilne

V)

P
p—

transforms the time-offset sample into a first set of

~§0tO

e
o

and

rime-offset frequency coefficients R(w)>e

rransforms the original sample, that is, the non-

* F‘-

offset sample, into a second set oI frequency

P
p—

ficlents are

coefficients R(w). The frequency coe€.

processed by the window filter 86, which is selected

as a “symmetric” apodizing window function W. The

symmetic apodizing window function is defined hereiln

as an apodizing window function having the property W;

P
p—

+ W rprsizes2+5)=CcoOnstant, where “TEFTSize” 1s the size of

the FFT sample. In the illustrated embodiment, the

symmetric apodizing window (window filter 86) 1s the

Hanning window, for which all values of 7 add up to

one and thus has the aforementioned property. AS

F
p—

shown in the figure, the time-offset coe:

R

ficients are

processed by the first Hanning window 92, and the non-

F F
v

offset coefficients are processed by the second

Hanning window 94. The time-offset frequency

coefficients are shifted to realign them with the

i

corresponding frequency coefficients. The time-shift

re-alignment is achileved by multiplying all odd ones

pl—
—

r— g~

of the time-offset coe:

ficients by -1, as will be

described. The time-offset, now realigned frequency

14
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coefficients are added to thelr corresponding

frequency coefficients output Dby the second Hanning

window and the resultant values are provided to the

demodulator 30.

D Referring now to FIG. 13, a depilction of

1)

sample and a time-offset sample windowed 1in the

1

1

frequency domain 1s shown. The windowed sample X (O

a symbol having a symbol period T) 1is the convolution

of the sample and the Hanning wilndow function.

P
—

fset by

10 Likewise, the windowed time-offset sample X (O:

T/2) is the convolution of the time-offset sample and

the Hanning window function.

P

Tset

mrn

Because a cyclic prefix is a time-o:

copy of a portion of the symbol to which it 1s

15 prepended, it is desirable to simply extend the

existing cyclic prefix toO provide the overall window

F
-

size of 1.5T (i.e., T sample plus T/2 offset). 1f,

for example, the cyclic prefix is only 50 points long,

an additional extention of 128 points would be needed

20 to satisfy the above techniqgue.

Alternatively, and as demonstrated in the

windowing depiction of FIG. 14, an original sample 95

(“A") corresponding to a symbol 96 ("SYMI") having a

cyclic prefix 97 ("PREL") may be taken to include some

25 portion of a cyclic prefix 98 (“PRE2") of the followlng
symbol 99 ("SYMz2") . That 1is, the sample 95 may be

offset by an attenuation threshold amount 99 above

po—er
P

which the windowing has minimal effect on the spectrum

of the sample. In the example shown, the attenuation

——

15
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threshold amount 100 is 12dB, which corresponds to

windowing point 43.

reduction in the added size of the

—

fp—

5 impulse response OL

cyclic prefix 1is 256/2 + 50 - 2*43 = 32Z.

If a desired cyclic pre:

The offset provides for a

#

the channel 1s

ciX slze 1s

cyclic pretf

50 points,

Thus

instead of an additional 128 points, only an

p—

additional 42 points 1is required.

The time shai:

10 time domain and R{®)

"t relationship o:

- r(t)

ix 97.

T/2 polnts and the

then the

4

1n the

in the freguency domain can Dpe

expressed as follows:

r(t—-ts)

15
t.=T/2, then

r{t-T/2)

20

25 applied to

O(w) (shown 1n FIG.

However, 1t can be assumed that Q(w)

=> e "R (o)

where f=c*(1/T),

=> e IR ()

for even ¢,

12) and R(®)

-jC(ZTE/T)T/ZR (

for odd ¢, e

\
/

-Jjcm

®)

1

= -1

P
Prnile

18 did

ferent.

o=c* (2n/T) and

It will be appreciated that the noise

and e PR (®w) are
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approximately equal since Q(®) 1s essentially a time-

"

offset sample of R(w).

)

Referring back to FIG. 12, the even ones Ol

V)

ficients, now referred

the time-ocffset freguency coe:

1

b

5 to as “A., are multiplied by +1 and the odd ones oI

1)
A

ficients A. are multiplied by -1.

fset coe:

the Time-0:

For subcarrier frequencies Az; through Ags, for example,

the coefficients are represented as the following:
10 Non-offset time—-offset
A —A73
oY Ay
Azs —A2s
Azg Azg
15
It may be recalled that the windowed Ifregquency for a
Hanning window is obtained by subtracting Ior each
subcarrier one half the sum of the coefficients at the
two adjacent carriers, 1.e., A.—~1/2 (Ac-1tAc+1) . Thus,
270 for the carrier sample c=24, the Hanning window
provides BRpq—-1/2 (Ay3thzs) for the non-offset coefficient
and A,.+1/2 (Ro3+RAs5) for the time-offset coefficient.

