Analysis of V2V Broadcast Performance Limit for WAVE

Communication Systems Using Two-Ray Path Loss Model

The advent of wireless access in vehicular environments
(WAVE) technology has improved the intelligence of
transportation systems and enabled generic traffic
problems to be solved automatically. Based on the IEEE
802.11p standard for vehicle-to-anything (V2X)
communications, WAVE provides wireless links with
latencies less than 100 ms to vehicles operating at speeds
up to 200 km/h. To date, most research has been based on
field test results. In contrast, this paper presents a
numerical analysis of the V2X broadcast throughput limit
using a path loss model. First, the maximum throughput
and minimum delay limit were obtained from the MAC
frame format of IEEE 802.11p. Second, the packet error
probability was derived for additive white Gaussian noise
and fading channel conditions. Finally, the maximum
throughput limit of the system was derived from the
packet error rate using a two-ray path loss model for a
typical highway topology. The throughput was analyzed
for each data rate, which allowed the performance at the
different data rates to be compared. The analysis method
can be easily applied to different topologies by substituting
an appropriate target path loss model.
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1. Introduction

The advent of wireless access in vehicular environments
(WAVE) technology for high-speed vehicles has improved
the intelligence and convenience of transportation systems.
Vehicle-to-anything (V2X) communications using WAVE
technology has become a solution that both alleviates or
overcomes various traffic problems, and provides useful
information for vehicle drivers, as shown in the context of an
intelligent transportation system (ITS) in Fig. 1 [1].

WAVE is a dedicated short-range communications (DSRC)
technology based on IEEE 802.11p, which is an approved
amendment to the IEEE 802.11 standard that adds wireless
access in vehicular environments [2]. The IEEE1609.x series
of standards supports security, networking, and multichannel
operations for higher layers. The IEEE 802.11p standard was
designed for vehicular communications at speeds up to
200 km/h requiring latencies less than 100 ms [3].

Suppliers are now producing WAVE products, such as on-
board units (OBUs) and roadside units (RSUSs), for applications
globally, and a variety of tests have been conducted for
different configurations of several public road topologies [4]. In
support of the prompt commercialization of WAVE technology,
performance verification and trial services are underway in
various countries. Research and development has been actively
conducted in several projects, of which the safety pilot led by
the Department of Transportation in the USA and Drive-C2X
in Europe are the most well-known [5], [6].

The key performance parameters in WAVE are the
throughput and delay because most of its applications require
high capacity and low latency. The performance of WAVE has
been investigated under various conditions and with different
approaches. For example, performance evaluations of WAVE
have been conducted based on field measurements. The results
of testing in different highway scenarios are shown in [7] and
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Fig. 1. Applications for ITS services using V2X WAVE technology.

[8], in which the V2X performance of the link coverage, link
access time, throughput, and delay was evaluated as the vehicle
speed and network load varied. In addition, the throughput and
packet error rate (PER) were simulated in urban traffic and
crowed and/or non-crowded highway scenarios in [9] and [10],
respectively. The results were obtained in terms of the signal-
to-noise ratio (SNR) and distance between vehicles.

A numerical analysis of the throughput and delay limit of
IEEE 802.11a/b was studied in [11], where the maximum
throughput and minimum delay were derived for different
payload sizes and transmission rates. The effective packet
transmission time and packet collision probability were derived
to compute the throughput for the IEEE 802.11 system in [12];
however, the system configuration and channel mode were
different from those used in WAVE systems. The authors in
[13]-{15] show that the broadcast reception rate and delay in
vehicular ad-hoc networks are severely degraded as the
number of stations increases due to the small sized contention
windows caused by packet collisions. Recent experimental
results on the packet delivery rate for vehicle-to-vehicle (V2V)
communications on typical urban highways were published
in [16] and [17] for line-of-sight (LOS) and non-line-of-sight
conditions. However, to the best of our knowledge, no studies
have been published that present a numerical analysis of the
broadcast throughput or link budget limit for the WAVE system
using a path loss model.

In this paper, the maximum V2V broadcast throughput and
link budget limit for WAVE systems are analyzed using a path
loss model. First, the maximum throughput and minimum
delay of the IEEE 802.11p frame format, and the upper bound
of the PER for additive white Gaussian noise (AWGN) and
fading channels, are described in Section II. Next, the V2V link
budget limit, including the minimum sensitivity and maximum
allowable path loss using a two-ray path loss model derived for
AWGN and fading channels, is detailed in Section III. The
maximum V2V broadcast throughput considering the PER and
path loss performance described in the previous section is
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provided in Section IV. Finally, some concluding remarks are
given in Section V.

