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Abstract—Vehicular communication systems are usually
equipped with OFDM transceivers which operate on rapidly
changing radio propagation environments, that result in high
Doppler and delay spreads. More specifically, in these environments the experienced channels are doubly selective and
introduce severe intercarrier interference (ICI) at the receiver.
An effective ICI mitigation technique is desired as a constituent
part of an ordered successive interference cancellation (OSIC)
architecture, which it turns out to be computationally efficient
since it may require the solution of linear systems with multiple
right hand sides. To decrease the complexity, several techniques
suggest mitigating the ICI by considering only a small number
of adjacent subcarriers. However, this approximation introduces
an error floor, which may result in unacceptable bit error
rates at high signal-to-noise ratio (SNR) regimes. In this work,
we propose a new OSIC equalization technique based on an
iterative Galerkin projection-based algorithm, that reduces the
computational cost without sacrificing the performance gains
of the OSIC architecture. Furthermore, we suggest a new
serial/parallel cancellation architecture that extends the OSIC
and has the potential to completely cancel the experienced ICI
introduced in high mobility scenarios. Extensive Monte-Carlo
experiments have been carried out to validate the accuracy of our
framework, revealing intriguing trade-offs between achieved BER
and complexity, and highlighting the importance of designing low
complexity OSIC schemes for OFDM systems operating over
double selective channels.

I. I NTRODUCTION
A widely employed technique for data communication in
vehicular networks is the orthogonal frequency division multiplexing (OFDM) method. In OFDM systems, the intersymbol
interference (ISI) caused by the multipath environments is
eliminated by dividing the entire channel into many narrow
orthogonal sub-channels. To maintain the orthogonality between subchannels, a cyclic prefix (CP) is inserted before each
block of parallel data symbols. This property allows the use of
single-tap equalizers in the frequency domain, offering a low
computational cost that increases linearly with the number of
subcarriers.
In applications with high levels of mobility, the experienced
channels are usually both time- and frequency-selective (socalled doubly selective) [1]. The temporal variations within
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one OFDM block corrupt the subchannels orthogonality, generating power leakage among the subcarriers and thus causing
intercarrier interference (ICI) at the receiver [1], [2]. In these
cases, single-tap equalization has been proved to be inadequate
[3] [4], and thus advanced equalization techniques are usually
employed in order to mitigate the ICI effect.
OFDM has been widely adopted by many communication
standards in the Wi-Fi arena (e.g., WiFi (802.11a), V2V
(802.11p) [5], and more) that defines an over-the-air interface
between a wireless client and a base station or between
two wireless clients. It has also been chosen for the cellular telecommunications standard LTE / LTE-A [6], and by
other standards like WiMAX (802.16e) [7]. Moreover, it is
the common modulation method for a number of broadcast
standards from Digital Radio to the Digital Video Broadcast
standards (DVB-T/H [8]) and other broadcast systems as well,
including Digital Radio Mondiale used for the long medium
and short wave bands. In Fig. 1, we show a distribution of
five mobile communication standards over the Doppler spread
and the number of the subcarriers. In many cases in the
aforementioned systems, the transceivers may experience high
Doppler spreads, resulting in doubly selective channels that
introduce severe ICI. This phenomenon is expected to be more
apparent in milliliter wave communication systems which
operate in much higher frequency bands (30 to 300 GHz) [9].
All the aforementioned facts motivated system designers and
researchers to focus on more complex equalization solutions
that mitigate effectively the resulting ICI.
A. Related Work
Linear equalization (LE) [10], [11], decision-feedback
equalization (DFE) [12], [13] and turbo equalization (TE) [14]
schemes have been extensively studied as different techniques
to mitigate the ICI. In [11] the authors proposed a block linear
minimum mean-square error (MMSE) equalizer architecture
based on signal-to-interference-noise (SINR) maximization
criterion and then extended it to the multiple-input multipleoutput (MIMO) OFDM case.
The authors in [12] presented an effective ICI cancellation
equalizer that is based on ordered successive interference
cancellation (ordered SIC - OSIC). Specifically, the OSIC
scheme works in an ordered successive manner for a given
number of stages, where a symbol decision is made at each
stage. The detected symbol is then removed from the input
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Fig. 1. Distribution of the Wireless/Mobile Standards over the field of Doppler
spread fd and the subcarrier length N . Each standard is described by the
minimum and the maximum possible normalized Doppler spread (fd ) that
could support, by using the lower and the higher defined carrier frequency,
while the relative minimum and maximum speed was vmin = 100km/h
and vmax = 350km/h. The complexity order characterization at the bottom,
has been obtained by constraining the maximum bit-error-rate at 10−3 with
signa-to-noise-ratio at 30dB.

each subcarrier separately, resulting in a computationally more
efficient performance.
In order to obtain low-complexity techniques, several authors have proposed the employment of gradient-based optimization for zero-forcing and MMSE equalization [19], [20],
[21], [22]. A time-domain equalizer based on an iterative
method for solving the sparse linear equations is introduced in
[19], termed as LSQR (Least Squares with QR factorization),
which is then extended for ICI and ISI mitigation in [20]. In
[22], [21] a preconditioning structure for Conjugate Gradient
(CG) has been proposed which is suitable for OFDM systems
with high Doppler-spread.
At this point it should be noted that, in high mobility
applications where OFDM systems experience severe ICI, all
the approximation-based equalizers introduce an irreducible
error floor that may result in unacceptable bit error rates. This
phenomenon becomes much more evident at high signal-tonoise ratio (SNR) regimes.
B. Contributions

