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Abstract—We apply and extend the packet detection and fre-
quency synchronization technique by Schmidl and Cox to a multi-
antenna receiver for Wireless Access in Vehicular Environments
(WAVE) according to IEEE 802.11p. We investigate the resulting
performance enhancements due to the use of multiple antennas
from recently carried out real-world experiments in vehicular sce-
narios. The evaluation shows that the amount of detected frames
can be increased by up to 27 %, if two receive antennas and an
appropriate combining scheme, for the whole synchronization
process, is used.

I. INTRODUCTION

Vehicle-to-infrastructure (V2I) and vehicle-to-vehicle (V2V)
communication systems (V2X) are currently under intense
research and development. Such systems, in general called
intelligent transport systems (ITS), have the potential to reduce
accident rates and to improve traffic efficiency and driving
comfort. The importance to integrate such ITS into transport
concepts is highlighted by the decision of the European
commission in August 2008 on the use of the 5875-5905 MHz
frequency band for safety-related ITS applications [1].

In the complex roadway environment, the large number
of moving vehicles and the randomly time-varying nature
of the channel pose new challenges. The wireless link of
such a V2X system based on the IEEE 802.11p standard [2],
which is an adaption of the existing Wireless Local Area
network (WLAN) IEEE 802.11a standard [3] for vehicular
communications. At the PHY (Physical layer) level the main
change is the use of 10 MHz channels instead 20 MHz IEEE
802.11a channels, which results in doubling all the OFDM
(Orthogonal frequency-division multiplexing) timing parame-
ters. The reason for this is the increased RMS (root mean
square) delay spread in vehicular environments, in order to
prevent inter-symbol interference (ISI).

One of the most challenging tasks for OFDM systems is
the synchronization in time (acquisition) and frequency at
the receiver side. Since there is no difference between the
PPDU (physical layer protocol data units) frames to send and
receive in IEEE 802.11p and IEEE 802.11a, it is obvious
to use these well known algorithms. Most of these available
algorithms are based on cross-correlation and auto-correlation
techniques that use the PLCP (physical layer convergence

procedure) preamble [4]. Many of the proposed algorithms
in the literature estimate a specific parameter, such as timing
acquisition [5], frequency synchronization [6] or both [7].
Therefore, synchronization can be deployed by a conventional
preamble based algorithm, considering each antenna element
separately. However, if there are multiple antennas available
at the receiver, a sophisticated usage of them can enhance the
performance [8].

The evaluations in this paper are based on real-world mea-
surements from a vehicular measurement campaign within the
national Austrian research project ROADSAFE [9]. We present
an overview of this extensive measurement campaign and the
used equipment with focus on the new V2X MIMO testbed,
which is currently under development. The presented results
involves the whole synchronization process which consists of
coarse and fine time and frequency estimation and the correc-
tion of the data samples with the partial estimates between the
previously mentioned stages. Furthermore, the evaluation of
the measurement campaign data was performed with different
receive diversity schemes for a V2I environment with various
parameter settings and three different V2V scenarios.

The remainder of the paper is organized as follows: the
following section describes the equipment used to manage the
measurement campaign. The measurement environment and
the different scenarios are presented in Section III. Section IV
introduces the timing and frequency synchronization algo-
rithms and there extension to the two antenna case. Section V
shows the results for the two different scenarios with and
without the use of different combining schemes. The last
section concludes the paper.

II. SYSTEM MODEL

In this section an overview of the whole onboard unit (OBU)
measurement equipment deployed during the campaign is
given and shown schematically in Fig. 1. Since the automatic
gain control (AGC) is an essential part of the receiver design a
brief description of the basic functionality is presented in this
section. The whole system consists of three parts namely the
two CVIS (Cooperative-Vehicle Infrastructure Systems [10])
OBU antennas, a power supply unit and the V2X MIMO
testbed. In order to ensure a continuous power supply beside
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(a) RSU location and antenna position on the
gantry.

(b) Antenna position on the Minivan (OBU1). (c) Mounting position of two antennas on the car
(OBU2).

