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ABSTRACT To enable vehicle-to-everything (V2X) communications, both the dedicated short-range
communications (DSRC) and the cellular V2X (C-V2X) involved in the radio access technologies (RATs)
are experiencing extensive development to support advanced vehicular applications and scenarios. Compared
with the C-V2X whose effective reliability and scalability are still to be completely verified, the DSRC
maintains its superiority due to the extensive safety-related field trials performed worldwide. Furthermore,
IEEE 802.11bd, the next-generation V2X (NGV) standard for the vehicular ad hoc networks (VANETs) in
the DSRC, is expected to greatly improve the performance compared to IEEE 802.11p with new physical
layer (PHY) and medium access control (MAC) technologies. Hence, aimed to obtain the complete PHY
evaluation on IEEE 802.11bd in terms of the packet error rate (PER), the packet reception ratio (PRR), the
effective data rate, and the packet inter-arrival time (IAT), the various antenna configurations, vehicle-to-
vehicle (V2V) scenarios, packet sizes, and modulation and coding schemes (MCSs) are investigated and
compared in a full PHY simulation. The results indicate that the multiple-input multiple-output (MIMO)
configuration is the most advantageous technique in decreasing the PER, increasing the PRR and the
transmission coverage, elevating the output effective data rate, and reducing the output packet IAT in
contrast with the single-input multiple-output (SIMO), multiple-input single-output (MISO), and single-
input single-output (SISO) configurations at the farther distance. The urban non-line-of-sight (NLOS)
scenario experiences the slightly better quality of communication and is more robust than the highway NLOS
scenario. Both the packet size and the MCS need to be selected properly to satisfy the high-reliability, high-
throughput, or low-latency requirements.

INDEX TERMS IEEE 802.11bd, V2X, MIMO, physical layer evaluation.

I. INTRODUCTION
Vehicle-to-everything (V2X) communications involved in the
intelligent transportation system (ITS) have the potential
and ability to not only improve the road safety, but also
enhance the traffic management, energy savings, and air
protection [1], [2]. In 1999, the 75 MHz licensed spectrum
in the 5.9 GHz frequency band, 5.850 − 5.925 GHz, is des-
ignated by the U.S. Federal Communications Commission
(FCC) for the ITS to support the V2X communications
including both the vehicle-to-vehicle (V2V) and the vehicle-
to-infrastructure (V2I) communications [3], [4]. Since then,
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the research effort worldwide has been focused on the vehic-
ular communications to address multiple challenges in the
ITS, such as connected autonomous driving, cooperative
maneuvering, smart navigation, and safety to vulnerable road
users [5].

To enable the V2X communications, both the dedicated
short-range communications (DSRC) and the cellular V2X
(C-V2X) included in the radio access technologies (RATs)
are experiencing extensive development to support advanced
vehicular applications and scenarios with the high-reliability,
high-throughput, and low-latency requirements [1]. The
DSRC operates primarily in the 5.9 GHz frequency band,
which has been allocated for the ITS applications in the
U.S., Europe, and many other countries [6]. The C-V2X can

VOLUME 11, 2023

 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 115511

https://orcid.org/0009-0002-7711-3110
https://orcid.org/0000-0003-1336-8675
https://orcid.org/0000-0003-3443-4651
https://orcid.org/0000-0001-7385-948X
https://orcid.org/0000-0002-1094-1985


S. Guo et al.: MIMO-Based Physical Layer Evaluation on IEEE 802.11bd

operate in the 5.9 GHz frequency band as well as in the
licensed bands of the cellular operators [1], [7].

As the basic standard for the vehicular ad hoc networks
(VANETs) in the DSRC, IEEE 802.11p allows direct commu-
nication between two user devices without the use of a base
station [8]. Moreover, IEEE 802.11bd, the next-generation
V2X (NGV) standard, is expected to greatly improve the
performance compared to IEEE 802.11p with new physical
layer (PHY) and medium access control (MAC) technologies
[9], [10]. On the other hand, the 3rd Generation Partner-
ship Project (3GPP) introduces advanced features of V2X
communication in the long-term evolution (LTE) in Release
14 as an alternative to 802.11p based on the cellular technolo-
gies [11], [12]. Furthermore, the new radio V2X (NR-V2X),
the next-generation C-V2X which was released in Release
16 including the first V2X standard based on the 5th genera-
tion (5G) NR air interface, enables advanced features on the
5G NR air interface to support connectivity and autonomous
driving use cases with strict requirements [12], [13].
As a main competitor to the DSRC, the C-V2X has the

potential to interact with the 5G-and-beyond cellular tech-
nologies so that the vehicular communication is not limited
to the V2V and V2I communications [14], [15], [16]. How-
ever, the DSRC remains its superiority due to the extensive
safety-related field trials performed worldwide compared
with the C-V2Xwhose effective reliability and scalability are
still to be completely verified [17]. Although IEEE 802.11p is
designed as the key standard of wireless access in vehicular
environments (WAVE) architecture [18] for the DSRC and
can provide safety and service applications for the ITS in
the vehicular communications [19], it fails to fulfill require-
ments on very low frame transmission delay and packet loss
ratio imposed by modern V2X applications [9]. Hence, IEEE
802.11bd was proposed as the amendment of IEEE 802.11p
with the evolution for IEEE-based V2X communications by
enhancing the reliability, throughput, and transmission range
[20], [21], [22].

II. RELATED WORKS
The following several works are devoted to the performance
assessment on the DSRC and the C-V2X standards.

It is pointed out in [23] that both C-V2X technologies
can support all the considered V2I services without any
limitations based on the simulation which benchmarks their
performance deployed for V2I communications in an urban
scenario. However, it is alsomentioned in [24] that, compared
to the DSRC technology which can achieve a less end-to-
end delay and a higher packet delivery ratio (PDR) in the
investigated V2I communication scenarios, the LTE tech-
nology manifests the worse performance which imposes the
limitation on its suitable applications. Moreover, according to
the system-level simulation implemented under the highway
scenario in [25], the DSRC performs better than the LTE
with the less and stable data packet delay with the higher
vehicle density. Meanwhile, as the variant standard of DSRC

in Europe, ITS-G5 is compared with the LTE-V2X under the
real-life highway environment in [26] and provides the lower
latency for both V2I and V2V scenarios. In addition, based
on the simulation fulfilled under the realistic urban scenarios
in [27], the ITS-G5 outperforms the LTE-V2X on which the
concurrent applications are scheduled. Furthermore, depend-
ing on the simulation realized under the urban scenario in
[28], IEEE 802.11bd presents the better performance in terms
of the packet error rate (PER), packet reception ratio (PRR),
data rate, and packet inter-arrival time (IAT) in contrast with
IEEE 802.11p.

