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Abstract

The IEEE 802.11p standard has been optimized for low-delay small-bandwidth wireless communications to provide
vehicular safety services. However, IEEE 802.11p transceivers can considerably improve their robustness by
incorporating MIMO transmission methods. Moreover, multiple antennas can also be used to increase the data transfer
rate of IEEE 802.11p transceivers, a requirement necessary to implement, for instance, non-critical safety applications.
In this article we describe the design and development of a multiple-antenna IEEE 802.11p performance evaluation
system made of two IEEE 802.11p software-based transceivers and two different, flexible low-cost FPGA-based
multi-antenna channel emulators. Our channel emulators are able to recreate seven vehicular communication
environments including highways, urban canyons and suburban areas. Using our performance evaluation system, we
obtained performance curves showing that IEEE 802.11p can dramatically improve its performance by using multiple
transmit and receive antennas. In addition, our channel emulators accelerated the performance evaluation task
between 6 and 209 times compared to that of conventional software-based simulation approaches.
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Introduction
In recent years vehicular communications have received a
great deal of attention due to the increasing demand for
new applications. This kind of communications, whose
operation lies in the area of Intelligent Transportation
Systems (ITS), usually requires the exchange of messages
between vehicles (Vehicle-to-Vehicle or VTV communi-
cations) or between a vehicle and a roadside unit (Road-
to-Vehicle or RTV communications). There are basically
two sorts of vehicular applications: those dedicated to
providing safety services and those that do not. The for-
mer require a fast exchange of messages in order to
obtain a swift reaction from the car or the driver in
dangerous situations. IEEE 802.11p [1] is probably the
best positioned standard for providing safety services
since it has been explicitly optimized for such kind of
communications.
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On the contrary, non-safety services do not have so tight
time restrictions and usually require higher data trans-
fer rates. Non-safety applications include, for instance,
mobile internet access, roadsign recognition or travel
information management. If IEEE 802.11p has to pro-
vide such kind of services in vehicular environments, its
throughput and robustness have to be improved in order
to compete with standards like IEEE 802.16e (Mobile
WiMAX) or long-term evolution (LTE).
One of the best ways to increase the transmission

capacity and the reliability of a wireless system consists
in using multiple antennas at transmission [known as
multiple-input single-output (MISO) systems], reception
[single-input multiple-output (SIMO) systems] or both
at transmission and reception [multiple-input multiple-
output (MIMO) systems] [2,3]. IEEE 802.11p was initially
devised as a single-antenna [single-input single-output
(SISO)] system, so it is of great interest from a com-
munication system designer point of view to evaluate in
realistic scenarios transceivers based on IEEE 802.11p but
including multiple antennas.

© 2012 Fernández-Caramés et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.



Fernández-Caramés et al. EURASIP Journal onWireless Communications and Networking 2012, 2012:215 Page 2 of 22
http://jwcn.eurasipjournals.com/content/2012/1/215

Note that IEEE 802.11p is an amendment to the IEEE
802.11 standard that specifies the extensions for wireless
local area networks in order to provide wireless com-
munications in a vehicular environment. Such amend-
ment is based on IEEE 802.11-2007 as amended by
IEEE 802.11k-2008, IEEE 802.11r-2008, IEEE 802.11y-
2008, IEEE 802.11n-2009, and IEEE 802.11w-2009. Hence,
being IEEE 802.11n one of the amendments, the idea
of applying multiple-antenna techniques in IEEE 802.11p
can be easily carried out in future releases of the standard
through a new amendment.
In order to assess the performance of new wireless com-

munication systems it is desirable to evaluate them in
realistic situations. Tests may be performed directly in a
vehicle, driving through different environments, but that
is a time-consuming task and the experiments can be
affected by unintended side effects. It is more convenient
to use a real-time hardware channel emulator and mea-
sure the performance inside a testing lab. This way, time
and cost is saved and all the parameters involved in the
experiment remain under control.
Channel emulation can be carried out by using hard-

ware, software or implementing a hybrid approach. Hard-
ware channel emulators are commonly used to evaluate
hardware transceivers, while software channel emulation
is widely used by researchers when the transceiver whose
performance is being assessed is also software-based. The
price to be paid when using the software-based approach
is that software simulations may take a long time if the
channel to be emulated consists of several paths with spe-
cific behaviors, as occurs with realistic wireless channel
models.
Nevertheless, the concept of software-hardware

co-simulation suggests a new hybrid approach: the
transceivers can be implemented in software, giving
researchers absolute configuration control and flexi-
bility, whereas the channel emulation can be run on
hardware, thus accelerating channel emulation and the
overall simulation process. Obviously, the time required
for developing a hardware emulator is larger than in
the software-based case, but if the channel emulation is
run an extremely high number of times, the time sav-
ings related to simulation eventually compensate for the
development time.
These reasons motivated us to develop two different

channel emulators that follow this software-hardware co-
simulation approach: we consider wireless communica-
tion testing platforms where the transceivers are entirely
software-based but the channel emulators run in an Field-
Programmable Gate Array (FPGA). In order to reduce the
development time, we havemade use of rapid-prototyping
tools both for software (Matlab/Simulink) and hardware
(Xilinx System Generator), which allowed us to build
and refine the channel emulator really fast in comparison

with other traditional tools (e.g. hardware description
languages).
We have previously assessed transceiver performance in

co-simulationmode in [4]. In the present article we depart
from the implementations described in such article and
we show how we have upgraded the whole system with
the goal of carrying out performance comparisons for
multiple-antenna transceivers. Furthermore, we present a
second MIMO 2 × 2 channel emulator based on novel
channel parameters recently proposed in [5].
The rest of this article is organized as follows. Section

“Background” gives a comprehensive overview of the
latest mobile channel models and FPGA-based MIMO
channel emulators. Section “Performance evaluation sys-
tems” describes the vehicular MIMO channel emulators
and presents the implemented multiple-antenna software
transceiver. Finally, Section “Experimental results” details
the experiments performed, whereas Section “Conclu-
sions” is devoted to the conclusions.

