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Abstract: With the increased demand for unmanned driving technology and big-data transmission between vehicles,
millimeter-wave (mmWave) technology, due to its characteristics of large bandwidth and low latency, is considered to
be the key technology in future vehicular communication systems. Diﬀerent from traditional cellular communication,
the vehicular communication environment has the characteristics of long distance and high moving speed. However,
the existing communication channel tests mostly select low-speed and small-range communication scenarios for
testing. The test results are insuﬃcient to provide good data support for the existing vehicular communication
research; therefore, in this paper, we carry out a large number of channel measurements in mmWave vehicle-toinfrastructure (V2I) long-distance communication scenarios in the 41 GHz band. We study the received signal
strength (RSS) in detail and ﬁnd that the vibration features of RSS can be best modeled by the modiﬁed two-path
model considering road roughness. Based on the obtained RSS, a novel close-in (CI) model considering the eﬀect
of the transmitter (TX) and receiver (RX) antenna heights (CI-TRH model) is developed. As for the channel
characteristics, the distribution of the root-mean-square (RMS) delay spread is analyzed. We also extend the twosection exponential power delay proﬁle (PDP) model to a more general form so that the distance-dependent features
of the mmWave channel can be better modeled. Furthermore, the variation in both RMS delay spread and PDP
shape parameters with TX-RX distance is analyzed. Analysis results show that TX and RX antenna heights have an
eﬀect on large-scale fading. Our modiﬁed two-path model, CI-TRH model, and two-section exponential PDP model
are proved to be eﬀective.
Key words: Millimeter-wave; Two-path model; Root-mean-square delay spread; Power delay proﬁle; CI-TRH
path-loss model
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With the continuous increase of car ownership
in recent years, issues such as traﬃc safety and
travel eﬃciency are becoming increasingly prominent, resulting in an increasing demand for highspeed mobile communications. To solve these problems, high-rate communication systems for vehicles
are urgently needed. Traditional communication systems use mostly the frequency band below 6 GHz
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for communication, but with the arrival of the ﬁfthgeneration mobile communication (5G) system era,
the frequency resources of the low-frequency band
have been divided up. The high-frequency band,
especially the millimeter-wave (mmWave) band, is
getting increasing attention due to its ability to increase the communication bandwidth and the additional resources on frequency. In addition to the
above advantages, mmWave communication systems
equipped with large-scale phased array antennas can
be miniaturized due to the small wavelength of the
mmWave (Yang et al., 2019).
Compared with today’s cellular frequencies, the
wavelengths of mmWave are much smaller than those
of sub-6 GHz systems, which means that mmWave
undergoes greater free space attenuation in the ﬁrst
meter of propagation due to the Friis free space equation. At some frequency bands, such as 60, 180,
330, or 380 GHz, molecular resonances can make signals attenuate much more rapidly (Rappaport et al.,
2015). Besides, the designs of mmWave communication systems are highly dependent on the wireless channel characteristics under various environments; therefore, it is necessary for researchers to
study mmWave channels in diﬀerent scenarios.
The mmWave propagation characteristics in indoor short-distance transmission scenarios, such as
the oﬃce at 28 GHz (Lei et al., 2016), the conference room and lobby at 39 GHz (Zhang et al., 2019),
and the non-line-of-sight (NLoS) situation in a corridor at 41 GHz (Yue et al., 2019a), have been studied
widely. Moreover, railway communication scenarios are considered in mmWave applications, including high-speed railway (He et al., 2018) and highspeed train (Yue et al., 2019b) communication systems, train-to-infrastructure scenarios (Meinel and
Plattner, 1983), measurements of the four types of
angular spreads (Guan et al., 2018), and the impact
