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Abstract—It has been widely recognized that relaying is an
important method for increasing the reliability and spectral
efficiency of communications systems, and it is thus helpful for
improving the performance of vehicle-to-vehicle (V2V) commu-
nication systems. However, designing and evaluating V2V relay
networks require understanding the effect of shadowing, as this
critically impacts the performance of the relay system. Even
though the theoretic performances of various relaying schemes
have been well investigated, there is a lack of empirical test that
incorporates realistic shadowing effects. In this paper, we analyze
the performance of relaying transmission in V2V scenarios
based on measurements in scenarios where shadowing occurs
through large vehicles such as buses. We investigate several
potential locations for the relay nodes, and the measurements are
performed with two static transmitters (TX) and one dynamic
receiver (RX). Outage probabilities of several relaying schemes
such as multi-hop decode-and-forward, multi-hop amplify-and-
forward, and diversity-amplify-and-forward are estimated and
discussed based on the measured instantaneous end-to-end signal-
to-noise ratio (SNR). It is found that: (i) shadowing effect caused
by the bus between V2V line-of-sight (LOS) links increases the
outage probability for the non-LOS (NLOS) direct transmission;
(ii) using relay node on the bus roof can significantly improve
transmission, however, a strong shadowing effect may reduces
the acceptable communication distance of relaying scheme; and
(iii) the diversity-amplify-and-forward relaying scheme generally
has the best performance. Our results can be used to design a
relay system for V2V communications.

I. INTRODUCTION

Recently, research into vehicular communications has
gained strong momentum due to its wide application in the
field of Intelligent Transportation Systems (ITS) [1], [2]. Re-
liable vehicular communication links are required to meet the
strict packet delay deadlines in ITSs. Therefore, considerable
efforts are devoted to improve the vehicle-to-vehicle (V2V)
communication links.

Due to the movements of the vehicles, low heights of an-
tennas, and the dynamic environments, the V2V line-of-sight
(LOS) links are often blocked by other vehicles (especially
some large vehicles like buses and trucks). Such a non-LOS

(NLOS) scenario increases the packet loss probability and
thus limits the reliability of the systems. Introduction of relay
nodes, which could be placed on top of large vehicles, can help
to ensure dependable connectivity in those scenarios, and also
improve capacity.

Many relaying techniques have been proposed, such as
decode-and-forward and amplify-and-forward [3], and used for
V2V communications. In [4], multi-hop decode-and-forward
scheme is used to improve vehicle-to-infrastructure communi-
cations. In [5], a novel probabilistic bundle relaying scheme is
proposed for vehicular network and end-to-end delay is ana-
lyzed. In [6], performance of amplify-and-forward scheme for
V2V communication is investigated under cascaded Rayleigh
channel. In [7], performance of decode-and-forward scheme
for V2V communication is investigated under Rayleigh chan-
nel. In [8], outage performance of amplify-and-forward for
inter-vehicular communication is investigated under double-
Rayleigh channel. In [9], selection cooperation in decode-and-
forward vehicular networks with cascaded Rayleigh fading is
investigated. In [10], link level simulation for decode-and-
forward relaying at road intersection is performed using a
vehicular non-stationary geometry based stochastic channel
model. Related work mentioned above shows that the per-
formance of relaying schemes has been mostly analyzed by
simulations under some theoretic distributions. Measurement-
based investigations of realistic relay system in V2V com-
munications, which reflect practical channel conditions, have
been largely neglected in the literature.

Moreover, a major factor influencing the performance en-
hancement by above relaying schemes is shadow fading
[11], [12], which is found to significantly affect end-to-end
signal-to-noise (SNR) in the scenario with large vehicular
obstructions [13]. To overcome the strong shadowing effect
caused by buses and trucks, suitable relaying scheme and
arrangement plan of relay node are required. Thus, knowledge
of the performance of various relaying schemes, suitable place
to arrange relay nodes, and measurement-based analysis are
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Fig. 1. Measurement scenarios. (a) Top view of the street (red line) on
campus of USC. (b) Scenario 1. (c) Scenario 2. (d) Scenario 3.

essential for the development of such systems.

In conclusion, to the authors’ best knowledge, there exists
no experimental investigation of relaying performance in V2V
scenarios with large vehicular obstructions. To fill this gap, we
conduct realistic measurements in scenarios with large vehicles
obstructing the LOS. We perform the measurements using a
software-radio based measurement system. Outage probabili-
ties of various relaying schemes such as multi-hop decode-
and-forward, multi-hop amplify-and-forward, and diversity-
amplify-and-forward are discussed based on the measured
instantaneous end-to-end SNR.