Background
Mobile and vehicular channel models
References [6-24] describe different mobile and vehicu-
lar channel models that try to reflect the continuously
changing conditions of the environment. Most of these
models have been developed for SISO transceivers [6-
8,10,11,13-15,18,19,21,23,24], while a few are specific for
multiple-antenna systems [9,12,16,17,20,22]. These vehic-
ular models can be also classified depending on the way
they were obtained, distinguishing physical (PHY) mod-
els [6-8,15-17,20-24], empirical models [11-14,18,19] and
models that mix empirical measurements and PHY devel-
opments [9,10].
Physical models characterize an environment by ana-

lyzing the propagation of electromagnetic waves between
a transmitter and a receiver. Such models can be
very sophisticated and usually require indicating several
parameters in order to reproduce accurately the propaga-
tion in a specific scenario. Moreover, this kind of models
does not depend on the characteristics of the antenna
array (number of antennas, polarization, etc.) or the sys-
tem bandwidth.
Geometry-based stochastic channel models (GSCM)

are probably the most popular PHY channel models. A
good example is [17], which describes a 3D wideband
channel model for MIMO transceivers that carry out
mobile communications.
In regard to empirical vehicular models, it can be

observed that most of them have been obtained for
the 5GHz band [9-12,14,18,19], although there are also
models for the 2.4GHz band (e.g. [13]). Vehicular com-
munications mostly take place in the 5GHz band: in
1999, the dedicated short range communications (DSRC)
spectrum band, a band of 75MHz at 5.9GHz, was
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allocated in the United States, whereas, an equivalent
band was allocated in Europe in August 2008 by the
European Telecommunications Standards Institute (ETSI)
(such entity reserved 30MHz of spectrum in the 5.9GHz
band for ITS). Nevertheless, our channel emulators cover
both the 5GHz frequency band (see Section “FPGA-based
MIMO channel emulator built by upgrading our previ-
ous SISO vehicular channel emulator”) and 2.4GHz (see
Section “FPGA-based MIMO channel emulator for the
new MIMO 2 × 2 Acosta’s channel model”).
Empirical models are created by analyzing measure-

ments obtained when transmitting over a real environ-
ment and then modeling the channel characteristics.
Sometimes researchers are not satisfied with the accuracy
of their empirical model and they add analytical devel-
opments (such as the ones performed for PHY channel
models), creating mixedmodels. For instance, [9] presents
a wideband MIMO vehicular channel model based on a
GSCM and 5.2GHz measurements performed in high-
ways and rural areas.
From all the above-mentioned vehicular models, we

decided to use the empirical models described in [5,14] for
three reasons:

• They represent real-world situations and, therefore,
contemplate all the factors that influence
transmissions in a real vehicular scenario.

• They are far less complex than most of PHY models
that control the same amount of communication
parameters.

• They have been traditionally used by the industry to
evaluate commercial transceivers. For instance,
standards such as IEEE 802.16e and IEEE 802.11n or
3G/beyond-3G telephony have proposed empirical
models for the evaluation of their transceivers [25-27].

Of course, the use of empirical channel models have
disadvantages: they are difficult to generalize (although
there exist hybrid models that mix empirical and theo-
retical contributions (e.g. [9])) and they are less accurate
than other kinds of models (e.g. PHY models) in certain
situations, since they usually require approximations.
Finally, note that the channels modeled in [14] are based

on SISO measurements, but we use them because they
have been suggested as a reference for evaluating IEEE
802.11p transceivers. Further investigation is still needed
to adapt such channels tomultiple-antenna environments,
but when that occurs, the transceivers and the channel
emulator model presented in this article will continue to
be valid.

MIMO channel emulators
There are two kinds of MIMO emulators: commer-
cial and academic. On the one hand, there are many

commercial MIMO emulators manufactured by compa-
nies such as Azimuth Systems [28], Agilent [29], Rhode
& Schwarz [30], Spirent [31] or Propsim [32]. Most
of their MIMO emulators are general-purposed (for
instance, Spirent’s SR5500, Rhode’s AMU200A, Propsim’s
F8 MIMO OTA or the ACE MX family from Azimuth),
although there are some aimed at evaluating specific
technologies, like Azimuth’s ACE-400WB/Wi-Fi (that
includes the TGn channel models [25] for evaluating IEEE
802.11n transceivers) or Agilent’s N5106A PXB MIMO
Receiver Tester (with built-in LTE and MobileWiMAX
channels).
Although commercial emulators work great in most sit-

uations, they are expensive and suffer from a clear lack
of flexibility when used by researchers to study perfor-
mance in state-of-the-art wireless channels. The lack of
flexibility is mainly in regard to the configuration of non-
standard characteristics of the channel (i.e. the number
of paths and taps, the fading spectral shapes, the fading
Doppler, etc.). Additionally, another important issue arises
in the case of vehicular channels: several well-known
researchers [5] state that the main characteristics of a
VTV channel resides in the non-constant characteristic
of the K-factor, which current channel emulators do not
support.
On the other hand, apart from commercial products,

several authors have described how they built their own
channel emulators. Among the available technologies,
microcontrollers and digital signal processors (DSPs) are
not valid due to processing and real-time constraints,
while application-specific integrated circuits (ASICs) are
discarded since their development time is too high for
a prototype (although they offer better performance).
Thus, the choices could be reduced to complex pro-
grammable logic devices (CPLDs) and FPGAs. CPLDs can
execute tasks at a faster rate, but FPGAs can deal with
more complex designs and they own specific resources
(such as counters or arithmetic operator blocks) that are
more adequate for implementing a channel emulator. Due
to the facts mentioned, FPGAs are probably the most
popular hardware technology for developing channel
emulators.
Examples of academic MIMO FPGA-based channel

