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Abstract—Automotive industry will be greatly benefited by the
advent of 5G Networking and the huge boost in performance and
coverage it will support. Road safety and traffic efficiency services
will be significantly upgraded through seamlessly interconnected
devices, while latency decrease will most likely allow autonomous
driving to become a commodity, available to everyone. This
technology will have a huge societal and economical impact,
since it will render severe traffic accidents, long commute times
and increased energy consumption obsolete. Current vehicular
communication systems are usually equipped with orthogonal
frequency division multiplexing (OFDM) transceivers that op-
erate in suboptimal modes for the upcoming 5G standards.
The problem originates in the existing intercarrier interference
(ICI) on the receiver end, often partially tackled by integrated
successive interference cancellation (OSIC) architectures. How-
ever, for decreasing complexity, system designers attempt to
mitigate ICI by considering only a small number or sub-carriers,
leading to error floor introduction and unacceptable bit-error-
rates (BER). This paper presents an OSIC-based solution for
cancelling interference in OFDM systems operating over specific
conditions such as doubly selective channels. The experimental
results indicated that the proposed equalizer outperforms all
existing non-banded ICI cancellation methods, by achieving lower
BER despite operating in a resource-savvy manner.

Index Terms—OFDM, ICI, OSIC, ADV, V2X, 5G.

I. INTRODUCTION

The advent of the 5G Networking era introduces novel,
fascinating verticals that will probably influence our everyday
lives harsher than any other cellular network architecture
modification. The expected interconnected device increase and
the user-oriented demand for seamless connectivity and ultra-
high-speed data transfer will lead to a holistic re-design of
telecommunication networks. Certain benefits of a commer-
cial network supporting more than 10 billion interconnected
cellular devices [1], operating with less than 1 ms end to end
latency, 99.99% availability and up to a thousand times larger
throughput [2], will become apparent when new applications
emerge and influence factors ranging from entertainment to
private transportation [3],[4].

The automotive domain has always been divided into two
distinct yet correlated tracks, autonomous driving vehicles
(ADV) and vehicle-to-everything (V2X) communication. The
arrival of 5G is expected to tackle the major challenging
issues of autonomous driving, namely (i) the exact vehicle

position retrieval (ii) the identification of the actual surround-
ing environment conditions for collision avoidance (iii) the
traffic sign and road condition identification (i.e. lanes, signs,
light signals and tarmac status) [5]. Through advanced V2X
solutions, an ADV will be rendered capable of interacting
with other vehicles which support collision avoidance safety
systems (V2Vehicle), identify traffic signal timing or priority
(V2Infrastructure), obtain traffic information or routing guid-
ance in real-time over the cloud (V2Network) and provide
safety alerts to pedestrians (V2Pedestrian). This disruptive
technology will have a significant economic and societal
impact, due to the decrease of driving accidents and the more
predictable and productive commute time [6].

As shown in Fig.1, V2X is a key technology enabler for
autonomous driving by allowing vehicles to safely drive in
shorter distances to each other, thus enabling traffic flow
optimization solutions. In addition, V2X offers increased
situational awareness since it has the ability of gathering
data a-priori and analyze them to deliver a more predictable
driving experience. Such data may include status information
(i.e. vehicle speed, status, acceleration) or event information
(i.e. traffic jam, icy road, accident notification), being dis-
seminated to neighboring vehicles over the V2V interface,
or submitted to a centralized database for further process
before being distributed to the network. According to [7]
the next evolutionary step will be to engage the vehicles
on-board sensors, create data stream groups originating from
nearby sources and provide enhanced information in real-time
to all moving vehicles. This will render drivers capable of
responding properly to blind intersections, avoiding collisions
in closed curves or during lane switching and overtaking cases,
discover available parking spots and generally drive safely in
an environment where traffic signal priority, maximum speed
limits and adaptive cruise control and platooning are centrally
enforced.