of vibration between wagons (Soliman et al., 2018).
The mmWave vehicular communication scenarios can be classiﬁed roughly into three main categories, in-car, vehicle-to-vehicle (V2V), and vehicleto-infrastructure (V2I) scenarios. In in-car communication scenarios, the vibration of the car has
a signiﬁcant impact on the mmWave channel; research in this area is focused on the estimation of
Doppler spread (Blumenstein et al., 2016; Rahman
et al., 2019), the investigation of the time-varying
intravehicle channel under various traﬃc conditions
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(Prokes et al., 2016), and the dependency of the Rician K -factor on road quality and velocity (Blumenstein et al., 2017). For V2V scenarios, the various
channel characteristics including large-scale fading
(such as path loss) and small-scale fading (such as
the distribution of the path envelope) have been analyzed (Prokes et al., 2018). For example, emphasis
has been placed on diﬀerent channel characteristics
when the transmitter (TX) and the receiver (RX)
are driving in the same (Boban et al., 2019) or the
reverse (Bernadó et al., 2015) directions. The impact of vehicular blockage has been investigated by
Sánchez et al. (2017). There is a special scenario,
namely, the impact of overtaking of vehicles of different speeds, types (Zöchmann et al., 2018), and
positions (Zöchmann et al., 2019).
For V2I communications, channel characteristics are studied through measurements, ray-tracing
simulations, and performance analysis. For instance,
measurements have been conducted by Blumenstein
et al. (2018) to investigate the power delay proﬁle
(PDP) characteristics in an urban-highway environment with 59.6 GHz center frequency and 8 GHz
bandwidth. He et al. (2019) have studied the
28 GHz V2I channel characteristics through calibrated ray-tracing simulations. Moreover, the average down stream packet broadcast performance
under V2I channel conditions has been reported by
Mecklenbrauker et al. (2011). Some other interesting research works include the measurement of
V2I Doppler shift at 28 GHz (Park et al., 2018),
the 60 GHz multiple-input multiple-output (MIMO)
channel sparsity in the delay-Doppler domain (Groll
et al., 2019), and both the V2I measurement and
simulation of channels under diﬀerent environments
(Yan et al., 2020).
However, recent studies of vehicular communication scenarios are focused mainly on the shortdistance propagation characteristics at mmWave
bands. The long-distance propagation characteristics at mmWave frequencies are neglected by most
studies. In fact, long-distance transmission can be
an important application scenario in future V2I communications. For example, in long straight highways and rural avenues (such as the Tianfu Avenue, Chengdu, China), the vehicle speed can reach
100 km/h, and long-distance (>1 km) communication links (Yue et al., 2019b) are crucial to guarantee the link reliability and high quality of service. In
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addition, the major concerns of most recent studies
are the impacts of other vehicles such as blockage in
the overtaking case, but the impacts of some other
important factors, such as reﬂections from the ﬂoor,
roughness of the ground, inﬂuence of the heights of
TX and RX, and inﬂuence of the distance variation, on the channel parameters have been poorly
investigated.
In this work, we conduct extensive measurements of the V2I communication channel characteristics in the 41 GHz band for long-distance (1900 m)
transmission. A two-path model considering road
roughness is established to model our measurement
scenario. Our channel-testing method involves timedomain measurement, which is based on the autocorrelation of the Gray sequence to extract the smallscale fading factor of the channel. At the same time,
according to the received signal strength indication
(RSSI) of the obtained signal, the large-scale fading
parameters of the channel are extracted. A novel
CI-TRH model considering the eﬀect of the heights
of TX and RX antennas is developed. Moreover,
we study the root-mean-square (RMS) delay spread,
PDP, and other main parameters. A two-section exponential PDP model is extended to a more general
form so that the distance-dependent features of the
mmWave channel can be better modeled.