emulators are described in [33-40]. Some of them are
generic [33-35,38], while others [36,37,39,40] are specif-
ically oriented towards the implementation of the IEEE
802.11n channels [25]. We would like to point out that
none of the studied channel emulators have been explicitly
developed for recreating VTV or RTV environments.
One of the main problems when implementing MIMO

channel emulators in an FPGA is that they require large
designs and, therefore, the use of resources has to be
optimized. Although most of the studied channel emu-
lators are able to implement the whole system into only
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one FPGA, there are examples of channel emulators
that distribute computing among different FPGAs [40].
Furthermore, to fit the design into one FPGA, researchers
have to save resources using different clever tricks, being
one of the most recurrent the off-line generation of
the channel coefficients [33,36,37,39]. Also, some authors
[37] achieve to save up to 67% of the FPGA resources
by applying the channel coefficients in the frequency
domain.
Moreover, it is quite common to implement a Jakes’ sim-

ulator (which makes use of the sum-of-sinusoids method)
to obtain a good trade-off between performance, used
resources and development time (e.g. [41]). However,
although it has been successfully used in the last 40 years,
its limitations are still not well understood [42] and it has
problems for creating multiple uncorrelated fading wave-
forms for frequency selective fading channels and MIMO
channels [43]. In fact, different modifications of the Jakes
simulator have been proposed to correct such issues and
implement Rice/Rayleigh fading channels (e.g. [44]).
We have detected at least three drawbacks in the

above-mentioned academic developments. First, the use
of low-level description languages such as very high speed
integrated circuit hardware description language (VHDL)
results in slow development stages. Although in most
cases VHDL is able to obtain resource-efficient FPGA
designs, programming can become a cumbersome task
that may consume a large amount of time and economic
resources. There are new sophisticated tools such as Xil-
inx System Generator that permit the use of high-level
blocks, enabling to build complex designs easier and
faster. However, it must be noted that although rapid-
prototyping tools increase development speed, they usu-
ally generate non-optimized large designs that may not
fit into the FPGA. Hence, for large designs, optimizations
must be performed.
The second problem we have found is related to the

portability of the channel emulator. An ideal channel
emulator should be able to work in a stand-alone mode,
without needing external devices to generate and trans-
fer channel coefficients to the FPGA. In the reviewed
literature PCs are commonly used to generate coeffi-
cients [33,36,37], although some authors have been able to
build more compact systems by using other devices (for
instance, in [39] coefficient generation is performed by an
ARM9 processor). Moreover, there is a bottleneck in the
number of coefficients that can be transferred from the
external device to the FPGA (either due to restrictions on
the external device or on the communication buses), what
leads to important limitations. For example, in [39] the
externally generated coefficients are stored into a Zero Bus
Turnaround RAM (ZBT-RAM) and then sent to the emu-
lator, which is only able to apply such coefficients through
a two-minute time interval.

The third drawback of the studied channel emulators
is related to scalability. As it can be derived from the
results shown in [37], when we work with a time-domain
based channel emulator, the gate count (i.e. the num-
ber of 2-NAND logic gates that would be required to
implement the same number and type of logic functions)
roughly doubles every time we add a transmit and a
receive antenna to the system. Therefore, a scalable solu-
tion would have to be able to deal with more inputs
and outputs without requiring such important hardware
complexity increases.
In this article we propose two different approaches

aimed at solving the mentioned drawbacks. Both of
them make use of Xilinx System Generator to develop
highly-configurable channel emulators faster than using
an HDL. The System Generator designs are optimized
to fit twelve to twenty-four complex path channel emu-
lators into one FPGA. Moreover, although both channel
emulators were designed bearing in mind that they had
to be able to work in a stand-alone mode, the emula-
tor described in Section “FPGA-based MIMO channel
emulator built by upgrading our previous SISO vehicular
channel emulator” was specifically built to cause the low-
est possible impact on resource-consumption in case of
requiring additional transmit/receive antennas, therefore
facilitating scalability.

Performance evaluation systems
In the next subsections we describe how to develop
two similar evaluation systems whose main components
are depicted in Figures 1 and 2, where transmitters and
receivers exchange data with the vehicular channel emu-
lators through the PCI bus.
Both channel emulators have been implemented on

a Virtex IV FPGA (XC4VSX35-10FF668). The FPGA is
placed inside a Nallatech’s BenADDA-IV development kit
which has the following main features: it allows the use
of Xtreme-DSP slices of up to 400MHz, it has two 14-bit
ADCs and two 14-bit DACs (able to work up to 105 and
160MSamples/s, respectively), 4MB of ZBT-RAM and its
internal clock reaches up to 105MHz (the kit can also use
an external clock). Furthermore, a very interesting feature
of the kit is that it can be connected to a PC (via the PCI
bus) or it can be used in stand-alone mode.
We made use of a rapid-prototyping tool (Xilinx System

Generator) for developing the vehicular channel emula-
tors. In order to evaluate multi-antenna systems we have
taken advantage of one of the System Generator features:
its ability to exchange data between a design running in
the FPGA and a software implementation that is executed
on a PC. In fact, during the measurements described
in Section “Performance measurements” we used MAT-
LAB/Simulink software transceivers while the vehicular
channel emulator was running on an external FPGA.
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Figure 1 Time-multiplexed evaluation system for multiple-antenna IEEE 802.11p transceivers.

IEEE 802.11p transceivers
The IEEE 802.11p standard is an amendment to IEEE
802.11-2007 [45] and is technically compatible with the
specifications given by ASTM E2213-03 [46], which
addresses the challenges that arise when providing wire-
less access in vehicular environments. Its medium access
control (MAC) and PHY layers are very similar to those
used in the wireless local area network IEEE 802.11a stan-
dard [47], but they have a lower overhead to allow faster
exchanges of safety messages. A deep description of IEEE
802.11p is beyond the scope of this article, but we encour-
age the interested reader to take a look at the excellent
overviews given in [48,49].
To achieve full control on its PHY-layer, our IEEE

802.11p transceiver has been exclusively developed in
software. In order to decrease the required development
time we decided to use Matlab and Simulink for its imple-
mentation. Its design is pretty similar to the one detailed
in [4], though several modifications were performed to
make use of space-time diversity techniques.