II. Performance Limit
1. Throughput and Delay Limit

It is difficult to analyze the maximum throughput
performance for a real WAVE system where several vehicles
are contending for a wireless medium. To derive the maximum
throughput and minimum delay, the following assumptions are
made to simplify the analysis: a channel is ideal without packet
losses; there is only one vehicle that transmits packets and its
queue is always full; all other vehicles can only receive packets
in order to avoid packet collisions in the air; and finally, when
an ACK frame transmission is required, the lowest data rate of
3 Mbps is used.

The physical layer convergence procedure protocol data unit
(PPDU) format of the IEEE 802.11 PHY consists of a physical
layer convergence procedure (PLCP) preamble, PLCP header,
physical layer service data unit (PSDU) tail bits and pad bits, as
shown in Fig. 2. The PSDU format includes a MAC header,
frame body, and frame check sequence (FCS) field. The values
of the time duration of 7}y, Ty, and Ty, as well as other key
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PLCP header
RATE | Res | LEN | PAR | Tail | SER Tail
(4 bit) |(1 bit)[12 bit] (1 bit)|(6 bit) [(16 bit)  TSPY  [(6 bir)| F2d
MAC header
Dur. Frame
Ctl | Ty |Addl | Add2| Add3 | Seq. | Addd | QoS | i | FCS
PR e Y
Lig Ly Lees

Fig. 2. PPDU frame format for IEEE 802.11p OFDM PHY.

Table 1. Parameters for IEEE 802.11a vs. IEEE 802.11p.

Parameter | 802.11a | 802.11p Description
Tyot 9us 13 ps Slot time
Tsws 16 ps 32us SIFS time
Tom 16 us 32ps PLCP preamble duration
Ty 4us 8us Signal field duration
Tors 34 us 58 us DIFS time
Toym 4us 8us Symbol time
T 0.8 us 1.6 s Guard time
Torop 1 ps Propagation time
CWin 15 Contention window minimum size
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Table 2. PSDU subfield size for the data and ACK frame.

Parameter Size (bits) Description
Lia 32x8 Data MAC header
Ly [0-2304]%x 8 Data payload
Lis 4x8 FCS
Lo 10x8 ACK MAC header

Table 3. PHY modes and Npgps of IEEE 802.11p.

Mode ﬁ;t)e Modulation | Code rate Nbrps
1 3 BPSK 12 24
2 4.5 BPSK 3/4 36
3 QPSK 12 48
4 9 QPSK 3/4 72
5 12 16 QAM 12 96
6 18 16 QAM 3/4 144
7 24 64 QAM 2/3 192
8 27 64 QAM 3/4 216

parameters are summarized in Tables 1 and 2.

Based on the PPDU frame format, the data transmission
duration for a given data rate mode can be expressed as
16+ Ly + Ly, + Ly, + 6}2 O

mode
N DBPS

T =T + Ty + Ty -
where Lyg, Ly, and Lg are the length of the MAC header for
the data, payload, and FCS in bits, respectively. The term Npgps
represents the number of data bits per OFDM symbol, the
values of which are given in Table 3. Similarly, the ACK
transmission duration for a given data rate mode can be written
as

Tmode =T

ack pm

16+L , +L._+6

DBPS

where L, is the length of the MAC header for the ACK in bits.
The transmission cycle of the distributed coordination
function in the IEEE 802.11 MAC consists of the distributed
coordination function inter-frame space (DIFS) deferral,
backoft/contention if necessary, data transmission, short inter-
frame space (SIFS) deferral, and ACK transmission phase.
Therefore, the maximum throughput can be written as

L
Mmf)de — pd 5 3
T,ack Tmode + Tmode +2T +T +T +CW ( )

data ack prop DIFS SIFS avg

where the average backoff time CWyo = CWyinTyor / 2.
Because the broadcast does not require an ACK frame, the
maximum throughput in (3) can be further simplified to
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Fig. 3. Maximum throughput of the DSRC system for different
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mode _ Lpd
MT,mL ack ~ ~vmode . (4)
T +T. +Tys +CW,

data prop avg

The packet delay is defined as the time duration of a packet
transmission and its successful reception. The minimum delay
is given by