One of the biggest issues that 5G must solve is backwards
compatibility with existing infrastructure and available user
equipment. Especially during the first years of its deployment,
until all links of the value chain come in sync, 5G solutions
need to ensure that previous generation devices are supported
and provide the means for them to reach certain standards
of functionality and speed. This is the primal reason that
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current generation networking solutions based on 3GPP Long
Term Evolution (LTE) or IEEE 802.11p also need to evolve,
thus being able to be integrated in the upcoming ecosystem
seamlessly and with the greatest of ease ensuring a certain
level of end-user Quality of Experience (QoE).

The original design of LTE was made with the use case
of mobile broadband traffic in mind. This is the apparent
reason of certain limitation this architecture has when it comes
to V2X communication. In cellular transmission a central
networking entity grants transmission rights upon request. This
centralized approach may minimize interference and allow
optimal collision avoidance, but also leads to bottlenecks since
every data packet must traverse the infrastructure through
uplink and downlink transmissions. Latency rises when more
users are located in the same cell and last but not least, out of
coverage functionality (i.e. tunnels, rural areas, underground
passages) is simply not an option. On the other hand, the IEEE
802.11p offers direct communication channel between source
and destination endpoints and is able to operate in a distributed
fashion even without network infrastructure coverage, but
in cases where network load increases performance quickly
degrades. The root cause of this behavior is traced to the
contention-based medium access strategy, which follows the
listen before talk principle. The higher the number of devices
transmitting in a certain area, the higher the possibility of
a device to postpone its transmission as the result of the
occupied channel. Possible re-transmissions further increase
latency, therefore a maximum latency is impossible to be
estimated.

Given the fact that each V2X communication solutions has
specific pros and cons, most researchers decide to provide
solutions at a lower level and investigate a widely employed
data communication technique, the orthogonal frequency divi-
sion multiplexing (OFDM). OFDM systems divide the entire
communication channel into narrow orthogonal subchannels,
thus achieving the elimination of intersymbol interference (ISI)
originally introduced by underlying multipath environments.

However, since mmWave communication systems operate
in considerably increased frequency bands will experience
severe intercarrier interference (ICI) in the receiver, since the
temporal variations within a single OFDM block corrupt the
orthogonality of the subchannel and generate power leakage.
This limitation not only poses a threat to 5G’s proclaimed
functionality in ultra-dense environments but also motivated
system architects to focus on alternative equalization mecha-
nisms for mitigating ICI in an effective manner.

OFDM cannot be replaced overnight, since it has been
adopted by popular telecommunication platforms that define
an over-the-air interface between a wireless client and a
base station or between two wireless clients, along with the
dominant cellular telecommunications standard LTE / LTE-
A. Nevertheless, low complexity and computational ease is
always appreciated for any potential solution.

The performance of linear equalization schemes seems to
be unacceptable in systems that experience severe ICI [8]. To
deal efficiently with this effects more complex solutions are

required, that usu sally become in feasible is systems with
a large number of sub-carriers. For tackling this limitation
some researchers reside on using banded equalization schemes
[9],[10], which appear to be quite attractive due to their
simplicity, alas significantly degrades when high mobility
scenarios are investigated. Motivated by all aforementioned
issues, we focus on the non-banded schemes, and we propose
an ordered successive interference cancellation architecture
that selects at each stage a seed equalizer and estimates the
respective coefficients using the conjugate gradient method.
The non seed equalizers are estimated by using Galerking
projections and the resulting coefficients are then used for
the selection of the following seed equalizer that will be
used for detecting the symbol that is transmitted at the
respective sub-carrier of the following stage. The complexity
of the proposed techniques heavily depends on the termination
parameter and can even be an order of magnitude smaller than
the conventional OSIC approach without affecting noticeably
the performance.

The rest of the paper is organized as follows: the OFDM
architecture together with the actual problem formulation
can be found in Section II, while the equalization scheme
is analyzed in Section III. Simulation results are shown in
Section IV and last but not least, Section V summarizes the
conclusions of this work.