Multiple-antenna transmitter
At the transmitter, the use of several antennas lead us
to modify our SISO channel estimator to use orthog-
onal pilots that constitute matrices called Orthogonal
Space-Time Pilot Matrices (OSTPM). Specifically, we use
Hadamard matrices created using Sylvester’s method,
which generates a sequence of matrices that are known
as Walsh matrices. Such matrices are orthogonal in space
and time and, in the case of transmitting with two anten-
nas, are generated according to (1),

P =
(
pk pk
pk −pk

)
(1)

where pk is the BPSK-modulated pilot symbol transmitted
at the k-th subcarrier. Since IEEE 802.11p uses four pilots
for each OFDM symbol, the pilot matrix is generated by
replicating (1) to obtain a 2×4 matrix. Using this scheme,
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Figure 2 Time-multiplexedMIMO 2 × 2 emulator model without buffering.

channel estimation only requires simple linear process-
ing, but it has several limitations. First, it assumes that the
channel remains constant over two consecutive pilots, so
for a sufficiently high Doppler spread performance will be
degraded. The second drawback is related to the genera-
tion of the pilot matrix: it is only possible to use this pilot
scheme when the number of transmit antennas is a power
of two. Moreover, in order to make use of the channel esti-
mation method, an even number of OFDM symbols has
to be transmitted.
In spite of the above-mentioned issues, we decided to

use this method due to its simplicity and because the
maximum Doppler shift of the implemented channels is
1742Hz. This means we can assume that the channel
does not significantly vary within a time period of 574μs,
which is higher than the time required to transmit two
consecutive OFDM symbols (16μs).
Apart from the modifications required by the chan-

nel estimation MIMO systems need an additional coding
stage to exploit space-time diversity. In the case of our
2 × 2 system we use Alamouti coding [50], whereas the
4 × 4 transceiver implements a quasi-orthogonal code
proposed by Jafarkhani [51].

Multiple-antenna receiver
At the receiver side the main changes with respect to
the SISO system are related to the support of diver-
sity schemes. In the SIMO case we make use of the
maximum-ratio combining (MRC) technique, whilst the
MIMO transceiver includes an Alamouti decoder (for the

2 × 2 system) and a maximum-likelihood (ML) detector.
We will not give any more details about the receivers since
they use standard algorithms and techniques which are
extensively covered by the existing literature (e.g. [52]).

FPGA-based MIMO channel emulator built by upgrading
our previous SISO vehicular channel emulator
The first channel models we implemented on the FPGA-
based vehicular emulator are described in [14]. There,
the authors present channel models for six different
5.9GHz high-speed environments that cover some of
the most common situations where VTV and RTV
communications may take place. Such channel mod-
els can be grouped into three major scenarios: urban
canyons (VTV-Urban Canyon Oncoming, RTV-Urban
Canyon), expressways (VTV-Expressway Oncoming, RTV-
Expressway, VTV-Expressway Same Direction With Wall)
and suburban surface streets (RTV-Suburban Street).
Urban canyons and suburban surface streets assume a
speed of 120Km/h, whereas the expressway measure-
ments were made consistent with speeds of 140Km/h.
Table 1 shows the main characteristics of the models. For
an extensive description of the channel characteristics we
recommend consulting [53]. For a more extensive descrip-
tion of the SISO version of the vehicular emulator design
and its characteristics, see references [4,14].
Our first attempt to expand the SISO emulator to accept

more input and output antennas consisted in creating a
SIMO 1 × 2 system by replicating the SISO hardware.
The design obtained was too large to fit into the FPGA,
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Table 1 Main characteristics of the SISO vehicular models

Vehicular channel Distance Speed Path modulation Maximum Rician Overall Maximum Maximum LOS
TX−RX (km/h) (number of paths) delay K (dB) K factor freq. shift fading Doppler Doppler
(m) spread (ns) (dB) (Hz) (Hz) (Hz)

VTV-expressway oncoming 300-400 140 Rician (1)/Rayleigh (10) 302 −1.6 −3.6 1466 858 1452

RTV-urban canyon 100 120 Rician (1)/Rayleigh (11) 501 7.5 6.7 720 994 654

RTV-expressway 300–400 140 Rician (1)/Rayleigh (11) 401 −5.3 4.3 769 813 770

VTV-urban canyon oncoming 100 120 Rician (1)/Rayleigh (11) 401 4.0 3.0 1145 936 1263

RTV-suburban street 100 120 Rician (1)/Rayleigh (11) 700 3.3 2.1 648 851 635

VTV-express. same dir. with wall 300–400 140 Rician (2)/Rayleigh (10) 701 23.8, 5.7 3.3 −561 1572 −60, 40
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Table 2 Resource utilization of different versions of the vehicular channel emulator

Version Slices (%) Slice flip–flops (%) LUTs (%) FIFO16/RAMB16 (%) DSP48 (%)

SISO 85 40 57 24 65

SIMO 1 × 2 (V1) 113 74 110 40 100

SIMO 1 × 2 (V2) 107 71 104 36 100

SIMO 1 × 2 (V3) 99 69 89 37 78

MIMO 4 × 4 82 43 60 27 66

so we started to optimize it. For the sake of conciseness,
we only cite below the three most important optimiza-
tions we carried out, whose savings are summarized in
Table 2, where the more complex of the six designs (in
terms of FPGA resources consumed) is used as a reference
(VTV-Expressway Same Direction with Wall).

