
SPECIAL SECTION ON ROADMAP TO 5G:
RISING TO THE CHALLENGE

Received July 4, 2019, accepted July 27, 2019, date of publication August 1, 2019, date of current version August 19, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2932427

An ICI Suppression Analysis Testbed for Harbor
Unmanned Ground Vehicle Deployment
TIEN HOA NGUYEN 1, THANH HIEU NGUYEN 2, TAEHYUN YOON3,
WOO-SUNG JUNG 3, DAESEUNG YOO3, AND SOONGHWAN RO4
1School of Electronics and Telecommunications, Hanoi University of Science and Technology (HUST), Hanoi 100000, Vietnam
2Nanyang Technological University, Singapore 639798
3Electronics and Telecommunications Research Institute (ETRI), Daejeon 34129, South Korea
4Kongju National University, Cheonan 31080, South Korea

Corresponding author: Taehyun Yoon (thyoon0820@etri.re.kr)

This work was supported by the Electronics and Telecommunications Research Institute (ETRI) through the Korean Government — the
development of smart context-awareness foundation technique for major industry acceleration under Grant 19ZS1300 and the development
of smart HSE and digital cockpit systems based on ICT convergence for enhanced major industry under Grant 19AS1100.

ABSTRACT In recent years, intelligent transport system (ITS) applications with unmanned ground vehi-
cles (UGV) have increased dramatically to improve the safety, efficiency, and unique services in low-
to medium-range communication deployment. Orthogonal frequency division multiplexing (OFDM) is
adopted as a modulation scheme for this communication system to combat fading. Unfortunately, because
of possible high UGV speed, the orthogonality between subcarriers in OFDM signals is prone to intercarrier
interference (ICI) caused by the Doppler spread. This paper discusses ICI suppression analysis using
Universal Software Radio Peripheral (USRP) N210 under several Harbor transmission scenarios. Such
communication links may contain line of sight (LoS) components in transmission. The channel is thus
modeled as the well-known fast time varying path loss model. Furthermore, this paper derives the signal to
interference ratio (SIR) and evaluates this parameter for several types of fading and Doppler spread shapes in
UGV channels. Additionally, the paper presents a practical method for calculating the spectral efficiency of
OFDM systems, with an example for actual implementation in UGV systems. Eventually, the testbed results
indicate that the SIR will decrease if the maximum Doppler spread expands. In the Rician channel, it can be
seen that the SIR depends on the maximum Doppler speed, the angle of arrival (AoA), and even the Rician
element of the LoS component.

INDEX TERMS LTE-A, UAV/UGV, OFDM, ICI cancellation.

I. INTRODUCTION
In recent years, applications for unmanned ground vehi-
cles (UGVs) in transport, public safety and many other
commercial sectors have attracted both academic researchers
and industry [1]. The most important factor in designing
networks for unmanned ground systems (UGSs) is the link
distance, which ranges from a few hundred meters to several
kilometers [2]. The second factor is a high-speed communi-
cation rate even when the user movement is highly rapid [3].
Such factors lead to the choice of operating frequency range,
which is currently biased toward the L or C bands [4]. These
requirements are also suitable for integration with LTE-A or
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5Gmobile networks [5], [6]. Qualcomm is testingUAV/UGV
for current LTE and 5G mobile applications in different net-
work topologies supporting different IEEE 802.1× protocols.
The standards are developed on the IEEE 802.11 and

IEEE 802.16 in the unlicensed band, such as the 5.8 GHz
band [7]. There are two significant properties in this type of
system. The first is the high Doppler spread, possibly due
to the very high-speed of the UGVs, and the second is the
appearance of line-of-sight (LoS) components due to low-
to-medium-distance transmission [8]. TheWireless Access in
Vehicular Environments (WAVE) standard (draft) [9], known
as WLAN IEEE 802.11p, has chosen OFDM for the mod-
ulation scheme. The OFDM possesses several good wire-
less communications channel properties such as immunity
to the multipath effect, saving bandwidth, and flexibility in
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spectrum shaping [10], [11]. However, because the subcar-
riers overlap orthogonally, the OFDM signal is sensitive to
the offset frequency caused by the Doppler spread. If the
subcarrier orthogonality is destroyed, ICI is introduced, and
system performance is degraded [12].