stream and is forwarded to the next stage. Although this
scheme results into effective cancellation of severe ICI, it
requires a prohibitively large number of operations, due to
the solution of systems with multiple right-hand sides (RHS).
The complexity of the ICI equalizer may increase significantly with the number of subcarriers. To overcome this limitation several authors suggest the use of approximation-based
equalization techniques. In particular, the specific structure of
the introduced ICI, allows the development of equalizers that
take into account the interference introduced by some adjacent
subcarriers. Depending on the way that the mitigation process
is executed, the equalizers are divided into block and serial.
Block equalizers process the whole OFDM block simultaneously, while the serial ones consider each subcarrier separately,
disregarding the effect of some non adjacent subcarriers.
Sub-optimal techniques for ICI equalization have been
extensively studied in the literature, mainly due to their
computational efficiency. For instance, banded ICI equalization
techniques [14], [15], [10], [16], [17] approximate the channel
matrix with a banded one, exploiting its special structure. The
authors in [10] [15] proposed both LE and DFE schemes,
that take into account the ICI introduced by a small number
of subcarriers. Those schemes are quite attractive due to
their low complexity but their performance in high mobility scenarios degrades noticeably. The authors in [13], first
derived a matched-filter bound (MFB) for OFDM systems
operating over doubly selective channels and then proposed a
MMSE DFE which outperforms the above equalizers without
increasing significantly the required complexity. Moreover, TE
schemes have been proposed in [14], [18]. To be more specific,
in [14] a turbo-like linear MMSE equalizer is proposed where
each symbol is iteratively estimated. In addition, the loglikelihood ratio (LLR) is calculated for each estimated symbol
and it is used as prior information for the detection of
the next symbol. The authors in [18] derived also a turbo
MMSE equalizer, which processes the whole OFDM block
simultaneously, instead of considering the symbol loaded on

In this paper, motivated by the aforementioned remarks,
we focus on the non-banded block OSIC equalization for ICI
mitigation, and we propose a novel equalizer that employs
a projections-based iterative algorithm for solving efficiently
the multiple RHS systems. Specifically, the proposed method
is based on the Galerkin projections [23], for solving the RHS
exploiting an already formed Krylov subspace, generated by
the conjugate gradient. For large OFDM blocks and depending
on the predefined value for the termination parameter, the
complexity order of the proposed iterative algorithm exhibits
an order of magnitude lower complexity than the conventional
OSIC technique [12].
In addition, a novel successive interference structure is
proposed, that extends the OSIC architecture in this context.
Specifically, we employ a parallel interference cancellation
(PIC) within each successive stage, to eliminate the forward
along with the backward ICI in each subcarrier. The proposed
architecture exhibits better performance to the OSIC without
increasing the computational complexity significantly.
The proposed equalization method can be applied to any
OFDM communication system operating over a doubleselective channel. In particular, systems with severe ICI and
quality-of-service (QoS) constraints can be significantly favored, i.e. WiMAX [7], LTE [6], DVB-H [8], vehicle communications [5]. For instance, the safety related vehicle-to-vehicle
(V2V) applications require a guaranteed QoS, but the ICI due
to the fast-varying channel [24], challenges the reliability of
communication. Moreover, MIMO V2V applications [25] may
be characterized by large frame lengths, where the proposed
equalizer could present significant practical benefits.
Organization of The Paper: The remainder of this paper
is organized as follows: In Section II, the system model
and the OSIC architecture are briefly reviewed. In Section
III, after a short introduction to the Galerkin projectionsbased iterative method, the proposed algorithm along with the
proposed SIC/PIC architecture are introduced. In Sections IV
and V, the performance and the complexity of the proposed
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schemes are evaluated respectively, and finally, conclusions are
drawn in Section VI.
Notation: Lower-(upper-)case boldface letters are reserved
for column vectors (matrices); (·)T , (·)H , (·)∗ denote the
matrix transpose, complex conjugate transpose and complex
conjugate respectively; E{·} denotes the statistical mean operation; F and FH denote the matrices for the Discrete Fourier
Transform (DFT) and the inverse DFT respectively; [A]i,j
denotes the component of the matrix A at the i-th row and the
j-th column; δ(·) denotes the Dirac’s delta function; 0M ×N
denotes a M × N matrix with zero components and IN
the N × N identity matrix; Π(·) denotes the hard decision
operation; C(·) denotes the circulant matrix of a vector.
II. P ROBLEM F ORMULATION

Then, vector z passes through the DFT unit whose output is
given by:
y ≜ Fz = FRcp H̃t Ccp FH s + w = Hs + w
{z
}
|

(4)

H

where, due to the unitary property of the DFT, the entries of
w are complex Gaussian random variable with zero mean and
variance σ 2 .
If the involved channel is time-invariant, i.e. ai (1) =
ai (2) = · · · = ai (N ) , i = 1, . . . L, the matrix H becomes
diagonal since Rcp H̃t Ccp has a circulant structure, and therefore equalization is possible with computational complexity
cost O(N ). On the contrary, in case the channel is timevarying, the matrix H is no longer diagonal due to the
introduced ICI, and, hence, nontrivial equalization techniques
are required.

A. System Model
Let us consider an OFDM system with N subcarriers
operating over a time- and frequency-selective discrete-time
baseband equivalent channel. A simplified block diagram
of an OFDM transceiver, ignoring the units that perform
Sampling Frequency estimation and Carrier Frequency Offset
estimation and mitigation, is depicted in Fig. 2. Let s =
[ s1 . . . sN ]T ∈ CN ×1 be a set of N symbols at the
output of the Constellation Mapper that are forwarded to the
input of the Inverse Discrete Fourier Transform (IDFT) unit.
The sk symbol is transmitted via the k-th subcarrier. The
output of the IDFT unit, denoted by u ≜ FH s ∈ CN ×1 ,
is forwarded at the Cyclic Prefix (CP) Adder, where the time
domain OFDM symbol û ∈ CM ×1 of length M = N + Ncp
is formed by adding a CP of length Ncp at the beginning of
vector s. This operation is described using the M × N matrix:
[
]
0Ncp ×(N −Ncp ) INcp
cp
C =
(1)
IN
so that û ≜ Ccp s.
In wireless communications, a doubly selective fading channel is often modeled as a Wide Sense Stationary Uncorrelated
Scattering (WSSUS) channel [26]. In a discrete time model,
the channel impulse response (CIR)
∑L−1of this WSSUS channel
can be expressed as h(n, τ ) = l=0 a(n, l)δ(τ − l), where
a(n, l) is complex zero mean Gaussian random variable.
Assuming a causal channel with maximum delay spread
L ≤ Ncp , the received signal at the input of the OFDM
demodulator may be written in vector form as:
x ≜ H̃t û + ŵ