2 Measurement system
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is shown in Fig. 1; it can operate as a TX or an RX.
The digital baseband consists of an analog-to-digital
converter (ADC) AD6688, a digital-to-analog converter (DAC) AD9163, two XC7VX690T ﬁeld programmable gate arrays (FPGAs), and a ZYNQ-7045
chip. At the RX radio frequency (RF) front end, an
AD8362 chip is used behind the down converter to
record RSSI values.
Table 1 Parameters of the mmWave channel sounder
in the 41 GHz band
Parameter

Value

Carrier frequency (GHz)
Bandwidth (MHz)
Symbol rate (Msym/s)
TX and RX antenna heights (m)
Antenna maximum gain (dBi)
Antenna HPBW (◦ )
TX RF output power (dBm)
Intermediate frequency of TX (GHz)
Intermediate frequency of RX (GHz)
Receiver sensitivity (dBm)
TX and RX polarization
ADC sampling rate (GHz)
RSSI sample rate (kHz)
Golay sequence length
Multipath time resolution (ns)
Transmission technology
Modulation scheme
LDPC rate
Roll-oﬀ factor or RC ﬁlter

41
625
500
2
24
10
17
0.5–1.5
2.5–3.5
−75
Vertical
2
1
256
1
Single carrier
QPSK
0.5
0.25

ADC: analog-to-digital converter; dBi: decibels relative to
isotropic; dBm: decibel relative to one milliwatt; HPBW: halfpower beamwidth; mmWave: millimeter-wave; RF: radio frequency; RSSI: received signal strength indicator; RX: receiver;
TX: transmitter; LDPC: low density parity check code

2.1 Measurement design
The key parameters for our measurement system are listed in Table 1. We put emphasis on studying the mmWave channel at the Q-band (41 GHz).
To obtain a delay resolution of 1 ns with 625 MHz
bandwidth, a roll-oﬀ factor of 0.25 is used so that the
symbol rate is 500 Msym/s. In the RX, we adopt the
double symbol-sampling rate.
According to the odd and even sampling rates,
the odd and even sampling points can recover the
channel at their own time. As a result, a delay
resolution of 1 ns is formed. High-gain (24 dBi,
decibels relative to isotropic) directive horn antennas with a 10◦ half-power beamwidth (HPBW) are
used. Taking advantages of the high antenna gain,
the mmWave detector is able to detect mmWave
signals after the high signal attenuation caused by
long-distance propagation. The channel transceiver

1. ADC and DAC
2. FPGAs
3. 10 Gb Ethernet

1

2
Digital baseband

3
Channel transceiver

Fig. 1 41 GHz mmWave communication channel
transceiver and its hardware prototype
ADC: analog-to-digital converter; DAC: digital-to-analog
converter; mmWave: millimeter-wave

With a 65 dB measurement range, the AD8362
chip is a true RMS-responding power detector

Liu et al. / Front Inform Technol Electron Eng

(Analog Devices, 2013). It is suitable for all kinds of
high-frequency communication systems and instruments that need to provide an accurate response to
the signal power; thus, it has been adopted in recent studies to record the received signal strength
(RSS) (Yu et al., 2019). Both the digital baseband
and the RF front end are sealed in a cabinet that
is connected with a 10 Gb optical interface. As a
result, the mmWave transceiver is able to communicate with upper layer services through the 10 Gb
Ethernet. The polarization mode of these antennas
is vertical polarization in both TX and RX, so our
results contain only the V2V polarized components.
The measured three-dimensional (3D) antenna beam
patterns, including the vertical and horizontal plane
patterns, are shown in Fig. 2.
2.2 Frame structure
We adopt a time-domain channel measurement
method based on Golay complementary sequence
pairs to complete the measurement of channel impulse responses (CIRs) in V2I scenarios. In addition
to excellent correlation properties, such a sequence
can oﬀer an eﬃcient, parallel hardware implementation of the corresponding correlator. The matched
ﬁlter of the Golay sequence has a fast implementation algorithm, which facilitates the consumption of
less hardware resource and ensures the work at high
frequency (Popović, 1999).
We deﬁne a pair of sequences of length N :
Ga = (Ga0 , Ga1 , · · · , GaN −1 ),

(1)

Gb = (Gb0 , Gb1 , · · · , GbN −1 ).

(2)

Complementary Golay sequences have the imGain (dBi)
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portant property that the sum of the auto-correlation
coeﬃcients of the two complementary sequences will
have a unique peak and zero sidelobe, which can be
expressed as follows:

2N, i = 0,
(3)
Ra (i) + Rb (i) =
0,
i = 0,
where Ra (i) and Rb (i) are the auto-correlation functions of sequences Ga and Gb , respectively:
⎧ k=N −i−1

⎨
Gak Gak+i , 0 ≤ i ≤ N − 1,
Ra (i) =
k=0
⎩
0,
else,
(4)
⎧ k=N −i−1

⎨
Gbk Gbk+i , 0 ≤ i ≤ N − 1,
Rb (i) =
k=0
⎩
0,
else.
(5)
At the TX side, each transmitted frame consists
of some basic elements, such as the guard interval
(GI), the short training ﬁeld (STF), and the channel
estimation ﬁeld (CEF). All of these basic elements
are composed of complementary Golay sequences of
length 128, denoted as Ga128 and Gb128 (IEEE, 2012).
The presentation of a CEF is as follows:
(Gb128 , Ga128 , −Gb128 , Ga128 ),