Fig. 2. Measurement environment and different antenna mountings.

Fig. 1. Schematic overview of the receiver OBU configuration.

the car battery and the power inverter an additional battery is
included in the setup. Further an uninterruptible power supply
(UPS) is used, in order to guarantee a safe shutdown of the
devices, avoiding possible data loss.

The V2X MIMO testbed consists of two external signal
generators designated as clock sources for the RF (radio
frequency) frontend and a standard PC equipped with a Digital
Signal Processor1 (DSP), a Field Programmable Gate Array2

(FPGA) module from SUNDANCE [11], and the mimoOn
MORFAN RF frontend [12]. The testbed is currently under
development and in this early stage only the AGC and the
down sampling of the two antenna data streams is executed
on the FPGA. The AGC scheme presented in the following
is based on the scheme mentioned in [13] and is adapted to
the needs of our hardware. The AGC reduces or increases
the amplifier gain based on an average power estimate with
exponential smoothing

σ̂(n) = α · r2(n) + (1− α)σ̂(n− 1) . (1)

In Eq. 1 n is the timing index and r(n) is the received signal
after the analog to digital conversion. This estimation and the
resulting gain factor are defined for each antenna individually.
For the implementation we used the fact that only an energy
reference is needed and therefore r2 can be replaced with |r|

1Texas Instruments TMS320C6416
2XILINX Virtex 5 XC5VSX50T

to save resources. The factor α = 0.125 is chosen for two
reasons: a smaller value makes the algorithm more robust and
a division by eight can be realized with a binary shift where
no additional hardware resources are needed. The AGC stops
if the estimate is inside a predefined corridor or the end of
the six symbols of the short preamble is reached. This will be
described in more detail in the next section. The down sampled
data is stored in a First In - First Out (FIFO) memory. Due to
the limited FIFO size and slow transfer rate between FPGA
and DSP a non continuous data stream is recorded to the hard
disc drive.

III. MEASUREMENT SCENARIOS

In September 2010 we carried out V2X measurements on the
A4, S1 and A22 highways in the vicinity of Vienna, Austria,
as part of the ROADSAFE project. This paper is focused on
the evaluation of V2I measurements performed on the highway
A4 and V2V measurements located in the Kaisermühlentunnel
at the highway A22.

The main objectives of this part of the measurement cam-
paign were the investigation of the V2X MIMO testbed
behavior on the road and to verify the basic functionality of
the AGC described in the last section. Another goal is the
use of the acquired real-world measurement data to verify
and improve the V2X MIMO testbed receiver algorithm for
hardware implementation.

The V2I scenario took place at the highway A4. The road
side unit (RSU) CVIS platform has been placed at the bottom
of the gantry in a weather protected case and is attached with a
17 m long low-loss cable to an omnidirectional antenna at the
top (approx. 8 m above the street) of the gantry and is depicted
in Fig. 2(a). There are three driving lanes in one direction,
where the antenna was mounted between the first and second
lane and two driving lanes in the opposite direction. We used
a medium access control (MAC) service data unit (MSDU)
packet length of 200 Bytes and 1554 Bytes and two different
subcarrier modulation schemes, namely QPSK and 16-QAM,
both with coding rate 1/2, corresponding to a data rate of
6 Mbit/s and 12 Mbit/s, respectively. In direction West the
measurements were performed with the OBU car on the center



lane and on the farthest right driving lane in the opposite
direction. The RSU was also connected to a local area network,
in order to allow a remote control to change the transmitter
parameter setting.

As OBU we used the V2X MIMO testbed connected to
two antennas mounted at the rear of the car (Peugeot 307
station wagon) roof, as shown in Fig. 2(c). The testbed and
the additional equipment needed were placed in the trunk of
the car and the setup is shown in Fig. 3.

Fig. 3. Setup of the measurement equipment in the trunk of the test vehicle.