(2)
(
)
where H̃t ∈ CM ×M with [H̃t ]i,j = a i, mod(i − j, L) with
i, j ∈ 1, . . . , M , while mod(·, L) denotes the modulo-L the
operation. The vector ŵ ∈ CM ×1 represents the complex additive white Gaussian noise (AWGN) with ŵ ∼ N (0, σ 2 IM ). If
we ignore the sampling and carrier frequency offset, the block
of time-domain samples x, passes through the CP Removal
unit of the OFDM demodulator, where the first Ncp samples
are discarded. This operation may be written in vector form
as:
[
]
z ≜ Rcp x = 0Ncp ×N IN x.
(3)

B. Ordered Successive Interference Cancellation (OSIC)
In this subsection we provide a short overview of the
OSIC architecture, which offers an effective ICI reduction
as compared to linear equalization with the cost of higher
complexity. The results which are presented here will form
the basis for the new technique that will be derived in section
III.
To comprehend the basic idea, let us first recall that each
subcarrier is related with one of the N transmitted data
symbols. Thus, OSIC architecture is comprised by N stages,
where at each stage we can easily subtract the part of the
ICI which is associated with the decisions already made at
previous stages. Specifically, assuming that the symbols are
detected successively in the order sz1 , sz2 , . . . , szN , then at
the k-th stage, we seek for the minimum-mean-square error
(MMSE) minimizer, expressed as:
1
gzk = arg min E{|gzHk yzk − szk |2 }, k = 1, . . . , N
gzk 2

(5)

where gzk denotes the equalizer filter of the k stage, and yzk
is the updated vector of the received OFDM block after the
cancellation of k − 1 previously detected symbols, with yz1 ≜
y.
Equivalently, (5) is expressed as the solution of the following system of equations:
( H
)
Hzk Hzk + σ 2 IN −k+1 gzk = hzk
(6)
where hzk is the zk -th column of the channel matrix HH
zk , and
Hzk denotes the channel matrix after the removal of the k − 1
columns {hz1 , . . . , hzk−1 }, with Hz1 ≜ H.
Provided that we have reached to the solution of the system
(6) (either via matrix inversion or via iterative algorithm), the
detection of the current symbol is expressed as:
ŝzk = Π(gzHk yzk ).

(7)

The symbol decision ŝzk is then used to provide an estimate
of the respective ICI, that is hzk ŝzk , which in the next stage
zk+1 , it will have been subtracted from the received OFDM
block, i.e.
yzk+1 = yzk − hzk ŝzk
(8)
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Fig. 2. OFDM block diagram

and the procedure continues likewise for the next subcarrier
symbol szk+1 . Since this architecture resembles that of a
decision-feedback equalizer [27], one can expect an error
propagation phenomenon. However, assuming that ŝzk has
been correctly detected, its interference will be canceled from
the subsequent stages.
It is well-known that the detection order in OSIC architecture has significant impact in the performance of the
equalizer [28], [27]. Typically, the optimal detection order can
be obtained by maximizing the signal-to-interference and noise
power ratio (SINR) at the receiver, since it is known that the
maximization of the SINR also minimizes the achievable bit
error rate (BER) in an OFDM system [29]. Hence, at each
stage k, we have that
zk = arg max ∑
l

m
m̸=k

|glH hl |2
,
|glH hm |2 + σ∥gl ∥22

(9)

∀l ∈ [zk+1 , zk+2 , . . . , zN ].
It is important to note that, the computation of SINR at the
stage zk , requires the knowledge of gzk+1 , . . . , gzN equalization vectors, which are obtained from the solution of the
following systems:
( H
)
Hzk Hzk + σ 2 IN −k+1 gl = hl , with l ∈ [zk+1 , zN ] (10)
where the autocorrelation matrix is the same for all the RHS,
since it is updated once per stage.
Concatenating the equalization vectors of the current stage
zk and the subsequent stages zk+1 , . . . , zN , into the matrix
Gzk = [gzk gzk+1 . . . gzN ]T ∈ CN −k×N , then at each stage
the solution of the following system with N RHS is obtained
by solving the following system:
( H
)
Hzk Hzk + σ 2 IN −k+1 Gzk = HH
(11)
zk .
III. P ROPOSED E QUALIZER
In this section, first we provide a preliminary discussion for
the Galerkin projections technique which is employed for the
efficient solution of systems of equations with multiple RHS.
Afterwards, we describe the proposed techniques for OSIC
equalization which exploit the Galerkin projections. Finally,
the proposed serial/parallel ICI architecture is introduced.
A. Preliminaries: Galerkin projections
To reduce the computational cost of the direct method,
approximate solutions through iterative techniques are usually
employed. It is known that the so-called Krylov subspace

methods [30], [31], [32] (i.e. Steepest Descent, Conjugate
Gradient, LSQR) can be used to efficiently solve the linear
system of equations.
In the case of block MMSE for ICI equalization, one
must compute the equalization matrix G ∈ CN ×N via
the
multiple RHS,
( Hsolution2 of )the system of equations with
H H + σ IN G = H, where H ∈ CN ×N ; afterwards
the soft-decisions vector must be obtained, given by s̃ =
Gy ∈ CN ×N . Since MMSE equalization turns into finding
a solution of a linear system, where the matrix is Hermitian
and positive definite, the Conjugate Gradient (CG) algorithm
is more suitable from other Krylov subspace methods.
The straightforward application of CG for solving the
multiple RHS (10) in N stages, would require ∑
a complexity
N
of O(N 4 I) complex operations, where I =
k=1 Ik and
Ik denotes the total iterations and the k-th stage iterations
respectively, required for the convergence. In particular, let us
conv
denote by Ccg
the complexity of the conventional technique,
then:
Ik
N
−1 N
−1 ∑
∑
∑
(
)
conv
Ccg
=
O (N − k)2 .
(12)
k=0 l=k i=1

