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Abstract

In this paper, a novel 2 x 2 multiple-input multiple-output orthogonal frequency division multiplexing (MIMO-OFDM)
testbed based on an Analog Devices AD9361 highly integrated radio frequency (RF) agile transceiver was specifically
implemented for the purpose of estimating and analyzing MIMO-OFDM channel capacity in vehicle-to-infrastructure
(V2l) environments using the 920 MHz industrial, scientific, and medical (ISM) band. We implemented
two-dimensional discrete cosine transform-based filtering to reduce the channel estimation errors and show its
effectiveness on our measurement results. We have also analyzed the effects of channel estimation error on the MIMO
channel capacity by simulation. Three different scenarios of subcarrier spacing were investigated which correspond to
I[EEE 802.11p, Long-Term Evolution (LTE), and Digital Video Broadcasting Terrestrial (DVB-T)(2k) standards. An extensive
MIMO-OFDM V2I channel measurement campaign was performed in a suburban environment. Analysis of the
measured MIMO channel capacity results as a function of the transmitter-to-receiver (TX-RX) separation distance up to
250 m shows that the variance of the MIMO channel capacity is larger for the near-range line-of-sight (LOS) scenarios
than for the long-range non-LOS cases, using a fixed receiver signal-to-noise ratio (SNR) criterion. We observed that
the largest capacity values were achieved at LOS propagation despite the common assumption of a degenerated
MIMO channel in LOS. We consider that this is due to the large angular spacing between MIMO subchannels which
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occurs when the receiver vehicle rooftop antennas pass by the fixed transmitter antennas at close range, causing
MIMO subchannels to be orthogonal. In addition, analysis on the effects of different subcarrier spacings on
MIMO-OFDM channel capacity showed negligible differences in mean channel capacity for the subcarrier spacing
range investigated. Measured channels described in this paper are available on request.

1 Review

1.1 Introduction

Multiple-input multiple-output (MIMO) systems have
attracted considerable attention due to the increasing
requirements of high capacity, spectral efficiency, and reli-
ability in wireless communications. For example, MIMO
systems have been adopted in the Long-Term Evolution
(LTE) system, and it is expected that the upcoming devel-
opments in IEEE 802.11p and Digital Video Broadcast-
ing Terrestrial (DVB-T) wireless standards will include
the use of MIMO. It has been shown [1] that MIMO,
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when deployed in a rich scattering environment, is capa-
ble of achieving high spectral efficiency, capacity, and
reliability by exploiting the increased spatial degrees of
freedom. MIMO is often combined with the orthogonal
frequency division multiplexing (OFDM) in modern wire-
less standards in order to achieve higher data rates and
performance improvements in a multipath fading envi-
ronment without increasing the required bandwidth or
transmission power.

Efficient vehicular communication is a key in the devel-
opment of intelligent transport systems (ITS) and requires
the exchange of messages between two vehicles (vehicle-
to-vehicle or V2V communications) or between a vehicle
and a roadside unit (vehicle-to-infrastructure or V2I com-
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munications). Basically, there are two kinds of vehicular
applications: those dedicated to providing safety services
and others for non-safety applications [2]. For safety pur-
poses, the use of licensed band at 5.9 GHz has been
considered to avoid the problem of interference typically
faced in the use of industrial, scientific, and medical (ISM)
radio bands. Non-safety applications use the ISM band
for the purpose of infotainment (e.g., high data rate Inter-
net access for video streaming) where the availability of
the service is expected to be opportunistic. The 920 MHz
ISM band in Australia occupies 918—-926 MHz. Among
the ISM bands, the 920 MHz band gives an optimal trade-
off of robustness against slow fading, achieving a longer
range in cluttered environments and having a sufficient
bandwidth for the high-data-rate Internet access. This
paper focuses on the non-safety V2I applications at the
920 MHz ISM band which promises to provide infotain-
ment applications, mobile internet services, and social
network applications which are widely used in people’s
daily activities in vehicles. The successful deployment of
commercial MIMO systems will require a solid under-
standing of the channel characteristics in which it will
operate. In order to assess the performance of new wire-
less communication systems using MIMO antennas, it
is desirable to evaluate them in realistic measurement
scenarios. Consequently, numerous MIMO channel mea-
surement campaigns have been carried out in vehicular
environments [3-7]. However, only a few research pub-
lications have considered MIMO V2V channels [8-12],
and even fewer theoretically based research works have
investigated MIMO V2I channels [13, 14]. A number of
single-input single-output (SISO) antenna V2V and V2I
channel measurement campaigns have been conducted
[15, 16]. However, to the best of our knowledge, we are
not aware of any MIMO-OFDM measurement results for
V2I communications published in the scientific literature
to date. In this paper, we focus on presenting the results
of an experimental investigation of 2 x 2 MIMO-OFDM
channel measurements performed in a real V2I driving
scenario under both line-of-sight (LOS) and non-LOS
(NLOS) conditions at the 920 MHz ISM band in a subur-
ban environment. A channel sounding system based on a
software-defined radio (SDR) platform was implemented
and used to perform an extensive measurement campaign
in a suburban environment. In comparison to the use
of the conventional heavy and expensive radio frequency
(RF) test equipment such as signal generators, vector net-
work analyzers, and spectrum analyzers, SDR provides
a flexible, inexpensive, and cost-effective measurement
setup implemented in software that enables researchers
to use and control the radio signal through software tools
such as MATLAB.

The rapid development of MIMO systems has been
based on the assumption that independent and identically
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distributed (i.i.d) or correlated Rayleigh fading with NLOS
components is available and a high number of multipath
components are created by the surrounding environment
[17-19]. This, however, is not valid in all cases, and it is
violated due to the existence of a LOS component that
is stronger than other components. Hence, the channel
can be more effectively modeled using the Ricean distri-
bution. Conventionally, the presence of a LOS component
is thought to limit the benefits of MIMO systems because
of the rank deficiency of the channel matrix [20, 21];
however, a number of investigations [13, 14, 22—-26] have
shown that using antennas positioned or spaced in such
a way that the LOS MIMO subchannels are orthogonal
results in a full-rank MIMO channel matrix and therefore
high-capacity channels. The common idea behind these
approaches is to place the antenna elements sufficiently
far apart so that the spatial LOS MIMO subchannels
become orthogonal with a phase difference of 7/2. The
optimal spacings can be worked out via simple geometri-
cal tools, while the channel matrix becomes full rank and
delivers equal eigenvalues. This is known as an optimized
LOS MIMO system [24]. We can determine the required
inter-element spacings to achieve the maximum 2 x 2
MIMO capacity. The formula is a function of the inter-
element distance, the transmitter-to-receiver (TX-RX)
separation distance, the orientation of the arrays, and the
carrier frequency.