II. OFDM ARCHITECTURE & SYSTEM MODEL

Let us consider an OFDM system with N sub-carriers
operating over a doubly selective channel. Let s =
[ s1 . . . sN ]T ∈ CN×1 be a set of N symbols at the out-
put of the Constellation Mapper that are forwarded to the input
of the OFDM Modulator. The sk symbol is transmitted via the
k-th sub-carrier. The output of the Inverse Discrete Fourier
Transform (IDFT) unit, denoted by u , FHs ∈ CN×1, is
forwarded at the Cyclic Prefix (CP) Adder, where the OFDM
symbol û ∈ CM×1 of length M = N + Ncp is formed by
adding a CP of length Ncp. In mathematical terms the CP
addition can be written as û , Ccps where:

Ccp =

[
0Ncp×(N−Ncp) INcp

IN

]
. (1)

The doubly selective channel is modeled as a Wide Sense
Stationary Uncorrelated Scattering (WSSUS) channel [11] and
the channel impulse response (CIR) of this WSSUS channel
is expressed as h(n, τ) =

∑L−1
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 de-modulator is
given by:

x , H̃tû + 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 white
Gaussian noise (AWGN) with ŵ ∼ N (0, σ2IM ). The output
of the OFDM de-modulator after ignoring potential sampling
and carrier frequency offsets can be written as:
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Fig. 1: Autonomous Driving in the 5G Networking Era

y , Fz = FRcpH̃tC
cpFH︸ ︷︷ ︸

H

s + w = Hs + w (3)

where, the operator Rcp discards the Ncp samples of the CP.
At this point, it should be also noted that the entries of w are
also complex normal RVs with zero mean and variance σ2.

In the time-invariant case, matrix H̃t has a Toeplitz struc-
ture, i.e. ai(1) = ai(2) = · · · = ai(N) , i = 1, . . . L, and
thus matrix H becomes diagonal since matrix RcpH̃tC

cp is
circulant, and therefore the equalization in the FD requires
O(N) complex floating point operations. In the time-varying
case, matrix H is no longer diagonal and more complex
equalization schemes are required.

III. PROPOSED EQUALIZATION SCHEME

One of the most common approaches that are adopted
in the time- and frequency- selective cases are equalization
schemes that are based in the OSIC architecture. These
schemes offer significant performance benefits as compared
to the linear approaches requiring though, higher complexity.
In this section, we describe the proposed ordered successive
interference cancellation schemes that employ a well known
linear algebra method for solving linear systems with multiple
RHSs, known as Galerkin projections (GPs). We initially
formulated the problem of estimating the equalizer for sub-
carrier k as a problem of solving multiple linear systems and
then we exploit coherences between different systems using
the GPs. More specifically, one system is selected as ’seed’ and
is solved using Conjugate Gradient (CG) iterations, while the
other systems update their solutions by performing Galerkin
Projections. The seed selection is determined by the ordering
mechanism that is applied at each stage. The basic steps of
the proposed architecture at each stage k are the: i) evaluation
of the seed equalizer coefficient using CG ii) evaluation of
the non seed equalizer coefficients using GP iii) Ordering and
identification of the system that will be selected as seed in the
next stage. Each one of these steps is presented in the rest part
of this section.

A. Evaluating ’Seed’ Equalizer

After taking into account that the N data symbols are
transmitted via N sub-carriers, the interference cancelation
is performed in N stages, where at each stage we subtract
the part of the ICI which is associated with the decisions
already made at previous stages. Specifically, assuming that
the symbols are detected sequentially, i.e., sz1 , sz2 , . . . , szN ,
then at each stage, we estimate the equalizer that minimizes
the minimum-mean-square error (MMSE) criterion, expressed
as:

gzk = argmin
gzk

1

2
E{|gHzkyzk − szk |

2}, k = 1, . . . , N (4)

where gzk denotes the filter that cancels the interference
introduced in the k sub-carrier, and yzk is the updated vector of
the time domain symbols at the receiver after the cancellation
of k − 1 previously detected symbols, with yz1 , y.