|

|
|

{z
CG iterations

{z

multiple RHS

{z

stages

}
}
}

where the outer sum represents the total complexity for the
computation of the N × N equalizer matrix (with the k-th
column vector representing the equalizer at the k-th stage), the
middle sum represents the complexity for the remaining RHS
at the k-th stage, and the inner sum represents the complexity
of the CG algorithm which runs for a predefined number of
iterations Ik .
A more sophisticated approach for iterative approximation
of systems with multiple RHS has been suggested in the
literature, known as Galerkin Projections (GP) [17], [23], [33][34]. The main idea of this technique is to exploit an already
generated Krylov subspace for the solution of more than one
system. Recall that the construction of the Krylov subspace is
the most costly step of the CG algorithm. Therefore, through
low cost projections on the generated subspace, approximated
solutions of the unsolved RHS can be obtained.
Originally [23],[33], the approximated solutions given by
the projections, are used as initialization vectors for the CG
procedure, since proper initialization of the CG algorithm
provides one way to reduce complexity, without sacrificing
estimation accuracy. According to the GP methodology, the
multiple RHS system is decomposed into two parts, the seed
system and the non-seed systems. The seed system, is solved
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iteratively via the CG algorithm, where the solution vector is
expressed as a linear combination of the Krylov subspace basis
components. Afterwards, the solution vectors of the remaining
non-seed systems can be approximated based on projections
onto the already generated Krylov subspace. This procedure
continues until all the systems have been selected as a seed
once. The described procedure of selecting a new seed is
termed as restart.
Here let us note that the order of the seed selection is obtained in a lexicographic manner. ∑
The complexity
(order of the
)
N −1 ∑Ik
algorithm is given by Ccggp =
O
(N − k)2 ,
i=1
k=0
where Ik is the number of algorithm’s iterations required for
the convergence of the k-th system. From the perspective of
complexity minimization, the value of Ik must be determined
based on the approximation error at each iteration, rather
than defined a priori. In that case, fast convergence to the
solution implies low computational complexity. In [23] it was
proven that, by using GP as initialization, a very small number
of restarts is required for the convergence of all the RHS,
indicating super-linear convergence behavior.

Considering the non-seed systems, i.e. the remaining N − 1
RHS,
Azk gl = hH
(17)
l , with l ∈ [2, . . . , N ]
the approximate solutions are obtained by solving the minimization problems minα J (gli + αdim ) for all l. Note that, the
search direction vector dim has already been generated from
the i-th iteration of the seed system. The update rule for the
solution vector is expressed as:
gli = gli−1 + αl dim

where αl =
and ri−1
is the residual of the l-th
l
system at the i − 1 iteration which is updated according to:
i
ril = ri−1
− α l AH
zk dm .
l

Algorithm 1: Galerkin projections-based CG algorithm
(multiple-seed version) for the k-th SIC stage.

1
2
3
4

(

Azk G = HH
zk

(13)

)
where Azk ≜
+ σ IN −k+1 , and for brevity we
have removed the stage indexing from the equalizer matrix G.
Let the m-th system be the seed, then at the i-th CG iteration, a
basis of the Krylov subspace will have been formed as Km,i =
ℓ
span{d0m , d1m , . . . , di−1
m }, where dm is the search direction of
the m-th system at the ℓ-th iteration, and span{·} denotes the
generating function of all linear combinations of the vectors
dℓm for ℓ = 0, 1, . . . , i − 1 [30]. After at most N iterations,
N
the obtained solution gm ≜ gm
, minimizes the associated
quadratic functional J with respect to gm , i.e.
HH
zk Hzk

2

1 H
g Az gk − hH
(14)
m gm .
2 m k
According to the well-known CG procedure, the search direction dim is constructed by applying the i-th step of the Grami
Schmidt procedure to the residual vector rim = −∇J (gm
)=
i
hm − Azk gm
and the preceding directions d0m , d1m , . . . , di−1
m .
i
Taking into account that the gradient ∇J (gm
) is orthogonal
to the subspace spanned by the previous directions, we get:
J (gm ) =

dim = rim + β i di−1
m

(15)

(rim )H rim
H i−1
(ri−1
m ) rm

where β i =
. For the given set of i A-conjugate
i
directions, the approximate solution gm
can be expressed as
a linear combination of the already estimated directions as
follows:
i
i i
gm
= α0 d0m + . . . + αi dim = xi−1
m + α dm

(16)

where the step-size αi is obtained via line minimization as
(ri )H ri
αi = (di )mH Az mdi . Based on Eq. (16), the residual vector for
m
k m
i
i
the i-th iteration can be expressed as rim = ri−1
m − α Azk dm .

(19)

i
Note that, the quantity AH
zk dm has already been computed at
the i-th iteration of the seed system.

B. Proposed Algorithm
Let us here describe the proposed iterative algorithm, which
can be used for efficiently computing the equalizer at the zk stage of the OSIC, i.e.

(18)

(dim )H ri−1
l
i
(dim )H AH
zk dm

5
6
7
8
9
10

Data: Azk , Hzk , G0
Result: G
Initialization: R0 = Hzk − Azk G0
for m = 1, 2, . . . , N − k + 1 do
i ←− 0
while ∥ri−1
m ∥ < ϵ do
ρi ←− ∥ri−1
m ∥
if i = 0 then
dim ←− ri−1
m
else
β i ←− ρi /ρi−1
i i−1
dim ←− ri−1
m + β dm

19

V i ←− Azk dim
C i ←− (dim )H V i
αi ←− ρi /C i
i−1
i
+ αi dim
←− gm
gm
i
i−1
rm ←− rm − αi V i
for ℓ = m + 1, . . . , N do
i
ζ i ←− (dim )H ri−1
ℓ /C
i−1
i
i i
gℓ ←− gℓ + ζ dm
riℓ ←− ri−1
− ζ iV i
ℓ

20

i ←− i + 1

11
12
13
14
15
16
17
18

The described procedure is shown in Algorithm 1. The “for”
loop at line 2, represents the restarts, while at line 4 is the termination criterion. At lines 5-16 the Galerkin projection steps
are listed, which are followed by the projections procedure at
lines 17-21. The costly parts of the algorithm are the matrixvector products at lines 12 and 18.
Performance/Complexity Trade-off: The termination criterion of Algorithm 1 is defined by the value of the parameter
ϵ, which determines the trade-off between the performance and
the complexity of the method. In the following, we provide
a relation between the parameter ϵ, which is a user-defined
parameter, and the reconstruction error of the algorithm, which
⋆
I
is defined as ζ ≜ ∥gm
− gm
∥.
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Given that I denotes the maximum number of iterations for
the m-system in Algorithm 1, then the error residual vector is
given by:
( ⋆
)
I
⋆
I
I
rIm = bm − Rm gm
= Azk gm
− Azk gm
= Azk gm
− gm
(20)
⋆
where gm
is the equalizer vector computed via matrix inversion in (6). Then, the norm of the error residual can be bounded
according to the following expression:
⋆
I
∥rIm ∥ < ∥Azk ∥∥gm
− gm
∥ = ∥Azk ∥ζ