A. RELATED WORK
There has been extensive research on the effect of ICI on
OFDM systems in ground vehicle communications with the
Rayleigh fading channel only. In [13], the effect of ICI on
an OFDM system with application in a digital video broad-
cast (DVB) is investigated. The ICI is proportional to the
number of subcarriers and has a great impact on the DVB
signal where many subcarriers are used [14]. An analysis of
OFDM signal orthogonality loss caused by Doppler spread
is presented in [15]. In [16] and [17], ICI is derived in the
time domain for the classic U-shaped Doppler spread model.
In [16], the effect of o set carrier frequency due to mis-
alignment of transmitter and receiver oscillators is further
considered. In [17], the lower, upper and universal bounds
for the ICI power are derived. The results for three Doppler
models are presented, namely: two-path, round and clas-
sic U-shape via a frequency domain approach. The same
accession was used for the Rayleigh fading in [18]. For the
classical Doppler shape, the estimation methods are proposed
for Rayleigh fading in [17] and Rician fading in [19]. The
effect of ICI caused by a classic U-shape Doppler spread on
an OFDM signal is analyzed and suppressed by an equal-
izer in [17], [20], [21]. As the channels for UGV systems
are fast time varying with an LoS component characterized
by selective Rician fading, their effect on OFDM systems
should be reconsidered [22]. In addition, other Doppler shape
analysis, for example in [23], is considered under an unreal-
istic assumption that is uniform AoA approach. In particu-
lar, the location of moving scatterers (cars, transit/container,
users) as well as roadside scatterers can significantly affect to
the measured Doppler shapes [24]. Moreover, in the studies
mentioned above, there is still a lack of ICI analysis in OFDM
systems for Rician fading channels with different Doppler
shapes.

Numerous studies have been done to validate ICI cancella-
tion techniques on Radio Defined Software (SDR). A number
of approaches have been widely mentioned in the literature
related to SDR research, such as Labview and MATLAB.
However, the free software development framework GNU
and the Universal Software Radio Peripheral (USRP) are the
most popular low-cost but efficient implementations used in
SDR systems [25], [26]. The problem of channel estimation
is performed on USRP at 300 MHz in [27]. To evaluate
the performance of power signal interference cancellation
an experiment using USRP N200 with USRP hardware
driver (UHD) has been investigated with 10-MHz signal
bandwidth in [28]. The author in [29] investigates PSK mod-
ulation schemes for various ICI cancellation techniques in
LTE transmission scenarios. However, the author does not
consider the impact of roadside scatterers (RSS) model,

which leads to different Doppler power spectral density
shapes. In [30], the authors have considered a set of delay
channel models on the real-time channel emulator and ana-
lyzed packet error probabilities using the SDR based on the
usual Jakes Doppler model at 5.9 GHz.

B. MOTIVATIONS AND CONTRIBUTIONS
The first motivation of this paper is to analyze the effect
of ICI on OFDM systems over both Rayleigh and Rician
fading channel with several types of fading and Doppler
spread shape. In addition, the closed-form of SIR is derived
to predict the SIR level that can be improved in several
fading channels as well as several different Doppler Shapes.
Concerning the problem of implementing ICI cancellation
methods on Testbed, we use real time fading channels instead
of taking aforementioned Doppler spread models, which can-
not be reproduced in an actual transmission environment.
By utilizing the USRP N210 under several Harbor transmis-
sion scenarios under either LoS or Non-LoS channels, this
paper investigates the ICI suppression analysis in an extensive
framework. Ourmain contributions are briefly summarized as
follows:

• We analyze the effects of ICI in the OFDM systems
over both Rayleigh and Rician fading channels with four
Doppler spread models: two-path, at (uniform), round
and classic U-shape. Here, the major factors that affects
to V2V and V2I channels as well as their main charac-
teristics are described in detail.

• We derive formulas of SIR for each type of fading and
Doppler spread via the time domain approach. Since
then, it is possible to predict the extent to which SIR
can be improved. In the Rayleigh and Rician fading
channels, the SIR decrease if the maximum Doppler
spread increases. In wireless communication, the LoS
component often improves the quality of the link. How-
ever, we shall show that the orthogonality of sub-carriers
is destroyed, the quality of the link decreases with the
Rician factor in some cases, depending on the angle of
arrival of the LoS component.

• In the context of V2V and V2I communications we
deploy the different ICI cancellation technologies in a
testbed platform based on key parameters of the IEEE
802.11p and conduct several tests to evaluate their spec-
tral efficiency enhancement performance. Instead of tak-
ing four aforementioned Doppler spread models, which
cannot be reproduced in an actual transmission environ-
ment, we use real time fading channels emulated for
V2V and V2I communication scenarios in Harbor. And
then we summarize and evaluate its relevance in dealing
with the time and frequency selectivity of the Harbor
UGV channels.

• Both analytical and numerical results unveil inter-
esting observations: The SIR decreases if the maxi-
mum Doppler spread increases. The LoS component
often improves the link performance. However, the
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TABLE 1. Main notations used in this paper.

FIGURE 1. Vehicle to infrastructure communication model considered in
this paper.

orthogonality of subcarriers is destroyed, and the quality
of the link decreases with the Rician factor in some
cases.

C. PAPER’S ORGANIZATION
The remaining of this paper is organized as follows: Section II
describes the Doppler spread over both Rayleigh and Rician
fading channels with four models: two-path, uniform, round
and classic U-shape. In Section III, we describe the effects
of ICI on OFDM-based UGV systems. After that, we ana-
lyze spectral efficiency improvement in different Harbor
transmission scenarios in Section IV. We demonstrate the
test-bed implementation and show the numerical results in
Section V. The main conclusions are given in Section VI.
Finally, the main notations used in this paper are presented
in Table 1.