30

HPBW=10.4°
20
0
−20
−40

HPBW=9.6°

20
10
0

−10

−60
−80
−200

(6)

which is a Golay sequence of length 512. The ﬁrst
half of the CEF in fact is a 256-unit-long Golay sequence Ga256 , and the other part becomes Gb256 . By
applying the property formulated in Eq. (3), a perfect length-256 Dirac-delta function can be recovered. If Ga256 and Gb256 sequences pass through the
wireless channel and correlate with the local Ga256
and Gb256 at the RX, CIR of the wireless channel

40
Lobe magnitude (dB)

20
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Fig. 2 Three-dimensional beam pattern (a), horizontal plane pattern (b), and vertical plane pattern (c) of the
directional antenna used in the measurements (HPBW: half-power beamwidth)
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can be recovered with the desirable accuracy (Yue
et al., 2019a). Interested readers can refer to Yue
et al. (2019b) for details about the frame structure.

3 Measurement results and modeling
3.1 Two-path model
In this section, the channel measurement results and analysis are given. Our measurements were
conducted in Tianfu Avenue, which is an eight-lane
wide avenue that lies on the outskirts of Chengdu,
China. We considered a 1900 m straight section in
Tianfu Avenue for our long-distance channel measurements. A V2I communication measurement scenario was considered, as shown in Fig. 3, where the
RX antenna was installed at the roadside and the
TX antenna was ﬁxed to the top of the vehicle. The
height of the TX-RX antennas above the ground was
conﬁgured to 2 m. During the measurement, the
vehicle was driven toward the RX antenna at a constant speed of 50 km/h, and there were no moving vehicles/scatterers. According to our past work
(Yu et al., 2019), the two horn antennas were always
aligned to each other over 200 m. In the process of
driving, we recorded the vehicle positions continuously. The vehicle went straight ahead, and there
was no obvious shelter; thus, the TX and RX were
always in line-of-sight (LoS) conditions.

mmWave

2m

2m

Max-distance: 1900 m

50 km/h

Fig. 3 A vehicle-to-infrastructure 1900-m communication measurement scenario

In fact, the multiple paths caused by all sorts of
scatterers in Tianfu Avenue have signiﬁcant impacts
on the channel. The measurement scenario can be
simpliﬁed as shown in Fig. 4. The distance between
the TX and RX is denoted by r, which can be measured by the Global Positioning System (GPS) based
distance measuring instrument.
There are two rays from the TX to the RX, including the direct path and the reﬂection path. For
each path, the power of the signal is inversely proportional to the square of the communication distance.
For the angular information, we have found in the
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past work that the azimuth angle that has the greatest RX power is 0◦ (Yu et al., 2019). If both the TX
and RX antennas are kept in parallel to the road, the
maximum antenna gain can be achieved for most of
the time. In this study, we consider only the alignment of two antennas. We assume that the signal
transmission angle is θ1 and that the angle at which
the signal reaches the RX is θ2 . Since the antenna
gains of TX g1 (·) and RX g2 (·) vary in diﬀerent directions, the changes of θ1 and θ2 during driving will
lead to a change of gain, thus aﬀecting the power of
the received signal. Then, the beam patterns of TX
and RX antennas can be represented by g1 (θ1 ) and
g2 (θ2 ), respectively.
90°
Beam pattern

Transmitter
T

0°

θ1

90°
r

θ1

θ2

0°

LoS path
hTX

Receiver
R

Reflected path

φ

r

θ2

hRX

Ground

r

T′

Fig. 4 Two-path model (LoS: line-of-sight)