For an odd carrier c=25, the Hanning wilindow

P

provides for the non-ofiset coe:

parem
p—

ficient the Hanning

b

-

25  wvalue A,:—-1/2 (Ros+hs¢) and for the time-offset

p—

coefficient the Hanning value -RAss—1/2 (RzstAze) . 1O

shift the offset sample points back 1nto alignment

17
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with the original sample, the odd carriers C are

multiplied by -1. Thus, 1n this example, the times-

gt r—
h— o

of fset frequency coefficient becomes Azs+1/2 (AzstAze)

P

and the resulting Hanning values for each of the

sample points are added. The sum 1s 2R, for c=24 and

2h,- for c¢=25. Thus, 1t can be seen that The

components of the adjacent signals typically found in

cach carrier signal after a Hanning window function

are removed.

The single-unit dual FFT engine shown 1in

FIG. 12 may be implemented using a dual FET engine
which was designed to complex signals. Rather than
setting the imaginary parts of the complex entries to

zero, a use which results in redundancy and does not

utilize the full bandwidth of the engine, the complex

FFT engine can be fully utilized by applying real

numbers at both the real and imaginery 1nputs. This

makes use of the fact that the real part of the

frequency spectrum of a real signal 1s an even

function and the imaginery part of the frequency

spectrum of a real signal 1s an odd function. The

practice of performing dual-real transiorms wlth

complex FFTs is well-known and, therefore, will not be

described in further detail. Of course, 1t will Dbe

recognized that the dual FFT engiline 84 can also be

implemented as two separate FET engines.

Referring now to FIG. 15, a freguency domailn

windowing process (101) performed by the recelver 80

ﬁ
—

of FIG. 12 is shown. The process performs (102) a

13
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first FFT on a first sample of a temporal symbol

sample points,

{1 1}

waveform sampled at a number (s) O:

e.g., s=256 sample points, during the symbol time Ts.

The process 104 performs a second FFT on a second

sample that is time-offset from the first sample by a

time = T/2 (i.e., a T/2 prefix to the symbol). The

process applies (106) the first Hanning window to the

second off-set sample and applies (108) the second

Hanning window to the first sample 1n the frequency

domain. The processed T/2 prefix points are shifted

(110) in the freguency domain (i.e., the odd ones are

multiplied by -1) to realign them with corresponding

ones of the first sample points. The process then

adds (112) the processed second sample points to the

processed first sample points of the OFDM symbo.l.

P

Tn an alternative embodiment of the receiver

80, the Hanning window filter 1is placed before the FFT

engine. Referring to FIG. 16, a receiver 118 includes

a Hanning window filter 120. Again, the window filter

may be any apodizing window function having the

“symmetric” property as defined above. The Hanning

~— 9
.

filter includes a first Hanning window function

wilindow

122 for receiving a waveform S(t) and a second Hanning

F
—

window function 124 for receiving a time-offset

#
—

waveform S(t-T/2) offset by T/2 by time delay element

119. The receiver further includes a time shift

element 125 for shifting (e.g., rotating) the windowed

P
p—

time-offset sample points into re-alignment wilth the

g
—

windowed, non-offset waveform. Also included 1s an

19
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b

adder 126 coupled to one output of the Hanning window

fFilter 120 and the time shift element 125, as well as

the input of an FFT engine 126.

't

Referring now to FIGS. 17A-C, an example O:

}

the time-domain windowing process performed by the

receiver 118 of FIG. 16 1s shown. FIG. 17A

illustrates a time domain shape of Hanning window 130

containing 256 points: Hpg, Hi, Ha2, Hs, ...,Hsss. The
Hanning window 130 has the property Hy= 1 — Hizg+j.

FIG. 17B depicts an OFDM symbol 132 of a sample size

(number of sample points) s = 256: A TO Agss. The OFDM

symbol has a cyclic extension (prefix) 134 Py = Ay, ] =

128 to 255, in the originally transmitted signal.

- pha—
— e

That is, prefix P is identical to the second half ot

RN

A. The cyclic prefix P, together with the first hal:

P
Jr—

fset oOr

of the symbol A, thus represent a time-o:

delayed version of sample A. The time-offset sample

is offset by T/2 (128 points, in this example). FIG.