TABLE I

←− Stage index

A LLOCATION OF THE CG

(21)

2
To proceed, note that ∥Azk ∥ = ∥HH
zk Hzk + σ I∥ <
H
2
2
2
∥Hzk Hzk ∥ + σ < ∥Hzk ∥ + σ . Since Hzk has k − 1 fewer
columns than Hz1 , we have that ∥Hzk ∥ < ∥H∥, hence we
have that ∥Azk ∥ < ∥H∥2 + σ 2 . Therefore, the residual error
is upper bounded by:
(
)
∥rIm ∥ < ∥H∥2 + σ 2 ζ ≜ ϵ
(22)

i.e. ϵ represents the normalized reconstruction error. Eq. (22)
provides us with the termination criterion based on the reconstruction error. Let us note here that, the value of the parameter
ϵ has a direct impact on the maximum number of iterations
which are required for convergence. In particular, a small value
would result into small reconstruction error and also to a high
number of iterations (I → N ), which are required in order
to reach the desired accuracy. On the contrary, a large value
for ϵ would result into worse accuracy and fewer iterations
(I ≪ N ).

The fact that a very small number of restarts is usually
required for the convergence of all the RHS, motivated us to
propose the single-seed approximation, i.e. M = 1. However,
it should be noted that a direct application of M = 1 to the
Algorithm 1 would suffer from large approximation error, as
it will be justified in the rest part of this work. For this reason,
we consider the equivalent transposed system of equations, i.e.
(
)
2
Hzk HH
(23)
zk + σ IN Gzk = Hzk .
In this case, the size of the systems remains the same, while
the number of the RHS is decreased by one. It is important to
note that, the reduction of the RHS at each stage, enables a
more meaningful connection between the stages and the RHS,
i.e. each RHS corresponds to a specific stage.
The seed system is solved by the CG algorithm obtaining a
high accuracy solution, while the non-seed systems are solved
by the GP procedure approximating closely the true solutions.
However, since the non-seed systems will be used only for the
ordering step of OSIC equalizer, this approximation scheme
will have a smaller impact to the overall performance. In Table
I we illustrate this idea, where at each position the term CG or
GP is used to indicate the method which is used to approximate
the equalization vector.
The described procedure is shown in Algorithm 2. Note that,
the projection procedure, listed at lines 16-20, is conducted for
N − k + 1 systems.

–

Subcarrier index −→
2nd 3rd 4th
GP
GP
GP
CG
GP
GP
..
..
..
.
.
.
–
–
–

...
...
...
..
.
–

Nth
GP
GP
CG

Algorithm 2: Galerkin projections-based CG algorithm
(single-seed version) for the k-th SIC stage.

1
2
3
4
5
6
7
8
9

Data: Azk , Hzk , G0
Result: Gzk
Initialization: R0 = Hzk − Azk G0
i ←− 0
while ∥ri−1
1 ∥ < ϵ do
ρi ←− ∥ri−1
1 ∥
if i = 0 then
di1 ←− ri−1
1
else
β i ←− ρi /ρi−1
+ β i di−1
di1 ←− ri−1
1
1

18

V i ←− Azk di1
C i ←− (di1 )H V i
αi ←− ρi /C i
g1i ←− g1i−1 + αi di1
− αi V i
ri1 ←− ri−1
1
for ℓ = 2, . . . , N − k + 1 do
i
ζ i ←− (di1 )H ri−1
ℓ /C
i−1
i
i i
gℓ ←− gℓ + ζ d1
riℓ ←− ri−1
− ζ iV i
ℓ

19

i ←− i + 1

10
11
12
13
14
15

C. Single-seed version

z1
z2
..
.
zN

1st
CG
–

AND GP METHODS , FOR THE SINGLE - SEED
VERSION

16
17

D. Serial/Parallel interference cancellation architecture
In this subsection we introduce a modified successive
interference cancellation (SIC) architecture operating at the
receiver. The proposed structure consists of a parallel interference cancellation (PIC) unit within each successive step. The
main idea is to exploit the approximated equalization vectors
of each stage, which have been obtained by the Galerkin projections, in order to cancel out all the remaining interference
of the adjacent subcarriers. Potentially, this structure could
remove the entire interference at each stage, thus avoiding the
ordering step.
The proposed SIC/PIC equalizer, termed as Forward-OSIC
(FOSIC), is composed by N stages, where the ordering of
each stage is defined by zk ∈ [1, N ]. The functional block
of the k-th stage is depicted in Fig. 3. It is composed by the
following basic units: 1) Equalizer computation, 2) Channel
estimation, 3) Forward ICI cancellation, 4) Ordering Update,
and 5) Current ICI cancelation unit. The outputs are: the
estimated symbol ŝzk , the index zk+1 of the symbol to be
detected at the next stage and the updated input stream yzk .
In the following part of this section, we focus on each one of
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the building units separately.
The Equalizer Computation unit employs the proposed lowcomplexity algorithm. This will provide us the equalization
vectors for the remaining adjacent subcarriers, i.e. gl , l ∈ [k +
1, . . . , N ].
The operation of Channel Estimation unit, which is depicted
with dotted line, is out of the scope of this paper; a detailed
review regarding efficient estimation schemes for doubly selective channels may be found in [12], [35], [36].
The operation of the PIC unit, removes the ICI caused by
the undetected symbols of the remaining subcarriers, from
the input stream yk , while the ICI caused by the previously
detected symbols has been removed from the previous stages.
Assuming that the symbol decisions are correct, i.e. ŝk =
sk , k ∈ [1, . . . , N ], then at the output the updated input signal
′
has no remaining ICI. Therefore, the updated input stream yN
can be expressed as:
′
yN
= hk sk + w.