The second scenario under investigation is a V2V tunnel
scenario. Therefore, a second car (Ford Galaxy Minivan) was
equipped with a single antenna CVIS platform which acts as
transmitter. The antenna was placed in the middle of the back
area of the car roof (see Fig. 2(b)). The second OBU uses the
same configuration as described in the first V2I scenario. In
this case we only used a single data rate, namely 3 Mbit/s, and
a single MSDU packet length of 200 Bytes. Here we defined
three different sub-scenarios, where a schematic overview is
shown in Fig. 4. The first one is line-of-sight (LOS) which
means that there are no big trucks and only one or two cars
between the two OBUs driving on the same lane in almost
the same distance to each other. As non line-of-sight (NLOS)
we define that at least one big truck and several cars are
between the two OBUs driving on the same lane. For both
experiments the transmitter (OBU1) car was driving in front
of the receiver (OBU2) car. The Overtaking scenario was split
into two different parts, were in the first one the transmitter
was overtaking the receiver and in the second case the other
way around.

For both scenarios (V2I and V2V) the center frequency
was set to 5880 MHz which is related to the lowest 10 MHz
frequency band allocated for safety related ITS applications in
Europe. In addition to the driver, one person was sitting on the
passenger seat, who was responsible for documentation, and
one person on the backseat was controlling the transmitter
and/or receiver and a camera in the test vehicle. The two test

Fig. 4. Overview of the three different sub-scenarios for the V2V measure-
ment.

cars were equipped with a digital camera in the back and
the front, in order to document the traffic conditions and the
environment during the measurement runs. All measurements
in the V2I scenario were performed with an approximate
vehicle velocity of 100 km/h and 70 km/h in the V2V scenario.
In both scenarios the transmitter acts in broadcasting mode and
therefore no uplink signaling was present.

IV. PACKET DETECTION WITH DIVERSITY

An IEEE 802.11p packet consists of three different fields:
PLCP preamble, signal and multiple data. Fig. 5 shows such
a typical PPDU frame. The PLCP preamble is designated for
the synchronization process and is composed of a short and
a long training sequence. The first sequence is a repetition
of ten equal short symbols each of a length of 16 samples.
Two, 64 samples long, identical sequences and preceded by
a 32 samples guard interval (GI), or cyclic prefix, build the
long training sequence. Therefore, the standard provides 320
samples for time and frequency synchronization. Since the
AGC introduces some fluctuations into the first six symbols
of the short preamble only the last four symbols (64 samples)
can be used for the coarse estimation.

The complete synchronization process can be split into a
coarse timing and frequency offset estimation based on the
short preamble and a fine estimate for both obtained from the
long training symbols.

A. Coarse Timing

The detection of a packet or coarse timing is done by
the algorithm proposed by Schmidl and Cox [7], which is
currently one standard algorithm for OFDM systems. This
delay-and-correlate algorithm exploits the periodicity of the
training symbols. The correlation P (n) and power R(n) at
time instance n are defined by

P (n) =
L−1∑
m=0

(r∗(n+m) · r(n+m+ L)) and (2)

R(n) =
L−1∑
m=0

|r(n+m+ L)|2 , (3)

where r(n) are the received symbols and L = 16 is one short
preamble interval. The decision statistic of packet detection is



Fig. 5. IEEE 802.11p physical layer protocol data units (PPDU) frame

computed with

M(n) =
|P (n)|2

(R(n))2
. (4)

From the hardware point of view we can use the iterative
description of P (n) and R(n), which are also described
in [7]. The decision metric M(n) can also be modified by
the simplification

MHW (n) =

{
1 if |P (n)|2 ≥ βTh · (R(n))2

0 otherwise,
(5)

in order to avoid a hardware division, which saves resources.
In our case the threshold βTh is set to 0.5. This threshold
can be simply implemented in the hardware, by a shift-right
by two, which requires no additional resources. The output
of the metric is a logical 1 if the threshold is reached and a
logical 0 otherwise. In order to minimize the false detection,
the metric MHW (n) has to be 1 for at least 16 samples and
stable (consecutive 1’s) within five samples to be interpreted
as a possible packet.