The remainder of the paper is organized as follows: Section
II introduces the measurement campaign. Section III describes
the system models of different relaying schemes. Section
IV presents the results of outage probability, and Section V
concludes the paper.

II. MEASUREMENTS

To analyze the performances of various relaying schemes,
channel impulse responses are measured at different distances
and instantaneous equivalent end-to-end SNRs (as reported
later) are further extracted for the comparison of relaying
performances. In this section, we summarize the measurement
campaign and the different arrangements of relay nodes.

A. Measurement Scenario

Measurements were conducted on the street of University
of Southern California (USC), USA, as shown in Fig. 1(a).
Three scenarios are considered:

() (d)

Fig. 2. Measurement system. (a) WARP FPGA board. (b) Tektronix
RSAS5106A real-time spectrum analyzer. (c) Self-designed trigger wheel. (d)
Reference measurements in an anechoic chamber.

e Scenario 1: In this scenarios, a standard America school
bus is placed in the middle of two compact cars and
blocks the V2V LOS communication link. The bus is 10
m long and 3 m high; both compact cars are 4.4 m long
and 1.5 m high. The relay node is placed at the end of the
bus roof, as shown in Fig. 1(b). The source node is placed
on the roof of the compact car, which has a distance of
L to the back of the bus; whereas the destination node is
placed on the roof of another compact car, which has a
distance of d to the front of the bus.

e Scenario 2: This scenario is similar to scenario 1. The
only difference is that the source node is placed in front
of bus and the destination node is at the back of bus, as
shown in Fig. 1(c).

e Scenario 3: In this scenario, we conducted V2V LOS
measurements without placing relay nodes, which can be
used for comparison between LOS direct transmission
and NLOS relaying transmission.

In the measurements, the car with source node is static and
the car with destination node is dynamic, i.e., L is fixed. Both
cases of L = 0.1 m and L. = 50 m were considered in the
measurements to have more realizations for the analysis.

B. Measurement System

Measurements were conducted at 5.8 GHz, with two WARP
FPGA software radio units [14] as transmitters (TXs) and a
Tektronix RSA5S106A spectrum analyzer as receiver (Rx), as
shown in Fig. 2. Two Zadoff-Chu sequences [3] with a 20
MHz frequency interval and a 15 MHz bandwidth are used as
the transmit signals for source and relay nodes. The transmit
output power is 28 dBm for both nodes. The destination node
acquires the signals from source and relay at the same time.
The two signals are distinguished from each other by using a
filter at the baseband. We verified with a spectrum analyzer
that the two signals are not interfering with each other. The



source and relay nodes are set to transmit continuously and
synchronously. The destination node is connected to a trigger
wheel (which has a distance resolution of 0.1 cm), as shown in
Fig. 2(c), and saves the snapshots of the two transfer functions
every 0.5 wavelength (=2.5 cm).

To remove the impact of the equipment on the measured
channels, e.g., antennas, WARP boards, spectrum analyzer,
reference measurements (with the same gain setting as in
the measurements) at 1 m TX-RX separation distance have
been conducted in an anechoic chamber, as shown in Fig.
2(d), and the measured transfer functions were calibrated by
the reference measurements. A detailed description of the
measurement system and data calibration can be found in [13],
[15]. The instantaneous SNR can be calculated as the ratio of
signal power to the noise power, which can be estimated by
integrating over frequency response.

III. SYSTEM MODEL

In this section, we present the equivalent end-to-end SNR
Yequ for various relaying schemes [3], [16]-[18], which is the
basic for the later performance analysis of outage probability.

A. Direct Transmission

If there is no relay, the equivalent end-to-end SNR of the
direct transmission can be easily expressed as

Yequ = YVsd> (1)
where g4 is the SNR of source-destination link.

B. Multi-Hop Decode-and-Forward

For the multi-hop decode-and-forward relaying scheme,
the relay receives a packet and decodes it, thus eliminating
the effects of noise, before re-encoding and retransmitting
the packet. Since the source-relay and relay-destination links
are independent, transmission is successful only if the two
independent paths (source-relay and relay-destination) both
provide sufficient quality. Therefore, the equivalent end-to-end
SNR of the multi-hop decode-and-forward transmission can be
expressed as

Yequ = min [’Ysra’}/rd} y (2)

where s, and 7.q is the SNRs of source-relay and relay-
destination links, respectively. min [(-)] denotes the minimum
value of (-).