However, certain gaps in the existing works on IEEE
802.11bd need to be compensated to achieve its better
performance evaluation. The parameters, performance, and
mechanism of IEEE 802.11bd are introduced conceptually in
[1] without the support of any simulation results. Aimed at
the estimation on the reliability requirement, the PER is the
unique metric in [29] for the PHY simulation. Focused on the
highway line-of-sight (LOS) and non-line-of-sight (NLOS)
scenarios, the PER and PRR used in [30] cannot realize the
investigation on PHY performance related to the throughput
and latency. Even if the complete PHY metrics, PER, PRR,
data rate, and packet IAT, are utilized in [28] for the PHY eval-
uation, the simulation is only implemented on a single-input
single-output (SISO) channel for the urban NLOS scenario,
without the consideration of a multiple-input multiple-output
(MIMO) channel and any other V2V scenarios. When the
PER and throughput are adopted in [21] for the simulation
on the 1 × 1, 2 × 1, and 2 × 2 configurations in all V2V
scenarios, the investigation on the 1×2 system is still absent.

The contributions of the proposed work lie in the following
aspects. Firstly, the complete PHY metrics, including the
PER, PRR, effective data rate, and packet IAT, are employed
to accomplish the full evaluation on the PHY performance
of IEEE 802.11bd. Secondly, all the antenna configurations,
including the SISO, single-input multiple-output (SIMO),
multiple-input single-output (MISO), and MIMO systems,
are studied to explore their features and merits. Finally,
both V2V channel models for the NLOS scenarios, both
the ultra-reliable low-latency communications (URLLC) and
enhanced mobile broadband (eMBB) applications, and dif-
ferent modulation and coding schemes (MCSs) are covered
to respectively analyze the impact of Doppler effect, packet
size, and MCS on the PHY performance.

The detailed comparisons between the existing literature
and this work are listed in Table 1.

The remainder of the paper is organized as follows. The
overview of IEEE 802.11bd, antenna configuration, V2V
channel model, and the related PHY metrics are provided
in Section III. The simulation on IEEE 802.11bd, which is
fulfilled according to the PHY metrics including the PER,
PRR, effective data rate, and packet IAT with the various
antenna configurations, packet sizes, and MCSs in both the
urban NLOS and the highway NLOS scenarios, is presented
and analyzed in Section IV. Finally, the paper is summarized
in Section V.
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TABLE 1. Comparison between existing literature and this work.

III. THEORIES AND TECHNOLOGIES
A. IEEE 802.11BD
Aimed at improving the communication reliability, the trans-
mission range, and the throughput compared to the legacy
IEEE 802.11p standard, IEEE 802.11bd is proposed as the
NGV standard which defines modifications to both the IEEE
802.11MAC and PHY for V2X communications for 5.9 GHz
frequency band and optionally in the 60 GHz band [31]. The
advancements are expected to achieve at least twice the MAC
throughput of 802.11p with relative speeds up to 500 km

/
h,

at least 3 dB lower sensitivity level and thus twice the commu-
nication range of 802.11p, and interoperability, coexistence,
backward compatibility, and fairness with 802.11p devices
[1], [31], [32].

In comparison with the Wi-Fi standards which have been
developed for the low-mobility applications, the DSRC was
designed for the high-mobility vehicular networks and the
corresponding enhancements were introduced to make the
DSRC suitable for such environments [1]. Since 20 MHz
IEEE 802.11ac orthogonal frequency-division multiplexing
(OFDM) numerology is shown as a good choice for 10 MHz
DSRC channel for its efficiency and Doppler resilience [33],
the bandwidth of 802.11bd is reduced to 10 MHz by halv-
ing the 20 MHz bandwidth of 802.11ac and thus all the
OFDM timing parameters are doubled in order to make
the signal more robust against fading and more tolerant to
multipath effects of signals in a vehicular environment. The
comparison of the PHY parameters on 802.11p, 802.11ac,
and 802.11bd are shown in Table 2 [5], [8], [28] where
OFDM symbol duration is provided with guard interval (GI)
included.

To improve the spectral efficiency and reduce the
inter-symbol interference (ISI) caused by the multipath fad-
ing, the OFDM modulation scheme is adopted in the PHY of

IEEE 802.11bd. In the multicarrier scheme, a high-data-rate
information stream is split into several parallel low-data-rate
sub-streams which are then transmitted by modulating onto
a set of orthogonal subcarriers in the OFDM transmitter for
efficient data transmission [34], [35]. Since the channel delay
spread becomes significantly shorter than the OFDM symbol
period which has been increased in the parallel transmission,
the communication becomes less sensitive to the ISI and the
channel equalization in the receiver for the frequency-flat
fading becomes easier than that in the frequency-selective
fading [36]. Accordingly, channel fading can be mitigated
significantly by converting a wideband frequency-selective
fading channel into numerous narrowband flat-fading sub-
channels [37], [38]. A single OFDM symbol is composed
of a total of 64 subcarriers, including 52 data subcarriers,
4 pilot subcarriers, and 8 null subcarriers [8]. Hence, a 64-
point inverse fast Fourier transform (IFFT) and a 64-point
fast Fourier transform (FFT) are utilized in the transmitter and
receiver respectively so that the OFDM can be well integrated
into current chip sets [39].
In addition to a preamble located at the beginning of

a frame which is used for the initial channel estimation,
midambles, which are introduced in between the OFDM data
symbols periodically, will help in channel tracking so that
accurate channel estimates are obtained for all data symbols
[1]. With the channel update based on an appropriate peri-
odicity of midambles, the fast variation of the channel can
be limited within each midamble periodicity and the PER
at the receiver can be effectively decreased [33]. Although
the denser midambles can lead to better channel estima-
tion and lower PER, the throughput will also be reduced
since the packet duration is increased with the more frequent
insertion of midambles [21]. Hence, midamble periodicity
should be properly determined from three candidates, 4,
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TABLE 2. PHY comparison on IEEE 802.11p, IEEE 802.11ac, and IEEE 802.11bd.

8, and 16 OFDM symbols [40], in terms of modulation,
error control, Doppler spread, and so on [1]. Moreover, the
low-density parity-check (LDPC) coding is exploited as the
forward error correction (FEC) coding technique to replace
the binary convolutional coding (BCC) in IEEE 802.11p [32].
With the combination of midamble and LDPC, the prominent
signal-to-noise ratio (SNR) gain and Doppler mitigation can
be achieved [33].

The MCS 0-9 of 10 MHz IEEE 802.11bd are derived
from 20 MHz IEEE 802.11ac, whereas MCS 10 is the same
as MCS 0 except that the dual carrier modulation (DCM)
mode is adopted [5]. Depending on the receiver distance,
channel conditions, and quality of service (QoS) requirement,
an appropriate MCS is selected for transmission from all
the possible MCSs summarized in Table 3 [40] where the
midamble periodicity is 4 OFDM symbols for all MCSs.
Accordingly, the theoretical data rate from 3.25 Mbps to
39 Mbps can be achieved as shown in Table 3. As the half
of data rate in 20 MHz IEEE 802.11ac, the theoretical data
rate of 10 MHz IEEE 802.11bd is only available for MCS 0-
8. Moreover, MCS 9 of 10 MHz IEEE 802.11bd is not valid
since the number of data bits per OFDM symbol is not an
integer.