B. Frequency Synchronization

Beside the timing also frequency synchronization has a large
impact on the receiver performance. The carrier frequency
offset (CFO) causes linear phase shifts to the received signal

rε(n) = r(n) exp(2πεn/N) , (6)

where ε = fe

∆f is the relative frequency offset normalized to
the subcarrier frequency spacing ∆f = BW

N = 156.25 kHz
with N is the number of subcarriers, in our case 64, and BW
is the 10 MHz bandwidth. This error can be caused by either
the time varying nature of the channel or non-idealities in the
radio frontend.

In [7] it is shown that the coarse CFO can be estimated with
the correlation presented in Eq. (2). The resulting frequency
offset is estimated by

ε̂ =
1

2π
N

L
∠P (n) . (7)

The angle of P (n) is unambiguously defined only in the range
of [−π, π) and limits the estimation range to a maximum of
|ε̂max| = N

2L . In the case of the coarse frequency estimation
this results in a frequency range of ± 312.5 kHz.

From the hardware point of view, the angle estimation can
be realized efficiently by using the well known CORDIC
(COordinate Rotation DIgital Computer) algorithm [14]. After
this coarse estimation all subsequent samples are multiplied by

exp(−2πε̂cn/N), which also can be realized by the use of
the CORDIC algorithm, to remove the frequency offset.

In order to estimate the fine frequency offset also the corre-
lation from Eq. (2) can be used, but the delay factor L is set to
64 which is the duration of one long preamble symbol. With
this variation we get a better estimate, but this also limits the
range of the estimation to f̂e,f = ε̂f,max ·∆f = ± 78.125 kHz.

In our case the carrier frequency is 5880 MHz and the
standard specifies a maximum oscillator error of 20 ppm. This
yields a maximum frequency error of

fe,max = ± 40 · 10−6 · 5.88 · 109 Hz = ± 235.2 kHz , (8)

considering a maximum carrier frequency error between trans-
mitter and receiver of 40 ppm. Now it should be evident why
two stages for the frequency synchronization are used.

C. Fine Timing

After compensating the fine frequency offset error we need
to obtain an exact starting point for the following decoding
process, especially the FFT. This point corresponds to the first
sample of the first long preamble, because the long preamble
is also needed for channel estimation. An easy way to achieve
this is the cross-correlation or matched filter method by which
we correlate a local stored long preamble symbol T (k) with
the received signal r(n) after frequency synchronization. Then,
the output of the cross-correlator can be written as:

MF (n) =
L−1∑
m=0

T ∗(m) · r(n+m) , (9)

where L = 64 denotes the length of one ideal long preamble
symbol. The output of the long preamble correlator is a peak
arising at the end of each of the two long training symbols.
The implementation of the correlation process into hardware
requires a large amount of arithmetic resources. A practical
solution is to use a SignSign correlator, presented in [15],
which uses only the sign of the signal and the long preamble
for calculation.

D. Receive Diversity

The available information that can be used to achieve diversity
in this early stage of the testbed, are P (n), R(n), M(n) and
the power estimation for each antenna. Different subsets of
these values are used in each of the four combining schemes
discussed in this subsection.

The simplest way is the use of the power estimate to
select one antenna, Selection Combining (SC), for further
computation. The expectation of the performance enhancement



(a) Detected packets in both directions with two different data rates and a
MSDU frame length of 200 Bytes.

(b) Detected packets in both directions with two different data rates and a
MSDU frame length of 1554 Bytes.

Fig. 6. Successful detected packets in the V2I scenario without and with combing schemes for different parameter setting.

is not really high, because the information provided by the
second antenna is discarded and so it will not be part of this
paper.

The second approach, named Metric Combining (MC) for
the purposes of this paper, combines the metrics3 MA(n) and
MB(n) with a logical or in case of coarse timing. This logical
operation forms the basic framework for the synchronization
process. Where in the case, when both metrics (MA and MB)
detect a possible packet the coarse frequency, fine frequency
and fine timing is done individual for each antenna. In the other
case, where only on one antenna stream a possible packet is
detected (e.g. MA = 1 and MB = 0), the estimated values
from this antenna are also used for the other one. This hard
decision algorithm will lead to an improved packet detection
performance, but results on the other hand in a more complex
controlling structure in hardware.