This paper validates the theoretical maximum LOS
MIMO capacity criteria in [14, 25, 27, 28] by presenting
a measurement-based analysis of mean MIMO capacity
(mean over the channel bandwidth and the time of 50 ms)
as a function of TX-RX separation distance. The tech-
nique is based on the achievement of spatial multiplexing
in scenarios by creating an artificial multipath not caused
by physical objects but rather by deliberate antenna place-
ment or separation of the antenna elements in such a
way that a deterministic and constant orthogonal multi-
path is created at a specific TX-RX separation distance
called Dopt. This paper also analyzes the MIMO channel
capacity for three different subcarrier spacings: large sub-
carrier spacing (LSS), medium subcarrier spacing (MSS),
and small subcarrier spacing (SSS). These subcarrier spac-
ings approximately correspond to IEEE 802.11p Wireless
Access in Vehicular Environment, LTE, and the 2k ver-
sion of the DVB-T standard. It is important to note that
this paper analyzes the capacity of the MIMO channels
with three different values of subcarrier spacing and not
the capacity of the whole system. In this analysis, the
MIMO channels are estimated by the least square (LS)
channel estimation method with known channel training
symbols [29]. The channel estimation error due to lower
signal-to-noise ratio (SNR) at a longer TX-RX separation
distance is substantially reduced by applying two-
dimensional discrete cosine transform (2D DCT)-based
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filtering to take advantage of the time and frequency
coherence of the channel [30-32].

The remainder of the paper is organized as follows.
Section 1.2 describes the channel model, MIMO chan-
nel capacity, the derivation for maximum LOS MIMO
channel capacity criteria, and the LS channel estimation.
Section 1.3 presents the MIMO-OFDM V2I measurement
equipment, measurement environment, and parameters.
In Section 1.4, we present the analysis of measurement
results. Finally, Section 2 summarizes the paper and adds
concluding remarks.

1.2 Channel model and capacity

1.2.1 LOS MIMO channel model

To investigate the capacity of a MIMO channel in the pres-
ence of a LOS component, a suitable channel model for
the MIMO channel is needed. According to [21, 28] and
[25], a suitable way to model the channel matrix is as a
sum of two components, a LOS component and a NLOS
component. The ratio between the power of the two com-
ponents gives the Ricean K factor. The MIMO channel
matrix is modeled as

H=. K u +./ ! u (1)
- 1<+1 LOS I<+1 NLOS

where H, s denotes the matrix containing the free space
responses between all elements, Hy,os accounts for the
scattered signals, and K is the Ricean K-factor which is
equal to the ratio of the free space and scattered signals
[33, 34]. As given in [25] and [27], the free space com-
ponent, H,, of the complex response between a trans-
mitting element m and a receiving element # (assuming
that both elements are isotropic) is given as e /% /d, .
where f§ is the wave number corresponding to the car-
rier wavelength X and it is given as 8 = 27” dym is the
distance between the nth receiving element and the mth
transmitting element. With the assumption that the dif-
ference in the pathloss is negligible and that there is no
mutual coupling between the elements, the normalized
free space response matrix of an n, x n; MIMO system
can be expressed as

eIBdLL g=iBdiy  o—jBdin,

e IBd2  p=iBdry  o—jBdan,
Hios =

e_jﬂdny,l e_jﬂdny,Z . e_jﬂdnr,nt

where H,; is totally deterministic and depends only on
the positioning or separation distance between both ele-
ments of the RX and TX antennas. Contrastingly, the
response due to Hy, s is @ random complex matrix and is
often modeled by stochastic process, i.e., Hyos € C"*™
with i.i.d elements.
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1.2.2 MIMO channel capacity

In any communication system, the fundamental measure
of performance is the capacity of the channel, which is
the maximum rate of communication for which arbitrar-
ily small error probability can be achieved [35]. In this
section, the capacity definition of MIMO systems is pre-
sented and the minimum and maximum capacity criteria
are derived in terms of the channel response matrix. In
this case, the receiver is assumed to have perfect chan-
nel state information (CSI) but no such prior knowledge is
available at the transmitter. Hence, the Shannon capacity
formula for the MIMO channel is given as [1, 36]

Cy = log, (det (In, + Ll )) )
nt

where C is the MIMO channel capacity in bits per second
per Hertz (bits/s/Hz) at the kth OFDM subcarrier, I,,, is
the identity matrix and superscript H denotes the complex
conjugate transpose (Hermitian), p corresponds to the
average received SNR per receiver over MIMO subchan-
nels, and n; and #n, are the number of transmitting and
receiving antenna elements, respectively. We note that the
above capacity formula relies on a uniform power alloca-
tion scheme at all transmitting elements. Assuming that
ny < ny, we can write

Ce=)_ log, (1 + ,ftymmk)) (3)

m=1

where y,,(Hy) is the mth eigenvalue of Hka . The maxi-
mum capacity is achieved when the channel is orthogonal
[1], for which HyHZ is a diagonal matrix with ||Hy,|%
as its (m, m)-th element, where ||H/<,,,,||12F is the squared
Frobenius norm of the mth row of Hj. In this case,
Ym(Hy) = |Himl%. The MIMO channel capacity is
calculated at each OFDM subcarrier using the above
equation, while the MIMO-OFDM channel capacity is
calculated as an average of the MIMO channel capacity
over all OFDM subcarriers at a fixed signal SNR = 20 dB.
For our measurement analysis, we chose signal SNR=
20 dB to have an even estimation of the MIMO channel
capacity along the path and to emphasize effects of the
MIMO channel structure on the capacity. The fixed value
of signal SNR=20 dB was chosen as an example, which
is typically used for MIMO channel capacity analysis for
the system using 16-quadrature amplitude modulation
(QAM) or 64-QAM (e.g., [27, 37])

We note that the MIMO capacity value monotonically
increases or decreases with the higher or lower signal
SNR and it does not affect the conclusions of compara-
tive analysis of higher or lower MIMO channel capacity
as a function of subcarrier spacing or environment as
have been performed in this paper. The MIMO chan-
nel capacity referred to in this paper corresponds to an
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ideal capacity, where it is assumed that a perfect CSI is
available at the receiver. The actual capacity is typically
reduced from this capacity due to the inaccuracy of the
CSI at the receiver, especially in a mobile environment. In
addition, the effects of inter-carrier interference (ICI) and
inter-symbol interference (ISI) are ignored in this paper.
We consider that the effects of ICI are small given the
subcarrier spacing used and the maximum Doppler shift
assumed. The ISI is expected to be removed by the use of
cyclic prefix.