B. ANTENNA CONFIGURATION
According to the number of transmit antennas and receive
antennas, wireless communication can be classified into
SISO, MISO, SIMO, and MIMO systems, where the input
and output are with respect to the channel between the trans-
mitter and the receiver [37]. In addition to the time and
frequency dimensionswhich are exploited in the conventional
single-antenna configuration, i.e., SISO system, the spatial
dimension is also developed in the multi-antenna configu-
rations, i.e., MISO, SIMO, and MIMO systems. A linear
time-invariant channel model is assumed to simulate the
combined effects of multipath propagation and frequency
selectivity.

In a SISO system without signal redundancy, deep-fading
signals are beyond detection. However, withmultiple transmit
antennas and/or multiple receive antennas, signals can be
transmitted and/or received with diversity to combat chan-
nel fading. Hence, the multi-antenna technology can greatly
enhance the performance of wireless communication systems
without the penalty in bandwidth and power [37], [41].

The system model of a MIMO system with NT transmit
antennas and NR receive antennas is illustrated in Fig.1 [42],
[43].

The jth receive antenna observes the superposition [44]

y(j)(t) =

NT∑
i=1

∫
∞

−∞

h(j,i)(τ )x(i)(t − τ )dτ + v(j)(t)

j = 1, · · · ,NR (1)

where x(i)(t) is the signal transmitted by the ith transmit
antenna, h(j,i)(t) is the impulse response from the ith transmit
antenna to the jth receive antenna, and v(j)(t) is the assumed
additive white Gaussian noise (AWGN) at the jth receiver
which is independent of the noise at the other receivers.

For the notational and analytical reasons, theNR×1 receive
signal vector and noise vector are defined respectively as

y(t) =

 y(1)(t)
...

y(NR)(t)

 (2)

v(t) =

 v(1)(t)
...

v(NR)(t)

 (3)

the NT × 1 transmit signal vector as

x(t) =

 x(1)(t)
...

x(NT)(t)

 (4)

and the NR × NT normalized channel matrix as

H(t) =


h(1,1)(t) h(1,2)(t) · · · h(1,NT)(t)
h(2,1)(t) h(2,2)(t) · · · h(2,NT)(t)

...
...

. . .
...

h(NR,1)(t) h(NR,2)(t) · · · h(NR,NT)(t)


(5)

Hence, the MIMO transmit-receive relationship can be writ-
ten compactly as [44], [45]

y(t) =

∫
∞

−∞

H(τ )x(t − τ )dτ + v(t) (6)

Let y[n] = y(nT ), x[n] = x(nT ), and v[n] = v(nT ),
where T is the sampling period, then the discrete-time

115514 VOLUME 11, 2023



S. Guo et al.: MIMO-Based Physical Layer Evaluation on IEEE 802.11bd

TABLE 3. MCS options, data rate, and transmission latency of 10MHz IEEE 802.11bd.

FIGURE 1. MIMO system model.

multivariate impulse response at tap l is denoted as H[l]
where [H[l]]j,i is obtained by filtering and sampling h(j,i)(t).
Hence, the discrete-time transmit-receiveMIMO relationship
becomes [44], [46]

y[n] =

L∑
l=0

H[l]x[n− l] + v[n] (7)

where L is the number of channel taps. If L = 0, the
frequency-selective MIMO relationship in (7) reduces to the
frequency-flat MIMO relationship [47], [48], [49]

y[n] = Hx[n] + v[n] (8)

MIMO systems can be used either to increase the data
transmission rate by sending different bit streams indepen-
dently in the spatial multiplexing or to obtain the reliable
communication by sending the same bit stream over inde-
pendent paths in the spatial diversity [50]. To compromise
betweenmaximizing themultiplexing gain in order to achieve
the best spectral efficiency and maximizing the diversity
gain so as to increase the link reliability against fading, the
trade-off between the multiplexing gain and the diversity gain
needs to be leveraged [42].
The multiplexing gain r satisfies the relationship with

0 ≤ r ≤ min(NT,NR) (9)

then the optimal diversity gain can be calculated as [35], [42],
[43]

dopt(r) = (NT − r)(NR − r) (10)

C. V2V CHANNEL MODEL
Based on different measurement campaigns implemented in
five common V2V scenarios, the V2V channel models are
derived in [51] for the performance evaluation and the corre-
sponding parameters are shown in Table 4 where the power,
delay, and Doppler frequency of the LOS path and the first
several NLOS paths for each scenario are listed.

1) RURAL LOS SCENARIO
In an open environment without other vehicles, buildings, and
large fences, the LOS communication is dominant between
two vehicles with a strong LOS component and several weak
multipath components.

2) URBAN APPROACHING LOS SCENARIO
During the communication between two approaching vehi-
cles in an urban street with buildings nearby, the stronger
multipath components, which are still much weaker than the
LOS component, can be observed compared to the rural LOS
scenario.

VOLUME 11, 2023 115515



S. Guo et al.: MIMO-Based Physical Layer Evaluation on IEEE 802.11bd

3) URBAN CROSSING NLOS SCENARIO
When the communication takes place between two vehicles
approaching an urban blind intersection with other traffic,
buildings, and fences present, the NLOS communication
becomes predominant with themuch stronger multipath com-
ponents and the strong fading occurs due to the absence of
dominant LOS component as well as the small difference in
power among multipath components [29].

4) HIGHWAY LOS SCENARIO
Confronted with the communication between two vehicles
following each other on multilane inter-region roadways, the
LOS communication is still significant even if the signs,
overpasses, hillsides, and other traffic are present. However,
a higher Doppler shift can be observed due to the higher
differential speed between vehicles.

5) HIGHWAY NLOS SCENARIO
Similar to the highway LOS scenario except that a truck is
in between communicating vehicles and blocking the LOS
path, the NLOS communication is prominent with the much
stronger multipath components and the fast fading exists
because of the high Doppler spread [29].
With the introduction of scenarios containing build-

ings, fences, and other vehicles, the NLOS communication
becomes indispensable in addition to the LOS communi-
cation. Because of these obstacles, the signal propagates
through multiple paths by means of reflection, diffraction,
refraction, and scattering mechanisms. Consequently, the
power of the received signal fluctuates in space (due to angle
spread) and/or frequency (due to delay spread) and/or time
(due to Doppler spread) through the random superposition of
the impinging multipath components [52]. Hence, in addi-
tion to the typical impairments of the wireless channel in
the LOS propagation conditions including noise, co-channel
interference, path loss, and scarce available bandwidth, there
exist other detrimental impairments in the NLOS propagation
environments such as multipath fading, which consists of the
severe fluctuations in the received signal [53]. Since the LOS
environment has less multipath components than the NLOS
environment, it is expected that MIMO can bring a larger gain
in the data rate for the NLOS environment compared to the
LOS environment [54].