II. DOPPLER SPREAD MODELS
A. VEHICLE TO INFRASTRUCTURE CHANNELS
We consider the vehicle to infrastructure communication
models as illustrated in Fig. 1. The multipath fading channel
can be represented by a tap-delay line model, where each tap
is a Rayleigh or Rice random process. Due to vehicle motion,
a Doppler spread in the frequency domain is introduced. The
power spectral densities and their corresponding autocorrela-
tions for several Doppler spread shapes are listed below. They
are pairs of the Fourier transform [31].

1) Two-path model

PT (f ) = ρ · δ(f + fd )+ (1− ρ) · δ(f − fd ) (1)

FIGURE 2. Spectral shape of several Doppler spreads.

RT (τ ) = ρe−j2π fd τ + (1− ρ)ej2π fd τ (2)

2) Classic Jakes model

PJ (f ) =


1
π fd

1√
1−

(
f
fd

)2 , |f | < fd

0, otherwise

(3)

RJ (τ ) = J0(2π fdτ ) (4)

3) Uniform shape model

PU (f ) =


1

2 fd
, |f | < fd

0, otherwise
(5)

RU (τ ) = sinc(fdτ ) (6)

4) Round shape model

PR(f ) =


√
1−

(
f
fd

)2

, |f | < fd

0, otherwise

(7)

RR(τ ) =
J1(2π fdτ )
2π fdτ

(8)

In all the above equations, P(f ) is the power spectral den-
sity (PSD) of the signal, and the autocorrelation func-
tion (ACF) is denoted by R(τ ).

In the Rician fading channel, the ratio of specular to scat-
tered power is characterized by the Rician factor K , and the
angle of arrival (AoA) of the specular component θ0. The
ACF of the Doppler spreads for two Rayleigh fading channel
models are denoted by RY (τ ) and RI (τ ), respectively. Then
RY (τ ) and RI (τ ) are related by [32]

RI (τ ) =
K

1+ K
ej2π fd τ cos θ0 +

1
1+ K

RY (τ ). (9)

WhenK = 0, Rician fading reduces to the Rayleigh fading.

B. VEHICLE-TO-VEHICLE CHANNELS
In vehicle to vehicle channels, based on a traditional
double-ring scattering model, Akki et al. have shown that the
autocorrelation function of the time domain received signal
of Rayleigh fading is [33]

RA(τ ) = J0(2π f1τ )J0(2π f2τ ), (10)
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FIGURE 3. Spectral shape of vehicle to vehicle channel with different
Doppler shifts.

where f1 and f2 are the maximumDoppler frequencies caused
by vehicles 1 and 2, respectively. If we assume that a = f2/f1,
and 0 ≤ a ≤ 1, Eq. 10 can be rewritten as

RA(τ ) = J0(2π f1τ )J0(2πaf1τ ). (11)

In the frequency domain, the Doppler spectrum of Akki’s
model is derived using a Fourier transform on the autocorre-
lation function in Eq. (10) to give [33]

PA(f ) =
1

π2f1
√
a
<

[
K
(1+ a
2
√
a

√
1−

( f
(1+ a)f1

)2)]
, (12)

where K (·) denotes the complete elliptic integral of the
first kind. The Doppler spectra of vehicle-to-vehicle channel
Rayleigh fading channels are illustrated in Fig. 3 when a =
0, 0.3 and 1, respectively. The spectrum is limited in fre-
quency band [−(f1+ f2) (f1+ f2)] and reaches maximum at
frequency [−(f1−f2) and (f1−f2)]. When a = 0, the spectrum
is identical to the classical Jakes model.

It is valuable to emphasize that we consider the Dedicated
short-range communications (DSRC) standard model based
on 802.11pwith short rank communication link for the typical
Harbor transmission. The short range communication link
may contain line of sight (LoS) component in transmission.
In this situation the channel is modeled as fast time varying
Rician fading channel. So the K-factor and the angle of
arrival (AoA) play an important role to improve the system
performance. In the V2I channel, the vehicle moving with
velocity v causes a maximum Doppler shift fd and the effect
of the LoS component is modeled as the first term in Eq. (9).
In this term, the angle of arrival θ0 is the angle between veloc-
ity vector v̄ and the reference line connecting the transmitter
and receiver. If both transceivers are moving with velocities
v̄1 and v̄2 respectively, we assume that the receiver velocity is
set to zero. The relative motion of the transmitter to receiver is
the addition of two vector v̄1 and−v̄2, and the LoS component
effect is the one word of these two velocity vectors.