Equivalently, the minimizer of the aforementioned cost
function can be calculated as the solution of the following
linear system, so called as ’seed’ system:(

HH
zk
Hzk + σ2IN−k+1

)
gzk = hzk (5)

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. The solution
of the seed system can be efficiently estimated by using the
Conjugate Gradient (CG) method, that sequentially updates
the solution gim by performing steps in Azk - orthogonal
directions, where Azk ,

(
HH
zk
Hzk + σ2IN−k+1

)
. At the i-

th CG iteration, the basis of the Krylov subspace Km,i =
span{d0

m,d
1
m, . . . ,d

i−1
m } determines the search space where

the approximated solution lies and d`m is the search direction
of the m-th system at the `-th iteration. After at most N
iterations, the obtained solution gm , gNm, are the minimizers
of the following quadratic cost function J , i.e.

J (gm) =
1

2
gHmAzkgk − hHmgm. (6)

The search direction dim in the i-th step is constructed
by applying the Gram-Schmidt procedure to the residual
vectors rim = −∇J (gim) = hm −Azkg

i
m and the preceding
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directions d0
m,d

1
m, . . . ,d

i−1
m . By exploiting the orthogonality

of the gradient ∇J (gim) to the previous direction vectors, we
end up at the following updating rule:

dim = rim + βidi−1m (7)

where βi =
(rim)Hrim

(ri−1
m )Hri−1

m
. For the given set of i A-conjugate

directions, the approximate solution gim can be expressed as
follows:

gim = α0d0
m + . . .+ αidim = xi−1m + αidim (8)

where the scalar value αi is obtained as the minimizing
argument of the quadratic function with respect to αi, i.e.,
αi =

(rim)Hrim
(di

m)HAzk
di

m
. The residual vector at the i-th iteration

can be updated according to rim = ri−1m − αiAzkd
i
m.

After the termination of the iterative algorithm, the esti-
mated solution of (5), is used to detect the current symbol
as:

ŝzk = Π(gHzkyzk). (9)

The decision ŝzk is then used for estimating the respective
ICI, that is hzk ŝzk , which is then subtracted by the following
received symbol yzk+1

, i.e.

yzk+1
= yzk − hzk ŝzk (10)

and the aforementioned procedure is repeated for the detection
of szk+1

.

B. Ordering and Evaluation of the ’Non Seed’ Equalizers

The performance of an OSIC scheme is significantly af-
fected by the detection order of the symbols transmitted to the
following sub-carriers [12], [13]. The most common criterion
for obtaining the optimal detection order is the maximization
of the signal-to-interference and noise power ratio (SINR)
at the receiver, that corresponds to the minimization of the
achievable bit error rate (BER) at the output of the OFDM
demodulator. In mathematical terms, at each stage k, this
maximization can be written as:

zk = argmax
l

|gHl hl|2∑
m
m 6=k

|gHl hm|2 + σ‖gl‖22
, (11)

∀l ∈ [zk+1, zk+2, . . . , zN ].

Thus, the SINR calculation at the stage zk, requires the
estimation of gzk+1

, . . . ,gzN equalization vectors, which are
estimated by solving the following systems of linear equations:

Azkgl = hl, with l ∈ [zk+1, zN ] (12)

where the auto-correlation matrix is the same for all the
systemsin each stage.

The approximate solutions of the remaining N−1 non-seed
systems, i.e.,

Azkgl = hHl , with l ∈ [2, . . . , N ] (13)

are obtained as the solution of the following optimization
problems minα J (gil + αdim) for all l. Thus the remaining
equalization vectors can be updated by:

gil = gi−1l + αldim (14)

where αl =
(di

m)Hri−1
l

(di
m)HAH

zk
di

m
and ri−1l is estimated by:

ril = ri−1l − αlAH
zk
dim. (15)

Finally, it is important to note that the matrix vector product
AH
zk
dim has been computed during the execution of the i-

th CG iteration of the seed linear system. The aforemen-
tioned steps are summarized in the table that follows. More
specifically, the ”for” loop at line 2, represents the stages,
while the termination condition is evaluated at line 4. The
seed equalizers are estimated at lines 5-16, while the non
seed ICI cancellation filters are approximated at lines 17-21.
The computational demanding tasks of the algorithm are the
matrix-vector products in lines 12 and 18.