ME* =Tge® +T  + T +CW,,,. )

data prop

The results for the maximum throughput and minimum
delay of IEEE 802.11p, as well as the maximum throughput
limit (MTL) and minimum delay limit (MDL) are shown in
Figs. 3 and 4, respectively. The MTL and MDL are obtained by
assuming that the Nppps are infinite such that the time duration
for a data transmission is zero. The maximum throughput of
IEEE 802.11p is approximately 18 Mbps for the 27-Mbps
PHY mode with a payload of 2,000 bytes, whereas the upper
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limit is around 80 Mbps for an infinite data rate. The minimum
delay is about 0.8 ms for 27-Mbps PHY mode with a payload
of 2,000 bytes, whereas the lower limit is about 0.2 ms with an
infinite data rate.

2. Upper Bound for Packet Error Probability

The error probability analysis for IEEE 802.11p was
conducted for AWGN and Rayleigh fading channels.
A. Upper Bound of the PER in an AWGN Channel

The SNR of a received signal can be written as
__L
N,BT,’

4 ©)
where E, is the energy per bit, N, is the noise density in W/Hz,
T, is the transmission duration per bit, and B is the channel
bandwidth in the IEEE 802.11p OFDM PHY. The SNR per bit
is

E B
vo=ny =7 8L =y Q)

0
where R = 1/T;, is the transmission bit rate in Mbps. The SNR
per symbol is then given by

®

where k is the number of bits per modulated symbol. Because
of the cyclic prefix (or guard time) for each OFDM symbol, the
power loss a, for each symbol should be considered. The
power loss can be calculated from Table 1 as

Ty
a, =—" __~0.8.
T. +T

sym grd

ySZYb.k’

()

By considering the power loss in (9), the SNR per symbol
becomes the average symbol energy per noise density, and is
written as

(10)

For an AWGN channel, the symbol error rate (SER) Py, of
all modulation schemes used in the 802.11p OFDM PHY can
be derived from the SER of the N-ary pulse-amplitude
modulation (N-PAM) as

1 6 _
PpYPAM _ 2@__] 9o ,

sym N Q N2 _1 7 s
where the Q-function is the tail probability of the standard
normal distribution [18]. Because binary phase shift keying

(BPSK) can be viewed as 2-ary PAM and has one bit per
symbol, the bit error rate (BER) of BPSK is given by

Z:ag~ys.

(11
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RS = P = P = 0(\277).

The SER of the N-ary quadrature-amplitude modulation (V-
QAM) scheme used in the 802.11p OFDM PHY can be
written in PAM form as

vow _1 oo ) of 2 )1
PO {1 2(1 Jﬁ) Q( N_lysj}. (13)

Based on the Gray code used in the 802.11p OFDM PHY,
the BER of N-ary QAM can be written as [19]

(12)

N-QAM _ 1 N-QAM

) ~ 14
bit lOgZN sym ( )

By substituting N = 4, 16, and 64 in (14) and assuming a high
SNR for simplicity, the BER of quadrature phase shift keying
(QPSK), 16 QAM, and 64 QAM is given respectively by

RY* ~0(\7,), (15)

PO » EQ /177 and (16)
bit 4 5 s |
7 1 _

PO —7. | 17

bit 12 Q[ 21 7/5 J ( )

The upper bound of the packet error probability for a packet
length of L [bit] is given in [20] as

L
pEwa(is S o).

d=djye

(18)

where P/ is the probability of error in the pairwise
comparison of two paths that differ in length by d bits. When
Viterbi hard-decision decoding (HDD) is applied, it can be
given as

ZZM[ZJ@T‘“)" (1-pp)"™, d=odd,

2
d —
Zf_;ﬂ( kjua;:“‘e)k (1- B )

1 d mode % mode %
21 g B (1-B5*)?,d = even.

mode __
Pd =

(19)

2

The upper bound of the packet error rate can be
approximated by considering the first few terms, which mostly
dominate. The values of a; and dg.. for the convolutional
encoder used in IEEE 802.11 OFDM PHY are shown in
Table 4 [21], [22].

The upper bound of the PER is shown in Fig. 5 for an
AWGN channel. The simulated packet length is 1,024 bytes,
and Viterbi HDD is employed.
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Table 4. Values of dj.. and a, for the convolutional encoder (K =
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Fig. 5. PER in terms of E¢/N, for the IEEE 802.11p OFDM PHY
in an AWGN channel using a Viterbi HDD for the
different modulation and coding schemes, where the
packet length is 1,024 bytes.