• The first optimization reduced the amount of
resources dedicated to perform the Doppler filtering
stage (i.e. the stage aimed at applying each path’s
Doppler spectrum) by using a four-output Doppler
filter (see Figure 3). This is possible since every path
uses the same Doppler filters. The resources

Figure 3 New Doppler filtering stage.
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occupied by this optimized version of the emulator
are shown in Table 2 in the row for SIMO 1 × 2 (V1).

• Our second optimization consisted in removing one
of the two existing generators and creating a
50-output Gaussian generator (in Figure 4). Note that
in a SIMO 1 × 2 we only need 48 outputs, but 50 is
the closest integer divider of 20MHz. The row SIMO
1 × 2 (V2) of Table 2 shows that the design was still
too large to fit into the FPGA.

• The third optimization consisted in allowing every
path to share Doppler filters, interpolators and FIR
filters, being the generated Gaussian noise unique for
each path. The row SIMO 1 × 2 (V3) of Table 2
shows that the used resources decreased substantially
with respect to version V2 and that the design fitted
into the FPGA, but it was clear that it would be very
difficult to fit a MIMO 4 × 4 system (which has 8
times more paths than a SIMO 1 × 2 system)
following the same optimization approach.

MIMO time-multiplexed approach
In order to solve the space issue there are several alter-
natives. The most obvious solution consists in purchasing
a development kit with a larger FPGA, but that would
increase the final cost of the emulator. Another solution
could be the off-line generation of the channel coeffi-
cients, but then we would require a PC or an embedded
device every time the vehicular channel emulator was
used (i.e. the emulator would not be able to work in
stand-alone mode). We could even refine the HDL code

generated by System Generator, but that could take an
important amount of time.
After considering all the alternatives, we finally decided

to propose a scheme based on input and output buffers.
Such buffers act similarly to two synchronized parallel-to-
serial and serial-to-parallel converters. Each set of signals
transmitted from an array of IEEE 802.11p transceivers are
stored in a buffer and released at specific time instants,
achieving a similar effect as if the parallel transceivers
were executed in series. In Table 2, rowMIMO 4×4, it can
be seen the important resource savings attained by using
the time-multiplexing approach, which even consumes 3%
less slices than our old SISO version thanks to some of the
previously described optimizations.
We would like to emphasize that although the resources

consumed by the time-multiplexed approach have been
indicated in Table 2 using the term MIMO 4 × 4, such
resources would be the same for any system of up to
four antennas at transmission and four antennas at recep-
tion. In fact, Section “Experimental results” presents the
results of experiments carried out using the same time-
multiplexed design but for transceivers with less than four
antennas in transmission/reception (SIMO 1 × 2, SIMO
1 × 3, SIMO 1 × 4 and MIMO 2 × 2). Obviously, such
systems do not use the whole memory offered by the
input/output buffers, which is optimized for a MIMO
4 × 4, but the channel emulator design is the same for all
of them.
It is also important to note that the input buffer has

to add zeroes between each pair of signals that were

Figure 4 New Gaussian noise generator block.
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Table 3 Main parameters of the new Acosta’s MIMO 2 × 2 empirical model

Coefficient Number of Maximum Maximum Maximum Maximum
taps/paths relative path loss delay frequency shift fading Doppler

(dB) (ns) (Hz) (Hz)

h1,1 8/24 8.8 196 −96 345

h1,2 3/9 −6.3 56 −80 197

h2,1 3/9 −11.2 56 38 261

h2,2 6/18 −4.7 140 95 336

transmitted by different antennas so as to reduce time
correlation. In [4] we set the coefficient generation rate
to frequencies that range between 2 and 4KHz, so the
shortest time the channel would remain almost constant
would be 500μs. Therefore, if the FPGA clock is set to
20MHz, the number of cycles that the channel coherence
would remain constant would be 500μs/50 ns = 10,000.
If we want to stay safe, we can wait for 100,000 cycles
(5ms) to guarantee minimal correlation. Hence, we sepa-
rate each pair of signals by 5ms. We tested this assump-
tion by measuring the channel coefficient autocorrela-
tion when transmitting 10,000 consecutive 64-subcarrier
OFDM symbols and found no relevant correlations (the
non-diagonal coefficients of the correlation matrix ranged
approximately between 10−2 and 10−3).

FPGA-based MIMO channel emulator for the newMIMO 2
× 2 Acosta’s channel model
In 2010 some of the authors of the vehicular channels
described in [14] used a similar methodology to present a
novel vehicular MIMO channel model in [5]. There, it is
described an empirical model for an urban environment
around the Georgia Tech campus where a transmit vehi-
cle travelled roughly 100m ahead of the receive vehicle
at a nominal speed of 56Km/h (the actual speed ranged
between 40 and 56Km/h). The vehicles incorporated a
MIMO 2 × 2 system that used 2.4GHz co-located dual-
polarized antennas. The authors modeled the channel and
extracted characteristics for the four channel coefficients,
whose main parameters are summarized in Table 3.

System design
The design of this MIMO 2 × 2 emulator is very simi-
lar to each of the models of Section “FPGA-based MIMO

channel emulator built by upgrading our previous SISO
vehicular channel emulator”, but there are several issues
that had to be modified to adapt the model to the param-
eters specified in [5].
First, it must be noted that the model is made up of

four channel coefficients that describe channels with up
to 24 complex paths (there are only up to 12 complex
paths in each model described in Section “FPGA-based
MIMO channel emulator built by upgrading our previ-
ous SISO vehicular channel emulator”), what increases
importantly the size of the FPGA design. In Table 4 it
is exposed the amount of FPGA resources consumed by
each channel coefficient design, that in some cases reaches
the 99% of the total slices and more than 90% of some
of the resources (hence, a MIMO emulator design does
not fit into one FPGA). Furthermore, in this case the
buffer-based time-multiplexed scheme described in the
previous Section cannot be applied, since each channel
coefficient cannot share its Doppler filtering stage (the
Doppler effect parameters differ greatly from one coeffi-
cient to another). To solve this issue we designed a new
time-multiplexed approximation (represented in Figure 2)
where each transceiver antenna has to be synchronized
in time with the emulator to send its signal when the
emulator requires it.
In Table 4 it can be also observed that, in comparison to

the models of [14] and due to the lower vehicular speeds,
there exist lower Doppler frequencies, what leads to lower
coefficient generation rates and higher interpolation fac-
tors. Note that the coefficients must adapt their rate to
the rate of the incoming signal (i.e., the signal from the
IEEE 802.11p transmitter that arrives at 10MHz). These
coefficients are generated at a rate that depends on the
maximum Doppler shift and that is much lower than the