The reﬂected path can be viewed as the LoS
path emitted from the mirror image of TX (denoted by T ) relative to the ground, as indicated in
Fig. 4. Therefore, the length of the reﬂected path is
d = T R, and the distance of the LoS path is d = TR.
When the signal is reﬂected from the ground, it is
necessary to consider the reﬂection coeﬃcient R(ϕ),
where ϕ represents the angle of incidence. Generally, when an electromagnetic wave propagates from
medium 1 to medium 2, the reﬂection of the electromagnetic wave on the surface of the medium can be
classiﬁed into transverse electric (TE) polarization
and transverse magnetic (TM) polarization according to whether the electric ﬁeld or magnetic ﬁeld is
parallel to the incident surface (ITU, 2015).
When medium 1 is air, the reﬂection coeﬃcients of TE polarization and TM polarization can
be expressed as follows (ITU, 2012):

cos ϕ − η − sin2 ϕ

RTE =
,
(7)
cos ϕ + η − sin2 ϕ
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η − sin2 ϕ

RTM =
,
η cos ϕ + η − sin2 ϕ
η cos ϕ −

(8)

where η is the relative permittivity of medium 2.
Assuming that signal s(t) = 1 is transmitted,
the reﬂected signal received by the RX at a TX-RX
distance r can be written as follows:
xre (r) =

2πfc T
1
ej c
T R

R


R(ϕ) g1 (θ1r )g2 (θ2r ),

(9)

2πfc T R

where ej c
is the phase shift along the path,
and θ1r and θ2r are the transmitted angle and received
angle of reﬂection, respectively, as shown in Fig. 4.
The ﬁnal received signal is the sum of the
straight path signal and the reﬂection path signal
(Parsons, 2000):
⎧
xre (r),
⎪
⎨ x(r) = xLoS (r) +

1 j 2πfcc TR
g1 (θ1r )g2 (θ2r ),
xLoS (r) = TR e
⎪

2πfc T R
⎩
xre (r) = T1 R ej c R(ϕ) g1 (θ1r )g2 (θ2r ).

becomes close to 90◦ and the value of ρs approaches
one.
Since the value of σ of the actual road is not
given in existing research works, it is necessary to
ﬁnd the appropriate value of σ to satisfy the considered model. This rough reﬂector model is derived
based on the assumption of small roughness. The
value of σ must be smaller than the wavelength of
41 GHz mmWave (Zhou, 2017), which is approximately 7.32 mm.
We use mean squared error (MSE) criterion as
the predictive evaluation indicator to obtain the best
value of σ, so that we can make the RSSI of the rough
surface model most consistent with the actual measurement data. The MSE criterion can be written as
MSE =

(10)
3.2 Roughness parameters
In this two-path model, the ideal specular reﬂection is considered. However, the signal after specular
reﬂection seriously aﬀects the RSSI, which is at variance with reality. For a medium with a rough surface,
part of the electromagnetic energy is lost due to the
scattering by the rough surface.
To obtain better results, the widely adopted
strategy in most recent studies to handle reﬂections
from rough surfaces is to multiply the reﬂection coeﬃcient by a scattering coeﬃcient (ITU, 2012):
Rrough = ρs Rsmooth ,

(11)

where

2

(ŷi − yi ) ,

(14)

i=1

24

, 0.15},

(12)

4πσ
cos ϕ.
(13)
λ
Here, σ (cm) is the standard deviation of surface
roughness and ϕ is the angle of incidence. The cutoﬀ value of 0.15 in Eq. (12) is to prevent ρs from
becoming too small. As σ gets close to zero, ρs approaches one and the rough surface degrades into
the specular surface. Moreover, when TX and RX
are very close to each other, the angle of incidence ϕ
g=

M

26

MSE (dB)

ρs = max{e

1
M

where ŷ = {ŷ1 , ŷ2 , · · · , ŷn } and y = {y1 , y2 , · · · , yn }
are the predicted and true RSSI values, respectively.
The result of MSE analysis is shown in Fig. 5,
where the smallest MSE is 16.3506 dB when the corresponding best σ value is 0.119.
The comparison of the results of the two models and the measurement data is shown in Fig. 6:
the model result with specular reﬂection is in red
dotted line, the model result with the rough reﬂective surface is in green starred line, and the actual
measurement data is in blue solid line. It can be
seen that by considering road roughness, the deep
fading of RSSI is signiﬁcantly reduced compared to
the case of the specular reﬂective surface. The RSSI
result with the introduction of the scattering factor
is more consistent with the raw data.

where the scattering coeