
676 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 1, JANUARY 2020

Non-Redundant OFDM Receiver Windowing
for 5G Frames and Beyond

Berker Peköz , Graduate Student Member, IEEE, Zekeriyya Esat Ankaralı , Selçuk Köse, Member, IEEE,
and Hüseyin Arslan , Fellow, IEEE

Abstract—Contemporary receiver windowed-orthogonal fre-
quency division multiplexing (RW-OFDM) algorithms have limited
adjacent channel interference (ACI) rejection capability under high
delay spread and small fast Fourier transformation (FFT) sizes.
Cyclic prefix (CP) is designed to be longer than the maximum excess
delay (MED) of the channel to accommodate such algorithms in
current standards. The robustness of these algorithms can only
be improved against these conditions by adopting additional ex-
tensions in a new backward incompatible standard. Such exten-
sions would deteriorate the performance of high mobility vehicular
communication systems in particular. In this paper, we present
a low-complexity Hann RW-OFDM scheme that provides resis-
tance against ACI without requiring any intersymbol interference
(ISI)-free redundancies. While this scheme is backward compatible
with current and legacy standards and requires no changes to the
conventionally transmitted signals, it also paves the way towards
future spectrotemporally localized and efficient schemes suitable
for higher mobility vehicular communications. A Hann window
effectively rejects unstructured ACI at the expense of structured
and limited inter-carrier interference (ICI) across data carriers. A
simple maximum ratio combining (MRC)-successive interference
cancellation (SIC) receiver is therefore proposed to resolve this
induced ICI and receive symbols transmitted by standard transmit-
ters currently in use. The computational complexity of the proposed
scheme is comparable to that of contemporary RW-OFDM algo-
rithms, while ACI rejection and bit-error rate (BER) performance
is superior in both long and short delay spreads. Channel estimation
using Hann RW-OFDM symbols is also discussed.

Index Terms—5G mobile communication, interference
cancellation, interference elimination, multiple access interference,
numerology.

I. INTRODUCTION

N EXT generation cellular communication standards be-
yond 5G mobile communication are planned to schedule
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non-orthogonal sub-frames, referred to as numerologies, in
adjacent bands [1]. Numerologies, in their current definition,
refer to cyclic prefix-orthogonal frequency division multiplexing
(CP-OFDM) waveforms using different subcarrier spacings, and
in some cases, various CP rates [2]. Different numerologies in-
terfere with one-another [3] and ACI becomes the factor limiting
data rates if the interfering block outpowers the desired block at
the intended receiver [4].

Nodes can reject ACI by filtering [5] or windowing [6] the
received signal. Filtering requires matched filtering operation
at the both ends of the communication system for optimal
performance [7]. If not already implemented at both nodes, this
requires modifying the device lacking this function, which is un-
feasible for user equipments (UEs) that are produced and in-use.
The additional complex multiplication and addition operations
required to filter the signal increase the design complexity of
the modem, which in turn increase the chip area, production
cost, power consumption, and operational chip temperature and
reduces the lifetime of the device and battery [8]. Introducing
these operations at the next generation NodeB (gNB) can be
justified to improve system performance, however the takeaways
may cause Internet of Things (IoT) devices to fall short of their
key performance indicators (KPIs) and is undesirable [9].

Receiver windowing is another method proposed to reduce
ACI absorption [6] and is extensively studied in the literature
[10]. Conventional RW-OFDM algorithms require an abundant
periodic extension of the transmitted signal that is free from
multipath echoes of the previous symbol to maintain orthog-
onality of the system [11]. However, such an extension may
not always be available or may be little, especially in vehicular
communication channels requiring shorter symbol durations
[12]. Trying to utilize these algorithms in these conditions would
require adding an additional extension, as shown in Fig. 1b.
However, modifying the symbol structure defined in both 4G and
5G mobile communication standards [2], shown in Fig. 1a, with
such an extension breaks orthogonality with all other devices
that use the standard frame structure [1]. Even if any gain for the
desired user itself can be made possible by incorporating such
extension for receiver windowing, introducing such elevated
interference to others is not allowed by the current standards
[13]. Furthermore, both ends of the communication must be
aware of and agree to make such a change.

Another potential problem regarding additional extensions for
windowing is the increase in the effective symbol duration which
reduces the effective symbol rate. Due to the time variation of
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Fig. 1. (a) Standard symbol structure, (b) Symbol structure needed to utilize
conventional receiver windowing algorithms effectively in channels with long
delay spread, and (c) Hann receiver windowing using standard symbol structures.

the channel in high mobility systems, the additional extensions
not only cause a direct reduction in data rate but also either
further cuts the data rate back when relative pilot overhead is
increased to mitigate the reduction in absolute pilot periodicity
or reduces capacity due to the channel estimation errors when
no modification is done [14]. In order to achieve reliable high
mobility vehicular communications, there is an apparent need to
shorten the cyclic extensions instead of further elongating them.

A receiver windowing approach that utilizes the CP disturbed
by multipath interference to reject ACI while conserving the
legacy frame structure was proposed in [15]. Reducing ACI
with this approach comes at the cost of introducing ISI, which
consists of the sum of the low powered contributions from all
subcarriers of the previous symbol. The computational com-
plexity of canceling the ISI is high due to the large number of
interfering components. Furthermore, this approach is not effec-
tive with shorter CP durations that are associated with vehicular
communication numerologies. Consider Fig. 2, which shows
the power spectral densitys (PSDs) of the the sixth subcarrier
from the band-edge of different Orthogonal frequency division
multiplexing (OFDM) variations and window functions. The
PSD labeled as ”Slepian [16] Win.” in Fig. 2a is obtained by
performing receiver windowing operation presented in [11] on
an extended CP numerology [2] using the entire CP duration
of a small subcarrier spacing, long duration OFDM symbol.
In this case, the window works as expected and is able to
confine the spectrum within the resource block (RB) as intended,
and consistently fades throughout the spectrum. However, if
the same algorithm is applied to a short duration vehicular
numerology with normal CP overhead, as shown in Fig. 2b, the
window underperforms and provides a limited benefit over the

Fig. 2. The PSDs of OFDM schemes and window functions applied to a
(a) long duration OFDM symbol with extended CP and (b) short duration OFDM
symbol with normal CP rates. The markers indicate FFT sampling points.

standard rectangular window even if the whole CP duration is
still used. Furthermore, the PSD behaves inconsistently through-
out the spectrum due to the limited resolution especially for the
subcarriers of the edgemost RB as presented, oscillating to high
powers away from the subcarrier of interest. Also note that this
is the performance upper bound for a normal CP overhead. If
a shorter window duration is used to utilize part of the CP for
its actual purpose to mitigate multipath channel and limit ISI,
the performance reduces further. Filtered-orthogonal frequency
division multiplexing (F-OFDM) [5] does not suffer from the
same problem, but requires changes at the transmitting device
and is computationally complex.N -Continuous Orthogonal fre-
quency division multiplexing (NC-OFDM) [17] can be utilized
by all devices in the band to consistently reduce the ACI levels
regardless of symbol duration, but this scheme also requires
changes at both transmitting and receiving devices, and also
introduces in-band interference as seen in Fig. 2. There is an
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apparent need for a reception algorithm that does not modify
the standard transmitter, has low computational complexity, and
is robust against delay spread without requiring extensions, and
is not affected by the FFT size.

In a regular OFDM based system, if no redundancy is used
for windowing, and a receiver window function other than
rectangular is used, the zero crossings of the window’s frequency
response differs from that of the transmitted subcarriers [10].
This causes heavy ICI between the received subcarriers, result-
ing in problems greater than the avoided ACI [6]. Attempting
to cancel the resulting ICI yields little return if the ICI con-
sists of weak contributions from numerous subcarriers, and the
computational complexity and success of the cancellation ren-
ders such implementation impractical in general. Some window
functions commonly used in signal processing reveal special
cases [18] if the windowing operation depicted in Fig. 1c is
performed, limiting the number of interfering subcarriers which
may be exploited to possibly enable gains. A strong candidate
is the Blackman window function, which provides promising
ACI rejection seen in Fig. 2. However, the main lobe of the
Blackman window function spans 2 adjacent subcarriers on the
shown right hand side spectrum and 2 more on the not-visible
left hand side, thereby including high-power ICI from a total
of 4 subcarriers. This results in computationally intensive re-
ception and limits capacity gains. Another strong candidate is
the Hamming window function, which only interferes with the
closest 2 adjacent subcarriers, hence enabling lower-complexity
reception. The ACI rejection performance of Hamming window
function in the subcarriers that immediately follow the main
lobe is also unmatched. However, considering the ACI rejection
performance throughout the rest of the spectrum and the power
of the inflicted ICI due to windowing, the Hann window function
is distinguished from other candidates and is chosen in this study
to satisfy this apparent need. A similar investigation during
the design of the Global System for Mobile Communications
(GSM) system led in favor of the gaussian minimum shift keying
(GMSK) pulse shapes that are inherently non-orthogonal only
with a finite number of symbols around them and signal-to-
interference ratio (SIR) degradation is manageable in severe
multiple access multipath channel conditions, instead of other
candidates that are ideally orthogonal but suffer severe SIR
degradation once this orthogonality is lost due to multiple access
multipath channel [19]. Because of the aforementioned spectral
features, Hann windowing similarly converts a complex ACI
problem, with its out-of-band rejection performance comparable
to optimum windowing as shown in Fig. 2a, to a manageable ICI
problem requiring little computational complexity at the receiver
[20], [21].

We present a novel transceiver algorithm that mitigates the
ICI resulting from Hann windowing. This algorithm performs
well regardless of OFDM symbol duration, CP duration or delay
spread. The algorithm is solely a receiver algorithm that can
be used to receive the signals transmitted from a conventional
legacy transmitter using any modulation. Therefore the systems
using either of the proposed algorithms are interoperable
with future and legacy standards. This algorithm consists of
maximizing signal to interference plus noise ratio (SINR)
first using MRC, afterwards mitigating the ICI using a soft

decision turbo SIC equalizer. Furthermore, the computational
complexity of the algorithm is less than or comparable to [11],
while a higher performance is achieved in most conditions. A
block diagram of the proposed method is presented in Fig. 3.

Our contributions in this work are as follows:
� A redundancy free RW-OFDM scheme that outperforms

prior art without requiring changes to the standard frame
structure regardless of channel conditions is proposed. The
proposed scheme has high ACI rejection performance at the
expense of a structured ICI that can be resolved without
computationally intensive computations.

� A channel estimation technique of Hann RW-OFDM sym-
bols and 5G mobile communication system pilots is pro-
posed.

� The ICI contribution from and to each subcarrier resulting
from application of a Hann window to a received OFDM
signal is derived.

� MRC coefficients maximizing the SINR of a Hann RW-
OFDM receiver as a function of the ACI, noise power and
ICI is derived.

� The ICI contribution from and to each subcarrier resulting
from application of MRC is derived.

� The computational complexity of the proposed scheme is
derived.

The rest of this article is organized as follows: The system
model is provided in Section II, the proposed methods are
detailed in Section III, the interference reduction and capacity
improvement characteristics of Hann RW-OFDM are presented
in Section IV. The paper is concluded in Section V.

Notation: (·)T, (·)∗ and (·)H denote the transpose, complex
conjugate, and Hermitian operations, ei,N corresponds to the
ith row of the N ×N identity matrix IN , A�B and A�B
correspond to Hadamard multiplication and division of matrices
A and B, and A by B, 0a×b and 1a×b denote matrices of
zeros and ones with a rows and b columns, diag(v) returns a
square diagonal matrix with the elements of vectorv on the main
diagonal, diag(M) returns the elements on the main diagonal of
matrix M in a vector, CN (μ, σ2) represents complex Gaussian
random vectors with mean μ and variance σ2, T–(c, r) yields the
Toeplitz matrix where the first column is c and the first row is r,
A⊗B is the Kronecker tensor product of A and B matrices.

II. SYSTEM MODEL

We aim to receive the information transmitted by a user, here-
inafter referred to as the desired user, of which corresponding
elements are distinguished with subscript 0 in the multi-user
context. The desired user is transmitting data over D contiguous
subcarriers in anN subcarrier CP-OFDM system. To prevent ISI
across consecutive OFDM symbols and to transform the linear
convolution of the multipath channel to a circular convolution,
a CP of length L samples is prepended to each transmitted
OFDM symbol. The samples corresponding to a CP-OFDM
symbol of the desired user are denoted by x0 ∈ C(N+L)×1, and
are obtained as x0 = AFN

HMd, where FN ∈ CN×N is the
N -point FFT matrix, M ∈ ZN×D is the subcarrier mapping
matrix, d ∈ CD×1 is the single carrier (SC) modulated data
vector to be transmitted and A ∈ R(N+L)×N is the CP addition
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Fig. 3. The block diagram of the proposed scheme, highlighting the modifications to the standard receiver structure with dashed blocks (standard transmitter is
not modified).

matrix defined as

A =

[
0L×(N−L) IL

IN

]
. (1)

During the transmission of the desired user, the adjacent bands
are employed for communication by other users, hereinafter
referred to as interfering users, of which signaling is neither
synchronous nor orthogonal to that of the desired user. The
signals transmitted from all users propagate through a time
varying multipath channel before reaching the receiver. Assum-
ing perfect synchronization to the desired user’s signal, let the
channel gain of the kth sample of the desired and jth interfering
user’s signals, for j �= 0, during the reception of the nth sample
be denoted by h0,n,k and hj,n,k, respectively. For clarity, we
assume that

∑N+L
k=1 |hj,n,k|2 = 1, ∀j. If the channel convolution

matrix of the jth user for the scope of the desired user’s symbol
of interest is shown with Hj ∈ C(N+L)×(N+L), respectively;
the element in the kth column of nth row of any Hj is hj,n,k,
respectively. It should be noted that, if jth user’s channel was
time-invariant, Hj would be a Toeplitz matrix, whereas in this
model, the elements are varying for all j and the autocorrelation
functions and the power spectral densities of any diagonal of
any channel convolution matrix fit those defined in [22]. The
first N + L samples received over the wireless medium under
perfect synchronization to the desired user’s signal normalized
to the noise power are stored in y ∈ C(N+L)×1, which is given
as

y = z +
∑
j

(√
γjHjxj

)
, (2)

where z ∼ CN (0, 1) is the background additive white Gaussian
noise (AWGN), γ0 and γj are the signal-to-noise ratios (SNRs)
of the desired and jth interfering user, respectively, and xj is
the sample sequence transmitted by jth interfering user in the
reference duration of the desired symbol for j �= 0.

A. Reception in Self-Orthogonal RW-OFDM Systems

A brief review of channel estimation, equalization and ICI
in self-orthogonal conventional RW-OFDM systems may help

understand the derivation of the aforementioned for Hann
RW-OFDM.

For the sake of brevity, assume the receiver utilizes an exten-
sionless receiver windowing function of tail length K ∈ N≤L

for all subcarriers to receive the data transmitted by the desired
user, and the window function coefficients scaling the CP are
shown as w̆K ∈ RK×1 [15]. Then, the windowed CP removal
matrixBK ∈ RN×(N+L) is obtained in (3), shown at the bottom
of this page. Note that for K = 0, (3) reduces to the rectangular
windowing CP removal matrix B0 = [0N×L IN ].

The received symbols in a RW-OFDM system are then
given as

r = MTFNBKy (4)

= MTΘd+MTz̃, (5)

where the channel disturbance vector z̃ ∈ CN×1 is

z̃ = FNBK

⎛
⎝z +

∑
j∈Z,j �=0

(√
γjHjχj

)⎞⎠ (6)

≡
[
z1 z2 . . . zN

]T
, (7)

of which components are assumed to be zi ∼ CN (0, σ2
z̃i
), ∀i ∈

N≤N where σ2
z̃i

is the noise and ACI power1 affecting ith
subcarrier that can be calculated per [3], [15];

σ2
z̃ ∈ R+

N×1 =
[
σ2
z̃1

σ2
z̃2

. . . σ2
z̃N

]T
(8)

is the disturbance variance vector, and Θ ∈ CN×N is the com-
plete channel frequency response (CFR) matrix of the desired
user’s channel obtained as

Θ = FNBKH0AFN
H. (9)

The diagonal components of (9) are the channel coefficients
scaling the subcarrier in interest, and is referred to as the CFR

1ISI due to the previous OFDM symbol transmitted by the desired user may
also exist, however it is omitted as the system is modeled for a single OFDM
symbol for the sake of clarity. Interested readers may see the detailed multi-
symbol system models provided in [3], [15].

BK =

[
0(N−K)×(L−K) 0(N−K)×K I(N−K)×(N−K) 0(N−K)×K

0K×(L−K) diag (w̆K) 0K×(N−K) IK − diag (w̆K)

]
(3)
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in the literature, hereinafter shown with θ ∈ CN×1 where

θ = diag (Θ) , (10)

whereas the off-diagonal component on the kth column of n �=
kth row, would be the coefficient scaling the interference from
the kth subcarrier to the nth subcarrier. Had there been no time
variation in the channel and the MED of the channel was shorter
than the discarded CP duration at all times, that is,

h0,n1,n1−Δk = h0,n2,n2−Δk, ∀n1, n2,Δk, (11)

h0,n,k = 0, ∀k < n− (L−K) , ∀n, (12)

BKH0A would have resulted in a Toeplitz matrix, meaning Θ
would be a diagonal matrix, and the system would be ICI and
ISI-free. Most modern receivers assume these conditions are
valid and ignore ICI and ISI, which can only be estimated using
advanced time-domain channel estimation algorithms such as
[23]. Although results are numerically verified using signals
received over time-varying vehicular channels, all algorithms,
proposed or presented for comparison in this work, estimate the
channel assuming (11) and (12) are valid. Equation (10) can also
be written as

θ = FNh, ∀n ∈ N∗
≤N , (13)

where the vector h ∈ CN×1 � [ĥ0 ĥ1 . . . ĥN−1]
T is the

static channel impulse response (CIR) estimate of the desired
user’s channel during that OFDM symbol, of which elements in
fact correspond to

ĥk =
1
N

N∑
n=1

en,NBKH0Aeα,N
T, (14)

whereα = ((n− k − 1) mod N) + 1. Thus, ignoring the noise
and ACI for the time being, if a known SC symbol sequence
denoted by d̃, commonly referred to as the pilot sequence, is
transmitted, the following symbols are expected to be received
under aforementioned assumptions:

r =
√
γ0M

TFNBKH0AFN
HMd̃ (15)

=
√
γ0 diag

(
MTFNh

)
d̃ (16)

=
√
γ0 diag

(
d̃
)
MTFNh. (17)

Equation (17) is an algebraic manipulation of (16) in an effort
to take the CIR outside the diagonalization for estimation in
the next step. Assuming the receiver does not assume apriori
knowledge of the SNR component and it is inherited within the
CIR, the CIR estimate is obtained as

h =
(
diag

(
d̃
)
MTFN

)−1
r, (18)

wherein the inversion refers to the Moore-Penrose pseudoin-
verse. The CIRs of data carrying OFDM symbols between
pilot carrying OFDM symbols are interpolated and according
CFR responses are calculated. Finally, equalized data symbol
estimates are obtained as [24]

d̂ = MT
((

diag
(
θ � θ∗ + σ2

z̃

))−1
diag (θ)∗FNBKy

)
. (19)

III. PROPOSED METHOD

The Hann window must consist exactly of N samples so that
the spectrum is sampled at the right points as seen in Fig. 2.
Furthermore, discarding the L CP samples at the beginning
helps prevent ISI across consecutive desired OFDM symbols
transmitted by the desired user. The sample indices for the
remaining samples can be written as n = [0 1 . . . N − 1].
The Hann window function normalized to window this interval
without changing it’s energy is obtained as

w =
4N

2N + sin
(
π−2πN
N−1

)
csc

(
π

N−1

)− 1
sin2 πn

N − 1
. (20)

The Hann windowing matrix W ∈ RN×(N+L), that removes
the CP and windows the remaining received samples with the
Hann function is formed as

W =
[
0N×L diag (w)

]
. (21)

The received subcarrier vector r̃ ∈ CN×1 that contains all Hann
windowed subcarriers is obtained as

r̃ = FNWy. (22)

A. ICI & Channel Estimation in Hann RW-OFDM

A quick investigation of (20) and (21) show that the orthog-
onality conditions presented in [10] are not satisfied. In this
subsection, we calculate the consequent ICI induced by the Hann
window function, and accordingly engineer a method to estimate
the CFR and the disturbance variances using any pilot structure,
including those of 4G & 5G mobile communication.

Straightforward calculation reveals that

FN diag (w)FN
H = T–

(
νT,ν

)
, (23)

where ν = [1 − 1/2 01×(N−2)]. Hence, assuming that (11)
and (12) are valid, the CFR of the desired user’s channel, if the
Hann window is used, is given as

Θ̃ = FNWH0AFN
H (24)

= T–
(
νT,ν

)
Θ. (25)

Before the relevant subcarriers are demapped, note that Hann
windowing causes received subcarriers that are adjacent to the
edgemost pilot-transmitted subcarriers to carry copies of the
pilots transmitted at these subcarriers. In an attempt to utilize this
energy, this receiver demaps these subcarriers as well using an
extended demapping matrix M̌T ∈ Z(D+2)×N . Thus, ignoring
channel disruption for the time being, if pilot symbols were
transmitted, the received pilot symbols are obtained as

Δ = M̌TΘ̃Md̃ (26)

= M̌TT–
(
νT,ν

)
ΘMd̃ (27)

= M̌TT–
(
νT,ν

)
diag (FNh)Md̃ (28)

= M̌TT–
(
νT,ν

)
diag

(
Md̃

)
FNh. (29)

The result of T–(νT,ν) diag(Md̃), which can be thought as a
filtering operation as it involves multiplication of pilot vector
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with a Toeplitz matrix as denoted in Fig. 3, may include nulled
pilots in some subcarriers due to induced ICI in case QPSK
modulated Gold sequences are utilized as pilot signals [2].
However, the ACI rejection allows estimating the CIR better,
namely, the disturbance level in

h =
(
M̌TT–

(
νT,ν

)
diag

(
Md̃

)
FN

)−1
Δ (30)

is less than that of (18) if the ACI significantly outpowers
AWGN. It is noteworthy that although (30) still does not have a
full-rank solution, exploiting the low density of h as pointed
out in [25] allows implementation of an approximate linear
minimum mean square error (LMMSE) estimator relating the
two sides as presented in [26]. Any other variation of [25]
may be used, but [26] is chosen in the numerical verification
of this work since the computational complexity, error bounds
and introduced delays of this approach remain within vehicular
communication requirements as accepted by the community.
Furthermore, depending on the ratio of nonzero pilot prod-
ucts to the delay spread, the estimation error can be shown to
converge to zero [27]. The solution was later modified to be
stable regardless of the condition of the pilot product matrix
[28] and also computationally highly efficient [29]. Furthermore,
the discrete Fourier transformation (DFT) of the disruption-only
taps described in [26] is used to estimate σ2

ž ∈ CN×1, which is
then interpolated throughout the data carriers similar to CIR
estimates. After the CIR estimates are interpolated, they are
transformed to frequency domain to obtain the CFR estimates
θ̂ ∈ CD×1.

B. Design of an MRC-SIC Receiver

Similar to the described channel estimation, this receiver also
attempts to utilize the energy in the subcarriers adjacent to the
edgemost data carriers. In this case, the received symbols ď ∈
C(D+2)×1 are written as

ď = M̌Tr̃ (31)

= H̃d+ M̌TFNWz, (32)

where, the extended effective channel matrix H̃ ∈ C(D+2)×D is
obtained as

H̃ = T–

([
−1/2 ν̃

]T
,
[
−1/2 01×(D−1)

])
diag

(
θ̂
)
,

(33)

where ν̃ = [1 − 1/2 01×(D−1)]. The energy due to the signal
modulated to themth transmitted subcarrier on the kth observed
subcarrier is in the kth row and mth column of Σ ∈ R(D+2)×D

where

Σ = H̃� H̃∗. (34)

The signal-plus-ICI power on the kth observed subcarrier is
given in the kth column of σ ∈ R1×(D+2), where

σ = 11×D(Σ)T. (35)

If the mth transmitted subcarrier is in interest, the disruption-
plus-ICI power contribution that would come from combining

the kth observed subcarrier with unit gain is given on the mth
row and kth column of

Σ̂ =
(
1D×1 ⊗

(
σ2

ž
T
+ σ

))
− (Σ)T, (36)

where Σ̂ ∈ RD×(D+2) and σ2
ž ∈ RD+2×1 is the disruption vari-

ance vector at the output of the extended demapper. The MRC
matrix is then [30]

C̃ = H̃H �
(
ΣT � Σ̂

)
, (37)

where C̃ ∈ CD×(D+2). Although C̃ maximizes the SINR, the
resulting data estimates C̃ď would be scaled with non-unity
coefficients. The “equalized” MRC matrix C ∈ CD×(D+2) is
obtained as

C = C̃�
(
11×(D+2) ⊗ diag

(
C̃H̃

))
. (38)

The symbol estimates at the MRC output d̆ ∈ CD×1 is

d̆ = Cď. (39)

The post-MRC gain of the ICI component present on the mth
subcarrier due to the kth subcarrier is given on the mth row and
kth column of G ∈ CD×D where

G = CH̃− ID. (40)

The disruption power accumulated on the mth subcarrier after
MRC is given on the mth column of

ρ = |C|2σ2
ž, (41)

where ρ ∈ R1×D. d̆, G & ρ are fed to the SISO decoder in [31,
Sec V], and the soft decision turbo SIC equalizer described
thereon is used to obtain symbol estimates d̂.

1) Computational Complexity: The derivation of the MRC
operation may create an impression that it requires series of
sequential operations. Although these steps are detailed for the
derivation, the implementation complexity is limited as a result
of the limited number of interference terms. For example, if
the index of the extended demapped subcarriers are considered
to be 0 and D + 1 for the sake of brevity in this context, the
d ∈ Z1<d<Dth term of (39) is explicitly stated as

d̆d =

∑d+1
κ=d−1 γ̃d,κH̃

∗
d,κďκ∑d+1

κ=d−1 γ̃d,κ|H̃d,κ|2
, (42)

where

γ̃d,κ =
|H̃d,κ|2

σ2
žκ

+
∑

τ∈{κ−1,κ,κ+1}
τ �=d

|H̃τ,κ|2
(43)

is the SINR of the symbol transmitted in the dth subcarrier at the
κth received subcarrier. Noting that the off-diagonal components
of H̃ can be obtained from θ using simple bit operations,
calculation of |H̃|2 is ignored as well as the channel estimation
using [26], [29] and Fourier transform in (22) since they are
included in all algorithms. The complexity of the rest of the steps
are provided in Table I, where M is the cardinality of the used
constellation and the approximations refer to the cases where
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TABLE I
COMPUTATIONAL COMPLEXITY OF ALGORITHM STEPS

constant magnitude (phase shift keying (PSK)) constellations
are used.

Note that the proposed method does not include any non-linear
or sequential operation, hence it is possible to obtain the extrinsic
probabilities at the end of any number of SIC iterations in a single
clock cycle if the memory and hardware architecture allows [31,
Sec. V].

IV. NUMERICAL VERIFICATION

The gains of Hann windowing OFDM receivers are shown
using numerical simulations and compared to other methods.
The assumptions advised in [32] for the 3GPP new radio (NR)
band “n41” [33] and a system bandwidth of 50 MHz were
used. There are two identical interfering users each utilizing
the bands on either side of the band occupied by the desired
user. Both interfering users’ experience channels with 20 dB
SNR having tapped delay line (TDL)-C power delay profile
(PDP) with 300 ns RMS delay spread and mobility 3 km/h. The
desired user’s channel has the TDL-A PDP with 10 ns and 30 ns
RMS delay spread [34], mobility 120 km/h and was evaluated
for 10 dB to 30 dB SNR. The guard bands between users also
vary from 30 kHz to 105 kHz. The desired user has a subcarrier
spacing of 60 kHz corresponding to N = 1024, whereas both
interfering users have subcarrier spacings of 15 kHz correspond-
ing to 4096-FFT. Starting from the fourth symbol, all subcarriers
of every seventh OFDM symbol of the desired user is loaded
with physical uplink shared channel (PUSCH) demodulation
reference signal (DMRS) symbols defined in [2]. The desired
user utilizes D = 12 subcarriers in the remaining symbols to
convey data using the same modulation and coding scheme
(MCS) for all SNR values which consists of QPSK modula-
tion and (51/63)× (7/16) standard [35], [36] and extended
[37] Bose-Chaudhuri-Hocquenghem (BCH) Turbo product code
(TPC) [38]. The interfering users utilize 1632 subcarriers each
throughout the whole communication duration. There is also
128 samples time offset between the the desired user and both
interfering users. The bit probabilities are calculated using ap-
proximate log-likelihood ratios (LLRs) for all receivers.

Both interfering users transmit 2-continuous OFDM for the
results labeled with NC-OFDM, while the desired user transmits

1-continuous OFDM and the receiver performs 6 iterations
to estimate the transmitted correction vector [17] and cancel
it. Both interfering users perform transmit filtering in results
labeled with F-OFDM as described in [39] while the samples
of desired user are match filtered, where tone offset values are
set to the respective guard band of that simulation for all users.
For all other results, both interfering users utilize normal CP
overhead and window the ISI-free CP samples at the transmitter
using subcarrier specific window (SSW) functions optimized to
maximize their frequency localization [11]. The desired user
employs normal CP overhead for all cases and the ISI-free
samples are utilized for SSW maximizing ACI rejection [11]
in the results labeled as RW-OFDM. For the results labeled
as adaptive RW-OFDM (ARW-OFDM), the window duration
of each subcarrier is determined per [15]. A total of 6 SIC
iterations are performed for the Hann windowing receivers and
the BER values at the output of each iteration are obtained
and presented in the BER results. The number of iterations are
denoted accordingly, and not all iterations were presented in all
BER results for the sake of clarity. Furthermore, the theoretical
BER bound achievable by an Hann windowing receiver if ICI
is cancelled perfectly is obtained from the Hann-windowed
channel disruption and presented with the label Hann-Theory.
It should be noted that the receiver design featured in this
work is suboptimal in most cases, and is only presented to
demonstrate the concept using a receiver that is suitable for the
low-latency requirements of ultra reliable and low latency com-
munications (uRLLC). Non-linear or decision directed receivers
that consistently achieve theoretical BER bound are left as
future work.

Fig. 4a demonstrates that for little guard band and short delay
spread, orthogonal windowing algorithms outperform Hanning
receivers for the low SNR regions, as low SINR prevents
successful ICI estimation and cancellation. However, Hanning
receivers with as little as 3 iterations achieve the target 10−3

BER earlier than orthogonal windowing algorithms and expe-
rience the so-called BER waterfall at a lower SNR threshold
than compared to orthogonal windowing algorithms. As SNR
increases further, even 2 iterations are sufficient to outperform
orthogonal windowing algorithms while as little as 6 iterations
allow rates very close to the theoretical limit. The motivation
behind Hanning receivers become clearer in Fig. 4b as delay
spread elongates. As orthogonal windowing algorithms lose
the advantage of longer windowing durations, their rates shift
closer to the baseline rectangular receiver, while the effect on
Hanning receivers remain limited to increased fading. Hanning
receiver with only 1 iteration show the same performance as
orthogonal windowing receivers performance for the high SNR
region, while as little as 2 iterations outperform the orthogonal
windowing receivers at all SNR values. The only observable
effect on Hanning receivers is the shift of the waterfall threshold
to higher SNRs. Increasing the guard band drastically reduces
the ACI present on the desired user’s band and narrows the gap
between all algorithm as seen in Fig. 5. In Fig. 5a, compared to
Fig. 4a, the increase in the guard band extended the orthogonal
windowing algorithm’s lead against Hanning receivers beyond
the target BER. However, it is seen that Hanning receivers,
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Fig. 4. BERs of various transceivers for guard bands of 30 kHz between each
user and (a) 10 ns and (b) 30 ns RMS delay spread.

although requiring one more iteration, still outperform orthogo-
nal windowing algorithms. Similarly as delay spreads elongate
in Fig. 5b, the Hanning receiver’s advantage becomes more
obvious with waterfall threshold moving further to lower SNRs
compared to orthogonal windowing algorithms.

Noting that the ACI sources utilize either transmitter W-
OFDM or F-OFDM in other scenarios, both having superior out-
of-band (OOB) emission suppression compared to NC-OFDM,
the need to properly estimate and cancel the correction vector
limits the BER performance of NC-OFDM. While F-OFDM has
better BER performance beyond that theoretically achievable
by Hanning receivers, Hanning receivers are used to resolve
conventional CP-OFDM signals whereas F-OFDM can only be
used to receive signals transmitted using a F-OFDM transmitter.
Particularly, the filter lengths are N/2 + 1 per [39], the com-
putational complexity of F-OFDM is (N + L)(2N + 4) real
multiplications and (N + L)(3N/2 + 2) real additions at both

Fig. 5. BERs of various transceivers for guard bands of 105 kHz between each
user and (a) 10 ns and (b) 30 ns RMS delay spread.

transmitter and receiver accordingly as filters consist of complex
values. Similarly, the SSW RW-OFDM scheme described in [11]
requires 6KD real multiplications and 4KD real additions to
estimate received symbols. It is noteworthy that the complexity
of F-OFDM scales on the order of FFT-size squared, whereas the
complexity of windowing receivers scale linearly with the num-
ber of data-carrying subcarriers. Therefore, windowing receivers
are particularly important for narrowband communications. The
receiver computational complexity of Hanning receivers are ac-
cordingly compared with F-OFDM and RW-OFDM in Table II.
Note that F-OFDM has symmetric computational complexity
between the transmitting and receiving devices, whereas win-
dowing receivers do not change the transmitter structure and do
not cause any computational burden at the transmitting device.
The window duration for RW-OFDM in short delay spread
is considered as it makes more sense to apply RW-OFDM in
that case.
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TABLE II
COMPUTATIONAL COMPLEXITY COMPARISON

V. CONCLUSION

ACI is a critical problem in 5G and beyond scenarios due
to the coexistence of OFDM based non-orthogonal signals. To
tackle the ACI problem, we propose a novel Hann window
function based low complexity receiver windowing method that
is fully compatible with the frame structure of existing standards
and needs no redundancy in the signal and no modifications
on the transmitting devices. The proposed method improves
the achievable capacity in the presence of high power non-
orthogonal signals on adjacent channels when it is coupled with
simple interference mitigation techniques. The proposed method
allows superior ACI rejection and reducing guard bands without
requiring extensions, and on the contrary, allows shortening the
currently used extension for future higher mobility applications.
Although the gap between prior art and the proposed methods
widens with increasing delay spread and decreasing guard bands,
the proposed methods outperform prior art in short delay spreads
and large guard bands as well. This study paves the way towards
future standard compliant ACI rejection research by showing
gains of a simple receiver, inspiring sophisticated algorithms
that outperform the presented by achieving performance bounds
with less receiver complexity.
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