17C shows a first Hanning window applied to sample A,

that iS, (AO“A255) s (HO"'H255) , LO give Hanning values Xgo-
X,55 collectively, windowed sample X 136. Further
illustrated is a second Hanning window applied to the

points (P1,8—R127) * (Hop—Has5) TO glve Hanning values (Yo -

Y,ec), collectively, windowed samplie Y 138. Theretfore,

with reference to FIG. 17C, X; = A;*Hy, and for J= 0 O

255, Y3 = Psi128*Hy and Yjs128 = Aj7Hje128-

Referring again to FIG. 17C, to re-align the

two windowed samples X; and Yi;, Yi:12¢, sample P 1s moved

128 points (as indicated by the arrow) toO align with

20
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sample A. Thus, after the shift, Yo-Y2s5 1s Yizg,
Y129, . o .Y255, Yo, Yl, . . .Y126, Y127 , collectively, Y 140.
Combining the two samples X 136 and Y 140 gives Xp+Yizs,

X14+Y129. . « X127+ Y055, Xi2g+tYo, Xi20tY1...XpsstY126, X2e5TY127.

D More specifically, for the first 128 points

of the combined windowed samples (3=0 to 127):

Xj+Yj+128 AJ*HJ T Aj*HjJrlzg

As* [Hy + Hiysi28]

10 = As*[Hy + 1-Hjy]
= A
For the second 128 poilnts of the combined
windowed samples X and Y (where j=0 to 127/):
15
Xq+1281t Y5 = Aj+128*H3+128 + Py+128™Hj
= Ay+128%Hys128 + Py+128* [1-Hy4128]
~ Asi128*Hi4128 1+ Aji128™ [L1-
Hi+128 ]
20 ~ As4128%Hy+126 ¥ [1-Hj+128]

- Aj+128

F dend
—

ferent

It should be noted that, because A and P are di:

signals and therefore noise and channel distortion are

F
=

25 applied to each differently, there is actually a small

i

but negligible difference between the two. Thus, Aj:iz2s

is approximately equal to Pjsi28 1n the substitution

above.

21
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It will be recognized that, although a full

Hanning window can be applied to both the original and

the of:

-

set samples (as described above), the summing

of the resultant Hanning values in samples X 136 and Y

140 for the 128 points of A which are common to both

samples yields no more than the original sample Aj.

Therefore, the same results could be achieved by

applying a first half Hanning window (Hp to Hizy) to P

and a

second half Hanning window (Hizg to Hzss) to the

second half of A. The half Hanning window approach

is less computationally intensive than the full

Hanning window approach and 1s therefore a more

desirable implementatilon.

Referring to FIG. 18, a time-domain based

windowing process (140) performed by the receiver 118

F

shown in FIG. 16 (and depicted in the example of FIGS.

10B-C)
half o

plr—

is shown. The process applies (152) a first

a Hanning window to the first half (e.g.,

points 0 to 127 in a 256 point sample) of a T/2 time-

offset sample and applies (154) a second half of a

Hanning window to the second half (e.g., polnts 128 to

256 1in a 256 point sample) o:

sample

added

(

{1}

a first, non-offset

The windowed values in the first sample are

156) to corresponding windowed values 1n the

second sample (i.e., values separated by T are added

together). The summed values, along with the points

1n the

p— —
s

first half of the first sample, are then

Fourier-transformed (158) by a single FFT engine.
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the Hanning window effectively limits

non-orthogonal narrowband 1nterferer

by tapering the endpoints of the signal smoothly tTO

sero. Since the original signal is also distorted Dy

the window, the realignment and combination of the

signals restores the original signal without changing

the bene:

it gain

(reduction in effects of narrowband

interferer) achieved by applying the window.
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It will be appreciated by those skilled in

the art that the windowing function may be selected as

any “symmetric” apodizing window function, that 1s, an

-

apodizing window function which has the property Wy +

b W rrrsize/2+9)=CoOnstant, where FFTSize 1s the size of the

FFT sample. As noted above, the Hanning window has

this property. Another example of such a symmetric

apodizing window function would be a triangular-shaped

wilindow.

10

Other Empbodiments

T+ 1is to be understood that while the

invention has been described in conjunction with the

detailed description thereof, the foregoing

15 description is intended to illustrate and not limit

the scope of the invention, which is defined by the

scope of the appended claims. Other embodiments are

within the scope of the following claims.

