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1
COMBINED MINIMIZATION OF
INTERSYMBOL INTERFERENCE (ISI) AND
ADJACENT CHANNEL INTERFERENCE
(ACD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of and claims priority to
U.S. patent application Ser. No. 16/050,838, entitled “Com-
bined Minimization of Intersymbol Interference (ISI) and
Adjacent Channel Interference (ACI), filed Jul. 31, 2018,
which claims priority to U.S. Provisional Patent Application
No. 62/569,220, entitled “Adaptive Utilization of Insuffi-
cient Cyclic Prefix (CP) For Joint Minimization of Inters-
ymbol Interference (IR) And Adjacent Channel Interference
(ACI)”, filed Oct. 6, 2017 by the same inventors, the entirety
of which are both incorporated herein by reference.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made with government support
1609581 awarded by the National Science Foundation. The
Government has certain rights in the invention.

BACKGROUND OF THE INVENTION

Conventional orthogonal frequency division multiplexing
(OFDM) receivers are designed assuming the cyclic prefix
(CP) is longer than the maximum excess delay (MED) of the
desired users channel, thereby reducing intersymbol inter-
ference (ISI). Users in adjacent bands are assumed to cause
negligible adjacent channel interference (ACI). This is
achieved by avoiding channels with maximum excess day
longer than the cyclic prefix by elongating the cyclic prefix
durations, such as the extended-CP option in Long Term
Evolution (LTE). Possible adjacent channel interference due
to interferers in adjacent bands are either mitigated using
interference cancellation or avoided by increasing guard
bandwidth until adjacent channel interference power
becomes negligible or suppressed.

There are numerous approaches known for suppressing
ACI. The most prominent approach is windowing, which is
popular due to its low computational complexity and effi-
cacy. Windowing can be applied at the transmitter to reduce
out-of-band (OOB) emission and corresponding ACI before
it eventuates, or alternatively, windowing can be used at the
receiver to reject present ACIL. However, known windowing
techniques utilize the same window function for all subcar-
riers, while it is known that edge subcarriers are critical in
out-of-band emissions and are more prone to present ACL.
Subcarrier specific windowing (SSW) techniques at both the
transmitter and receiver are known in the art. However, the
known SSW implementations assume that the cyclic prefix
(CP) is longer than the maximum excess delay (MED) of the
channel, to accommodate windowing and limit the window
length to the guard interval that is not disturbed by multipath
reception. Implementations of subcarrier specific window-
ing are also known to allocate additional samples for win-
dowing, thereby reducing spectral efficiency, which is unde-
sirable.

Cellular communication standards beyond 5G are envi-
sioned to simultaneously provide diverse services, with
various requirements, to a myriad of devices. Increasing
spectral efficiency is crucial to effectively supporting the
projected number of devices, particularly in lower carrier
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frequencies, thereby favoring reduced guards. Using cyclic
prefix durations shorter than the users’ maximum excess
delay have been proposed to satisfy the lower latency
required by new services in systems beyond 5G, while also
increasing spectral efficiency.

However, the conventional approaches do not address the
requirements of communication systems beyond 5G. Asyn-
chronous, non-orthogonal waveforms with different param-
eterizations, referred to as numerologies, are also proposed
to be used in adjacent bands to provide diverse services in
future standards. However, determining the adjacent channel
interference (ACI) caused by such non-orthogonal numer-
ologies has not been previously addressed.

Accordingly, what is needed in the art is an improved
system and method that addresses the additional require-
ments of communication systems beyond 5G, including
increased spectral efficiency and adaptations for non-or-
thogonal numerologies.

SUMMARY OF INVENTION

This invention addresses the interference resulting from
resource shortage in both the time domain and the frequency
domain of a wireless communication system, including
insufficiency of guard time between consecutive symbols of
a user and insufficient guard band between users communi-
cating in adjacent bands. Such resource shortage is expected
to occur in future cellular communication networks as
studies have proposed shortening guard times to reduce
latencies and reducing guard bands to increase the number
of users, as well addressing asynchronization.

In various embodiments, the present invention provides a
method for windowing of an Orthogonal Frequency Divi-
sion Multiplexing (OFDM)-based signal, which includes,
receiving, at a receiver, an OFDM-based signal comprising
a plurality of subcarriers, estimating an aggregate adjacent
channel interference (ACI) and intersymbol interference
(ISI) at each of the plurality of sub carriers, estimating an
optimal window duration for each of the plurality of sub-
carriers, where in the optimal window duration is the dura-
tion that minimizes the aggregate adjacent channel interfer-
ence (ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers and performing, at the receiver,
windowing of each of the plurality of subcarriers of the
received OFDM-based signal by multiplying each of the
plurality of subcarriers by the optimal window duration to
generate a filtered OFDM-based signal.

In one embodiment, the optimal window duration for each
of the plurality of subcarriers is an instantaneous optimal
window duration and the optimal window duration is deter-
mined to be the duration that minimizes the aggregate
adjacent channel interference (ACI) and intersymbol inter-
ference (ISI) at each of the plurality of subcarriers based
upon the power density profile (PDF) and the channel
impulse (CIR) for each of the plurality of subcarriers.