C. Multi-hop Amplify-and-Forward

The basic principle of the multi-hop amplify-and-forward
is that the relay takes the (noisy) signal that it receives and
amplifies it with a gain, without decoding and demodulating.
In such case, both signal and noise (of the source-relay link)
are amplified and transmitter to the destination. The maxi-
mum amplification factor 3 is limited by power constraints,
expressed as

P

Pn+Ps : |hs7‘|27

where Ps, P,, and P, are the powers of source, relay, and
noise, respectively. hg, is the channel coefficient between

18? 3)

source and relay. |-| denotes the absolute. If we assume
P, = P, = P, which is same to our measurement setup,
the equivalent end-to-end SNR of the multi-hop amplify-and-
forward transmission can be expressed as

P|Bhgrhyal®
|Bhral? + 1) - P,
(P/P) - hor*) - ((P/Pa) - heal?) - (Po)?
PPy (Il + heal?) + (P2)?
(®/P) - 1hrl?) - ((P/P) - Ihral?)
(P/Pa) - [hse "+ (P/ Pa) - [hyal” + 1

Yequ

)

Ysr * Yrd

B Vsr + Yrd +1
4)

where h,.q4 is the channel coefficient between relay and desti-
nation.

D. Diversity-Amplify-and-Forward

For the diversity-amplify-and-forward relaying scheme, the
signals from source and relay are combined at destination. To
maximize SNR, the maximum-ratio combining is performed,
and the equivalent end-to-end SNR can be expressed as

((P/Pn) \h5T|2) ((P/Pn) |hrd|2)
(P/Py) |hse*+ (P/Py) [hval® + 1

’quu = (P/PH) |h5d‘2 +

Vsr * Yrd

= d+7
7 ’Ysr+7rd+1

Q)
where ~sq and hgq are the SNR and channel coefficient of the
source-destination link.

IV. ANALYSIS

In this section, we analyze outage probability using the
measured instantaneous equivalent end-to-end SNR v,qy, and
discuss the performance of difference relaying schemes.

A. Outage Probability

In this paper, outage probability P, is defined in terms
of probabilities that veq, is below the cut-off value c, for
successful reception. We first define a sliding/non-overlapped
50 wavelengths window (including 100 samples), then we
calculate the cumulative distribution function (CDF) F' of all
the measured instantaneous equivalent end-to-end SNR within
each window. By searching the curve of F' for the SNR cut-
off value c,, we can get the corresponding probability in each
window, which is P,,;, expressed as

Pout =Pr {Wequ S C'y} =F (’quu - C’y) 5 (6)

where Pr{-} denotes probability. In this paper, ¢, is set
as 15 dB, according to the evaluations of frame-error-ratio
for 802.11p physical layer [19]. To discuss the acceptable
communication distance, the P, ; threshold is set as 0.1 in the
following; though different thresholds can be used if needed.
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Fig. 3. NLOS direct transmission (scenario 1) vs LOS direct transmission

(scenario 3). The black line represents FPout = 0.1.
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Fig. 4. Multi-hop decode-and-forward in scenario 1. The black line represents
Pout = 0.1.

B. Results in Scenario 1

Figs. 3-6 show the measured P, vs d for different relaying
schemes in scenario 1, where “NLOS Direct Transmission”
and “LOS Direct Transmission” represent the links between
source and destination in scenarios 1 and 3, respectively.
Several observations are worth noting:

« Fig. 3 shows that the acceptable communication distance
(i.e., Pout < 0.1) is 200 m and 60 m for LOS and NLOS
direct transmissions, respectively. A larger distance L
generally reduces the outage probability for the NLOS
direct transmission, due to less shadowing [13].

o The acceptable communication distance for all the three
relaying schemes is generally around 160 m.

« In Fig. 4, no clear relation between outage probability and
L is observed. This is because vcq, is mainly determined
by ~:q in such case, and 7,4 is independent of L.

o In Fig. 5, a larger L slightly increases outage probability
(e.g., when d = 2, 50, 110 m). This is because a larger
L corresponds to a smaller vg;.

e In Fig. 6, no clear relation between outage probability
and L is observed. This is because on one hand, a larger
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Fig. 5. Multi-hop amplify-and-forward in scenario 1. The black line

represents Pout = 0.1.
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Fig. 6. Diversity-amplify-and-forward in scenario 1. The black line represents
Pout = 0.1.