Take note that the velocity vector −v̄2 has the same length
as v̄2 with reference angle (π−θ2). The equivalent maximum
Doppler spread and angle of arrival are represented in Fig. 4

FIGURE 4. Equivalent velocity composed by moving of both transmitter
and receiver.

and calculated in Eqs. (13) and (14), respectively

f eqd =
√
f 21 + f

2
2 + 2f1f2 cos

(
θ1 − (π − θ2)

)
=

√
f 21 + f

2
2 − 2f1f2 cos(θ1 − θ2), (13)

θ
eq
0 = tan−1

( f1 sin θ1 + f2 sin(π − θ2)
f1 cos θ1 + f2 cos(π − θ2)

)
,

= tan−1
( f1 sin θ1 + f2 sin θ2
f1 cos θ1 − f2 cos θ2

)
, (14)

where θ1 and θ2 are the angles between the velocity vectors
v̄1, v̄2 and the reference line, while the maximum Doppler
spreads caused by v̄1 and v̄2 are f1 and f2, respectively.
By using the equivalent maximum Doppler shift and angle

of arrival, we can reuse the model of the V2V Rician fading
channel autocorrelation function of V2V Rician fading chan-
nel in Eq. (9).

III. EFFECTS OF ICI ON UGV USING OFDM SYSTEMS
In OFDM systems, the IFFT uses N transmitted data
{X (k)}N−1k=0 at the kth subcarrier, to produce the corresponding
N modulated signals in the time domain. The equivalent
base-band OFDM signal is [34]

x(n) =
1
√
N

N−1∑
k=0

X (k)ej
2πnk
N , n = −Ng, . . . ,N − 1, (15)

where Ng denotes the cyclic prefix length. Due to multipath
fading, AWGNnoise, and phase noise, the received signal can
be written as

x̂(n) =
[
x(n)~ F−1

(
H (k)

)]
+ w(n), (16)

where H (k) is the channel impulse response (CIR) in the
frequency domain. It can also be considered as channel gain
on the kth subcarrier., whereas w(n) is the AWGN noise with
zero mean and variance σ 2. After FFT, the demodulated data
on the kth sub-carrier is given by

X̂ [k] =
1
√
N

N−1∑
n=0

r[n]e−j
2πnk
N k = 0, . . . ,N − 1. (17)

Replacing Eqs. (15) and (16) into (17), we have

X̂ [k] = S[k]+ I [k]+W [k], (18)
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SIR =
PS
PI
=

∑N−1
p=1−N (N − |p|)R

I [pT ]∑N−1
m=0,m6=k

∑N−1
p=1−N (N − |p|)R

I [pT ]ej
2π(m−k)

N p

=

∑N−1
p=1−N (N − |p|)

(
Kej2π fdpT cos θ0 + RY [pT ]

)
∑N−1

m=0,m6=k
∑N−1

p=1−N (N − |p|)
(
Kej2π fdpT cos θ0 + RY [pT ]

)
ej

2π(m−k)
N p

=
K ×

∑N−1
p=1−N (N − |p|)e

j2π fdpT cos θ0 +
∑N−1

p=1−N (N − |p|)R
Y [pT ]

K ×
∑N−1

m=0
m6=k

∑N−1
p=1−N (N − |p|) e

j2π
(
fdT cos θ0+m−k

N

)
p
+
∑N−1

m=0
m6=k

∑N−1
p=1−N (N − |p|)R

Y [pT ]ej
2π(m−k)

N p
. (23)

where S[k] = 1
N

∑N−1
n=0 H [n, k]X [k] is the desired signal,

I [k] = 1
N

∑N−1
m=0,m6=k

∑N−1
n=0 H [n,m]ej

2π(m−k)n
N X [m] is the

interference signal, and W [k] = 1
√
N

∑N−1
n=0 w[n]e

−
j2πnk
N is

the Fourier transform of the Gaussian noise samples w[n].
We define the power of the desired and interference sig-

nal at the kth subcarrier as PS = E
[
|S[k]|2

]
and PI =

E
[
|I [k]|2

]
, respectively. We first calculate PI as follows

PI = E
[
|I [k]|2

]

=
1
N 2E

∣∣∣N−1∑
m=0
m6=k

N−1∑
n=0

H [n,m]ej
2π(m−k)n

N X [m]
∣∣∣2
 . (19)

Without losing objectivity, we can assume that the Fourier
transform of the CIR are independent at different frequencies,
i.e., E[H (n1,m1)H∗(n2,m2)] = R(n1−n2)δ(m1−m2). Like-
wise, we can assume that data signals at different subcarriers
is uncorrelated and has unit power i.e.,E[X (m1)X∗(m2)] =
δ(m1 −m2). Since then, we rewrite the interference power as
follows

PI =
1
N 2

N−1∑
m=0
m6=k

N−1∑
n1=0

N−1∑
n2=0

R
(
(n1 − n2)T

)
ej

2π(m−k)(n1−n2)
N , (20)

Following [35], Eq. (20) can be rewritten as

PI =
1
N 2

N−1∑
m=0
m6=k

N−1∑
p=1−N

(N − |p|)R(pT )ej
2π(m−k)

N p (21)

Similar argument as made in Eq. (21), we have the signal
power as follows

PS =
1
N 2

N−1∑
p=1−N

(N − |p|)R[pT ]. (22)

Substituting the ACF of the Doppler spread spectral shapes
into (21) and (22), we determine the SIR for each case.
Theorem 1: The SIR for the Rician fading channel is given

in (23), as shown at the top of this page.
Corollary 1: The SIR is a periodical function of angle of

arrival θ0 with period of π .