For a SISO fading channel with perfect knowledge of the
channel at the receiver, the capacity of a SISO link is given
as C = log,(1 + p). Therefore, the capacity of an equiv-
alent SISO link is equal to approximately 6.66 bps/Hz at
o
In this paper, there are two types of SNR being dis-
cussed. The first is nominated as p in (2) and is referred
as signal SNR. The second SNR is referred to as channel
estimation (CE) SNR which indicates the quality of the
channel estimation.

1.2.3 Maximum LOS MIMO capacity criteria

In conventional MIMO systems, an inter-element antenna
spacing equal to 1/2 is considered to be adequate to
avoid strong correlation between received signals [38]. For
most indoor applications, this inter-element spacing is still
applicable; however, for V2I systems, such spacing cannot
be used to achieve maximum capacity due to the larger
distance between RX and TX, which tends to reduce the
angular spacing and hence to increase correlation between
subchannels. Figure 1 shows an example of the geometry
of the positions of TX and RX antenna elements and asso-
ciated parameters in V2I systems. In Fig. 1,  is the angular
spacing between the two MIMO subchannels. We used a
2 x 2 MIMO system as the basis of our derivation of the
maximum capacity criterion. Figure 2 shows a simplified
2D version of the model.

The conditions for achieving the minimum and maxi-
mum capacities in a time-invariant or slow time-varying
MIMO channel are given below as in [27]. The minimum
MIMO capacity is obtained when HH/! = #,1,,, where
1,, is an #n, x n, all ones matrix. This corresponds to
a system with rank-1 H,s response with an associated
capacity that is equivalent to that of a SISO channel given
as Cmin = log, (1 + n,p). The capacity in Eq. (2) is maxi-
mized for HH” = n¢l,,, ie, when H is orthogonal. This
response corresponds to a system with perfectly orthog-
onal MIMO subchannels, and the capacity of the MIMO
channel is then equivalent to that of n, independent SISO
channels given as follows: Cax = #,10g,(1 + p), Crax
corresponds to a maximum capacity value of 13.32 bps/Hz
for a 2 x 2 MIMO system. From the normalized free space
channel response matrix of the n, x n; MIMO system
given above, the correlation matrix is given as follows:
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TX (RSU)

Sl by

RX vehicle
(OBU)

Fig. 1 Positions of TX and RX antenna elements with the RX vehicle
(OBU antennas) mounted at the rooftop of a car moving along a
street in x and y directions while the TX roadside unit (RSU antennas)
was mounted at a fixed position

ny . Z::i:l e_jﬁ(dl,m_dny,m)
HH" = ; .
Z::=1 e_jﬁ(dny,m_dl,m) . nr

In the case of the 2 x 2 MIMO system, the above
equation can be simplified to

HHY — 2 e/Bldan—dn) | gip(dr—di)
T | #Pdn—d2) 4 iBldi12—dn) 2

It is clearly seen that the matrices are deterministic
and depend on the distance between the TX and RX ele-
ments [39]. It can be seen that HH becomes a square

X1

RX1

Hrg‘.

RX2

H E D B:
Fig. 2 A2 x 2 MIMO near-range LOS system with parallel arrays
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matrix in which all the elements of the principal diag-
onal are twos and all other elements are zeros when
gPldn—d) o gbd—d») — ( Based on the mathematical
conditions given in the previous paragraph, it is clear that
the maximum capacity of a 2 x 2 MIMO is achieved when

HH = 1, =21, (4)

that is, when all eigenvalues of HH*! become equal and we
end up with perfectly orthogonal MIMO spatial subchan-
nels. Sarris et al. in [25, 27] have shown that this maximum
capacity condition is satisfied when

A
|d11 — d12 +dao — doy| = 2r + 1)5,762+ (5)

where A is the wavelength at any carrier frequency, Z*
represents the set of integers, and (2r+1) is an odd integer
number. In physical terms, the authors in [25, 27] con-
cluded that Eq. (5) stated that the approximate maximum
capacity criterion corresponds to systems where the sum
of the path differences (d1; — d12) and (doy — da) is an
odd integer multiple of a half wavelength [27]. In Fig. 3, the
RX is moving along the street while the TX is mounted in
a fixed position. Both the TX and RX antennas have two
antennas on each side.

Equation (5) could be simplified further by making a
number of assumptions. First, assume the two antenna
arrays are parallel and have inter-element spacings, s; and
sy as illustrated in Fig. 2. Then, d1; = dyy and d1y = doy,
and hence, the maximum capacity is achieved when

A
|d11 — da1| = Q2r+ I)E,reZ+ (6)

Figure 1 illustrates a case for a 2 x 2 MIMO antenna array
with a spacing of s; at TX and s at RX. The equation for
the TX-RX separation distance D and the angle of rota-
tion 6 between the first element of each array is defined in
[25, 27] as

Fig. 3 TX and RX measurement setup
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D = \/dx? + dy* + dz> (7)

Vax? + dy?