Algorithm 1: Proposed ICI cancellation approach

Data: Azk , Hzk , G0

Result: G
1 Initialization: R0 = Hzk −AzkG

0

2 for m = 1, 2, . . . , N − k + 1 do
3 i←− 0
4 while ‖ri−1m ‖ < ε do
5 ρi ←− ‖ri−1m ‖
6 if i = 0 then
7 dim ←− ri−1m

8 else
9 βi ←− ρi/ρi−1

10 dim ←− ri−1m + βidi−1m

11 Vi ←− Azkd
i
m

12 Ci ←− (dim)HVi

13 αi ←− ρi/Ci
14 gim ←− gi−1m + αidim
15 rim ←− ri−1m − αiVi

16 for ` = m+ 1, . . . , N do
17 ζi ←− (dim)Hri−1` /Ci
18 gi` ←− gi−1` + ζidim
19 ri` ←− ri−1` − ζiVi

20 i←− i+ 1

Performance/Complexity Trade-off: The termination of Al-
gorithm 1 is determined by the absolute norm of the residual
vector. The threshold value ε has a direct impact on the number
of required iterations for convergence and determines both the
performance and the complexity of the proposed approach. It
can be easily shown that there is a strong relation between
the parameter ε and the reconstruction error of the algorithm,
defined as ζ , ‖g?m − gIm‖.
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TABLE I: Fundamental parameters used in simulation
experiments

Parameter Value
Modulation mode 4QAM, 16QAM

Subcarrier N = 32
FFT length 32

Channel length L = 3
Cyclic prefix length Ncp = 3

If we denote with I the executed iteration for the m system,
the error residual can be written as:

rIm = bm −RmgIm = Azkg
?
m −Azkg

I
m = Azk

(
g?m − gIm

)
(16)

where g?m denotes the interference cancellation filter computed
in (5). Then, the norm of the error is bounded as follows:

‖rIm‖ < ‖Azk‖‖g?m − gIm‖ = ‖Azk‖ζ (17)

To proceed, note that ‖Azk‖ = ‖HH
zk
Hzk + σ2I‖ <

‖HH
zk
Hzk‖+ σ2 < ‖Hzk‖2 + σ2. Since Hzk has k− 1 fewer

columns than Hz1 , we have that ‖Hzk‖ < ‖H‖, hence we
have that ‖Azk‖ < ‖H‖2 + σ2. Therefore, the residual error
is upper bounded by:

‖rIm‖ <
(
‖H‖2 + σ2

)
ζ , ε (18)

i.e. ε correspond to the normalized error and Eq. (18) repre-
sents the termination condition. A small value for the threshold
would result into small reconstruction error increasing signifi-
cantly the number of iterations (I → N ), which are required in
order to reach the desired accuracy. On the other hand, a large
threshold value decreases both the accuracy and the number
of required iterations (I � N ).

IV. SIMULATION RESULTS

This section includes the proposed equalizer performance
evaluation through extensive simulation. All parameters were
selected in line with the IEEE 802.11p standard. In addition,
full channel state information at the receiver was assumed,
together with perfect carrier and phase synchronization in all
participating entities.