L increases 7sq; on the other hand, a lager L reduces ;.
Therefore, the two effects may counteract.

C. Results in Scenario 2

Figs. 7-10 show the measured P, vs d for different relay-
ing schemes in scenario 2, where “NLOS Direct Transmission”
and “LOS Direct Transmission” represent the links between
source and destination in scenarios 2 and 3, respectively.
Several observations are worth noting:
o Fig. 7 shows that the acceptable communication distance
is 200 m for LOS direct transmission; whereas it is around
40 m and 60 m for NLOS direct transmission when
L = 0.1 m and L = 50 m, respectively. A larger L
also reduces the outage probability for the NLOS direct
transmission due to less shadowing, which is the same to
Fig. 3.

o The acceptable communication distance for all the three
relaying schemes is around 40 m and 150 m when L =
0.1 m and L = 50 m, respectively.

o In Fig. 8 and Fig. 9, a larger L increases the acceptable
communication distance. This is because in scenario 2, a
larger L leads to a larger ~s,.
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o In Fig. 10, a larger L also increases the acceptable
communication distance. This is because in scenario 2, a
larger L leads to a larger vsq and ;.
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D. Comparison

To compare performances of the three relaying schemes, we
define two difference factors y; and y» as follows:

Y1 = Pout,M—AF — Pout,M—DF
Y2 = Poug,M—DF — Pout,D—AF

(N

where Pout,M—DF’ Pout,M—AF’ and Pout,D—AF are outage
probabilities of the multi-hop decode-and-forward, multi-
hop amplify-and-forward, and diversity-amplify-and-forward
schemes, respectively. Figs. 11 and 12 show comparisons of
y1 and yo in scenarios 1 and 2, respectively. It is found that
both y; and y» are generally larger than 0, i.e., Pouy,p—aAF <
Powt,M—DF < Pout,M—ar. We can thus conclude that the
diversity-amplify-and-forward relaying scheme generally has
the best performance.

We can also compare the results between scenario 1 and
scenario 2, from Fig. 3 to Fig. 10. It is found that when L =
0.1 m, the acceptable communication distance of the three
relays in scenario 1 is generally 100 m larger than in scenario
2. This is because in scenario 2, a small L leads to a small ~s,.
When L = 50 m, no significant difference between scenarios
1 and 2 for the three relays is observed '.

V. CONCLUSION

In this paper, we analyze the performances of various
relaying schemes for V2V scenario with large bus obstruction.
Some potential locations for relay nodes to improve the com-
munication are tested. Outage probabilities of LOS and NLOS
direct transmissions, multi-hop decode-and-forward, multi-hop
amplify-and-forward, and diversity-amplify-and-forward are
estimated based on the realistic measurements. It is found that:

o The acceptable communication distance for NLOS direct
transmission (i.e., with bus obstruction) is generally 150
m less than LOS direct transmission. A less pronounced

INote that in the measurements, the range of d is different for scenario 1
and scenario 2, due to implementation issue.
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shadowing effect (i.e., large L) generally reduces the
outage probability for the NLOS direct transmission.

« By placing relay node on the bus roof, the acceptable
communication distance for NLOS relaying transmission
is only 40 m less than the LOS direct transmission.
However, a strong shadowing effect may lead to small
~Ysr (e.g., scenario 2 when L = 0.1 m) and thus reduces
the acceptable communication distance.

o Comparison between two scenarios shows that the sce-
nario 1 generally has better performance, i.e., the relay
node should be placed close to source.

o Comparison among three relaying schemes shows that the
diversity-amplify-and-forward relaying scheme generally
has the best performance.

The results in this paper show the empirical impact of
shadowing, caused by large vehicles, on outage probability of
relaying scheme, and can thus be used to design a relay system
for V2V communications with large vehicular obstructions.
We note that the measurements were performed with two static
devices, and one mobile device. This corresponds, e.g., to a
situation in a traffic jam. A more general investigation would
have both vehicles, and possibly the relay (if located on a
bus) in motion. Such analysis requires a different measurement

setup and more extensive measurement campaigns, and will be
subject for our future work.
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