The last fact leads to the use of Equal Gain Combining
(EGC). In this case P (n) and R(n) from both antennas are
averaged and combined with the following decision metric

MEGC =

{
1 if P̄A+P̄B

2 ≥ βTh R̄A+R̄B

2

0 otherwise ,
(10)

where the time index n is removed, P̄ equals |P (n)|2 and R̄
stands for (R(n))2. This equal combining of the two antenna
streams is also applied to the coarse frequency, fine frequency,
and fine timing synchronization process. The fact that both
antennas are weighted equally, lead us to the conclusion that
in extreme cases (one P (n) value is considerably small), the
number of detected packets decreases compared with MC and
the single antenna case.

The decision metric for Maximum Ratio Combining (MRC)

3The indices A and B used in this paper, refer to antenna A and antenna
B at the receiver

is defined as

MMRC =

{
1 if αAP̄A + αBP̄B ≥ βTh

[
αAR̄A + αBR̄B

]
0 otherwise.

(11)
The values for the two weighting factors αA and αB depend
on the estimated signal power. The assigned values also take
the difference into account, i.e. a similar power estimate of
both leads to similar weighting factors and on the other hand
a larger gap increases the weighting with the higher estimate
and decreases the other one.

Since the AGC algorithm is based on the power estimate of
the incoming signal on the hardware this estimate will be used
for this. The two weighting factors are also used for coarse and
fine frequency synchronization and the fine timing process.

V. RESULTS

The values in Fig. 6 represent the average value of three
measurement runs performed for each parameter setting. The
results are presented separately for both driving directions
(East and West) and for each direction the two different data
rates (6 Mbit/s and 12 Mbit/s) are shown. Fig. 6(a) contains
the results for the single antenna cases, named Ant. A and
Ant. B, and the combining schemes EGC, MC and MRC with
a MSDU packet length of 200 Bytes, where in Fig. 6(b) a
length of 1554 Bytes was used. The sixth value, labeled by
MRC V2, will be explained later in this section.

One of the first eye-catching results is that only in one
scenario (A4 12 Mbit/s West in Fig. 6(a)), Ant. A detects more
packets than Ant. B. This is also valid for the V2V scenario,
see Fig. 7. This is true in three out of 32 cases if we do not cal-
culate the mean of the three measurement runs. One possible
influence that leads to degradation in the receiving process is
the radiation pattern of the antennas which is influenced by the
positioning and followed wiring, see Fig. 2(c), to the testbed
connectors.

The comparison of direction East and West with the same
data rate and packet length shows a higher amount of detected



packets in the West case. This is not really surprising because
in this driving direction the gantry is passed and in the other
direction the largest possible distance to the transmit antenna
reduces the received signal level. Another reason for this was
the presence of an interfering signal that mainly affects the
beginning of the measurement in direction East.

The fact that with a data rate of 12 Mbit/s and same packet
length a higher detection rate is achieved compared to 6 Mbit/s
is evident, because a higher modulation scheme and the same
MSDU packet length results in less OFDM symbols included
in a PPDU frame. Therefore, more packets can be transmitted
in the same time interval.

Now we have a closer look on the results of the single
antenna case and the different combining schemes. The expec-
tation with the EGC scheme is a better detection rate compared
to the single antenna cases. Also in cases where one P (n)
value is considerably small the performance will be degraded
compared to the one antenna case. In driving direction West we
always achieve a greater number of detected packets. A look
at the other direction shows a degraded or equal amount of
detected packets and represents the influence of the degraded
Ant. A performance. The Metric Combining scheme meets the
expectations in performing better than EGC and of course
evaluating only a single antenna stream.

More interesting is the comparison between MC and MRC
where it can be seen that the performance is the same in the
case of the higher packet size, Fig. 6(b), and lower with the
smaller packet size, Fig. 6(a). Due to this fact we had a closer
look at the whole receiver chain until the synchronization.
Since the AGC tries to regulate both antenna signals individual
to the same level, as explained in Section II, this can result
in different amplifier gain factors. In other words the AGC
already introduces a kind of pre-weighting to the signal.
Therefore, a calculation of the weighting factors only on the
base of the power estimate is not precise when talking about
maximum ratio combining, but no additional information is
available from the measurement campaign.

So we carried out following experiment during the evalu-
ation, in order to compensate this effect. The MRC process
is split into four parts where the first is the original one. The
second stage assumes that one antenna has a lower gain factor
to achieve the same estimated power and should be weighted
higher and in the third case the evaluation is done the other
way around. The last part uses the union of the three partial
results and two or three times occurring packets are eliminated.
In the diagrams these values are named MRC V2 and as can be
seen a better performance is achieved. So we can conclude that
for MRC the whole signal processing path has to be analyzed,
in order to make no mistake calculating the weighting factors.

Another fact that MC performs that good is that it can be
seen as a kind of maximum ratio combining with the extreme
weighting factor αA = 1 or αA = 0, the same applies to
αB , but varying through the detection phase of the short
preamble while against the weighting factor calculation in
case of MRC is done once per frame and therefore remains
constant. Furthermore, the fact should be taken into account

Fig. 7. Quantity of effective detected packets for four different V2V scenarios
at a data rate of 6 Mbit/s and a MSDU frame length of 200 Bytes with and
without combining.

that there are not more detectable packets available in the
recorded data stream. This can be especially seen in the
case with the larger packet length were the combing schemes
performing more or less equal also compared to the single
antenna.

As already mentioned, besides the V2I scenario we also
carried out V2V measurements performed in a tunnel with the
results presented in Fig. 7. The measurements were performed
with a data rate of 6 Mbit/s and a MSDU length of 200 Bytes.
We performed four LOS and two NLOS measurements with
the results averaged in the diagram. Since the two overtak-
ing scenarios are different in there setup they are depicted
separately. The amount of detected packets compared to V2I
is much higher because the receiver is inside the coverage
area of the transmitter during the whole measurement run
(approx. 2 min). This fact leads directly to a clearly visible
performance increase when using the different combining
schemes. In the V2I scenario it looks like that MC and MRC
V2 performs more or less the same. If we now compare the
schemes, MRC V2 performs better. From a hardware point
of view, it seems that maximum ratio combining needs more
resources, especially the multiplications with the weighting
factors. As already mentioned, with a well-considered choice,
these multiplications can be replaced by binary shifts.

With a first glance look we observe the highest amount of
detecting packets in the two overtaking scenarios. This can be
explained by the fact that during the overtaking the two cars
drive side by side during a longer time period and therefore
the distance between transmitter and receiver is small. The
difference among the two overtaking scenarios comes with a
fairly high degree of certainty from the fact that Overtaking 1
was performed with a driving lane between the cars and ended
up with a higher distance until the end of the measurement.
This was determined using the video documentation.

VI. CONCLUSIONS

This paper provides an overview of packet detection and
frequency synchronization with and without receive diversity



achieved by various combining techniques in two different
vehicular scenarios. The presented results show that the perfor-
mance is significantly improved with a Single Input Multiple
Output (SIMO) configuration compared to the use of each
antenna separately. With the use of EGC up to 13.6 % more
packets can be detected, compared to a single antenna. If MC
is applied to the data streams, the packet detection rate is
increased by 24.4 %. In order to further increase this number,
MRC can be applied. This yields an improvement of up to
27.2 %. Considering each measurement run alone, up to 40 %
more packets can be detected with MRC. The last value
highlights the potential when using combining techniques
instead of evaluating each antenna alone.

We also show that especially for MRC it is necessary to
involve the whole signal processing chain, up to the combing
process, into the considerations. In addition, basic principles
for the hardware implementation of the proposed algorithm
are presented and were also used in the evaluation process of
the shown results.
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