D. PHY METRIC
1) TRANSMISSION LATENCY
The transmission latency, i.e., packet duration, is the time
required to transmit an IEEE 802.11bd packet to the air
interface [10], [28]. It can be obtained as [5], [10]

T 11bd
tx = T 11bd

pre + T 11bd
AIFS + T 11bd

sym · N 11bd
sym + T 11bd

sym · Nma

(11)

where T 11bd
pre = 80 µs is the preamble duration, T 11bd

AIFS =

32 µs is the arbitrary inter-frame space (AIFS) for priority
data which is set as the short inter-frame space (SIFS) for

simplicity, T 11bd
sym = 8 µs is the OFDM symbol duration, and

N 11bd
sym is the number of OFDM symbols defined as

N 11bd
sym =

⌈
Pb · 8

N 11bd
sd · R11bd · N 11bd

bpscs

⌉
(12)

where Pb is the packet size in bytes, N 11bd
sd = 52 is the

number of data subcarriers in an OFDM symbol, R11bd is
the coding rate, N 11bd

bpscs is the coded bits per subcarrier which
equals 0.5 for MCS 10, and ⌈·⌉ is a ceiling function used
to round up values to the nearest integer. Moreover, Nma is
the number of OFDM symbols used for midamble which is
obtained as [5], [40]

Nma =

⌊
N 11bd
sym − 1

Tma

⌋
(13)

where Tma is the midamble periodicity which is specified
as 4 OFDM symbols for all MCSs to obtain the lowest PER
by means of the densest midamble insertion, and ⌊·⌋ is a floor
function used to round down values to the nearest integer.

The transmission latencies described in IEEE 802.11bd are
calculated with the 100-byte and 1500-byte packets respec-
tively which are listed in Table 3.

2) THEORETICAL DATA RATE AND ACTUAL DATA RATE
The theoretical data rates for IEEE 802.11bd are obtained by
dividing the data bits carried by an OFDM symbol with the
duration of the OFDM symbol, as illustrated in Table 3. How-
ever, in addition to the data transmission, the transmitted PHY
frame also contains a preamble and one or more midambles in
each packet, and at least one inter-frame space (IFS) between
two consecutive packet transmissions [5]. Hence, the actual
data rate is calculated in terms of payloadPb and transmission
latency T 11bd

tx as [5], [10].

011bd
=
Pb · 8

T 11bd
tx

(14)

With a very large packet size, the packet duration is much
larger than the overhead and thus generates an actual data rate
which is closer to the theoretical data rate. Nevertheless, the
overhead can have an incredible impact on the applications
with very small packet size and thus results in a significant
decrease of the actual data rate from the theoretical data rate
[5], [28]. The actual data rates provided in IEEE 802.11bd are
computed with the 100-byte and 1500-byte packets respec-
tively and presented in Table 3.

IV. SIMULATION AND RESULTS
Based on the simulation of full PHY modeling in a
MATLAB-based framework, the PHY performance of IEEE
802.11bd is evaluated in various V2V channel models [51]
which emulate the real-world scenarios.

Since the NLOS scenario which is very challenging for the
DSRC standards leads to the significant degradation on the
communication performance [55], and the MIMO technique
is more favorable for the NLOS scenario, whose multipath
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TABLE 4. V2V channel model parameters.

TABLE 5. Simulation parameters.

components are more rich compared to the LOS scenario,
to combat the multipath fading [54], both the modeled NLOS
scenarios, the urban NLOS and the highwayNLOS scenarios,
are studied to explore the availability and effectiveness of var-
ious IEEE 802.11bd applications. The simulation parameters
are summarized in Table 5.
The path loss is defined in the log-distance path-loss model

as [28], [56]

PL(d) = PL(d0) + 10α log10(d) (15)

where d is the distance in meters between the transmitter and
the receiver, α is the path-loss exponent, and PL(d0) is the
reference path loss at d0 = 1 m obtained as [57]

PL(d0) = 10 log10(
4π
λ
)2dα

0 = 10 log10(
4π
λ
)2

= 10 log10(
4π

c
/
fc
)2 = 47.86 dB (16)

where λ is the wavelength, c = 3 × 108 m/s is the speed of
light, and fc = 5.9 GHz is the carrier frequency.

A. PER
PER is defined as the ratio between the erroneously received
packets and the total transmitted packets. It is the most com-
monmetric to indicate the reliability of a communication link
and to characterize the receiver performance. The lower value
of PER implies the higher reliability of a communication
system. The PER curve is usually plotted on a logarithmic
scale as a function of transmitted SNR.

For clarity and simplicity, only MCS 1 and MCS 5 are
included in the simulation results. The PERs for the 100-byte
and 1500-byte packets are shown in Fig.2 (a) and Fig.2 (b)
for the urban NLOS scenario and in Fig.2 (c) and Fig.2 (d)
for the highway NLOS scenario, respectively.

1) IMPACT OF ANTENNA CONFIGURATION
a: SISO
Since there is only one antenna at the transmitter and one
antenna at the receiver, the SISO (1 × 1) system performs
worst with the highest PER due to the lack of transmit diver-
sity and receive diversity.

Moreover, the PER of the SISO system always decreases
monotonically with the increase of SNR initially and reaches
saturation finally, which is applicable for both scenarios, both
packet sizes, and both MCSs.

b: MISO
With multiple transmit antennas and a single receive antenna,
the transmit diversity is developed in theMISO (2×1) system
and thus the PER is reduced compared to the SISO system.

Due to the absence of channel state information (CSI) at the
transmitter, the performance of theMISO system is inferior to
the SIMO system because of its higher PER even if the num-
ber of transmit antennas in the MISO system is equal to the
number of receive antennas in the SIMO system [37], [58].

The occasional growth of PER with the increase of SNR
emerges in the highway NLOS scenario with the 100-byte
packet for MCS 1 and with the 1500-byte packet for both
MCSs.

c: SIMO
Because of the advantage of the receive diversity, the SIMO
(1 × 2) system, with multiple receive antennas and a single
transmit antenna, is superior to both the MISO and SISO
systems in terms of the further reduced PER.

The undesired rise of PER with the increase of SNR occurs
in both scenarios with both packet sizes for MCS 5.

d: MIMO
Based on the full employment of both transmit diversity
and receive diversity obtained by multiple transmit antennas
and multiple receive antennas, the MIMO (2 × 2) system is
optimal with the lowest PER among all the antenna configu-
rations.

The abnormal increase of PER with the increase of SNR
exists in the urban NLOS scenario with the 100-byte packet
for MCS 5 and in the highway NLOS scenario with both
packet sizes for both MCSs.

When the transmitter is far away from the receiver which
results in the low SNR, the multi-antenna configuration is
advantageous in mitigating the multipath components. Fur-
thermore, the distinction of PER in the SISO, MISO, SIMO,
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FIGURE 2. PER in urban NLOS and highway NLOS scenarios with the 100-byte and 1500-byte packets.

TABLE 6. SNR threshold (db) for PER.

and MIMO systems can be observed below a specific SNR
threshold which corresponds to a low-SNR range and thus
a long-distance range. Specifically, the SNR thresholds of
PER respectively for MCS 1 and MCS 5 with the 100-byte
and 1500-byte packets under the urban NLOS and highway
NLOS scenarios are listed in Table 6.

However, with the smaller distance between the trans-
mitter and the receiver and thus the higher SNR, the
multi-antenna interference becomes dominant. Hence, the
abnormal increase of PER with the increase of SNR is not
found in the SISO system but widely present under theMISO,
SIMO, and MIMO systems instead. Furthermore, the satu-
rated PER in certain multi-antenna systems, MISO, SIMO,
or MIMO, can exceed that in the SISO system as the result
of multi-antenna interference. The earliest minimum PER
during the increase of SNR, the second maximum PER, and

the ratio between them, which are combined to measure the
temporary growth of PER, are shown in Table 7. The saturated
PER at the highest SNR and its relative value compared to
the earliest minimum PER are also provided as reference.
In addition, the SNR at which the earliest minimum PER,
the second maximum PER, and the saturated PER appear are
given as well.

2) IMPACT OF V2V SCENARIO
a: URBAN NLOS SCENARIO
In the urban scenario with the slower movement of vehi-
cles, the PER is generally monotonically decreasing with
the increase of SNR until the occurrence of saturation.
Exceptionally, there is an undesired rise of PER exclusively
for MCS 5 in the 1 × 2 and 2 × 2 systems with the 100-byte
packet and in the 1 × 2 system with the 1500-byte packet.

With the lower PER, the urban NLOS scenario with the
lower Doppler effect is less sensitive to the larger packet size
and the higher MCS.

The SNR threshold below which the PER of various sys-
tems can be distinguished is smaller than or equal to that in
the highway NLOS scenario for MCS 1 and MCS 5, which
indicates that the multi-antenna configuration is beneficial in
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a smaller or equal low-SNR range and thus a smaller or equal
long-distance range.

The PER ofMCS 1 is equal to 0, which cannot be shown in
the logarithmic-scale figure, with the 100-byte packet above
10 dB in the 1×1 system and above 6 dB in the 1×2 system
respectively, and with the 1500-byte packet above 18 dB in
the 1 × 1 system and above 14 dB in the 1 × 2 system
respectively.

b: HIGHWAY NLOS SCENARIO
Due to a higher Doppler effect caused by the faster vehicles
in the highway scenario, the PER is usually slightly higher
than that in the urban NLOS scenario and the larger packet
size and the higher MCS are less tolerable.

The abnormal increase of the PER is extensively present
with both packet sizes forMCS 1 in the 2×1 and 2×2 systems
and for MCS 5 in the 1×2 and 2×2 systems, and solely with
the 1500-byte packet for MCS 5 in the 2 × 1 system.
The PER of MCS 1 equals to 0 and cannot be seen in the

logarithmic-scale figure, above 22 dB in the 1×1 systemwith
the 1500-byte packet.

3) IMPACT OF PACKET SIZE
a: 100-BYTE PACKET
The 100-byte packet mainly generates the smaller PER com-
pared to the 1500-byte packet even if an occasional rise of
PER is present, which is helpful to maintain a lower PER
level and satisfy a higher reliability requirement. Moreover,
the smaller packet is less influenced by the higher Doppler
effect and the higher MCS. Hence, the smaller packet is rec-
ommended in the ultra-reliable communication, e.g., URLLC
application.

Instead of the monotonic reduction with the increase of
SNR, the temporary growth of PER occurs for MCS 5 in the
1 × 2 and 2 × 2 systems in both scenarios and for MCS
1 in the 2 × 1 and 2 × 2 systems in the highway NLOS
scenario.

Moreover, with the lower SNR threshold, the smaller
packet brings a smaller low-SNR range for the multi-antenna
system to demonstrate its predominance.

The PER of MCS 1 can be as low as 0 in the 1 × 1 and
1 × 2 systems under the urban NLOS scenario.

b: 1500-BYTE PACKET
With the higher PER and thus the lower reliability, the degra-
dation on the 1500-byte packet becomes even worse with the
higher Doppler effect and the higher MCS.

The unusual rise of PER with the 1500-byte packet is
similar to the 100-byte packet, except that the 2 × 2 system
for MCS 5 in the urban NLOS scenario is excluded and the
2 × 1 system for MCS 5 in the highway NLOS scenario is
included.

In addition to the 1 × 1 and 1 × 2 systems in the urban
NLOS scenario, the PER of MCS 1 can also be reduced to
0 in the 1 × 1 system under the highway NLOS scenario.

4) IMPACT OF MCS
a: MCS 1
MCS 1 often realizes the lower PER and reaches a higher
reliability in contrast with MCS 5, even with the existence of
the unfavorable rise of PER. Besides, the lower MCS is less
vulnerable to the higher Doppler effect and the larger packet
size. Thus, the lower MCS is introduced for the more reliable
and robust transmission.

Beginningwith themonotonic decrease with the increasing
SNR, the following PER undergoes the unexpected increase
in the 2 × 1 and 2 × 2 systems with both packet sizes under
the highway NLOS scenario.

In addition, the lower SNR threshold brought by the
lower MCS reduces the low-SNR range over which the
multi-antenna system is beneficial.

b: MCS 5
With the increased PER which lowers the reliability, the
inferiority of MCS 5 compared with MCS 1 becomes more
obvious for the higher Doppler effect and the larger packet
size.

The destructive growth of PER emerges in the 1 × 2 and
2×2 systems with the 100-byte packet under both scenarios,
in the 1×2, 2×1, and 2×2 systems with the 1500-byte packet
under the highway NLOS scenario, and in the 1 × 2 system
with the 1500-byte packet under the urban NLOS scenario.

Different fromMCS 1 for which the PER can be sometimes
decreased to 0, the PER can never be fallen to 0 for MCS 5.

The impact of all the parameters, including antenna con-
figuration, V2V scenario, packet size, and MCS, on the PER
are concluded in Table 8.

B. PRR
PRR is defined as the ratio of the successfully received pack-
ets to the total transmitted packets. Therefore, it is inversely
related to PER and represents the probability of success-
ful transmissions. The PRR curve is generally plotted on a
non-logarithmic scale as a function of distance between the
transmitter and the receiver. To evaluate the effective range of
the communication technology, the maximum transmission
range, i.e., transmission coverage, is defined as the distance
where the link-level PRR value equals the desired PRR target,
for example, 90%, for the reliability requirement.

Only MCS 1 and MCS 5 are involved in the simulation
results for convenience. The PRRs for the 100-byte and
1500-byte packets are shown in Fig.3 (a) and Fig.3 (b) for
the urban NLOS scenario and in Fig.3 (c) and Fig.3 (d) for
the highway NLOS scenario, respectively.

1) IMPACT OF ANTENNA CONFIGURATION
a: SISO
Without the adoption of transmit diversity and receive diver-
sity, the SISO (1 × 1) system is the least favorable with the
lowest PRR and the smallest transmission coverage.
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TABLE 7. Abnormal increase of PER with increase of SNR.

TABLE 8. Impact of parameters on PER.