(24)

Note that the MMSE equalizer essentially becomes the
′
matched-filter (MF) [13] for the input yN
. The equalization
vector of the k-th stage may be written as:
1
2 −1 H
hH .
(25)
gkT = (hH
hk = 2
k hk + σ I)
σ + ∥hk ∥22 k
The updated input vector ∑
for the current stage k, can be
N
′
expressed as yN
= y − m=1,m̸=k Hm sm , and thus, the
current symbol can be estimated as follows:
′
=
s̃k = gkT yN

′
hH
k yN
.
σ 2 + ∥hk ∥22

(26)

The decision of the current symbol, and hence the output of
the k-th stage is:
ŝk = Π(s̃k ).
(27)
Finally, the Current ICI cancellation unit is employed in order
to remove the currently detected symbol from the input stream
yk according to:
yk+1 = yk − hk ŝk .

(28)

Then yk+1 is forwarded to the next stage.
IV. C OMPUTATIONAL C OMPLEXITY
In this section we provide a detailed description of the
complexities required by the presented schemes, in terms of
floating point operations (FLOP). The complexity of the OSIC
equalizer, C osic , consists mainly from the cost of autocorrelation matrix computation/update, the solution of the linear
system with multiple RHS and the ordering cost, i.e.
osic
osic
osic
C osic = Cupdate
+ Cinversion
+ Cordering

(29)

Specifically, considering the first term of this sum, we have
that:
}
N
−1 {
∑
(N − k)(N + k) N − k
osic
2
+
Cupdate =
N (N − k) +
2
2
k=0
(30)
1
= N (2N 3 + 5N 2 + 4N + 1) FLOPs.
(31)
6

FLOP counts for the Gram matrix HH
k Hk computation, with
Hk ∈ CN ×N −k , is equal to N (N −k)2 +(N −k)(N − N 2−k )−
N −k
2 .
osic
Considering now Cinversion
and assuming that the inversion
of a Hermitian matrix is obtained via LDL decomposition, we
osic
have that Cinversion
= 61 N (5N 3 + 13N 2 + 4N + 2) FLOPs.
The cost of the ordering based on the maximum SINR is
osic
Cordering
= 16 N (4N 3 +3N 2 −N ) FLOPs. Therefore, the total
complexity is C osic = 16 N (11N 3 + 21N 2 + 7N + 3) FLOPs.
Let us now proceed with some analysis regarding the computational complexity of the proposed single-seed algorithm.
For this, we can decompose the costs into the following
operations:
3N 3
N2
• Computation of the autocorrelation matrix 2 + 2 −
N
2 FLOPs
i
• Hermitian matrix-vector multiplication Azk dk , ∀k ∈
[0, N − 1] and i ∈ [1, Ik ] in the CG procedure
}
Ik {
N
−1 ∑
∑
N
2
Ccg =
N −
(32)
2
i=1
k=0

•

Matrix-vector multiplication in the GP procedure:
Cgp =

Ik
N
−2 ∑
∑

{2N (N − k − 1) − (N − k − 1)} (33)

k=0 i=1

Let I¯ denotes the average number of iterations, which are
required for convergence of the CG algorithm per stage. Then,
the complexity costs (32) and (33) can be approximated as:
}
(
)
N
−1 {
∑
N
N2
av
2
3
¯
¯
Ccg = I
N −
=I N −
FLOPs (34)
2
2
k=0

and
av
Cgp

=

I¯

N
−2
∑

{2N (N − k − 1) − (N − k − 1)} (35)

k=0

1
I¯ (N (2N − 1)(N − 1)) FLOPs.
(36)
2
Worst case scenario: In the worst case, the number of
the required iterations Ik for convergence of the CG algorithm at each stage is Ik = N − k. In that case, the
complexity of the (proposed single-seed algorithm
is equal
)
1
w
to Ccg−gp
= 12
N 14N 3 + 17N 2 − 5N − 2 FLOPs. It is
obvious that Ccg−gp ≤ Cconv , i.e. the complexity of the
proposed technique (single-seed version) will be always lower
than the conventional one.
FOSIC complexity: The proposed FOSIC architecture exploits the already known equalization vectors of each stage,
in order to remove the remaining ICI through tentative decisions. The additional cost over OSIC complexity, is for the
computation∑
of the tentative symbol decisions, which is given
N −1
by: Cfosic = k=0 {2N (N − k) − (N − k)} = N 2 (2N − 1),
and thus, we conclude that OSIC and FOSIC architectures
have the same complexity order.
In Table II, we summarize the computational complexity for
the conventional technique and the proposed one in terms of
FLOPs.
=
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yzk

zk

Forward ICI cancellation

Equalizer
computation

s̃zl = gzT yz′

Gzk

l

l

Π

MF

Π(·)

ŝzk

yz′ − Hŝzl
l

Channel
estimation
H

Ordering
update

Current ICI
cancellation
yzk − hzk ŝzk

yzk+1

zk+1

Fig. 3. FOSIC block model for the zk -th stage of the proposed equalizer. The part in blue color, cancel the ICI caused due to the subsequent symbols.
TABLE II
C OMPLEXITY OF BLOCK OSIC, NON - BANDED EQUALIZERS
Method
via Gaussian elimination
Conventional technique [12]
via LDL
w.r.t. I¯ (mean # iterations)
Proposed algorithm (OSIC)
worst case scenario
Proposed algorithm (FOSIC)

worst case scenario

TABLE III
BASIC PARAMETERS FOR SIMULATION EXPERIMENTS
Parameter
Modulation mode
Number of subcarriers
FFT length
Cyclic prefix length
Channel length

Value
4QAM, 16QAM
N = 32
32
Ncp = 3
L=3

V. S IMULATION R ESULTS
In this section, the performance of the proposed equalizer
is experimentally evaluated via extensive simulations.
A. Setup
The simulations were performed with machine precision
10−16 and the number of Monte-Carlo realizations was at
least 103 . Furthermore, we have made the assumptions of
full channel state information and perfect carrier and phase
synchronization.
The general setup includes the simulation of an OFDM
system which operates over a doubly selective channel. The
basic parameters for the simulation experiments are shown
in Table III. For the channel modeling we have adopted the
wide-sense stationary uncorrelated scattering (WSSUS) fading
model with a 3-tap exponential delay power profile, given by:
e−l/L
σh2 (l) = ∑L−1
, for l = 0, 1, . . . L − 1
−m/L
m=0 e