Table 4 General parameters and resources occupied by theMIMO vehicular channel emulator

Channel Coefficient generation Interpolation Occupied Occupied slice Occupied Occupied FIFO16 / Occupied
coefficient rate [effective rate] (Hz) rate slices (%) flip–flops (%) LUTs (%) RAMB16s (%) DSP48s (%)

h1,1 738 [800] ×12,500 99 63 93 31 100

h1,2 458 [500] ×4,000 56 28 42 16 39

h2,1 446 [400] ×20,000 52 27 39 15 39

h2,2 590 [640] ×15,625 99 51 92 25 77
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FPGAs frequency. Indeed, in a specific vehicular channel,
the implicit sample rate is twice the maximum Doppler
shift of all paths. In the implemented vehicular channel
models, this rate fluctuates between 446 and 738Hz (see
Table 4). To avoid designing a complex resampling stage,
instead of using the original coefficient generation rate, we
use an effective sample rate that is equal to the nearest
integer divider of 10MHz.
Besides, there is an important difference with respect

to the upgraded SISO models: each of the 24 complex
paths follows a Rayleigh distribution, there are no Rician
components. It must be emphasized that although the
authors of the models did not find significant K-factors
when obtaining the power ratio between the fixed and
the fluctuating components, they clearly state in [5] that
they believe that one of the main characteristics of a VTV
channel resides in the non-constant characteristic of the
K-factor.

Coefficient generation process
Each complex coefficient is generated following a process
that is very similar to the one detailed in [4]:

• First, Gaussian noise is generated by a system like the
one depicted in Figure 4. Each complex coefficient
will be then conformed by a pair of Gaussian values
with zero mean and unit variance.

• Next, the coefficients of each path are filtered to
apply the Doppler characteristics indicated by the
model. The Doppler filtering stage is like the one
shown in Figure 3, but only for two input/output
signals instead of four.

• After filtering, the coefficients are interpolated to
adapt their rate to the signal that comes from the IEEE
802.11p transceivers at 10MHz. To see an extensive
description of the components and the functioning of
the interpolation stage consult Section 3.5.4 in [4].

• Finally, a complex FIR filter is used to apply the
coefficients to the incoming signal (the System
Generator design is similar to the one shown in
Figure 5 of [4], but for up to 24
complex paths).

Experimental results

Co-simulation versus software simulation lags
In order to quantify the speed improvements achieved
by the proposed FPGA-based simulation models, we have
compared its lags with the ones obtained when simulat-
ing using the Matlab/Simulink version of the vehicular
channel emulators. The results are exposed in Table 5.
Note that the lag is the time interval that goes by since
a sample arrives at the input of the emulator until it is
processed and placed at the output. Such lag is constant
for every vehicular channel implemented. The study of
the lags shows that the use of the co-simulation mode
(a mode where the transceiver runs in Matlab/Simulink,
whereas the emulator runs on the FPGA) dramatically
increases the processing speed: each sample can be pro-
cessed between 6 and 209 times faster than using the
Simulink-based approach.
It is important to emphasize that such speed improve-

ment factors are achieved even despite the fact that the
co-simulation lag includes the time needed to transfer the
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Figure 5 Channel estimation error for frequency-flat block fading Rayleigh channel for different Doppler frequencies.
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Table 5 Co-Simulation and Simulink lags for different channels andmultiple-antena systems

Number Channel Software Co-simulation Speed
of paths lag (s) lag (s) improvement factor

1 (SISO) Expressway oncoming 44.5096

0.4256

×104.58

Urban canyon 70.5096 ×165.67

Expressway 70.5096 ×165.67

Urban canyon oncoming 44.5096 ×104.58

Suburban street 88.5096 ×208.96

Expressway same direction with wall 44.5096 ×104.58

2 (1 × 2, 2 × 1) Expressway oncoming 44.9184

0.8424

×53.32

Urban canyon 70.9184 ×84.19

Expressway 70.9184 ×84.19

Urban canyon oncoming 44.9184 ×53.32

Suburban street 88.9184 ×105.55

Expressway same direction with wall 44.9184 ×53.32

3 (1 × 3, 3 × 1) Expressway oncoming 45.3272

1.2600

×35.97

Urban canyon 71.3272 ×56.61

Expressway 71.3272 ×56.61

Urban canyon oncoming 45.3272 ×35.97

Suburban street 89.3272 ×70.89

Expressway same direction with wall 45.3272 ×35.97

4 (1 × 4, 4 × 1, 2 × 2) Expressway oncoming 45.7360

1.6776

×27.26

Urban canyon 71.7360 ×42.76

Expressway 71.7360 ×42.76

Urban canyon oncoming 45.7360 ×27.26

Suburban street 89.7360 ×53.49

Expressway same direction with wall 45.7360 ×27.26

4 (MIMO 2 × 2) h1,1 787.62 4.70 ×167.58

h1,2 314.31 3.91 ×80.39

h2,1 393.30 3.91 ×100.59

h2,2 622.81 4.39 ×141.87

16 (4 × 4) Expressway oncoming 50.6416

7.49

×6.76

Urban canyon 76.6416 ×10.23

Expressway 76.6416 ×10.23

Urban canyon oncoming 50.6416 ×6.76

Suburban street 94.6416 ×12.64

Expressway same direction with wall 50.6416 ×6.76

signals through the PCI to/from the FPGA. Moreover,
in the case of the channel models described in Section
“FPGA-based MIMO channel emulator built by upgrad-
ing our previous SISO vehicular channel emulator”, the lag
also includes 5ms delays between each pair of transmitted
signals.
Finally, we would like to point out that in the MIMO

2 × 2 channel emulator co-simulation lags vary for each
channel coefficient depending on the complexity of its

model. Thus, h1,1, which is made up of 24 complex
paths, has the highest lag, while h1,2 and h2,1 show the
lowest lags because they are made of just 9 complex
paths.

Performance measurements
Characteristics of themeasurements
To evaluate the performance of the software transceivers
we have passed their signals through the FPGA-based
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vehicular channel emulators taking advantage of the
co-simulation mode. In order to achieve a fair com-
parison we have set the same transmission parameters
for every transceiver and we have assumed that all of
them send signals with the same transmission power.
A rate 1/2 forward error correction (FEC) code was
used and the OFDM subcarriers were filled with QPSK-
modulated symbols. The receiver assumed perfect time
synchronization and the channel was estimated using the
OSTPM-based method described in Section “Multi-
ple-antenna transmitter”. In the SISO systems an min-
imum mean-square error (MMSE) linear equalizer fol-
lowed by an ML detector was used, while SIMO
transceivers implemented the MRC technique. In the case
of MIMO receivers, symbols were decoded if needed (an
Alamouti decoder is used for 2 × 2 systems) and ML
detectors were applied.
A maximum of 10,000 48-bit FEC blocks were averaged

for different signal-to-noise ratio (SNR) values (the sim-
ulation stopped for each SNR value when 100 erroneous
FEC blocks were detected).

Performance in frequency-flat Rayleigh channel
In order to obtain a reference of the performance of the
transceivers implemented, we evaluated them over a non-
vehicular environment. Figures 6 and 7 show, respectively,
the BER (Bit Error Rate) and FER (FEC block Error Rate)
of the transceivers when transmitting over a spatially-
uncorrelated frequency-flat block fading Rayleigh chan-
nel whose coefficients were constant during one FEC
block.

It can be observed for both BER and FER that increas-
ing the number of transmit and receive antennas greatly
improves the performance of the SISO transceiver. If we
take as a reference the SNR needed to obtain a FER of 10%,
there exists a difference of 9 dB between the SISO system
and the SIMO 1× 4 or the MIMO 4× 4. This implies that
a SISO transceiver would require eight times more power
than a SIMO 1 × 4 or a MIMO 4 × 4 to obtain the same
FER.
Finally, it is also interesting to note that there is a dif-

ference of about 3 dB between the SIMO 1 × 4 and the
MIMO 2 × 2 when comparing their BER curves. This
effect happens because the MIMO 2 × 2 uses Alamouti
coding: in general, when comparing an Alamouti coding
system with nR antennas at reception with a SIMO sys-
tem with 2nR receive antennas, the former only provides
an array gain of nR, which translates into an SNR loss of
3 dB.

Channel estimation error in Rayleigh channel
In spite of the good performance of the MIMO systems in
a Rayleigh channel, their channel estimation accuracy is
inferior to the one obtained by SIMO systems. This is due
to the fact that in a SIMO system it is possible to obtain up
to four channel estimations per OFDM symbol, whereas
in a MIMO system, because of the orthogonality-based
channel estimation method used, only two (in a MIMO
2 × 2) or one (in a MIMO 4 × 4) channel estimations can
be performed per OFDM symbol.
In Figure 5, it can be clearly observed that MIMO 4 × 4

systems obtain worse channel estimations than MIMO
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Figure 6 Performance for frequency-flat block fading Rayleigh channel.
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Figure 7 Performance for frequency-flat block fading Rayleigh channel.

2 × 2 and SIMO 1 × 4 systems. Such estimation is also
worsened by the Doppler effect: the higher the Doppler
frequency, the lower the accuracy of the channel estima-
tion (see Figure 8). However, note that in this specific
channel the difference in the estimation error between
the lowest (1Hz) and highest (4,000Hz) Doppler is
neglible.

Performance in the vehicular channels built by upgrading
Acosta’s SISOmodels
Figures 9, 10, 11, 12, 13 and 14 show different BER
and FER curves obtained for the six vehicular channels.
It can be observed that in all scenarios SIMO/MIMO
transceivers outperform (both in terms of BER and FER)
SISO systems.
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Figure 9 BER performance for VTV-Expressway Oncoming.

In the emulated conditions, SIMO systems seem to
offer the best tradeoff between hardware complexity and
performance. In almost every environment the SIMO
1 × 4 system obtains the best performance, while SIMO
1 × 3 or MIMO 4 × 4 are the transceivers that get the
second best results.
SIMO 1 × 2 and MIMO 2 × 2 attain similar BER/FER

performance, while the results obtained by the MIMO
4 × 4 differ depending on the vehicular channel. We have

observed that the most influential factor is the existence
of low Rician K factors, which have a direct relationship
with performance: in general, it can be stated that the
higher the Rician K, the better the performance (Rician
K factors are shown in Table 1). In fact, if we rank the
channels by decreasing Rician K (using the overall K fac-
tor for VTV-Expressway Same Direction With Wall, since
it has two Rician paths), we obtain the same ranking as
when we rank them from best to worst SISO performance.
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Figure 11 BER performance for RTV-Expressway.

Moreover, if we do the same but for the MIMO 4 × 4 per-
formance, we obtain almost the same ranking but with
a slight difference: RTV-Expressway ranks fifth instead of
sixth, and VTV-Expressway Oncoming ranks sixth instead
of fifth. This change in the ranking seems to be influ-
enced by a second factor: the presence of high Doppler
frequencies in RTV-Expressway Oncoming.

As it was mentioned in Sections “Multiple-antenna
transmitter” and “Channel estimation error in Rayleigh
channel”, due to the channel estimation technique imple-
mented, a high Doppler frequency might lead to a bad
channel estimation and therefore to worse performance
results, especially in multi-antenna systems. Note that in
the case of MIMO 4 × 4 the current channel estimation
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Figure 13 FER performance for RTV-Suburban Street.

technique can only make use of one pilot for the entire
OFDM symbol, hence slight channel variations through-
out an OFDM symbol may lead to a bad estimation. In
order to determine if the channel estimation technique
worsens MIMO 4 × 4 performance, we compared the
channel estimation errors obtained by such system in the

different vehicular scenarios. We found no noticeable cor-
relation between performance (shown in Figures 15 and
16) and channel estimation error (depicted in Figure 17).
If a FER of 10% is set as a reference, it is possible

to obtain Table 6, which gives a good idea of the per-
formance of each transceiver and confirms our previous
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Figure 15 BER performance comparison among the different MIMO 4 × 4 vehicular channels.

statements. Themaximum differences in SNR occur when
comparing the SISO and the SIMO 1× 4 systems, ranging
between 5.73 dB (forRTV-Urban Canyon) and 8.96 dB (for
RTV-Expressway). These differences in SNR involve that a
SIMO 1 × 4 system would require between 4 and 8 times
less power than a SISO system to obtain the same FER.

Finally, we would like to point out that multiple-antenna
transceivers obtain their largest SNR gains over SISO sys-
tems when transmitting over channels that assume high
vehicular speeds (i.e. the scenarios located in express-
ways), achieving in the case of the SIMO 1 × 4 a gain
between 7.36 and 8.96 dB. This is a quite interesting
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Figure 17 Channel estimation error in MIMO 4 × 4 vehicular scenarios.

result since it means that mobile communications per-
formed in high speed scenarios can be greatly improved by
placing antenna arrays along the roadside and/or in vehi-
cles and applying relatively simple space-time diversity
techniques.

Performance in the newMIMO 2 × 2 Acosta’s channel model
Figures 18 and 19 show comparisons of BER and FER
between the MIMO 2 × 2 vehicular channel (labeled as
VTV-Urban MIMO 2 × 2) and the rest of the vehicu-
lar channels analyzed in the previous section. It can be
observed that the MIMO 2 × 2 IEEE 802.11p transceiver
performs worse in the VTV-Urban MIMO 2 × 2 both in
terms of BER and FER. Despite the fact that the Doppler
characteristics in the VTV-Urban MIMO 2 × 2 are not as
tough as in the other vehicular channels, there exists a fac-
tor with deeper influence on the performance: the lack of
a LOS component.

Indeed, while the upgraded SISO models are always
made up of one or two Rician paths and several Rayleigh
paths, in the case of the VTV-Urban MIMO 2 × 2 all
the paths are Rayleigh and therefore such components are
assumed to be NLOS. These results corroborate one of
the conclusions of Section “Performance in the vehicu-
lar channels built by upgrading Acosta’s SISO models”:
the lower the Rician K, the lower the performance. Thus,
since a Rayleigh channel has a near-zero Rician K fac-
tor, it can be expected that such channel performs worse
than others with certain degree of line-of-sight (i.e. Rician
paths).

Conclusions
We have detailed the design and development of a
multiple-antenna IEEE 802.11p performance evaluation
system made up of software transceivers and low-cost
and flexible FPGA-based MIMO channel emulators. The

Table 6 required to obtain a FER of 10% in each vehicular channel

Channel SISO SIMO SIMO SIMO MIMO MIMO
1 × 2 1 × 3 1 × 4 2 × 2 4 × 4

VTV-expressway oncoming 13.17 10.05 7.19 5.81 10.68 11.91

RTV-urban canyon 8.78 6.44 4.14 3.05 6.83 4.26

RTV-expressway 14.71 10.30 7.35 5.75 10.65 8.62

VTV-urban canyon oncoming 9.16 6.60 4.91 3.23 6.95 5.08

RTV-suburban street 11.08 7.65 5.37 4.12 7.84 6.10

VTV-express. same dir. with wall 11.80 6.32 4.94 3.52 6.30 6.79
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Figure 18 BER performance comparison among the different MIMO 2 × 2 vehicular channels.

performance of the PHY layer of SISO, SIMO and MIMO
transceivers has been measured when transmitting over
seven different scenarios that include situations in urban
areas, suburban environments and expressways. With
respect to the emulators, first we described how we
turned our former SISO vehicular channel emulator into a
MIMO 4×4 system by using a time-multiplexed approach
that occupies only 82% of the slices of a Xilinx Virtex IV.

Additionally, we have shown how we reused some of the
stages of the upgraded SISO system to create a MIMO
2×2 channel emulator based on recently obtainedMIMO
2 × 2 empirical data. These emulator designs are able
to accelerate the vehicular simulation speed between 6
and 209 times. Regarding the upgraded SISO vehicular
measurements, it can be concluded that, in the chosen
experimental conditions, SIMO and MIMO transceivers
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outperform SISO systems: they require less transmission
power to attain the same BER/FER, they can reach higher
data rates, they increase the reliability of the system and
they are able to improve drastically the SISO performance
in many of the most common vehicular scenarios. Among
the different transceivers we can state that the one that
performs best is the SIMO 1 × 4, whereas more complex
systems, such as the MIMO 4 × 4 system, underperform
in some scenarios due to low Rician K factors and
the attainable channel estimation accuracy. Precisely, a
near-zero Rician K is present in the new MIMO 2 × 2
channel model, what leads to observe worse performance
results than when transmitting over the other vehicular
models.
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