Proof: Let us consider the SIR for Rician fading channel
as a function of angle of arrival θ0 as given in (23). The two
parts relate to variable θ0 as

g(θ0) =
N−1∑

p=1−N

(N − |p|)ejµd cos θ0

h(θ0) =
N−1∑
m=0
m6=k

N−1∑
p=1−N

(N − |p|) e
j2π

(
fdT cos θ0+m−k

N

)
p
. (24)

Applying the Lemma in Appendix, the summation can be
written by

g(θ0) =
sin2(Nπ fdT cos θ0)

sin2(π fdT cos θ0)
, (25)

h(θ0) = N 2
−

sin2(Nπ fdT cos θ0)

sin2(π fdT cos θ0)
. (26)

Let us consider these functions shifted by a factor π

g(θ0 + π ) =
sin2(Nπ fdT cos(θ0 + π ))

sin2(π fdT cos(θ0 + π ))

=
sin2(−Nπ fdT cos θ0)

sin2(−π fdT cos θ0)

=
sin2(Nπ fdT cos θ0)

sin2(π fdT cos θ0)
= g(θ0), (27)

h(θ0 + π ) = N 2
−

sin2(Nπ fdT cos(θ0 + π ))

sin2(π fdT cos(θ0 + π ))

= N 2
−

sin2(−Nπ fdT cos θ0)

sin2(−π fdT cos θ0)

= N 2
−

sin2(Nπ fdT cos θ0)

sin2(π fdT cos θ0)
= h(θ0). (28)

Then, we have the following relationship

f (θ0 + π ) = f (θ0). (29)

At this point, we notice that SIR is a periodical function of θ0
with period π and therefore Corollary 1 has been proven.
Corollary 2: The SIR is a monotonous function (either

increasing or decreasing) of Rician factor K.
Proof: The SIR is a function of K as

SIR =
aK + b
cK + d

. (30)
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It is easy to see that if K = 0 then SIR = c/d , if K → ∞,
the SIR approaches a/b. The first-order derivative of SIR over
the Rician factor variable K is

SIR′ =
ad − bc
(cK + d)2

. (31)

Because this derivative is either positive or negative depend-
ing on parameters fd ,T , and θ0, the SIR is a monotone
function of K .

Now, we consider the various aforementioned Doppler
spread shapes for both Rayleigh and Rician fading channels.
The SIR in all the discussed cases reads as SIR = PS

PI
.

Therefore, we will only present the expressions for relevant
PS and PI .

IV. ENERGY AND SPECTRAL EFFICIENCY ANALYSIS
This section studies the influence of transmission power
levels to the ergodic spectral efficiency of our considered
network. We first reformulate the base-band OFDM signal
in (15) as

x[n] =
√
ρ
√
N

N−1∑
k=0

X [k]ej
2πnk
N , n = 0, . . . ,N − 1, (32)

where ρ > 0 is the transmission power level allocated to
each OFDM symbol and |X [k]|2 = 1. After that, the received
signal is given by

r[n] =
√
ρ
√
N

N−1∑
k=0

H [n, k]X [k]ej
2πnk
N + w[n],

n = 0, . . . ,N − 1. (33)

Here, we assume that noise symbols w[n] follows a com-
plex Gaussian distribution with zero mean and variance σ 2.
Consequently, the second moment of Gaussian noise at the
receiver is computed as

PN = E
[
|W [k]|2

]
= σ 2. (34)

Following similar steps to compute the powers of the desired
signal and mutual interference, then using the capacity
bounding method in [36], [37], we obtain the ergodic spectral
efficiencymeasured in b/s/Hz as given in (35), as shown at the
bottom of this page.

In (35), the fraction inside the logarithm represents the
signal-to-interference and noise ratio, in which the numerator
is the power of the desired signal. Meanwhile, the first part of
the denominator is mutual interference caused by the Fourier
transform process. The last part is Gaussian noise intensity.
We further introduce the energy efficiency of our considered

process as

EE =
R

ρ + ρ̂
, (36)

where ρ̂ is the hardware circuit used for the Fourier computa-
tion. At this point, we emphasize that both (35) and (36) allow
us to study the effects of power allocation in UGV systems
using the OFDM technique.

V. TEST FIELD AND NUMERICAL RESULTS
A. EXPERIMENTAL SETUP
The measurement positions considered in this paper include
the rich diversity of practical scenarios of communica-
tion in Harbor. The test network, including (i) on-board
units (OBUs) installed in harbor vehicles, (ii) roadside units
built on the main road, and the control system to eval-
uate network performance. Our proposed UGV prototype
was tested in an outdoor university campus environment,
the transceivers are placed on cars a few hundred meters
apart, so noise and signal attenuation play a major role. The
measurement positions considered in this paper are consistent
with the rich variety of actual scenarios in the harbor area.

This experiment was conducted on two main platform
parts. The first, called GNU Radio, is responsible for signal
processing and running in a host PC, whereas the second is
USRP N210 paired with Ettus daughter-boards XCVR2450,
which serve as the RF front-end at 5.9 GHz. Because the
power output of theXCVR2450 is 100mW, a power amplifier
is adopted to archive a TX power level of 23 dBm. Finally,
there is the Omni 5 dBi Antenna.

The specific parameters of the WAVE IEEE 802.11p are
used to illustrate the above analysis. In the WAVE standard,
the OFDM system is employed. The typical parameters are
described in Table 2.

TABLE 2. Parameters of IEEE 802.11p.

We conducted the experiment with different ICI cancella-
tion methods enumerated as follows:

1) (ai,−ai) are mapped to subcarriers with indices of 2i
and 2i + 1 [38]. This is the simplest method, since the

R = log2

1+
ρ
∑N−1

p=1−N (N − |p|)R[pT ]

ρ
∑N−1

m=0,m6=k
∑N−1

p=1−N (N − |p|)R(pT )e
j 2π(m−k)N p

+ N 2σ 2

 . (35)
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FIGURE 5. SIR for V2I communications.

original signals are derived directly from the summa-
tion of subcarrier signal pairs. This ICI cancellation
method is Adjacent Cancellation (AC).

2) (ai,−a∗i ) are mapped to subcarriers with indices of 2i
and 2i+1 [39]. This scheme is similar to theACmethod
but different coefficients are used. Thus, the demod-
ulation process is also different from the AC method.
In another words, a different decision variable from
the difference of adjacent subcarriers is considered
to recover the original signal. This ICI cancellation
method is the Conjugate method (CC).

3) (ai,−ai,−a∗i , a
∗
i ) are mapped to subcarriers with

indices of from 2i to 2i+ 3 [40]. This is a combination
of two previous methods that uses both weights of −1
and e−j

π
2 . Hence, four sequential subcarriers will carry

a single useful symbol with particular coefficients. This
ICI cancellation method is the Improved Conjugate
method (IC).

B. RESULTS AND DISCUSSION
It is clear that when the vehicle speed increases, it will lead
to an increasing of maximum Doppler spread and as a result,
the SIR drops. Then the SINR at the input of the receiver
device is limited by the dropped SIR value regardless for any
SNR average. This is shown in the equation:

1
SINR

=
1

SIR
+

1
SNR

. (37)

As a result, the BER will gradually reach an error foor level.
In specific cases, if UGVs velocity is v = 300 km/h at fc =
5.9 GHz and the speed of light is denoted by c = 3×108 m/s,
We determine fd as follows

fd =
vfc
c
=

300× 103 × 5.9× 109

3600× 3× 108
≈ 1638 Hz (38)

Fig. 5 shows the SIR for the Rayleigh and Rician fading
channel given in (23) with the LoS component AoA being
θ0 = π/2 and the Rician factor K = 2 dB, in which solid
curves are used to describe the Rayleigh channel and dash

FIGURE 6. SIR for V2I and V2V communications.

FIGURE 7. BER performance at fDmax = 163.8Hz corresponds to a typical
UGV speed in the Harbor of 30km/h with three different ICI cancellation
methods.

curves depicting the Rician channel. In this case, the specular
component improves the system SIR significantly, e.g. the
SIR for the two-path model improves about 25 dB. This is
consistent with the theory that LoS component plays the most
important role in ensuring transmission quality.

The OFDM symbol duration of 802.11p standard is Ts =
8µs, so fdT ≈ 1.31 × 10−2. For this case, the SIR of Two-
path, Classic Jakes, Uniform and Round models are −2; 3;
6.5 and 11.5 dB, respectively. If in a traffic environment, for
example in a harbor or urban area, the UGVs velocity slows
to v = 30 km/h, the maximum Doppler frequency is fd ≈
163.8 Hz, correspondingly. The SIR for four aforementioned
Doppler spectrum models increases than to 19; 22; 25 and
29 dB, respectively. The fading with the two-path model of
the Doppler spread causes the most severe ICI in the OFDM
signal. At the same level of maximum Doppler frequency,
the SIR with two-path fading is 10 dB worse than uniform
fading.

Fig. 7 and Fig. 8 illustrate the BER performance at the
receiver side of the ground aerial vehicle system, with the
vehicle speed being 30 km/h, with the use of three different

VOLUME 7, 2019 107763



T. H. Nguyen et al.: ICI Suppression Analysis Testbed for Harbor UGV Deployment

FIGURE 8. System performance with fDmax = 163.8 Hz corresponds to a typical UGV speed in the Harbor of 30km/h. (a) Without ICI Cancellation
BER = 22.3%, (b) AC method, BER = 15.6%, (c) CC method, BER = 14.6%, (d) IC method, BER = 9.8%.

an ICI cancellation schemes, and a case where ICI cancella-
tion method is not used. As we mentioned in the introduc-
tion that it is not feasible to reproduce Doppler’s shapes in
the actual transmission environment. So in this part, we do
not evaluate the ICI cancellation methods for each Doppler
Shape. Instead, the V2V in Habor communication scenarios
were built according to the 802.11p standard, to evaluate the
performance of the ICI Cancellation methods evaluated on
the USRP N210 Testbed.

Fig. 7 describes BER in theory for uncoded QAM-16 over
actual V2V channel. Obviously, the IC method offers the best
BER performance, while absence of ICI Cancellation has the
worst results. Whereas with the same data rate and spectrum
efficiency, the CC method is more efficient than AC.

It is worth noting that in implementing of testbed in
practice, it is impossible to measure SIR as well as SINR.
Whereas, measuring SNR depends on the zero padding com-
ponent. So in the results shown in Fig. 8, we do not measure
ground noise to calculate BER versus SNR but directly com-
pare the error rate compared to the original image. It can be
seen clearly that the image quality when using ICI cancella-
tion methods is much better than without ICI canceling. The
results show that the IC method has a much lower BER than
other methods. Specifically, IC has BER = 9.8% compared
to CC = 14.5%, AC = 15.3%. In the absence of ICI
cancellation, BER = 22.3%.
Fig. 6 compares the SIR performance of the classic Jakes

model over the V2I channels with the SIR over the V2V
channels. The SIR over the V2V Rician fading channel is
heavily dependent on the equivalent AoA θeq0 . Here, when the
two vehicles move with the same speed, i.e. a = 1, and if the
equivalent AoA θ

eq
0 = π/2, the SIR over the Rayleigh and

Rician V2V channels degrade approximately 3 dB compared
to the V2I channels. However, if the equivalent AoA θeq0 = 0,
the SIR over the Rician V2V channel drops more than 32 dB
from its value in the V2I channel.

Let us next consider the SIR for the Rician fading channel
with respect to both AoA θ0 and Rician factor K at the same
time at fd = 1000 Hz. The results are shown in Figs. 9 and 10,
for the two-path and the uniform Doppler spread models,
respectively. For the two-path model, at any given value of

FIGURE 9. SIR versus θ0 and K for the Rician fading channels of the
two-path model.

FIGURE 10. SIR versus θ0 and K for the Rician fading channels of the
uniform model.

θ0, the SIR increases with the Rician factor K . However, for
the uniform model, whether the SIR increases or decreases
with K depends on the AoA θ0. This means that the LoS
component plays either a constructive or destructive role in
maintaining the quality of the transmission link. These results
are shown details in Fig. 11, where fd is set to 1000 Hz, while
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FIGURE 11. SIR versus K for the Rician fading channels.

the AoA of LoS components are varied over θ0 = 0; 0.45π
and 0.5π , respectively.

In Fig. 11, over the various V2I channels, at a given value
of θ0, The SIR result of the two-path model is the lowest,
while the highest SIR is in the uniform model. Especially,
in the two-path model, the SIR result is constant unchanged
in the case of the AoA θ0 = 0 and increases as K increases in
cases AoA has different values. For the classic Jakes, round
and uniform, at θ0 = 0, if K increases, the SIR drops to
a saturation level as Two-path model. It can be concluded
that in such a situation, the LoS components have seriously
degraded the quality of transmission links. In two cases θ0 =
0.45π and 0.5π , the SIR increases with K monotonously.
This is consistent with the theoretical basis that has been
demonstrated at Corollary 2. In the V2V communication,
at the equivalent AoA θ

eq
0 = 0, for example two vehicles

move far away in opposite directions, the very large degra-
dation of SIR versus K is taken into account.Let θ∗0 denote
a critical value of AoA, at which point the SIR for each
of the above-mentioned Doppler spread models is constant.
This parameter indicates that, if AoA is greater than θ∗0 ,
then the SIR will increase monotonously with K , and vice
versa, if AoA is less than θ∗0 , then the SIR will decrease
monotonously with K . The reference value θ∗0 is determined
by solving the first derivative equation of SIR for K equals 0.
However, this problem is complex and thus usually solved by
numerical methods. For example, in the classic Jakes model,
if fd = 1 KHz, the reference AoA θ∗0 = 0.8313 rad. Whereas,
if fd = 100 Hz θ∗0 = 0.7858 rad.
In Fig. 12, the change of SIR with respect to AoA is shown.

In this figure, the maximum Doppler spread is fd = 1KHz
and the Rician factor K = 10. It is shown that the SIR is
a periodic function of AoA θ0 with period π . This has been
proven on the basis of theory atCorollary 1. The SIR reaches
its maximum value at θ0 = ±kπ/2 and its minimum value at
θ0 = ±kπ with k ∈ N .

Figs. 13 and 14 illustrate the energy efficiency with dif-
ferent models as a function of the total power consumption

FIGURE 12. SIR versus θ0 for the Rician fading channels.

FIGURE 13. Energy efficiency versus total power consumption for Rician
channels.

FIGURE 14. Energy efficiency versus total power consumption for
Rayleigh channel.

(measured in mW). The channel model is either Rayleigh or
Rician fading.We use the hardware power of 200mW and the
transmit power varies from 0 to 1000 mW. At first, increasing
the transmit power results in better energy efficiency. The
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S1 =
N−1∑

p=1−N

(N − |p|) ej2π fdTp =
sin2(Nπ fdT )

sin2(π fdT )
, (39)

S2 =
N−1∑

m=0,m6=k

N−1∑
p=1−N

(N − |p|) e
j2π

(
fdT+m−k

N

)
p
= N 2

−
sin2(Nπ fdT )

sin2(π fdT )
. (40)

system achieves the peak energy efficiency of 7 Mbits/J if
one uses the round shape model for Rayleigh fading, whereas
the other models give a significantly higher value of approxi-
mately 9 Mbits/J peak energy efficiency. The further increas-
ing power consumption leads tomore severe interference, and
therefore, energy efficiency is reduced up to approximately
3.5 compared to the peak point if the system consumes
1500 mW for both transmit and hardware power to process
each data symbol.

VI. CONCLUSION
The ETSI and IEEE 802.11p standards use OFDM as a
modulation scheme for Intelligent Transport System (ITS)
applications with unmanned ground vehicles (UGV). How-
ever, high vehicle speed causes high Doppler spread, which
in turn destroys the orthogonality of subcarriers in OFDM,
causing SIR. In short-range communication scenarios, espe-
cially applications in Harbor, the LoS component typically
exits and the Rician fading channel model applies. This paper
investigates ICI suppression methods using Universal Soft-
ware Radio Peripheral (USRP) N210 under several Harbor
transmission scenarios. Such communication links are ana-
lyzed for both Rayleigh and Rician channels with several
Doppler spread models. Closed-form expressions for the SIR
and energy efficiency are derived. The results show that the
degree that SIR is degraded depending on the maximum
Doppler frequency or vehicle speed. The AoA of the LoS
component in the Rician fading channel also affects SIR in
an interesting way, specifically, SIR may increase or decrease
with the Rician factor K of the specular component, depend-
ing on the LoS path AoA. Finally, we reveal the trend of
energy efficiency as a function of the total power consump-
tion.

APPENDIX
USEFUL EQUATIONS
In this part, we show some results that are frequently used in
this paper.
Lemma 1: We have two equalities given in (39) and (40),

as shown at the top of this page.
Proof: The first equation (39) can be represented

by

S1 = N
N−1∑

p=1−N

ejµd −
N−1∑

p=1−N

|p|ejµd . (41)

Applying (1-342-2) in [41], the first summation is

N
N−1∑

p=1−N

ej2π fdTp = N
sin((2N − 1)π fdT )

sin(π fdT )
, (42)

N−1∑
p=1−N

|p|e−j2π fdTp = 2
N−1∑
p=1

p cos(2π fdTp). (43)

Applying (1-352-2) in [41], the second summation can be
rewritten as

N−1∑
p=1−N

|p|ej2π fdTp

=
N sin((2N − 1)π fdT )

sin(π fdT )
−

1− cos(2π fdT )

2 sin2(π fdT )

= N
sin((2N − 1)π fdT )

sin(π fdT )
−

sin2(Nπ fdT )

sin2(π fdT )
. (44)

Replacing these two parts into S1, we have

S1 = N
sin((2N − 1)π fdT )

sin(π fdT )

−

[
N
sin((2N − 1)π fdT )

sin(π fdT )
−

sin2(Nπ fdT )

sin2(π fdT )

]

=
sin2(Nπ fdT )

sin2(π fdT )
. (45)

The first equality (39) is proven. We now apply the same
analysis of S1 to S2 and obtain

S2 =
N−1∑
m=0
m6=k

sin2
(
Nπ

(
fdT + m−k

N

))
sin2

(
π
(
fdT + m−k

N

))
= sin2(Nπ fdT )

N−1∑
m=0
m6=k

1

sin2
(
π
(
fdT + m−k

N

)) . (46)

Let us consider the summation part. Applying (4.4.6.9)
in [42] and exploiting the fact that function cosec2(x) is peri-
odical with period π , the summation can be written as

N−1∑
m=0,m6=k

1

sin2
(
π
(
fdT + m−k

N

))
=

N−1∑
m=0,m6=k

cosec2
(
π fdT +

m− k
N

π

)
= N 2cosec2(Nπ fdT )− cosec2(π fdT ). (47)
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The summation S2 is

S2 = sin2(Nπ fdT )
(
N 2cosec2(Nπ fdT )− cosec2(π fdT )

)
= N 2

−
sin2(Nπ fdT )

sin2(π fdT )
, (48)

and therefore the second equality (40) is proven.
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