Furthermore, the PRR of the SISO system always expe-
riences the monotonic increase with the decrease of distance
and then remains stable for both MCSs with both packet sizes
in both scenarios.

b: MISO
The PRR and coverage can be increased in the MISO (2 ×

1) system which becomes preferable in comparison with the
SISO system.

In accordance with the occasional growth of PER with the
increase of SNR, the incidental reduction of PRR with the
decrease of distance appears in the highway NLOS scenario
for MCS 1 with both packet sizes and for MCS 5 with the
1500-byte packet.

c: SIMO
Depending on the further increased PRR and coverage, the
SIMO (1 × 2) system is more beneficial than the MISO and
SISO systems.

The unexpected drop of PRR with the decrease of distance
happens for MCS 5 with both packet sizes under both scenar-
ios.

d: MIMO
Due to the highest PRR and the largest coverage, the MIMO
(2 × 2) system is the most advantageous in all the antenna
configurations.

The harmful decline of PRR with the decrease of distance
is present under the urban NLOS scenario for MCS 5 with
the 100-byte packet and under the highway NLOS scenario
for both MCSs with both packet sizes.

To estimate the coverage completely and consistently
under different antenna configurations for the fixed Doppler
effect, packet size, and MCS, the minimum coverage among
the SISO,MISO, SIMO, andMIMO systems is selected as the
basic coverage which represents the essential coverage for all
the antenna configurations. Specifically, the basic coverages
with respect to the 90% PRR requirement for MCS 1 and
MCS 5 with the 100-byte and 1500-byte packets in the urban
NLOS and highway NLOS scenarios are shown in Table 9.

Since the PERs ofMCS 5 for the 2×1 and 2×2 systems are
always above 10−1 in the highway NLOS scenario with the
1500-byte packet, the corresponding PRRs are always below
90% and the generality of the basic coverage for the 90%PRR
target cannot be satisfied which disables its validity.

Contrary to the multi-antenna system which may result in
the lower PRR and the smaller coverage due to the inter-
ference in the short-distance range compared to the SISO
system, the multi-antenna configuration is helpful to over-
come the multipath fading in the long-distance range and the
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FIGURE 3. PRR in urban NLOS and highway NLOS scenarios with the 100-byte and 1500-byte packets.

TABLE 9. Basic coverage (m) with 90% PRR requirement.

difference of PRR in the SISO, MISO, SIMO, and MIMO
systems can be distinguished above a specific distance thresh-
old. Specifically, the distance thresholds of PRR respectively
for MCS 1 and MCS 5 with the 100-byte and 1500-byte
packets under the urban NLOS and highway NLOS scenarios
are listed in Table 10.

2) IMPACT OF V2V SCENARIO
a: URBAN NLOS SCENARIO
Generally, the PRR undergoes the monotonic growth with
the reduction of distance and enters the stability subsequently
in the urban scenario with a lower Doppler effect. However,
there is an unusual decline of PRR for MCS 5 in the 1×2 and
2×2 systems with the 100-byte packet and in the 1×2 system
with the 1500-byte packet in agreement with the undesired
rise of PER.

TABLE 10. Distance threshold (m) for PRR.

Less affected by the larger packet size and the higherMCS,
the transmission coverage is less limited accompanied with
the higher PRR. The basic coverage is always larger com-
pared with the highway NLOS scenario due to the common
extension on the coverage of each antenna configuration.
Moreover, the basic coverage is still valid for 49 m even with
the 1500-byte packet for MCS 5.

The distance threshold above which the PRR of various
antenna configurations can be distinguished is larger than or
equal to that in the highway NLOS scenario for MCS 1 and
MCS 5 and hence generates a smaller or equal long-distance
range within which the multi-antenna configuration is help-
ful.

b: HIGHWAY NLOS SCENARIO
The PRR, as well as the transmission coverage, is usually a bit
smaller in the highway scenario than that in the urban scenario
arising from the higher Doppler effect.
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The unexpected drop of PRR occurs with both packet sizes
for MCS 1 in the 2 × 1 and 2 × 2 systems and for MCS 5 in
the 1 × 2 and 2 × 2 systems, and solely with the 1500-byte
packet for MCS 5 in the 2 × 1 system.
The deterioration of the PRR with the 1500-byte packet

for MCS 5 becomes more severe and the coverage is greatly
restricted. Accordingly, the PRRs in the 2× 1 and 2× 2 sys-
tems are always below 90% and thus invalidate the basic
coverage regarding the 90% PRR requirement.

3) IMPACT OF PACKET SIZE
a: 100-BYTE PACKET
Basically, the higher PRR and the larger coverage are
obtained by the 100-byte packet in comparison with the 1500-
byte packet. Hence, the basic coverage of all the systems is
extended consequently. Besides, the smaller packet is less
sensitive to the higher Doppler effect and the higher MCS
and thus can fulfill a more rigorous PRR requirement. Faced
with the most challenging environment, the highway NLOS
scenario, there is still 109 m available in the basic coverage
for MCS 5 with the 90% PRR target. Hence, the smaller
packet is more favorable and more robust in the ultra-reliable
communication where the large transmission coverage can be
guaranteed.

In lieu of the monotonic increase with the decreasing dis-
tance, the casual reduction of PRR emerges for MCS 5 in the
1 × 2 and 2 × 2 systems under both scenarios and for MCS
1 in the 2 × 1 and 2 × 2 systems under the highway NLOS
scenario.

In addition, the higher distance threshold for PRR with the
smaller packet shortens the long-distance range over which
the advantageous multi-antenna configuration is activated.

b: 1500-BYTE PACKET
As the result of the reduced PRR and coverage, the basic
coverage is narrowed and even cannot be realized in the
highway NLOS scenario for MCS 5 since the 1500-byte
packet is more vulnerable to the higher Doppler effect and
the higher MCS.

In comparison with the 100-byte packet, the abnormal
decrease of PRR appears excluding the 2×2 system for MCS
5 in the urban NLOS scenario and including the 2×1 system
for MCS 5 in the highway NLOS scenario.

4) IMPACT OF MCS
a: MCS 1
With the higher PRR and the larger coverage usually achieved
by MCS 1, the basic coverage is accordingly enlarged in
contrast with MCS 5. More resistant to the higher Doppler
effect and the larger packet size, the basic coverage of 283 m
can still be guaranteed even in the highway NLOS scenario
with the 1500-byte packet. Thus, the lower MCS is superior
in the reliability and robustness of the communication with
the extension of transmission coverage.

TABLE 11. Impact of parameters on PRR.

Other than the monotonic rise with the decrease of distance
in the long-distance range, the undesired drop of PRR in the
short-distance range happens in the 2 × 1 and 2 × 2 systems
with both packet sizes under the highway NLOS scenario.

Additionally, the distance threshold of PRR for MCS 1 is
greatly increased and hence the long-distance range which
motivates the beneficial multi-antenna system is extremely
reduced.

b: MCS 5
The PRR and coverage of MCS 5 descend more significantly,
especially for the higher Doppler effect and the larger packet
size.More seriously, the basic coverage in the highwayNLOS
scenario with the 1500-byte packet is disabled.

The accidental decline of PRR exists in the 1 × 2 and 2 ×

2 systems with the 100-byte packet for both scenarios, in the
1× 2, 2× 1, and 2× 2 systems with the 1500-byte packet for
the highway NLOS scenario, and in the 1×2 system with the
1500-byte packet for the urban NLOS scenario.

The impact of all the parameters, including antenna con-
figuration, V2V scenario, packet size, and MCS, on the PRR
are concluded in Table 11.

C. EFFECTIVE DATA RATE
Due to the existence of PER in a real communication, the
effective data rate of eachMCS is calculated as the actual data
rate multiplied by the probability of successful transmission,
i.e., PRR, at each specified distance [5], [29].

Along with the change of distance between the transmitter
and the receiver, the fading condition of the channel and its
corresponding SNR are varying consequently. Hence, at each
observed distance, the effective data rates of all MCSs are
compared and their maximum is selected as the output effec-
tive data rate according to the link adaptation [28]. Since the
higher actual data rate and the lower PRR are obtained by
the higher MCS, while the lower actual data rate and the
higher PRR are obtained by the lower MCS, all the MCSs are
the candidates to reach the maximum product as the output
effective data rate.

The output effective data rates for the 100-byte and 1500-
byte packets are shown in Fig.4 (a) and Fig.4 (b) for the urban
NLOS scenario and in Fig.4 (c) and Fig.4 (d) for the highway
NLOS scenario, respectively.
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FIGURE 4. Output effective data rate in urban NLOS and highway NLOS scenarios with the 100-byte and 1500-byte packets.

1) IMPACT OF ANTENNA CONFIGURATION
a: SISO
The output effective data rate of the SISO (1 × 1) system
always experiences the monotonic increase with the decrease
of distance for both scenarios and both packet sizes and
remains lowest among all the antenna configurations beyond
a specific distance threshold.

b: MISO
The output effective data rate of the MISO (2 × 1) system is
enhanced compared to the SISO system above the distance
threshold. Except for the highway NLOS scenario with the
1500-byte packet where there is an obvious decline ranging
from 93 m to 67 m, the data rate keepsmonotonically increas-
ing with the decreasing distance.

c: SIMO
The output effective data rate of the SIMO (1 × 2) system
maintains the monotonic growth with the reduction of dis-
tance throughout both scenarios and both packet sizes and can
be further elevated compared to the MISO as well as SISO
systems beyond the distance threshold.

d: MIMO
The MIMO (2× 2) system outperforms all the other systems
with the highest output effective data rate above the distance
threshold. Instead of the monotonic increase with the decline
of distance which only occurs in the urban NLOS scenario
with the 1500-byte packet, an evident reduction of the data
rate exists in all the other three situations. Specifically, it is
located from 110 m to 79 m in the urban NLOS scenario with
the 100-byte packet, from 110 m to 67 m in the highway
NLOS scenario with the 100-byte packet, and from 154 m
to 67 m in the highway NLOS scenario with the 1500-byte
packet, respectively.

Different from the interference which is generated by the
multi-antenna system in the short distance and leads to the
lower data rate of some multi-antenna systems compared
with the SISO system, the multipath fading can be mitigated
by the multi-antenna configuration at the farther distance
defined by the threshold above which the data rate in the
SISO, MISO, SIMO, and MIMO systems can be separated.
Specifically, the distance thresholds of the output effective
data rate respectively for MCS 1 and MCS 5 with the 100-
byte and 1500-byte packets in the urban NLOS and highway
NLOS scenarios are shown in Table 12.
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TABLE 12. Distance threshold (m) for output effective data rate.

2) IMPACT OF V2V SCENARIO
a: URBAN NLOS SCENARIO
The output effective data rate under the urban NLOS scenario
is usually higher compared to the highway NLOS scenario,
and the difference becomes more remarkable with the larger
packet size. Hence, the urban NLOS scenario is less stringent
than the highway NLOS scenario which becomes more obvi-
ous for the challenging larger packet.

Moreover, the larger distance threshold beyond which the
data rate of various systems can be separated implies a smaller
long-distance range where the multi-antenna configuration is
advantageous.

b: HIGHWAY NLOS SCENARIO
The exacerbation of data rate compared with the urban NLOS
scenario becomes even worse with the larger packet size.
Specifically, the initial data rates of all the systems at the
shortest distance in the urban NLOS scenario with the 1500-
byte packet can remain higher than 20 Mbps, but in the
highway NLOS scenario with the 1500-byte packet, except
for the 1×2 system, the initial data rates of all the other three
systems fall below 20 Mbps.

Different from the urban NLOS scenario where the unde-
sired sink of data rate during the decrease of distance only
exists in the 2×2 system with the 100-byte packet, the casual
drop appears not only in the 2 × 2 system with the 100-byte
packet but also in the 2× 1 and 2× 2 systems with the 1500-
byte packet under the highway NLOS scenario.

3) IMPACT OF PACKET SIZE
a: 100-BYTE PACKET
The output effective data rate is lower with the 100-byte
packet and generally undergoes the gradual increase with
the decrease of distance. The unpopular drop is present in
the 2 × 2 system under both the urban and highway NLOS
scenarios. Less vulnerable to the higher Doppler effect, the
difference between the urban and highway scenarios are
notably suppressed.

The distance threshold is smaller in the urban NLOS sce-
nario and larger in the highway NLOS scenario respectively,
as the result of the optimal selection on all the MCSs.

b: 1500-BYTE PACKET
After the steep decrease with the increase of distance, the
minimum data rate at the farthest distance becomes compara-
ble to that with the 100-byte packet. However, the higher data
rate over most of the distance range is still more beneficial for
the high-throughput application.

TABLE 13. Impact of parameters on output effective data rate.

The significant deterioration of the data rate is generated
with the higher Doppler effect especially at the short distance
within 200 m, and the temporary reduction with the decline
of distance emerges in the 2× 1 and 2× 2 systems under the
highway NLOS scenario.

The impact of all the parameters, including antenna config-
uration, V2V scenario, and packet size, on the output effective
data rate are concluded in Table 13.

D. PACKET IAT
The packet IAT is defined as the time between two successive
successful packet receptions. In a practical communication
including PER, the packet IAT of each MCS is obtained by
the packet transmission latency divided by the PRR at each
appointed distance [28], [29].

Due to the variation of channel fading condition and its
SNR caused by the changing distance, at each given distance,
the packet IATs of allMCSs are compared and their minimum
is selected as the output packet IAT by means of the link
adaptation. Since the smaller transmission latency and the
lower PRR are obtained by the higher MCS, whereas the
larger transmission latency and the higher PRR are obtained
by the lower MCS, all the MCSs are possible to realize the
minimum quotient as the output packet IAT.

The output packet IATs for the 100-byte and 1500-byte
packets are shown in Fig.5 (a) and Fig.5 (b) for the urban
NLOS scenario and in Fig.5 (c) and Fig.5 (d) for the highway
NLOS scenario, respectively.

1) IMPACT OF ANTENNA CONFIGURATION
a: SISO
The output packet IAT of the SISO (1 × 1) system, which
always monotonically descends with the decline of distance
for both packet sizes in both scenarios, keeps largest above
the distance threshold.

Most sensitive to the higher Doppler effect and the larger
packet size, the packet IAT is dramatically increasing with the
growth of distance in the highway NLOS scenario with the
1500-byte packet and the resulting IAT at the farthest distance
is as high as 165 ms.

b: MISO
The output packet IAT of the MISO (2×1) system is reduced
in contrast with the SISO system beyond the distance thresh-
old. The abnormal growth of the IAT only occurs in the
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FIGURE 5. Output packet IAT in urban NLOS and highway NLOS scenarios with the 100-byte and 1500-byte packets.

highway NLOS scenario with the 1500-byte packet and is
located between 93 m and 67 m, otherwise, the IATmaintains
the monotonic reduction with the decrease of distance.

c: SIMO
Based on the monotonic drop with the decline of distance
under both scenarios with both packet sizes, the output packet
IAT of the SIMO (1×2) system can be further decreased com-
pared with the MISO and SISO systems above the distance
threshold.

d: MIMO
With the smallest output packet IAT beyond the distance
threshold, the MIMO (2 × 2) system surpasses all the other
systems. On one hand, the monotonic reduction of the IAT
with the decreasing distance exclusively appears in the urban
NLOS scenario with the 1500-byte packet. On the other hand,
the unusual raise of the IAT extensively happens in all the
other three instances where it is situated between 110 m
and 79 m under the urban NLOS scenario with the 100-byte
packet, between 110 m and 67 m under the highway NLOS

TABLE 14. Distance threshold (m) for output packet IAT.

scenario with the 100-byte packet, and between 154 m and
67 m under the highway NLOS scenario with the 1500-byte
packet, respectively.

Regardless of the multi-antenna interference within the
short distance which sometimes gives rise to the larger IAT of
the multi-antenna systems in contrast with the SISO system,
the multi-antenna configuration is still beneficial in overcom-
ing the multipath fading at the longer distance where the
IAT of the SISO, MISO, SIMO, and MIMO systems can
be separated above the threshold. Accordingly, the distance
thresholds of the output packet IAT respectively for MCS
1 and MCS 5 with the 100-byte and 1500-byte packets under
the urban NLOS and highway NLOS scenarios are listed in
Table 14.

VOLUME 11, 2023 115525



S. Guo et al.: MIMO-Based Physical Layer Evaluation on IEEE 802.11bd

TABLE 15. Impact of parameters on output packet IAT.

2) IMPACT OF V2V SCENARIO
a: URBAN NLOS SCENARIO
The output packet IAT is generally smaller in the urbanNLOS
scenario than that in the highway NLOS scenario, and the gap
increases for the larger packet size. Consequently, the urban
NLOS scenario is more tolerant than the highway NLOS
scenario which becomes more evident for the larger packet
size.

Besides, the larger distance threshold above which the IAT
of all the systems can be isolated confines the long-distance
range where the advantage of the multi-antenna configuration
can be initiated.

b: HIGHWAY NLOS SCENARIO
The growth of the IAT compared to the urban NLOS scenario
is slight with the 100-byte packet but becomes more con-
spicuous with the 1500-byte packet, especially at the farthest
distance in the 1×1 system which results in an incomparable
IAT.

In addition to the 2 × 2 system with the 100-byte packet
under the urban NLOS scenario, the abnormal rise of the IAT
with the decline of distance occurs more widely in the high-
way NLOS scenario including the 2 × 2 system with the
100-byte packet and the 2 × 1 and 2 × 2 systems with the
1500-byte packet.

3) IMPACT OF PACKET SIZE
a: 100-BYTE PACKET
Always with the smaller output packet IAT which is favor-
able in the low-latency application, the reduction with the
descending distance is gentle and the undesired increase
exists in the 2 × 2 system for both scenarios. More robust
to the higher Doppler effect, the deterioration of the IAT in
the highway NLOS scenario is greatly alleviated.

The smaller distance threshold in the urban NLOS sce-
nario and the larger distance threshold in the highway NLOS
scenario are obtained according to the adaptation on all the
MCSs.

b: 1500-BYTE PACKET
During the sharp growth of the IAT with the ascending dis-
tance, the resulting IAT is increased significantly compared to
that with the 100-byte packet and the deviation between both
scenarios becomes more prominent with the larger packet
size. The abnormal growth of the IAT with the decreasing

distance appears in the 2 × 1 and 2 × 2 systems under the
highway NLOS scenario.

The impact of all the parameters, including antenna config-
uration, V2V scenario, and packet size, on the output packet
IAT are concluded in Table 15.

V. CONCLUSION
In this paper, the PHY performance of IEEE 802.11bd is
simulated and evaluated according to the PER, PRR, output
effective data rate, and output packet IAT. The impact of
diverse antenna configurations, i.e., SISO, MISO, SIMO,
and MIMO, are demonstrated and compared. Both the urban
NLOS and the highway NLOS scenarios are investigated and
compared to explore their respective channel characteristics.
The effect of different packet sizes and distinct MCSs are also
taken into consideration. Some specific conclusions are as
follows.

• The MIMO configuration with multiple transmit anten-
nas and multiple receive antennas has a significant
predominance in decreasing the PER, increasing the
PRR as well as the transmission coverage, elevating
the output effective data rate, and reducing the output
packet IAT in comparison with the SIMO, MISO, and
SISO configurations at the farther distance determined
by the specific threshold. The SIMO system is superior
to the MISO system even though the number of transmit
antennas in the MISO system is equal to the number
of receive antennas in the SIMO system, and the SISO
system is least favorable with the worst performance.

• With the slight advantage in the lower PER, larger PRR
as well as the transmission coverage, higher output
effective data rate, and smaller output packet IAT, the
urban NLOS scenario is more robust to the larger packet
size and the higher MCS than the highway NLOS sce-
nario.

• Due to the lower PER, larger PRR as well as the trans-
mission coverage, and smaller output packet IAT, the
smaller packet, which is less vulnerable to the higher
Doppler effect and the higher MCS, is preferred in the
high-reliability and low-latency communication. On the
other hand, the larger packet can realize a higher output
effective data rate and thus is recommended in the high-
throughput communication.

• Based on the lower PER and larger PRR as well as
the transmission coverage, the lower MCS, which is
less sensitive to the higher Doppler effect and the
larger packet size, is more beneficial for the high-
reliability communication. The higher MCS selected
in the link adaptation has the potential to achieve the
higher output effective data rate for the high-throughput
communication and the smaller output packet IAT for
the low-latency communication.

According to the analysis on the simulation results, we can
conclude that the utilization of multi-antenna configuration
is indispensable to improve the quality of communication
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at the farther distance. The urban NLOS scenario is more
tolerant than the highway NLOS scenario with the slightly
better performance. Moreover, both the packet size and the
MCS need to be selected properly in terms of the trade-off
among the high-reliability, high-throughput, and low-latency
requirements.
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