20 What 1s claimed 1is:

24
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CLAIMS

DM symbol, the

A method of processing an OF:

> 1.

method comprilsing:
forming a windowlng

per:
mple having a symbol period of T and a time-offset

from the symbol by T/2 to produce

function on a symbol

Sc

symbol sample offset
for the symbol and second

10 first windowed values

for the time-offset symbol, the

windowed values
‘unction being a symmetric apodizing wilndow

-1

windowing :

function;
applying a time shift to re-align the time-

15 offset symbol sample with the symbol sample, thereby

re-aligning the second windowed values with

first windowed values; and

corresponding
summing the second windowed values with the

first windowed values.

corresponding

20

2 . The method of claim 1, wherein performing a

‘unction occurs in the time domailn and
function to the symbol

windowing

includes applying the windowilng

sample and the time-offset symbol sample in the time

25 domain.

forming a

~hod of claim 2, wherein per:

o

3. The me
‘unction includes applylng a

'}

fr—
fp—

first half o

(

windowing :

first half of the time-

the windowing function to a

25
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10

15

#

offset sympbol sample and applying & second half of the
windowing function to a second hali oI the sympol

sample.

¢ . The method of claim 1, wherein pericrming a
windowing function occurs in the freguency domain and
includes applying the windowiling function to FFT
Zrequency coefficients of the symbol sample and the
time-offset symbol sample.

3 The method of claim 2, wherein the symmetrlic

apodizing window function is a Hanning window.

6. The method of claim 4, wherein the symmetric

apodizing window function is a Hanning window.

7. The method of claim 4, further comprising:

transforming the symbol sample corresponding
to a symbol period T from a time-domain to a frequency
domain;

transforming the symbol sample time-offset
py T/2 from a time-domain to a frequency domain;

applying the symmetric apodizihg window
function to the transformed symbol sample to produce
the first windowed values; and

applying the symmetric apodizing window
function to the transiormed time-offset symbol sample

TO produce the second windowed values.

26
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F
P

8 . The method of claim 2, wherein performing

the windowing function further comprises:

applying a half symmetric apodizing window

p—

function to a second half of the symbol sample

corresponding to a symbol period T to produce the

first windowed values; and

applying a half symmetric apodizing window

o— J—
p—

of the time-offset symbol

T

function to a first hal:

sample to produce the second windowed values.

9. The method of claim 8, further comprising:
providing the summed windowed values and a

P

first half of the symbol sample to a Fast Fourier

transform.

10. A receiver for processing symbols

transmitted over a transmission channel, the receiver

comprilising:

L4

a window filter for applying an apodizing

window to a first symbol sample of a symbol having a

symbol period T and a second symbol sample

corresponding to the first symbol sample offset by T/Z

to produce first windowed values for the first symbol

sample and second windowed values for the second

symbol sample, the apodizing window belng a symmetrlc

apodizing window;

a time shifting element for time-shifting

the second windowed values into alignment with the

first windowed wvalues; and
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an adder for adding the second windowed values

to the corresponding first windowed values.

Ll. The receiver of claim 10, wherein the window
5§ filter applies the symmetric apodizing window to the

first and second symbol samples in the time domain.

12 The receiver of claim 11, wherein the window
filter applies a first half of the apodizing window to

10 a f£irst half of the time-offset symbol sample and a
second half of the apodizing window to a second half

of the symbol sample.

1 3. The receiver of claim 10, wherein the window
15 filter applies the apodizing window to FFT freqguency
coefficlients o©f the symbol sample and the time-offset

symbol‘éample in the frequency domain.

14, The receiver of claim 11, wherein the

20 symmetric apodizing window is a Hanning window.

15. The receiver of claim 13, whereiln the

symmetric apodizling wilndow 1S a Hanning window.

o
tn

16. The receiver of claim 13, further
comprising:
an I'FT engine to transfiorm the first and

second symbol samples to a freguency domain;

23
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sample tO

apodizing

sample €O
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wherein the window filter applies the

window to the transformed first symbol

produce the first windowed values; and

wherein the window filter applies the

window to the transformed second symbol

produce the second windowed values.

The receiver of claim 11, wherein the window

filter applies a half symmetric apodizing window to a

second half of the first symbol sample to produce the

fFirst windowed values and a half symmetric apodizing

*

window to a first half of the second symbol sample €O

produce second windowed values.

18.

outputs the summed window values and a first half o:

The receiver of claim 17, wherein the adder

P
—

3

|

the first symbol sample to a Fast Fourier Transform

englne.

29
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