B. Upper Bound PER under Rayleigh Fading Channel

The BER of IEEE 802.11p in a Nakagami-m fast fading
channel was analyzed in [23]. A Rayleigh channel can be
obtained from a Nakagami channel with m = 1. The average
BER of BPSK with Viterbi HDD is given by

2
The average BER of N-ary QAM using a Viterbi HDD for
IEEE 802.11p is given by

BPSK _
B

(20)

VN2
P _ JN -1 {LJ Z (l_luiN.QAM )) @1
\/N log,N ) ‘3
where 1O — 1.52i 177, (22)
: N-1+1.5Q2i-17,"

received power [24] is given by

2

>

Fx = |ELOS + Eggr

23)

and

2

Py 1y NJPx 1 &cos@—yg —sin’0
R e
24 d, 24 dy gcosO+s, —sin’0

>

(24)
where Pry is the transmitted power, f= 21/4, d| is the LOS

distance, dy is the reflected ground distance, @ is the angle of
incidence on a surface, and & is the permittivity of the material.
If we define the path loss PL as the received power over the
transmitted signal power, (24) can be written as

2
pro| Lt e L1 £,0080 —+J&. —sin’@ S|
2pd, 2 dy g.cos@++/s, —sin’0

25)

2. Receiver Sensitivity

The parameters in Table 5 are from the WAVE highway test

The PER using a Viterbi HDD in a Rayleigh fading channel

can be calculated using (18) through (21), the results of which
are plotted in Fig. 6 for different data rate modes.
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site deployed in South Korea. The antenna gain of the OBU is
omnidirectional, while that of the RSU is unidirectional. The
power levels of the RSU and OBU are set to the maximum
value. The equivalent isotropically radiated power (EIRP) is
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Table 5. IEEE 802.11p/DSRC system link budget parameters.

Parameter Value Unit Description
Hgsy 15 m RSU height
Prsy 17 dBm RSU power
GRrsu 13 dBi RSU antenna gain

EIRPgsy 30 dBm EIRP of RSU
Gory 7 dBi OBU antenna gain
Hogy 1.5 m OBU height
Popy 16 dBm OBU power

EIRPopy 23 dBm EIRP of OBU

e 5.8 GHz Center frequency
BW 10 MHz Bandwidth

computed by adding the antenna gain to the maximum transmit
power of each device.

The link budget is usually used to find the effective coverage
of the communication link. The typical PL equation is given by

PL =Sy — Gy —Erx (26)

in dB, where Spx, Grx, and Erx represent the receiver
sensitivity, receiver antenna gain, and transmitter EIRP,
respectively. Therefore, Grx and Erx will be replaced by Gopy
and EIRPogy for the V2V scenario. The receiver sensitivity in
terms of the SNR per symbol satisfying a specific PER is given
by [25]

Sy =174+ NF +2|  +10log, R+ ImpLoss

PER

@7

in dB, where NF, R, and ImpLoss represent the noise figure
and/or factor, the data rate, and the implementation loss,
respectively. The PER with respect to the receiver sensitivity in
Fig. 7 can be obtained from (18) and (27), where AWGN
channel conditions are assumed, and the values of NF and
ImpLoss are set to 10 dB and 5 dB, respectively. Because
QPSK 1/2 requires less bit energy than that of BPSK 3/4 to
meet the same PER, the receiver sensitivity of QPSK 1/2 is
better than that of BPSK 3/4. From Fig. 7, it can be seen that
64 QAM 3/4 PHY (MCS) mode requires a receiver sensitivity
of =70 dBm to meet a PER of 10%, which is 20 dB higher
than that of BPSK 1/2 mode.

The PER with respect to the receiver sensitivity is shown in
Fig. 8 for a Rayleigh fading channel. Overall, the value of the
receiver sensitivity under a fading channel is more than 15 dB
worse compared to that of an AWGN channel. In addition, it
was observed that the PHY mode with a coding rate of 1/2
outperforms that with a coding rate of 3/4.

Now, we can find the PER in terms of the PL by substituting
(27) into (26), the results of which are plotted in Fig. 9 under
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the same conditions of:

PL =S, [ﬁ ©8)

] - GRx -E TX
PER

in dB. The link budget for BPSK 1/2 to meet a PER of 10% is
around —120 dBm, whereas that of 64 QAM 3/4 is —100 dBm.
The link budget of the PL is simply a shifted version of the
received sensitivity based on the amount of the receiver
antenna gain and EIRP of the transmitter, which increases the
link budget and coverage.