(37)

Complexity (FLOPs)
1
N (11N 3 + 21N 2 + 7N + 3)
6
1
N (7N 3 + 18N 2 + 8N + 3)
6(
)
3
2
I¯ 12 (N (1 − 2N )2 + 3N
+ N)2 −
2
1
17 2
5
3
N (7N + 2 N − 2 N − 1)
6
1
N 7N 3 + 29
N2 + N
−4
6
2
2

N
2

where L = 3. Each channel tap is a complex Gaussian random
process independently generated with the Doppler spectrum
based on the Jakes’ model [37]. The autocorrelation function
of each channel tap is equal to the zero-th order Bessel
function of the first kind, i.e. rt (∆t) = J0 (2πfd ∆t), where
∆t ∈ [−N, N ] ⊂ Z and fd is the normalized Doppler spread
defined as fd ≜ F1 fccv , where v is the vehicle relative velocity,
fc is the carrier frequency, F is the subcarrier separation, and
c is the speed of light. In this work, we have adopted the
normalization over the signaling rate [14], i.e. F = N .
To evaluate the performance of the proposed equalizer,
several techniques from the literature of ICI mitigation have
been employed. In particular, as the best one in terms of BER
performance we have used the equalizer of [12] (termed as
Block OSIC, non-banded), while as a low-complexity technique we have used the equalizer of [38] (termed as Block
MMSE, banded-windowed).
It is important to mention here that, in the case of bandedwindowed equalization, the soft-decision is given by:
(
)−1
σz2
H
H
H
x̃w = HK HK HK +
C(w)C(w)
yw
(38)
γ
where HK is the K-banded approximation of the frequencydomain channel matrix, i.e. HK = EK ◦ H. The parameter
γ ∈ (0, 1] is the regularization parameter and w is the window
applied to the received symbol y, with yw ≜ C(w)y. The
design of the window was based on the maximum SINR
criterion [14].
Additionally, as an alternative to block equalization we have
used the serial equalizer of [13] (termed as Serial DFE). The
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fd=0.001

10 0

fd=0.005

10 0

fd=0.01

10 0

Block MMSE, banded-windowed (.=0.5, K=5)
Block DFE, banded-windowed (.=0.5, K=5)
Serial DFE, K=5 with 2 PIC iterations
Block OSIC, non-banded
Block OSIC, non-banded (proposed, 0=1e-12)
Block OSIC, non-banded (proposed, 0=1e-10)
10 -1Block OSIC, non-banded (proposed, 0=1e-8)

fd=0.05

10 0

Block MMSE, banded-windowed (.=0.5, K=5)
Block DFE, banded-windowed (.=0.5, K=5)
Serial DFE, K=5 with 2 PIC iterations
Block OSIC, non-banded
-1Block OSIC, non-banded (proposed, 0=1e-12)
10
Block OSIC, non-banded (proposed, 0=1e-10)
Block OSIC, non-banded (proposed, 0=1e-8)
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Fig. 4. BER comparison w.r.t. SNR for low Doppler spread and 4QAM

In Figs. 4-6 the BER of 4QAM modulation w.r.t. SNR is
shown, for different values of normalized Doppler frequency
fd . We can observe that, for very low Doppler spreads
(fd < 0.005), all the techniques have about the same performance. For higher Doppler spreads, the banded and the serial
approximation techniques suffer from severe ICI, while the
value of K has great impact at their performance. For fd ≤ 0.1
the block DFE technique [39] exhibits BER performance close
to the OSIC (Fig. 5), while for higher Doppler spreads, K
must be also increased in order to retain this performance.
On the contrary, the OSIC techniques are able to mitigate
effectively the ICI under all Doppler spread cases. The BER of
the proposed technique approximates closely that of the block
OSIC non-banded equalizer [12], depending on the parameter
ϵ. Also note that, the performance of the proposed equalizer
for the larger error tolerance case, ϵ = 108 , does not depend
on the different values of the normalized Doppler frequency
fd .
The application of OSIC architecture is significantly favored
for the 16QAM case, with the normalized Doppler frequency
set to fd = 0.3. As it is shown in Fig. 7, the banded and serial
equalizers seem to be totally ineffective.
In Fig. 8 we show the mean-square-error (MSE) of the
proposed FOSIC architecture w.r.t. the SNR for fd = 0.3. We
consider multiple- and single-seed versions with ϵ = 10−12
and ϵ = 10−8 respectively. The proposed FOSIC architecture
with the multi-seed algorithm has the lowest MSE, along with
the single-seed version for SN R > 8. The performance gains
of the proposed structure seem to be significant at the high
SNR regimes, where there is small error propagation due to

15

10 -5

20

0

5

SNR

10

15

20

SNR

Fig. 5. BER comparison w.r.t. SNR for medium Doppler spread and 4QAM
fd=0.15

10 0

number of subcarriers that are processed at each step is equal
to K. Another important characteristic of the technique in [13]
is the PIC operation which is employed at the output of the
equalizer, where the number of the PIC iterations determines
the complexity/performance trade-off of the technique.

Block MMSE, banded-windowed (.=0.5, K=5)
Block DFE, banded-windowed (.=0.5, K=5)
Serial DFE, K=5 with 2 PIC iterations
Block OSIC, non-banded
Block OSIC, non-banded (proposed, 0=1e-12)
Block OSIC, non-banded (proposed, 0=1e-10)
10 -1Block OSIC, non-banded (proposed, 0=1e-8)

10 -2

10 -3

10 -4

fd=0.3

10 0

10 -1

BER

B. BER performance

10
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0
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SNR

15

20

10 -4

0

5

10

15

20
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Fig. 6. BER comparison w.r.t. SNR for high Doppler spread and 4QAM

incorrect symbol detection. Also note that, the Block SIC
is banded and windowed according to the maximum SINR
criterion [14], while the serial DFE [13] has a PIC operation
after the DFE, performing 3 iterations. Note that the MSE of
the Block SIC increases along with the SNR, which is due to
the bad condition of the equalization matrix.
C. Complexity
Let us now examine the performance of the proposed iterative algorithm in terms of computational complexity. In Table
IV, the complexity order of the employed techniques is shown.
Note that, I¯ denotes the mean iterations number required for
the convergence of the proposed iterative algorithm.
In Fig. 9 the complexity of the proposed algorithms is
shown w.r.t. the number of the subcarriers. The complexity is
expressed in terms of complex floating-point operations. For
reference, we also show the complexity of the conventional
technique, when computed either via the Gaussian Elimination
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fd=0.15

fd=0.3

TABLE IV
C OMPARISON OF THE COMPUTATIONAL COMPLEXITY ORDER
−1

Equalizer
Proposed schemes (CG-GP {F}OSIC)
non-banded OSIC (Choi et al. [12])
DFE with K taps (Cai et al. [13])
banded MMSE-BDFE windowing (Rugini et al. [38])

−1

BER

10

BER

10

Complexity
¯
O(N 3 I)
O(N 4 )
O(N 2 K)
O(N K 2 )

11

10
−2

10

0

−2

5

10
SNR

15

20

10

0

5

10
SNR

15

20
10

10
Complex floating−point operations (FLOPs)

Block MMSE, banded−windowed (γ=0.5, K=5)
Block DFE, banded−windowed (γ=0.5, K=5)
Serial DFE, K=5 with 2 PIC iterations
Block OSIC, non−banded
Block OSIC, non−banded (proposed, ε=1e−12)
Block OSIC, non−banded (proposed, ε=1e−10)
Block OSIC, non−banded (proposed, ε=1e−8)

Fig. 7. BER comparison w.r.t. SNR, 16QAM
1

10

Block OSIC, non−banded
Serial DFE, non−banded with PIC
Block SIC, banded−windowed
Proposed SIC/PIC, multiple−seed with ε=1e−12
Proposed SIC/PIC, single−seed with ε=1e−8
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Proposed, theoretical worst case
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Fig. 9. Complexity w.r.t. the number of subcarriers, SN R = 15dB, L = 3
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Fig. 8. Evaluation of FOSIC (PIC/SIC) architecture in terms of MSE w.r.t.
SNR.

or via the LDL factorization. For the proposed algorithms we
show the worst case scenario and the average case, where I¯
is the average number of iterations. Note that, the average
number of required iterations for the convergence of the CG
¯ is a function of the parameter ϵ, as it can be
algorithm, i.e. I,
shown in Fig. 9. Additionally, we plot the complexity of the
multiple-seed version of the algorithm.
Based on the complexity curves, we confirm that the
proposed algorithms practically have lower complexity cost
than the conventional technique. The multiple-seed version
(with ϵ = 10−12 ) has the lowest complexity gain and hence
almost zero reconstruction error. The single-seed version has
considerable complexity gains, depending on the ϵ. Even for
the case of ϵ = 10−12 , the complexity drops an order of
magnitude for large OFDM blocks.
D. Convergence
In the following we investigate the convergence rate of the
seed and the non-seed systems. More precisely, we verify the

fast convergence rate of the systems due to the initialization
based on Galerkin projections, and thus the reduction of the
system’s size through the OSIC architecture. In Fig. 10, the
convergence curves of the proposed algorithm at the 1st OSIC
stage are depicted; each curve, indexed with the variable l,
represents the squared norm of the estimation absolute error
⋆ 2
∥g1,l − g1,l
∥ , l = 1, . . . , N , with respect to the CG iteration
number, where g1,l is the approximated equalization vector
⋆
of the 1-st OSIC stage for the l-th subcarrier, while g1,l
is
its optimum value. The SNR for this experiment was set to
15dB, while the error tolerance to 10−8 .
The top curve in Fig. 10 shows the convergence of the
1st subcarrier at the 1st stage. It requires up to N iterations
to converge to the solution g1,1 , since no initialization is
employed. For the next subcarriers, due to the Galerkin projections, there is a significant increase in the convergence rate.
⋆
Indeed, concerning the 7th subcarrier, the error ∥g1,7 − g1,7
∥2
−4
begins from 10 , which verifies the fact that the projectionsbased initialization vector is essentially the solution vector for
the majority of the subcarriers.
In Fig. 11, the convergence curves of the proposed algorithm
at the 2nd - 48th OSIC stages are depicted; each curve, indexed
with the variable k, represents the estimation’s absolute error
⋆
∥, k = 1, . . . , N , with respect to the CG iteration
∥gk,1 − gk,1
number. As the OSIC stage increases, the 1st subcarrier
of each stage exhibits faster convergence rate. Recall that
in the OSIC architecture, the linear system dimensions are
reduced at each successive stage. This process reduces also
the eigendimensions of the system which results into increase
of the convergence speed of the proposed iterative algorithm,
since the convergence rate of the CG algorithm is strongly
related with the number of the distinct eigenvalues.
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Fig. 10. Convergence rate of CG-GP algorithm for all 48 subcarriers at the
z1 OSIC stage

0

10

−2

10

−4

10

−6

convergence error

10

−8

10

−10

10

−12

10

−14

10

−16

10

−18

10

0

5

10

15

20
25
number of iterations

30

35

40

45

Fig. 11. Convergence rate of CG-GP algorithm of the 1st subcarrier at the 2
- 48 OSIC stages

VI. C ONCLUSION
In this work, we introduced an OSIC based interference
cancellation scheme for OFDM systems operating over doubly
selective channels. The key feature of this architecture is that
it removes the ICI caused by both the previously detected
symbols and the forward ones, which are temporally detected
at each stage. To estimate efficiently the equalizer filters, a
Conjugate Gradient based method that applies Galerkin projections for the initialization of the filters has been proposed,
accelerating the convergence rate of the algorithm. Different
initialization schemes were evaluated in terms of both performance and complexity. The proposed scheme has been tested
via simulations, assuming a practical communication scenarios
with high Doppler delay spreads. The experimental results
showed that the proposed equalizer achieves lower BER values
than the existing non-banded ICI cancellation schemes, at a
lower computational cost.
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