D

For V2I systems, the simplified maximum LOS-MIMO
capacity criterion has been given in [13, 14, 25] as

(8)

cosfh =

(r+ ) rez* ©)
§189 & (r+ =) ———, re
1%2 2" cos2 0

This equation shows that if all 51,53, D, 6, and A satisfy (9)
with a certain re Z*, the MIMO capacity will be at its max-
imum. It is interesting to note that (9) is a function of the
inter-element distances (s1, s2), the TX-RX separation dis-
tance (D), the orientation of the arrays (¢), and the carrier
frequency (f;). Thus, the simplified 2 x 2 MIMO capac-
ity criterion is expressed in terms of the s1, 53, D, 6, and
f.. Equation (5) shows a criterion that should be satisfied
to maximize the channel capacity. The criterion is simpli-
fied and concluded in (9). This implies that if (9) is met
based on the positioning and separation of TX and RX,
we will achieve the maximum channel capacity ina 2 x 2
MIMO system. For a time-invariant channel, A, D, and 6
are constant. As a consequence, the second part of (9) can
be constant with a certain reZ ™. We can satisfy (9) by set-
ting appropriate sj, s3, and we can claim that the channel
capacity is at its maximum when that is fulfilled. In mobile
scenarios, D and  may vary with the movement of the RX
vehicle. To simplify further, the minimum optimal spac-
ing or the first solution of (9) is satisfied when 6 = 0
and r = 0. Therefore, the antenna separation distance
required for optimal LOS MIMO operation is expressed
as

D) Dc
§18) = — = —
152 5 o

Conceptually, a larger TX-RX separation distance
requires larger antenna element spacings, and lower fre-
quencies require larger antenna spacings. For fixed f and
D, the antenna arrays could be easily designed so that sub-
channel orthogonality can be achieved which will result
to the attainment of maximum capacity in LOS scenarios.
For V2I communications where the RX vehicle is moving,
D and 0 change with time. Hence, the receiver antenna
array is not fixed at a specific position, but its location
varies with the motion of the vehicle. The optimal LOS
MIMO V2I operation depends on achieving the optimal
angle Ot and separation distance between TX and RX
Dopt.

(10)

1.2.4 Least square channel estimation
The least square channel estimation is needed by many
pilot-based channel estimation for MIMO-OFDM as an
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initial estimation. It is the simplest approach to pilot-
symbol-aided (PSA) channel estimation in OFDM sys-
tems, and no a priori information is assumed to be known
about the statistics of the channel taps. However, it shows
poor accuracy as it is performed on a frame-by-frame
basis with no filtering of the estimate. The SISO-OFDM
system model at the nth OFDM symbol and kth OFDM
subcarrier is given as [29]

Yn,k = Xn,an,k + Wn,k (1 1)

Y,k is the received signals, X, x is the transmitted signal,

and W, is the adaptive white Gaussian noise (AWGN).

The LS channel estimation H, s« is given as
7 Yn,k . Wn,k

Higox = =Hyx+ ——
Xn,k Xn,k

(12)

It is important to note that this simple LS estimate g
does not exploit the correlation of channels across fre-
quency carriers and across OFDM symbols. We utilized
the LS estimation approach to get the initial MIMO chan-
nel estimates at the pilot subcarriers, which was then
further improved using a 2D DCT filtering technique in
both time and frequency [30-32]. The effectiveness of this
technique is shown in the Section 1.4.

1.3  MIMO-OFDM V2l measurements

1.3.1 Measurement equipment

The 2 x 2 MIMO-OFDM V2I channel measurements were
performed using an in-house built software-defined radio
platform using AD9361 dual MIMO RF agile transceivers
from Analog Devices, as TX and RX. The AD9361
is a wideband 2 x 2 MIMO transceiver. It combines
an RF front-end with a flexible mixed-signal baseband
section with a 12-bit analog-to-digital converter (ADC)
and a digital-to-analog converter (DAC) and integrated
frequency synthesizers. It provides a configurable digi-
tal interface to a processor. It operates from 70 MHz
to 6.0 GHz, with tunable bandwidth from 200 kHz to
56 MHz. The equipment transmits channel sounding
OFDM signals with three different subcarrier spacings, as
shown in Table 1.

A custom-built user interface software running on Win-
dows operating system was used. This software captures
ADC samples and records them on a PC’s hard disk via
USB connection. The transmitter sends OFDM signals to
sound the channel, which are eventually recorded at the
receiver unit. By post-processing, we then obtained the
complex channel transfer function or frequency response
as explained in Section 1.2.4. The transmitted OFDM sig-
nal waveforms (DAC samples) were generated off-line in
the PC, using MATLAB. The in-house built platform is
equipped with a field-programmable gate array (FPGA)
that streams the off-line generated waveforms to the
AD9361’s DAC. The baseband-to-RF module amplifies,
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Table 1 OFDM packet parameters
Parameters LSS MSS SSS
Baseband sample rate (Msps) 32.768 32.768 32.768
Measurement channel bandwidth (MHz) 8.2 9.0 6.7
Center frequency (MHz) 920 920 920
Modulation QPSK QPSK QPSK
No. of OFDM symbols 6003 593 156
No. of occupied subcarriers 52 600 1705
Subcarrier spacing (kHz) 156.25 15 3.348
FFT length 208 2184 8384
OFDM symbol period (ps) 6.4 66.67 299
Guard interval (us) 16 16.67 75

filters, and up-converts the signals to RF (920 MHz), and
the antenna module processes the signals from the RF
stage and sends them to the receiver through the MIMO
channel. At the receiver side, the signals reach the anten-
nas and pass to the low-noise amplifiers and down con-
verters. The baseband waveform is sampled by the ADC,
and the sampled baseband waveform data is transferred to
the PC via USB and recorded on the hard disk. Each trans-
mitted OFDM-based wireless packet has an approximate
duration of 50 ms. The transmitted OFDM packets were
sampled at 32.768 M samples per second. The measure-
ment channel bandwidths are 8.2, 9.0, and 6.7 MHz for
LSS, MSS, and SSS, respectively. The transmitted data are
modulated by quadrature phase shift keying (QPSK). The
OFDM-based wireless packets entirely consisted of the
pilot symbols for the purpose of the 2 x 2 MIMO-OFDM
channel measurement.