In another embodiment, the optimal window duration for
each of the plurality of subcarriers is an instantaneous
average window duration and the optimal window duration
is determined to be the duration that minimizes the aggre-
gate adjacent channel interference (ACI) and intersymbol
interference (ISI) at each of the plurality of subcarriers based
upon the power density profile (PDF) for each of the
plurality of sub carriers.

In an additional embodiment, the method of the present
invention for windowing of an Orthogonal Frequency Divi-
sion Multiplexing (OFDM)-based signal may be performed
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at a transmitter prior to transmitting the OFDM-based signal
over the communication channel.

The invention further includes, a receiver for windowing
of an Orthogonal Frequency Division Multiplexing
(OFDM)-based signal. In a particular embodiment, the
receiver includes, an analog to digital module configured for
receiving an OFDM-based signal comprising a plurality of
subcarriers. The receiver further includes a receiver filter
coupled to the analog to digital module, the receiver filter
configured for estimating an aggregate adjacent channel
interference (ACI) and intersymbol interference (ISI) at each
of the plurality of subcarriers, for estimating an optimal
window duration for each of the plurality of subcarriers,
where in the optimal window duration is the duration that
minimizes the aggregate adjacent channel interference
(ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers and for performing windowing of
each of the plurality of subcarriers of the received OFDM-
based signal by multiplying each of the plurality of subcar-
riers by the optimal window duration to generate a filtered
OFDM-based signal. The receiver additionally includes, a
demodulation module coupled to the receiver filter, the
demodulation module configured for receiving the filtered
OFDM-based signal and for demodulating each of the
plurality of subcarriers of the OFDM-based signal.

The invention may additionally include, a transmitter for
windowing of an Orthogonal Frequency Division Multiplex-
ing (OFDM)-based signal. The transmitter may include, a
modulation module configured to receive a digital signal to
be transmitted, the modulation module configured to modu-
late the digital signal to generate an OFDM-based signal
comprising a plurality of subcarriers. The transmitter may
further include, a transmitter filter coupled to the modulation
module, the transmitter filter configured for estimating an
aggregate adjacent channel interference (ACI) and inters-
ymbol interference (ISI) at each of the plurality of subcar-
riers, for estimating an optimal window duration for each of
the plurality of subcarriers, where in the optimal window
duration is the duration that minimizes the aggregate adja-
cent channel interference (ACI) and intersymbol interfer-
ence (ISI) at each of the plurality of subcarriers and for
performing windowing of each of the plurality of subcarriers
of the received OFDM-based signal by multiplying each of
the plurality of subcarriers by the optimal window duration
to generate a filtered OFDM-based signal. The transmitter
may additionally include, a digital to analog module coupled
to the transmitter filter, the digital to analog module config-
ured for transmitting the filtered OFDM-based signal.

In another embodiment, the present invention includes,
one or more non-transitory computer-readable media having
computer-executable instructions for performing a method
of running a software program on a computing device, the
computing device operating under an operating system, the
method including issuing instructions from the software
program for windowing of an Orthogonal Frequency Divi-
sion Multiplexing (OFDM)-based signal, the media includ-
ing instructions for, receiving, at a receiver, an OFDM-based
signal comprising a plurality of subcarriers and for estimat-
ing an aggregate adjacent channel interference (ACI) and
intersymbol interference (ISI) at each of the plurality of
subcarriers. The media further including instructions for
estimating an optimal window duration for each of the
plurality of subcarriers, wherein the optimal window dura-
tion is the duration that minimizes the aggregate adjacent
channel interference (ACI) and intersymbol interference
(ISI) at each of the plurality of subcarriers and for perform-
ing, at the receiver, windowing of each of the plurality of sub
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carriers of the received OFDM-based signal by multiplying
each of the plurality of subcarriers by the optimal window
duration to generate a filtered OFDM-based signal.

In yet another embodiment, the present invention
includes, one or more non-transitory computer-readable
media having computer-executable instructions for perform-
ing a method of running a software program on a computing
device, the computing device operating under an operating
system, the method including issuing instructions from the
software program for windowing of an Orthogonal Fre-
quency Division Multiplexing (OFDM)-based signal, the
media including instructions for receiving, at a transmitter,
an OFDM-based signal comprising a plurality of subcarriers
and for estimating an aggregate adjacent channel interfer-
ence (ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers. The media further including instruc-
tions for estimating an optimal window duration for each of
the plurality of subcarriers, wherein the optimal window
duration is the duration that minimizes the aggregate adja-
cent channel interference (ACI) and intersymbol interfer-
ence (ISI) at each of the plurality of subcarriers, for per-
forming, at the transmitter, windowing of each of the
plurality of sub carriers of the received OFDM-based signal
by multiplying each of the plurality of subcarriers by the
optimal window duration to generate a filtered OFDM-based
signal and for transmitting, from the transmitter, the filtered
OFDM-based signal.

In this present invention, insufficient cyclic prefix is
optimally utilized to jointly minimize ISI and ACI, thereby
adaptively addressing spectral efficiency requirements of
systems beyond 5G and the corresponding real-time condi-
tions. In various embodiments, incident ISI caused by insuf-
ficient CP is first determined, and ACI caused by different
numerologies in adjacent bands is then determined. The
combined interference power for each subcarrier is then
minimized to optimize the solution.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken
in connection with the accompanying drawings, in which:

FIG. 1 is a graphical illustration of the post-equalization
]E S{Pﬁ}d,olm}
L,uo —0Vn.

FIG. 2A is a graphical illustration of pre-window inter-
ference in desired user’s signal for one realization.

FIG. 2B is a graphical illustration of pre-window inter-
ference in desired user’s signal for mean of many realiza-
tions.

FIG. 3A is graphical illustration of a one realization

and P, ,"(s) for a realization, for

for L"SSLW /K and E {P, ,,™} forL,., " ={0.L/, L‘SSLW }.
FIG. 3B is a graphical illustration of a mean of many
realizations for L&S/K and E, {E AP0}t for
Lo ={0L" L ).
FIG. 4 is a graphical illustration of SIR gain of receivers
Wlth Ln,i,uW:{Li—l,uﬁxs Luévsti,uﬁxs Lfilﬂ—/llu’ Ln,uévss Lfl‘,s‘l"/l{‘ }
over no windowing for different interferer power offsets.

FIG. 5 is an illustration of an OFDM-based system for
implementing the various methods of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

In various embodiments, the method of the present inven-
tion proposes windowing the cyclic prefix (CP) at the
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receiver utilizing subcarrier specific windowing. The spe-
cific duration of the window for each subcarrier is the
duration that minimizes the aggregate interference caused by
the insufficiency of the cyclic prefix, with respect to the
effective channel length, and the interference caused by
asynchronous communication in adjacent bands.

In a practical scenario, multiple users are simultaneously
transmitting data to a base station of a communication
network using finite duration electromagnetic pulses. The
electromagnetic pulses are modulated to adjacent frequency
bands, utilizing a protocol commonly referred to as Fre-
quency-Division Multiple Access (FDMA). FDMA assigns
users an individual allocation of one or several frequency
bands, or channels. The data of each user that is transmitted
on the channel(s) must be received separately at the receiver,
because they use different multicarrier pulse shapes.

Due to the electromagnetic waves being reflected, scat-
tered or slowed down by physical objects, in addition to the
variation in distances between the user and the base station,
multiple copies of the signal arrive at the receiver of the base
station at various times having different complex gains,
which is commonly referred to as multi-path fading. In
multi-path fading, if one symbol of the modulated signal
interferes with the reception pulse of the next symbol,
intersymbol interference (ISI) occurs.

Additionally, because the transmitted electromagnetic
pulses used to communicate on the channel do not have
infinite duration, they have non-zero power beyond their
allocated band. This non-zero power outside of the assigned
band of the user results in interference to the users commu-
nicating in these bands, which is commonly referred to as
adjacent channel interference (ACI).

The electromagnetic pulses transmitted on the channel are
a function of the information (data) transmitted to the users.
As such, the intersymbol interference (ISI) and the adjacent
channel interference (ACI) are also dependent upon the
information transmitted by both the user of interest and the
users operating in the adjacent bands. Additionally, time
dispersion, or echoes, caused by multi-path propagation
delays changes the received aggregate signal, which effects
the reception of both the signal of interest and the reception
of the signals in the bands adjacent to the bands used by the
signal of interest.

The inventive method formulates the calculation of
expected interference due to any OFDM signal in the Gabor
lattice and encloses the original idea of windowing each sub
carrier differently at the receiver, even in the absence of
undistorted cyclic prefix, to maximize signal to interference
ratio (SIR).

In a particular embodiment, a 1-indexed algebra is used
where I, is the NxN identity matrix, Oy, 1s the NxM zero
and 1,,.,,1s the NxM ones matrix. Conjugate, transpose and
Hermitian operations are denoted by (¢)*, (9)* and (¢)7,
respectively. AOB is the Hadamard product of matrices A
and B and A@B denotes the Hadamard division of A to B.

X®? is the Hadamard product of matrix X with itself. |, {¢}

is the expectation operator over variable a. diag (cl,
c2, ., ¢N) represents the NxN diagonal matrix with

diagonal elements cl1, c2, . .., cN, toep (K, §) denotes the
Toeplitz matrix of which first column is A and first row

is B, d(*) is the Dirac delta function, N (u;0°) is the normal
distribution with mean p and variance o2, and fliplr (*) is the
function that flips a matrix from left to right, i.e., X, =fliplr
(Xasnens1)- All properties existing with subscripts denote
that the given matrix or vector is associated with the uth user.

25

50

6
Let s,&C** denote the modulated data symbols,
where M,, is number of uth user’s data subcarriers and I, is

the number of uth user’s OFDM symbols in a frame. Q,E

R MM is yith user’s subcarrier mapping matrix. A, R+

kuxvu 18 Uth user’s CP insertion matrix, consisting of:

®

x=

[Okux(Nu—Ku) Ig, }

In,

in the case of no transmitter windowing, where K, is the
number of CP samples. The CP removal and windowing

matrlx B, wERMN+E js shown in equation (2), where
L. MWE{O 1., , K, } is the taper length of either side of

the window, in number of samples, used for the reception of

the nth subcarrier of ith OFDM symbol of uth user and

A
W,. eR™ miu,

i

the receiver window coeflicients, are calculated using

W
’Lnru’

&
Wik 1Y = (14 coff =2 || k= 1.2, ..
ks L) = ( COS(L,ZVM 1]]

k=1,2,..., Ln s ¥ which generates raised cosine window
coeflicients using taper length instead of roll-off. Note that
when L,,;,”=0, equation (2) simplifies to Bo=[0y .x Iy 1.
which is the CP removal matrix without Windowing. o

2)
Bw =
Lntu
0 w0y w o w Iy w 0 W
N Ll oKLyl N L Ll Nl Nt
0 diag 0w diag
W, W .
Ly >Ku=Lyi y (fliplr(Wy; ) LN (Weii)

h &€ C " denotes the CIR invariant during reception of
the corresponding OFDM symbol where L, is the MED uth
user experiences in number of samples, which is obtained by

a/u

V()

1-ak

where P,, is the received power of uth user’s signal o, is the

exponential decay rate of uth user’s channel 7(1()6
C "4 CN(0,1)VkE{0,1, . . ., L~1} [10]. Then, h, ,*™E
CNerBeNeBu s the linear channel convolution matrix
bounded to one symbol duration, h,,*”"*=toep([h7 ,, 0.y,
& _ 1507 ,(0) Oy 7k 1D D7) E‘CN“X1 is the channel
frequency response (CFR) of uth user’s ith OFDM symbol
which can be calculated as H?,MW/NMFH
Defining the ISI free condition as:

u leNu—Lu] .
KL, "L, VnE{12, ... N} 6

Assume desired OFDM symbol is the dth OFDM symbol
of Oth user. Let us first assume the absence of the interfering



US 10,476,705 B2

7

users, and equation (3) is satisfied. In this case the product
B, "h,o“"A, results in the perfect circular channel con-
volution matrix h, ;" “€C *>* shown in equation (4).

)

circ _
hiu =

toep([m 0 -

T 1Ny

,LH]T’ [, (O fliph[, (:L =10 o )]}

U

Furthermore,

F.B peony 4 pH
0 L:,Wd,o 4,0 A0l

results in diag (Hd,o), where F, & C ™ denotes the normal-
ized fast Fourier transformation (FFT) matrix uth user uses
in the generation and reception of OFDM symbols. Hence,
ignoring the noise, the receive symbols

Va0~ FoBL:,Wd,o hg?gvAoFgQ"s:,E,o = diag(Hd'O)S:,E,o =Hap OS5 50 Y.20

is equalized using zero forcing (ZF) equalization via a
similar Hadamard division by CFR to obtain the symbol
estimates §, ;& C "

N :,d,oZAuH(y:,?,OEI:Id.o 3)

where, Pld_o is the desired OFDM symbol’s channel fre-
quency response (CFR) that is estimated at the receiver.

In this present invention, although there would be residual
ISI, as equation (3) is invalid, equalization will still be
performed as in equation (5) and no interference cancella-
tion technique, other than receiver windowing, is applied to
reduce the ACI and residual ISI. In the scenario of interest,
the received signal consists of the distorted desired signal
and interference from other signals, including ISI from the
previous symbol, and ACI from signals in adjacent bands.
One of the goals of the present invention is to minimize the
aggregation of the distortion of the desired signal and the
interference.

The distortion of the desired signal can be determined by
calculating the difference between the signal that would
have been received if equation (3) was satisfied, and the
actual received signal. If equation (3) was satisfied, the
channel convolution matrix would have been perfectly cir-
cular, and the received signal would be

Y g0 = FORSSFY Qus 5 -
Then, the difference between the perfect and effective cir-
cular channel convolution matrices when CP is added using
equation (1) and removed using equation (2), forms the
distortion matrix h; € C >, which is

hﬁ‘;ﬁ’ = Byw h™ A~ jeire
Hence, the distortion in the nth subcarrier of the desired

OFDM symbol is found as

dist dist pH
Yo = Foligo 5 Qus 5.
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The ISI and ACI from all other signals are calculated by
projecting samples of each received OFDM symbol to the
corresponding samples of the desired OFDM symbol in this
asynchronous scenario. Each received OFDM symbol
affects a total of

Ak
Af

Nu+ Ky(Ly = 1))

time samples. The channel output, including the CIR filter
tail, is calculated by left multiplying the transmit samples
with

Afy
h{uuu c Cm(NwKu(Lrl))waKu’

where

hi' = IOEP([hT,u leN,,?Ku—l]T’ [hf,,,(o) leN,,?Ku—l])R’

where

Re c%%wwkumu—mxl

is any resampling transform. Let

A
L e R—A%(Nﬁkumfl))xl
T

denote the time indices of the received samples that contains
energy from the samples of the ith OFDM symbol of uth
user. Then, a projection matrix

A
| | c Ko +K0x—A§2 (Ny+K(Ly—1)
fud,0

is formed such that the misaligned, asynchronous samples
are projected onto the received symbol:

L g (@) =1, () ©)

Hi,u:d,o (&) :{ 0

5 ow.

Thus, the aggregate interference on the nth subcarrier of
the desired symbol is found as:

i i full 4 H M
Viiao = Yo+ 2, D FoBuw [ Wi a0

u, i

{i, u} #1{d, 0}

Using this formulation, the instantaneous interference
power is easily calculated if all parameters are known. Note
that in the numerical verification of this work, sampling rates
are matched using Fourier interpolation, implying a
Dirichlet kernel.
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However, practically, information symbols of all users are
unknown at the time of reception and, as such, an estimate
of the expected interference power is needed. To calculate
this value, the following statistical conjecture is used:

Conjecture 1. The Symbols Transmitted Using any Sub-
carrier of any OFDM Symbol of any User are Independent
from Each Other and the Used Modulation is Unit Average
Power, i.e.

E{Sniwsys 7} =0 —n" )0 = iNSu—u' W n,n', 0, i, u, i

i

Conjecture 1 implies that, for a practical number of
subcarriers, the variance of their sum is the sum of their
variances by the law of large numbers. Each column of F#
contains the phase rotation of a normal random variable and
the sum of variances of all columns yields the total inter-
ference power contributed to the symbol. Thus, the expected
aggregate interference to the nth received subcarrier of the
desired user is given in the nth column of

®

u, i

{i, u} #1{d, 0}

EdPTo) = L, (|Fohs Y QHS:EOPZ)T +

Z Z IRN( hf"”AuQuFf oz)T

(R

FoB,w
n,d,0

Lud,0

where the nth column of 13;,X” contains the sum of all
elements in the nth row of X.

In the proposed method of the present invention, the
receiver is to solve either of:

)

53w _ : int
1t = argw, minEdP,)

avs
L

10

niu

= arg,w min E{E,{P]%,))

i =argyw  min EAEAPG, M an

5 =arg;w min E{E,{E{P, 1 12

subject to L, "€{0,1, . ..

to find:

1) optimal subcarrier specific windows (SSWs) lengths
for known channel impulse responses (CIRs) from equation
®

2) average subcarrier specific windows SSW lengths
depending on users’ power delay profiles (PDPs) from
equation (10)

3) optimal window length for conventional “fixed”
receiver windowing using the same window lengths for all
subcarriers for known channel impulse responses (CIRs)
from equation (11)

4) average fixed length depending on users’ power delay
profiles (PDPs) from equation (12).

The required computational complexity of the options
decreases, along with the resulting performance, from option
1) down to option 4).

In the present invention, the instantaneous optimal win-
dow lengths depend upon the channel impulse responses
(CIRs), however, the average optimal window lengths are

K.} 13)
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obtained only for the power delay profiles (PDPs), wherein
the PDPs are the mean of the magnitude of the CIRs over a
plurality of OFDM symbols.

In most practical cases, the PDPs are simpler to obtain, as
compared to the full channel information. Accordingly, in
the present invention, the magnitude alone can be used
without the instantaneous phase of the channel being know
to determine the average optimal window lengths, wherein
the magnitude is not instantaneous, but is instead the average
channel magnitude over a number of symbols.

There are various means known in the art for obtaining the
PDP of the symbols, including but not limited to, equiweight
averaging and exponential weighted averaging. In exponen-
tial weighted averaging, more weight is placed on more
recent symbols and weights are determined from the expo-
nential function and interpolation between symbols, after a
weighting period.

In the following analysis, the solutions to window length
calculations are not provided but performance gain is illus-
trated.

Provided the solutions are known, the subcarrier specific
window requires additional

N
ALY + =
sswf ( 2

logzN)
tWer

multiplications and

e LY + Nlog,N)
Wer i

additions on top of fixed windowing, due to additional
overlapping (first terms) and FFT operations (second terms).

An exemplary embodiment, with the following param-
eters, was simulated to demonstrate the gains of the pro-
posed method of the present invention. In the exemplary
embodiment, a,,, CIRs and time offset between users are

randomized at each run. ﬁi,u:Hi,uVi, u and E,{h,,
h*, ;. }=P,3(Al). P_,=P, always, and are equal to 2P, in the
remaining figures, with the exception of FIG. 4. In the
exemplary embodiment, there is no guard band between any
user, the first subcarrier of the user with a narrower band-
width is located at the first null of the adjacent user’s
edge-most subcarrier. Additionally, in the exemplary
embodiment, 2Af ,=Af,=Af,/2, where user indices distin-
guish their order in the spectrum. The rest of the variables
are given in the sampling rate of user O. N{_l,o,l}:{S 12, 256,
128}, M, 1,0,1}={123,127, 31}, and K_, 5,,={36, 18, 9}
whereas Ly, o,,={64, 32, 16}.

FIG. 1 illustrates the post-equalization expected aggregate
interference for unknown signals 100 and the actual inter-
ference for known signals 105, for a single realization of the
aforementioned exemplary embodiment. As shown, the
expected interference calculations are accurate in determin-
ing the actual interference, but a slight mismatch occurs due
to the dependence of the signal of interest on the multi-path
fading of the signal transmitted in the adjacent channel and
the resulting adjacent channel interference (ACI) on the
interfering users’ signals.

The ISI power 110, consisting of both the distortion of the
symbol of interest and the leakage from the preceding
symbol of desired symbol, the ACI power 120 and the
combined interference power of the ISI power and the ACI
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power 115 at the subcarriers of the signal of interest are
shown in FIG. 2A and FIG. 2B. In case of a single realization
shown in FIG. 2A, the dependency of the users’ signals on
the instantaneous channels of interfering users can be
observed by the power offset at the edge subcarriers,
although both interferers have the same transmit powers. As
the results are averaged over many realizations, as shown in
FIG. 2B, the ISI power 125 becomes uniform throughout the
subcarriers and the ACI power 135 becomes stronger at
edges and weaker in inner subcarriers, resulting in the
combined interference power of the ISI power and the ACI
power 130 over many realizations.

FIG. 1 illustrates the effect that echoes, or time dispersion,
has on the power of the received signal 105, caused by the
multi-path propagation delay of the signals transmitted in
the adjacent channels. Without multi-path fading, the power
profile of the signal of interest 115 would be as shown in
FIG. 2A. Therefore, the state of the multi-path fading caused
by the echoes is critical to the determination of the amount
of interference present on a received pulse of interest.

While it is known in the art to use optimal pulse shaping
functions for individual subcarriers to minimize ISI, the
durations of the pulses remained the same for all the
subcarriers. As such, the dependence of the signal of interest
on the information contained in the symbols and the char-
acteristics of the channel have not been considered in the
previous works.

The present invention addresses the echoes in the received
pulse, which result from multi-path fading, in addition to the
effect of the multi-path fading in the frequency domain, due
to the channel. In various embodiments, the amount of
adjacent channel interference (ACI) and intersymbol inter-
ference (ISI) that would be introduced into a received pulse
of interest can be found from equation (8). As such, the
expected aggregate interference (ACI+ISI) to the nth
received subcarrier of the desired user resulting from the
information of all the users of the channel and the channel
response can be determined. Assuming the information
transmitted by the users may or may not be known and the
channel response may or may not be known, maximum
likelihood approximations can be used to determine the
resulting interference if:

1) The information is not known, but the channel is
response is known.

2) The information and the channel response are known,
but the power delay profile (PDF) of the channels are
known.

3) Only the mean received power of each signal is known.

In order to identify an optimum window duration for each
subcarrier that minimizes the sum of the ACI and ISI at that
subcarrier, it is necessary to calculate the interference as a
function of the information contained within the signal and
the channel response.

In a particular embodiment, an iterative optimization
method may be implemented to determine the optimum
window duration for each of the subcarriers. In this embodi-
ment, a memory of the receiver may store all the corre-
sponding pulse shapes for each of the subcarriers and the
associated window durations. A processor of the receiver
may then be used to find the optimum window duration of
the center subcarrier by starting from no windowing and
increasing the window length at each iteration. The proces-
sor then solves for the expected aggregate interference
(equation (8)) using each saved pulse shape (variable B in
equation (8)). The expected aggregate interference is deter-
mined based upon what is known about the signal, such as
the information contained in the signal and the channel
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impulse response (CIR). The operation continues by increas-
ing the window length at each iteration, until the calculation
results in an increase in the expected aggregate interference.
It is then determined that the optimum duration of the
window for the center subcarrier is the length prior to the
length having an increased expected aggregate interference.

After determining the optimum duration of the window
for the center subcarrier of the user of interest, the method
continues by solving for the subcarriers adjacent to the
center subcarrier. In solving for the optimum duration win-
dow of adjacent subcarriers, the iterative process begins by
setting the duration of the adjacent subcarrier(s) to be equal
to the optimum duration window of the center subcarrier,
since the result for the adjacent subcarrier(s) is not expected
to change rapidly for adjacent subcarriers. Since the overall
system is convex, the local minimum is equivalent to the
global minimum. As such, progressing toward the minimum
value for each individual subcarrier approaches a global
solution for all the subcarriers. Using the length of the center
subcarrier optimum duration window as a starting point for
the determination of the optimum duration window for each
adjacent subcarrier insures an efficient computation of the
global solution. In this iterative method, calculations for
both shorter and longer window durations are made until the
window duration that minimizes the estimated aggregate
interference is determined for each subcarrier adjacent to the
center subcarrier of the user’s signal of interest. The method
continues by finding the optimum window duration of each
subcarrier of the user of interest, using the optimum window
duration of an adjacent subcarrier as the initial starting point
for the iteration.

The results of the grid search for optimal subcarrier
specific window (SSW) length for known channel impulse
responses (CIRs), thereby satisfying equation (9), are shown
in FIG. 3A and FIG. 3B, for the same realization depicted in
FIG. 2B. FIG. 3A illustrates the optimum window duration
155 for one realization and the estimated aggregate inter-
ferences 140, 145, 150 for various known parameters. FIG.
3B illustrates a mean of many realizations for the average
optimum window duration 175 and the mean estimated
aggregate interferences 160, 165, 170 for various known
parameters. As shown, the results agree with the channel
dependency of optimal SSW lengths. As shown in FIG. 3B,
longer window durations are required at the edge subcarri-
ers.

The signal to interference ratio (SIR) gains of seven
different receivers, over many power offsets, were calculated
and the gain vs. a “no-windowing scenario” is presented in
FIG. 4. As shown, implementing SSW guarantees higher
gain than fixed windowing, with current and average opti-
mal length and outdated lengths become robust as interferers
become more powerful. Since the channel impulse response
(CIR) is estimated at the receiver and then fed back to the
transmitter, however, the estimated CIR cannot be used
directly to select the parameters for the adaptive transmis-
sion because is quickly becomes outdated due to the rapid
channel variation caused by multipath fading. Most carriers
are still windowed efficiently, albeit fluctuations occur
around the expected interference trend with outdated CIRs
and PDPs, but the performance recedes compared to current
lengths due to the non-optimal windowing as the CIRs of all
users may have changed drastically.

As shown with reference to FIG. 5, the method of the
present invention may be employed in system 200 compris-
ing an OFDM transmitter 205 and/or an OFDM receiver
225. As shown with reference to FIG. 5, the OFDM trans-
mitter 205 includes a modulation module 210 configured to
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receive incoming data and to generate an OFDM-based
signal comprising a plurality of subcarriers. The OFDM
transmitter 205 further includes an Inverse Fast Fourier
Transform (IFFT) module 215, operating as a transmitter
filter to filter the subcarriers of the OFDM-based signal
using the proposed subcarrier specific based windowing
scheme to generate a filtered OFDM-based signal. The
filtered OFDM-based signal is then provided to a digital-to-
analog module 220 of the transmitter prior to transmission of
the filtered OFDM-based signal over the channel. In addi-
tion, the OFDM receiver 225 includes an analog-to-digital
module 230 configured to receive incoming OFDM-based
signals comprising a plurality of subcarriers that has been
transmitted over the channel. The analog-to-digital module
230 provides the digital representation of the OFDM-based
signals to a Fast Fourier Transform (FFT) module, operating
as a receiver filter 235 to filter the subcarriers of the
OFDM-based signal using the proposed subcarrier specific
windowing scheme of the present invention to generate a
filtered OFDM-based signal. The filtered OFDM-based sig-
nal is then provided to a demodulation module 240 of the
receiver prior to transmission of the demodulated data over
the channel. As such, the proposed windowing scheme
utilizes the expected aggregate interference power to deter-
mine subcarrier specific window lengths that minimize the
interference. Thus, maximum ACI and ISI suppression is
achieved at the transmitter 205 and maximum ACI and ISI
rejection is achieved at the receiver 225. Since transmit and
receive windowing are independent of each other, they can
be used together or independently in the transmitter 205 or
the receiver 225.

With the present invention, expected and instantaneous
interference powers have been determined. Interference
power is used to determine subcarrier specific window
lengths (SSWs) that minimize the interference. Numerous
guidelines with various computational complexities to deter-
mine optimal window lengths under insufficient CP have
been identified. The proposed subcarrier specific windowing
scheme improves SIR even when CP is insufficient. Average
optimal window lengths depend only on PDPs, and although
instantaneous optimal window lengths depend on users’
CIRs, fluctuation is minimal. Therefore, subcarrier specific
windowing outperforms fixed windowing, even with out-
dated window lengths, such as in the case of powerful
interferers.

Future wireless communication networks are planned to
service asynchronous users in adjacent bands, utilizing
reduced guard bands, in order to be able to service as many
users as possible and to reduce latencies. In various embodi-
ments, the present invention enhances communication per-
formance by adaptively mitigating the interference that
results due to the reduction of both guard bands and guard
times. The embodiments of the invention help to enable high
performance communication services while also increasing
the number of served users and reducing latencies and
redundancies.

The various techniques described herein can be imple-
mented in connection with hardware or software or, where
appropriate, with a combination of both. Thus, the methods
and system described herein, or certain aspects or portions
thereof, can take the form of program code (i.e., instruc-
tions) embodied in tangible media, such as hard drives, solid
state drives, or any other machine-readable storage medium,
wherein, when the program code is loaded into and executed
by a machine, such as a computing device, the machine
becomes an apparatus for practicing the invention. In the
case of program code execution on programmable comput-
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ers, the computing device will generally include a processor,
a storage medium readable by the processor (including
volatile and non-volatile memory and/or storage elements),
at least one input device, and at least one output device. The
program(s) can be implemented in assembly or machine
language, if desired. In any case, the language can be a
compiled or interpreted language, and combined with hard-
ware implementations.

The invention can also be practiced via communications
embodied in the form of program code that is transmitted
over some transmission medium, such as over electrical
wiring or cabling, through fiber optics, or via any other form
of transmission, wherein, when the program code is received
and loaded into and executed by a machine, such as an
EPROM, a gate array, a programmable logic device (PLD),
a client computer, or the like, the machine becomes an
apparatus for practicing the invention. When implemented
on a general-purpose processor, the program code combines
with the processor to provide a unique apparatus that oper-
ates to invoke the functionality of the invention. Addition-
ally, any storage techniques used in connection with the
invention can be a combination of hardware and software.

It will be seen that the advantages set forth above, and
those made apparent from the foregoing description, are
efficiently attained and since certain changes may be made
in the above construction without departing from the scope
of the invention, it is intended that all matters contained in
the foregoing description or shown in the accompanying
drawings shall be interpreted as illustrative and not in a
limiting sense.It will be seen that the advantages set forth
above, and those made apparent from the foregoing descrip-
tion, are efficiently attained and since certain changes may
be made in the above construction without departing from
the scope of the invention, it is intended that all matters
contained in the foregoing description or shown in the
accompanying drawings shall be interpreted as illustrative
and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of
the invention herein described, and all statements of the
scope of the invention which, as a matter of language, might
be said to fall therebetween. Now that the invention has been
described,

What is claimed is:

1. One or more non-transitory computer-readable media
having computer-executable instructions for performing a
method of running a software program on a computing
device, the computing device operating under an operating
system, the method including issuing instructions from the
software program for windowing of an Orthogonal Fre-
quency Division Multiplexing (OFDM)-based signal, the
instructions comprising:

receiving, at a receiver, an OFDM-based signal compris-

ing a plurality of subcarriers;

estimating an aggregate adjacent channel interference

(ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers;

estimating an optimal window duration for each of the

plurality of subcarriers, wherein the optimal window
duration is a duration that minimizes the aggregate
adjacent channel interference (ACI) and intersymbol
interference (ISI) at each of the plurality of subcarriers;
and

performing, at the receiver, windowing of each of the

plurality of subcarriers of the received OFDM-based
signal by multiplying each of the plurality of subcar-
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riers by the optimal window duration to generate a
filtered OFDM-based signal.

2. The media of claim 1, wherein the optimal window
duration for each of the plurality of subcarriers is an instan-
taneous optimal window duration and wherein estimating
the optimal window duration for each of the plurality of
subcarriers, wherein the optimal window duration is the
duration that minimizes the aggregate adjacent channel
interference (ACI) and intersymbol interference (ISI) at each
of the plurality of subcarriers using power density profile
(PDF) and channel impulse (CIR) for each of the plurality of
subcarriers.

3. The media of claim 1, wherein the optimal window
duration for each of the plurality of subcarriers is an instan-
taneous average window duration and wherein estimating
the optimal window duration for each of the plurality of
subcarriers, wherein the optimal window duration is the
duration that minimizes the aggregate adjacent channel
interference (ACI) and intersymbol interference (ISI) at each
of the plurality of subcarriers using power density profile
(PDF) for each of the plurality of subcarriers.

4. The media of claim 1, wherein estimating the optimal
window duration for each of the plurality of subcarriers,
wherein the optimal window duration is the duration that
minimizes the aggregate adjacent channel interference
(ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers further comprises:

estimating the aggregate ACI and ISI for a center subcar-

rier with no windowing;
iteratively increasing a duration of the window of the
center subcarrier and re-estimating the aggregate ACI
and ISI, until a longest duration window that does not
increase the aggregate ACI and ISI is identified as the
optimal window duration of the center subcarrier;

setting durations of windows for subcarriers adjacent to
the center subcarrier to be equal to the optimal window
duration of the center subcarrier; and

iteratively increasing and decreasing the duration of the

window for the adjacent subcarriers until a longest
duration window that does not increase the aggregate
ACI and IS is identified as the optimal window dura-
tion of the adjacent subcarriers.

5. The media of claim 1, wherein the OFDM-based signal
is equalized before estimating the aggregate ACI and ISI for
each of the plurality of subcarriers.

6. One or more non-transitory computer-readable media
having computer-executable instructions for performing a
method of running a software program on a computing
device, the computing device operating under an operating
system, the method including issuing instructions from the
software program for windowing of an Orthogonal Fre-
quency Division Multiplexing (OFDM)-based signal, the
instructions comprising:

receiving, at a transmitter, an OFDM-based signal com-

prising a plurality of subcarriers;

estimating an aggregate adjacent channel interference

(ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers;
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estimating an optimal window duration for each of the
plurality of subcarriers, wherein the optimal window
duration is a duration that minimizes the aggregate
adjacent channel interference (ACI) and intersymbol
interference (ISI) at each of the plurality of subcarriers;

performing, at the transmitter, windowing of each of the
plurality of subcarriers of the received OFDM-based
signal by multiplying each of the plurality of subcar-
riers by the optimal window duration to generate a
filtered OFDM-based signal; and

transmitting, from the transmitter, the filtered OFDM-

based signal.

7. The media of claim 6, wherein the optimal window
duration for each of the plurality of subcarriers is an instan-
taneous optimal window duration and wherein estimating
the optimal window duration for each of the plurality of
subcarriers, wherein the optimal window duration is the
duration that minimizes the aggregate adjacent channel
interference (ACI) and intersymbol interference (ISI) at each
of the plurality of subcarriers using power density profile
(PDF) and channel impulse (CIR) for each of the plurality of
subcarriers.

8. The media of claim 6, wherein the optimal window
duration for each of the plurality of subcarriers is an instan-
taneous average window duration and wherein estimating
the optimal window duration for each of the plurality of
subcarriers, wherein the optimal window duration is the
duration that minimizes the aggregate adjacent channel
interference (ACI) and intersymbol interference (ISI) at each
of the plurality of subcarriers using power density profile
(PDF) for each of the plurality of subcarriers.

9. The media of claim 6, wherein estimating the optimal
window duration for each of the plurality of subcarriers,
wherein the optimal window duration is the duration that
minimizes the aggregate adjacent channel interference
(ACI) and intersymbol interference (ISI) at each of the
plurality of subcarriers further comprises:

estimating the aggregate ACI and ISI for a center subcar-

rier with no windowing;
iteratively increasing a duration of the window of the
center subcarrier and re-estimating the aggregate ACI
and ISI, until a longest duration window that does not
increase the aggregate ACI and ISI is identified as the
optimal window duration of the center subcarrier;

setting durations of windows for subcarriers adjacent to
the center subcarrier to be equal to the optimal window
duration of the center subcarrier; and

iteratively increasing and decreasing the duration of the

window for the adjacent subcarriers until a longest
duration window that does not increase the aggregate
ACI and ISI is identified as the optimal window dura-
tion of the adjacent subcarriers.

10. The media of claim 6, wherein the OFDM-based
signal is equalized before estimating the aggregate ACI and
IST for each of the plurality of subcarriers.
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