A PER analysis in terms of the PL was performed for a
Rayleigh fading channel, as shown in Fig. 10. The system
obtained a higher margin through the gain in the receiver
antenna and the transmit power.

We can also find the PER for a given V2V distance by
making (25) and (28) have the same PL value.
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The PER in terms of the V2V distance for an AWGN
channel is shown in Fig. 11. The lowest PHY (MCS) mode
(BPSK 1/2) can provide a link coverage of up to 1,500 km to
meet a PER of 10%, whereas the highest PHY (MCS) mode
(64 QAM 3/4) can reach approximately 450 m under the same
conditions. It was observed that the link coverage rapidly
decreases as the PHY (MCS) modes increase.
The PER in terms of the V2V distance for a Rayleigh fading
channel is shown in Fig. 12. The increase in PER at around
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100 m for the high PHY modes is caused by a sudden power
drop in the two-ray path loss model.

IV. Maximum V2V Broadcast Throughput

It is instructive to determine the maximum V2V broadcast
throughput in terms of distance when a path loss model is
applied, which can provide guidance toward satisfying the QoS
for a promising ITS service, such as a basic security message
broadcast to different wvehicles [26]. The analysis was
conducted under the same assumptions as those described in
Section II, with the exception that a transmitted packet error
occurs because of the path loss in AWGN and fading channels.
The maximum V2V broadcast throughput with the two-ray
path loss model can be determined by following the steps listed
in Table 6.

The throughput in terms of the V2V distance for an AWGN
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Table 6. Steps used to calculate the maximum throughput using the
PL model.

—

. Preconditions to obtain DBs:
- Get DB for PL(distance) from (25)
- Get DB for PL(PER) for all PHY modes from (28)
- Get DB for MTigea from (4) for the broadcast case
2. Compute max. throughput for each PHY mode
for PHYmodes, m
for distance, d
Find PL(d) for a given d
Find PL(PER, m) to have the same PL(d)
Convert into PER(PL, m, d) for given m and d
Find M Ty, (m, d) = MTigea (m) % [1 — PER (PL, m, d))

end
end
16
\ ———BPSK 1/2 (3 Mbps)
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Fig. 13. Maximum throughput vs. the V2V distance for an AWGN
channel using two-ray path loss model.
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Fig. 14. Maximum throughput vs. V2V distance for a Rayleigh
fading channel using two-ray path loss model.
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channel is shown in Fig. 13. It can be seen that the higher PHY
modes provide more throughput, while the coverage decreases.
The capability of the PHY mode of 64 QAM 3/4 is 8 times
greater than that of BPSK 1/2, although the coverage is only 1/3.
The throughput in terms of the V2V distance for the
Rayleigh fading channel is shown in Fig. 14. The throughput
coverage is much shorter than that for the AWGN channel. For
the same PHY modulation, a coding rate of 3/4 obtains more
throughput but less coverage compared to a coding rate of 1/2.
The link coverage gap in the different coding rates for the same
PHY modulation is larger than that for the AWGN channel.

V. Conclusion

In this paper, the performance of the WAVE system, which is
a DSRC system based on the IEEE 802.11p standard, was
discussed. The purpose of the analysis was to derive the
maximum V2V broadcast throughput for AWGN and fading
channels using a two-ray path loss model. A few assumptions
were made to achieve the maximum V2V throughput, such as
no packet collisions, the use of a full buffer model, and only
packet drops caused by the degradation of the transmitted
power in AWGN and fading channels. The upper bounds of the
PER based on the WAVE system were derived using a Viterbi
HDD to obtain more practical results. The analysis was
performed using a two-ray path loss model and a simple
topology, the maximum coverage of which was approximately
1,500 m and 1,100 m for AWGN and fading channels,
respectively. It should be noted that other topologies can be
evaluated by simply applying different path loss models. One
interesting observation of note is that PHY modes with a high
coding rate, such as 1/2, are more beneficial than those using
3/4 in terms of the throughput and coverage, particularly in
fading channels. The performance results obtained, including
the receiver sensitivity and link budget analysis, provide good
insights into cell planning as well as the hardware performance
requirements.
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