A 2 x 2 MIMO antenna system was implemented
using two commercially available omnidirectional ver-
tically polarized L-COM HGV-906 antennas and two
off-the-shelf omnidirectional antennas as both TX and
RX antenna array elements, respectively, for all measure-
ments described in this paper. A 35-dBm high-power
amplifier ZHL-1000-3W from Mini-Circuits was added at
the transmitter to provide an output power of 23 dBm.
With the use of a 6-dBi antenna, the maximum effective
isotropic radiated power (EIRP) is 29 dBm. The spacing
of the antenna elements is set to ~ 6\ at TX and ~ 3A at
RX where A = 32.5 cm, i.e,, the spacing between the TX
antennas TX1-TX2 = 2 m and between the RX anten-
nas is RX1-RX2 = 1 m. The two transmitter antennas
(TX) were mounted at a fixed position each at the same
height of Hyx = 3.6 m and the two receiver antennas (RX)
mounted at the rooftop of a vehicle at a height of Hyx =
1.8 m, as shown in Fig. 3. The measurement platform
uses built-in Global Positioning System (GPS) receivers
to ensure accurate synchronization of the TX and RX. In
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addition, the receiver system was equipped with an exter-
nal EVK-6T-0 U-blox 6 GPS to provide measurement time
stamp as well as the location and speed data for the RX
vehicle.

We used a portable Rohde & Schwarz (R&S) FSH8 spec-
trum analyzer to measure the interference from other
devices operating at the 920 MHz band. We observed
that the transmitted signal from a nearby cellular base
station was causing desensitization of our receiver. As a
solution, we used channel filters to remove the effects of
the interfering signals during the measurements. No other
significant interference in the 920 MHz ISM band was
observed during the measurements. All the measurement
equipment was separately calibrated with Agilent signal
generators and signal analyzers. The TX output power
was measured with a power meter. The measurement
parameters are summarized in Table 2.

1.3.2 Measurement environments

The MIMO-OFDM V2I measurements were conducted
on a suburban street located at CSIRO ICT Centre Labo-
ratory in NSW, Australia. The environment can be char-
acterized as suburban with a two-lane road, some office
and residential buildings, cars, parking lots, concrete pil-
lars, metallic sign posts and fences, base station mast,
road signs, and high tree density on both sides of the
street which provides a rich multipath scattering envi-
ronment that favors MIMO channels. The measurements
took place during working hours at the end of the win-
ter season between 09:00 and 16:00 (GMT+10). The RX
vehicle was following a rectangular route as illustrated in
Fig. 4. Each measurement scenario was recorded over a
duration of 10 min for five different rounds. The capturing
of the ADC samples was not performed continuously, and
as such, the acquired data was limited to 5 GB. The max-
imum separation distance and relative speed between the

Table 2 Measurement parameters

Parameters Values
MIMO system 2x?2
Center frequency 920 MHz
Packet duration 50ms
Sampling frequency 32.768 Msps
Transmit power 23dBm
TX antenna gain 6 dBi

RX antenna gain 2 dBi

TX antenna spacing 2m

RX antenna spacing m

TX antenna height, htx 36m

RX antenna height, hrx 1.8m
Modulation QPSK

Page 7 of 19

TX and RX antenna were derived from the GPS location,
and speed data was 250 m and 55 km/h, respectively. The
separation distance varied between 3 and 250 m. Occa-
sional blockage of the LOS occurred due to high tree
density and buildings. Both LOS and NLOS conditions
existed during the measurements. Significant scatterers
in the surrounding environment are trees, buildings, res-
idential houses and offices, traffic signs, metallic fences,
and moving and parked cars that can significantly con-
tribute to a multipath propagation environment. In the
measurement scenarios, we transmitted OFDM packets
with the parameters shown in Table 1. The minimum
guard interval of 1.6 pus was considered to be large enough
to remove ISI in this short-range outdoor environment.

1.4 Measurement results and analysis

The post-processing of measurement data was performed
using MATLAB. The measured MIMO channels are esti-
mated from the received signals. In particular, the channel
coefficients were estimated by LS channel estimation by
sending known channel training symbols alternately in
time using the two transmitters (e.g., the first transmitter
sent channel training symbols at odd OFDM symbol time
index and the second transmitter sent channel training
symbols at even OFDM symbol time index). The transmit-
ted wireless packets have a duration of 50 ms and consist
of all known channel training symbols.

The measurement system was equipped with GPS
receivers at both the TX and the RX ends for accurate
time reference (less than 100 ns ambiguity), which facil-
itated frame detection and time offset estimation. The
GPS receivers also provided accurate frequency reference
which removed the necessity of frequency offset estima-
tion and correction. Residual frequency offset which was
less than 100 Hz was included in the estimated chan-
nel. No additional ICI cancelation technique was applied,
apart from the fact that the TX and the RX frequency ref-
erences were synchronized to the GPS reference, which
we expect to reduce the ICI problem significantly. We
note that the Doppler shift expected in the measurement
at 920 MHz with up to 55 km/h is approximately 47 Hz.
Given the minimum subcarrier spacing of approximately
4 kHz (corresponding to SSS), we consider that the effects
are negligible.

We used a high sampling rate of 32.768 Msps for the
measurement to reduce the effect of noise. The use of
oversampling to improve the SNR in OFDM transmis-
sion has been proposed in the literature [40, 41]. Random
receiver noise is reduced by oversampling based on the
assumption that the signal is coherent and that the noise
is random. We extended our analysis to remove the effects
of channel estimation errors by applying 2D DCT filtering
in both time and frequency [30-32]. The 2D DCT has sig-
nificantly reduced the effect of noise on our measurement



Onubogu et al. EURASIP Journal on Wireless Communications and Networking

Page 8 of 19

are considered to be due to errors in estimating locations

Fig. 4 Google Earth map view of the measured location data from the GPS showing the location of the TX and RX route round the measurement
environment. The blue line shows the route taken by RX, and and yellow dot shows the fixed location of TX. The indicated driving route outside roads

results. In addition, we have included a simulation anal-
ysis to show that the effects of channel estimation error
on MIMO channel capacity are small for high SNR up to
20 dB.

1.4.1 Effects of channel estimation error on MIMO channel
capacity

We investigated the effects of channel estimation error
on the MIMO capacity for i.i.d. Rayleigh fading channels
by simulation. Figure 5 presents the deviation of the esti-
mated capacity with channel estimation error for three
different CE SNR (10, 20, and 30 dB) in the case of 2 x 2
MIMO. Figure 5 clearly shows that a significant devia-
tion in the measured MIMO channel capacity may result
where the CE SNR is 10 dB, while the 30 dB CE SNR gives
insignificant deviation.