A. Setup

The overall setup revolves around an OFDM system sim-
ulation, operating over a doubly selective channel. Table I
presents the fundamental parameters used in the particular set
of simulation experiments. In regards to channel modeling, the
wide-sense stationary uncorrelated scattering (WSSUS) fading
model was adopted, with a 3-tap exponential delay power
profile, as indicated by:

σ2
h(l) =

e−l/L∑L−1
m=0 e

−m/L
, for l = 0, 1, . . . L− 1 (19)

where L = 3. Jakes’ model [14] was utilized to generate the
Doppler spectrum of the complex Gaussian random process
independently used for each channel tap, while the auto-
correlation 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, with fd being the
normalized Doppler spread defined as fd , 1

F
fcv
c . In the

previous equation, v is the relative velocity of the vehicle,
fc corresponds to the carrier frequency, F portrays the sub-
carrier separation, while c is the speed of light. Throughout our
simulated experimentation, we have ratified the normalization
over the signaling rate [10], for instance F = N .

For properly evaluating the proposed equalizer’s perfor-
mance, it is essential to compare it with numerous similar
approaches conducted over the last few years. In particular,
we have focused on: i) the equalizer presented in [15] (termed
as Block OSIC, non-banded), while ii) the used the equalizer
proposed in [16] (termed as Block MMSE, banded-windowed)
was used as a low complexity technique.

Soft decisions in all banded equalization schemes are cal-
culated using the following formula:

x̃w = HH
K

(
HKHH

K +
σ2
z

γ
C(w)C(w)H

)−1
yw (20)

where HK translates as the K-banded approximation of the
frequency-domain channel matrix, The parameter γ ∈ (0, 1]
acts as the regularization parameter, while w corresponds to
the received symbol’s y applied window, with yw , C(w)y.
In addition, the maximum SINR criterion [10] was used for
the aforementioned window design.

Additionally, the serial equalizer introduced by [17] (termed
as Serial DFE) was used as an alternative to block equaliza-
tion. The overall sub-carriers number processed at each step
equals to K. Another decisive factor of the technique in [17]
is the PIC operation, applied to the equalizer’s output. The
actual number of PIC iterations determines the overall trade-
off of the proposed technique in terms of both complexity and
performance.

B. BER performance

Figure 2 presents the BER of 4QAM modulation w.r.t.
SNR, for numerous distinct values of normalized Doppler
frequency fd. It is rather obvious that, for medium Doppler
spreads (fd = 0.05), there is no prevailing technique in terms
of absolute performance. When it comes to higher Doppler
spreads, both banded and serial approximation techniques
suffer from severe ICI, while any change in the value of K
is directly linked to a significant performance deterioration.
For fd = 0.3 the BER performance of block DFE technique
[18] is parallel to the OSIC one, however for higher Doppler
spreads, an increase to the K value is necessary for the
system to retain this performance. On the contrary, the OSIC
techniques demonstrate a profound ability towards effectively
mitigating ICI regardless of the Doppler spread on each
case. Results show that the proposed technique’s BER closely
approximates that of the non-banded block OSIC equalizer
[15], only depending on the parameter ε.

V. CONCLUSION

The automotive industry is currently experiencing a rapid
technological transformation phase. Modern vehicles are
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Fig. 2: BER comparison w.r.t. SNR for medium and high
Doppler spread and 4QAM

equipped with novel communication systems that allow con-
nectivity not only to the network infrastructure, but to any
neighboring device with compatible interfaces. This trend
is likely to escalate in the near future when 5G, the next
generation of mobile communication arrives. However, it is
necessary to ensure backwards compatibility with currently
deployed devices, therefore existing technologies also need
to evolve. In this paper, we have presented an OSIC-based
solution for cancelling interference in OFDM systems. Equal-
izer filters were efficiently estimated through a CG-based
mechanism. This mechanism utilizes Galerkin projections for
initializing filters, thus vastly accelerating the algorithm’s
convergence rate. The outcome of our experiments indicated
that the proposed equalizer outperforms all commonly used
non-banded ICI cancellation methods, by achieving less BER
despite operating in a resource-savvy manner. Our solution
aims to render existing V2X communication platforms more
agile and trustworthy, thus allowing their integration to the
novel framework that briskly approaches.
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