We applied 2D DCT-based filtering to reduce the effects
of the channel estimation error and noise on our mea-
surement results. Figures 6 and 7 present the measured
2 x 2 MIMO-OFDM doubly selective channel frequency
response for the non-noise-reduced and noise-reduced
MSS, respectively. The presented results correspond to
NLOS propagation conditions. These are samples of the

———— CE SNR=10dB
———— CE SNR=20dB
0.8[| ——— CE SNR=30dB

0.6F
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a
o
04} ]
02t /’ ]
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Capacity deviation (bits/s/Hz)

Fig. 5 CDF of capacity deviation at signal SNR = 20 dB for different

channel estimations
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Fig. 6 Example of measured 2 x 2 MIMO-OFDM non-noise-reduced doubly selective channel for the MSS case

MIMO subchannels considered at a time when the RX
vehicle is in motion at receiver position, d = 200 m.
Variations in frequency and in time are evident from the
results. Figures 6 and 7 show that the effects of channel
estimation error on the measured MIMO channel have
been reasonably reduced by employing 2D DCT filtering

in both time and frequency. Figure 8 shows an example
time variation of the MIMO subchannel at one OFDM
subcarrier in a LOS environment with the MSS case. The
blue dots show the original LS-estimated channel while
the red curve shows the 2D DCT filtered version. Figure 9
shows an example for a NLOS case. It can be seen that
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Fig. 7 Example of measured 2 x 2 MIMO-OFDM 2D DCT noise-reduced doubly selective channel in NLOS for the MSS case
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Fig. 8 Time variation of MIMO channel at one frequency for 2D DCT
noise-reduced estimated channel and the LS-estimated channel at

LOSD =343 m

the LS-estimated MIMO channel follows the 2D DCT
noise-reduced MIMO channel.

We approximately estimated the measured CE SNR as
the difference between the noise-reduced MIMO chan-
nel and the LS-estimated MIMO channel, assuming that
the noise-reduced MIMO channel is ideal. The results are
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Fig. 9 Time variation of MIMO channel at one frequency for 2D DCT
noise-reduced estimated channel and the LS-estimated channel at

NLOS D = 200 m
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averaged over time and frequency. The same method was
used for the three different subcarrier spacing scenarios.
Figure 10 presents the measured CE SNR as a function
of the receiver position for the three different subcar-
rier spacings considered. The figure shows that the CE
SNR indeed varies as a function of the receiver position
and the separation distance. It shows the mean CE SNR
for all locations having at least 15 dB. The measured CE
SNR information as shown in Fig. 10 has practical value
in understanding what distance can be achieved with a
practical transmitting power value. However, we consider
that it is important to separate the effects of CE SNR and
the effects of the physical environment in analyzing the
MIMO channel capacity. For this reason, we have chosen
to use what we call fixed signal SNR criteria (transmitting
power can be unlimitedly adjusted to provide fixed sig-
nal SNR at all receiver locations within the coverage) in
analyzing the MIMO channel capacity in this paper. An
example value of signal SNR =20 dB was chosen for our
MIMO capacity analysis, as this is typical for a wireless
communication using 16-QAM or 64-QAM depending on
the forward correction coding rate. In our actual measure-
ment, automatic gain control (AGC) was used to adjust
the gain at the receiver but not to the extent to assure the
CE SNR of 20 dB at all measurement location, causing the
channel estimation error corresponding to the CE SNR.

1.4.2 Measured MIMO-OFDM channel capacity variation as
a function of the measurement time

From the collected data, the MIMO channel capacity

was calculated based on Eq. (2) for the three different

subcarrier spacing values considered. It is well known

that MIMO channels depend on the values of the chan-

nel response matrix, the number of TX and RX antenna
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arrays, and the signal SNR at the receiver. The capacity
evaluated at a fixed signal SNR is a measure of scatter-
ing richness of a MIMO channel and allows the analysis of
capacity degradation due to the influence of spatial corre-
lation when changing from LOS to NLOS conditions. The
TX and RX antenna arrays are both individually separated
at distances of approximately 61 and 3, respectively,
to reduce the influence of correlation. Figure 11 shows
significant variations in mean capacity for different mea-
surement times, ranging from a maximum of 13.6 bps/Hz
to a minimum of 8.4 bps/Hz for all subcarrier spacing
scenarios considered.

1.4.3 Cumulative distribution function of MIMO capacity

Table 3 presents the cumulative distribution function
(CDF) of the MIMO channel capacity for the three dif-
ferent subcarrier spacings considered: LSS, MSS, and SSS.
Figure 12 presents the measured CDF of MIMO-OFDM
channel capacity. Our analysis reveals that there is no
significant variation in the MIMO capacity for the dif-
ferent OFDM standard subcarrier spacings considered
for LSS, MSS, and SSS scenarios. This implies that any
subcarrier spacing could be used in MIMO-OFDM sys-
tems to achieve optimal performance in terms of capacity.
The dynamic range is defined in [3] as the difference
between the maximum and the minimum values of the
MIMO channel capacity. In this paper, we consider the
90 % capacity dynamic range Cpr90 %) as the difference
between the 95 % (Co5 %) and 5 % (Cs ) mean capacity
values evaluated from the CDF of mean MIMO capac-
ity. The measured Cpr90 %) are 3.3, 3.6, and 4.4 bps/Hz,
respectively, for LSS, MSS, and SSS scenarios. Table 3
summarizes the dynamic range of mean MIMO-OFDM

2x2 MIMO Capacity for 2D DCT filtered Channel Vs. Time
[ ——Lss N T T T T
MSS : 4 :

20dB)

Mean Capacity (bits/siHz) (SNR:

' L L L L 1
250 300 350 400 450 500
Time (seconds)

.l 1 1
100 150 200

Fig. 11 2 x 2 measured MIMO-V2I channel capacity variation as a
function of the measurement time
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Table 3 Comparison of the CDF of MIMO capacity for all the
three subcarrier spacing scenarios, C (in bps/Hz)

Standards Cso Croo Cso 9% Coo % Cos 9% Cor(90 %)
LSS 9.2 9.7 114 122 124 32
MSS 9.2 9.7 114 12.5 12.8 3.6
SSS 9.2 9.7 114 13.0 135 43

capacity for the three different subcarrier spacing sce-
narios considered. The CDF plots show there is a 10 %
probability of the mean 2 x 2 MIMO channel capacity
being below 9.7 bps/Hz and a 50 % probability of the mean
capacity being below (or above) 11.4 bps/Hz for all the
three scenarios considered. Furthermore, there is a 90 %
probability of the mean capacity being below 12.2 bps/Hz
for LSS cases, 12.5 bps/Hz for MSS cases, and 13.1 bps/Hz
for SSS cases. In conclusion, lower capacity values in the
range of 8 to 11 bps/Hz are achieved equally by all the sub-
carrier standards studied. However, higher capacity values
on the order of 13 to 14 bps/Hz are achieved by the shorter
subcarrier spacing standard (SSS) with higher probabil-
ity. Currently, we do not have any theoretical reason for
the variation of mean MIMO capacity values for differ-
ent OFDM subcarrier spacings, and we encourage further
investigation by researchers.

1.4.4 MIMO capacity as a function of time and frequency

Figures 13, 14, 15, 16, 17 and 18 show the MIMO chan-
nel capacity as a function of time and frequency for LSS,
MSS, and SSS cases, each with LOS and NLOS scenar-
ios. For the LSS case, it can be seen that channel capacity
C varies from 7.8 to 15.0 bps/Hz for the LOS scenario in
Fig. 13. Larger variations within 50 ms can be observed
(from 6.0 to 15.2 bps/Hz) when the vehicle is moving at
higher speed and is under NLOS conditions, as shown in

CDF of 2x2 MIMO Capacity for 2D DCT filtered Channel(SNR=20dB)
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Fig. 12 CDF of MIMO-OFDM channel capacity for three different
subcarrier spacings: LSS, MSS, and SSS channel at signal SNR =20 dB
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Fig. 17 Example of a measured LOS 2 x 2 MIMO-OFDM V2| channel capacity at D = 40 m for the SSS scenario
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Fig. 14. For the MSS case, the capacity varies from 9.5 to
13.5 bps/Hz for LOS in Fig. 15 and from 6.0 to 15 bps/Hz
for NLOS scenario in Fig. 16. And for the SSS case, the
capacity varies from 10.5 to 14.0 bps/Hz and from 5.5 to
15.0 bps/Hz for LOS and NLOS scenarios, respectively.
Generally, greater channel capacity dynamic range could
be observed for NLOS conditions that involve larger TX-
RX separation distances compared to the near-range LOS
scenarios.

Figures 19, 20, and 21 present the measured maximum
MIMO channel capacity for the LSS, MSS, and SSS sce-
narios, respectively. Interestingly, the maximum capacity
Cmax for each scenario was achieved when there was a
LOS path between RX and TX. Generally, it can be seen
that for some subcarriers, the capacity is high, up to
Cmax = 15.0 bps/Hz (resulting in better performance in
terms of data rate link), while for other subcarriers, it is
low, at Cpin = 4.0 bps/Hz (resulting in lower data rate
link). These results show that the MIMO capacity signifi-
cantly varies with different subcarrier indexes and OFDM
symbols. In this measurement, the number of scatterers
increases when the TX-RX separation distance increases,
leading to the de-correlation of the MIMO subchannels
and therefore an increase in capacity. When the TX-RX
separation distance is small and a strong LOS component
exists, the MIMO channel capacity is still large due to
the larger angular spacing between the different MIMO
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subchannels which occur at small TX-RX separation dis-
tances. This large angular spacing between the different
MIMO propagation paths causes orthogonality, which in
turn increases the LOS MIMO channel capacity.

1.4.5 MIMO channel capacity against separation distance
Figure 22 presents the (mean) MIMO-OFDM channel
capacity averaged over 50 ms packet time as a func-
tion of separation distance between TX and RX. For
the LSS case, the maximum MIMO channel capacity is
13.37 bps/Hz, followed by 13.17 bps/Hz at separation dis-
tances of 76.7 and 15 m and at a relative speeds of 31.7
and 8.8 km/h, respectively. For the MSS case, the maxi-
mum mean MIMO capacity is 2213.0 bps/Hz, followed by
13.0 bps/Hz at separation distances of 13.1 and 29.6 m
and at the relative speeds of 29.3 and 15 km/h, respec-
tively. While for the SSS case, the maximum mean MIMO
capacity is 13.57 bps/Hz, followed by 12.8 bps/Hz at sepa-
ration distances of 62 and 18.4 m and at the relative speeds
of 21.6 and 28.3 km/h, respectively. The reason for the
measured maximum mean MIMO-OFDM capacity being
higher than the theoretical maximum 2 x 2 MIMO capac-
ity of 13.32 bps/Hz is considered to be due to the averaging
over the OFDM subcarriers.

From the observation of the environment, we approxi-
mately categorized the scenarios as follows. The TX-RX
separation distances of less than 100 m were categorized
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Fig. 21 Example of a measured LOS 2 x 2 MIMO-OFDM V2| maximum channel capacity, Crmax = 13.57 bps/Hz, D = 59 m for the SSS scenario

MIMO Capacity (bits/s/Hz)

50 60 70




Onubogu et al. EURASIP Journal on Wireless Communications and Networking
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Fig. 22 2 x 2 MIMO capacity for 2D DCT filtered MIMO channel as a
function of TX-RX separation distance

as the LOS path. The TX-RX separation distances of more
than 100 m were categorized as NLOS scenario. These
assumptions match with the geometry of the measure-
ment environment. It is evident that there is an increase
in the local minima of the mean capacity, as the separa-
tion distance between TX and RX links increases for all
the three subcarrier spacings. This is possible due to the
expected lower spatial correlation between the different
MIMO subchannels caused by the presence of NLOS and
a larger number of scatterers (trees, vegetation, metallic
fence, buildings, and sometimes moving vehicles) as TX
and RX separation distance increases. The lower capac-
ity values in LOS may be due to the degenerated channels
typical in the LOS case, while the higher capacity values in
LOS compared to NLOS can be explained by the greater
angular spacing of the MIMO subchannels. Figures 23 and
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Fig. 23 Histogram of 2 x 2 MIMO channel capacity for LOS and NLOS
MSS scenarios

i

Page 17 of 19

24 present the histogram and CDF representations of the
mean capacity results for the LOS (in blue curve) and
the NLOS (in red curve) MSS scenarios, respectively. The
histogram and CDF figures clearly show that the highest
mean capacity are achieved for the LOS and also the vari-
ance of the mean capacity is much higher for the LOS than
for the NLOS scenario. Similar results were obtained for
the other two subcarrier spacings.

In general, Fig. 22 clearly shows a correlation between
the MIMO channel capacity variation and the TX-RX sep-
aration distance, i.e.,, MIMO channel capacity has a larger
variation in near-range LOS conditions and a smaller
capacity variation in far-range NLOS conditions. The pos-
sible cause of the larger capacity variations for near-range
LOS propagation is greater angular spacing between the
MIMO subchannels. There is greater angular spacing
between the MIMO subchannels for LOS links and less
angular spacing between the MIMO subchannels for far-
range NLOS links, as illustrated in Fig. 2. Figure 2 shows
that as the degree of angular spacing between the MIMO
subchannels becomes smaller, the correlation between the
received signals becomes larger, as the differences in the
length of the MIMO subchannel paths decrease. This
greater angular spacing causes the different MIMO prop-
agation paths dj; and djy, as well as dy; and dyy, to
be orthogonal, therefore increasing the expected chan-
nel capacity. The figure explains our rationale to relate
the degree of angular spacing between the MIMO sub-
channels and the correlation between the received signals.
Most LOS conditions in our measurements met the cri-
teria for maximum capacity as stated in Eq. (6), which
indicates that the propagation paths should meet the con-
ditions d11 and d17 and d>; and dyy that occur when both
the TX and RX arrays are parallel. These conditions are
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met in most of the measured LOS scenarios discussed
in this paper. The results presented in this section are
consistent with what is expected, as they show that the
mean MIMO capacity varies according to the degree of
angular spacing between the MIMO subchannels and the
correlation between the received signals.

It is observed that the maximum capacities for all sub-
carrier spacing scenarios were achieved by the LOS case
despite the assumed highly correlated channel. This is a
surprising result, because signal SNR is not a function
of location in our analysis since we considered a fixed
signal SNR =20 dB in order to separate the effects of sig-
nal SNR variations. In this measurement, TX-RX antenna
arrays are separated far apart on each side of the link
(TX = 6A and RX = 31) which is considered to contribute
to the de-correlation of the MIMO subchannels in near-
range LOS scenarios and to result in a full-rank MIMO
channel and lead to the achievement of maximum MIMO
capacity in LOS scenarios. The results are consistent with
the phenomenon known as LOS MIMO in the literature
[14, 24, 25, 42].

Based on the maximum LOS MIMO capacity criteria
presented in the previous sections, we investigated a 2 x 2
MIMO V2I system operating in LOS and NLOS condi-
tions. The TX-RX separation distance D varies between
3 and 250 m as the RX vehicle drives away from TX at a
carrier frequency f = 920 MHz and fixed antenna array
spacing s; = 2 m at TX and s, = 1 m at RX; 6 and Dopt
varies as the RX vehicle drives around the vicinity. At a
TX height of 3.6 m and a RX height of 1.8 m, the calcu-
lated optimal LOS TX-RX separation distance Doy that
will satisfy (9) for r = 0 and 6 = 40° is Dope = 7.8 m.

In our MIMO-OFDM MSS case, the measured Cpax ~
13.0 bps/Hz which is the same as the theoretical max-
imum LOS-MIMO capacity Cpnax = 13.0 bps/Hz that
was achieved at a LOS path corresponding to the theo-
retical Dope = 13.1 m, which satisfies (9) for fixed f =
920 MHz, 51 = 2m, s = 1m,0 = 0,andr = 0.
While for the case of LSS and SSS, a higher value than the
theoretical maximum capacity of Cmax = 13.37 bps/Hz
and Cmax = 13.57 bps/Hz, respectively, was achieved at
LOS distances of D = 76.7 m and D = 62 m, respec-
tively. This shows that our antenna spacing satisfied the
criterion for achieving the maximum MIMO capacity in
LOS situations by proper positioning or spacing of the
antenna elements in such a way to achieve orthogonality
between spatially multiplexed signals of MIMO systems,
resulting in a high-rank channel response matrix. In con-
clusion, all the maximum capacity values were achieved
at near-range LOS and the measured capacity shows very
close agreement with the theoretical values of optimal
LOS MIMO capacity with very small variations which
we attribute to minor inaccuracies in the positioning and
orientation of the antenna elements. This validates the
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LOS maximum capacity criterion for achieving orthogo-
nality between spatially multiplexed signals of MIMO sys-
tems in LOS channels by employing specifically designed
antenna arrays.

2 Conclusions

A novel 2 x 2 MIMO testbed has been designed and
implemented for three different subcarrier spacings. The
MIMO testbed is based on a software-defined radio
platform where flexible signal processing can be imple-
mented. The testbed has been used to carry out measure-
ments at a frequency of 920 MHz. We have investigated
the channel capacity of a MIMO-OFDM V2I channel
under both LOS and NLOS propagation scenarios. We
examined a method to achieve orthogonality between
spatially multiplexed signals in MIMO V2I communica-
tion systems operating in a LOS channel. Our analytical
results show that the maximum capacity can be achieved
under LOS scenario with proper antenna element spac-
ing despite the effects of higher correlation and reduced
rank of the channel response matrix which can be coun-
terbalanced by deliberate separation of antenna elements
that preserves orthogonality; this results in a full-rank
MIMO channel matrix, and thus, high MIMO capacity is
achieved in LOS cases. As anticipated, when the vehicle
is driving closer to the TX roadside infrastructure unit,
the greatest capacity values are observed in LOS condi-
tions. We observed that even with some deviation from
optimal design, the LOS MIMO case outperforms the the-
oretical i.i.d. Rayleigh performance (11.5 bps/Hz) in terms
of Shannon capacity. We investigated the MIMO chan-
nel capacity for different positions of the receiver vehicle.
Interestingly, since the maximum capacity of LOS-MIMO
systems does not depend on the existence of scatterers,
there is no particular limit on the linear increase of the
system capacity. The presented results demonstrate that
the MIMO channel benefits from the movement of the
receiver from NLOS to LOS conditions, as the detrimental
effect of increased correlation between the received signal
is outweighed by the advantageous effect of high angular
spacing of the sub-paths. These results show the strong
dependence of the MIMO capacity on antenna array spac-
ing and the correlation of the channel response matrix.
This measurement demonstrates the significance of using
optimally interspaced MIMO antenna array elements at
each of the radio links to increase the capacity of MIMO
systems over SISO systems.
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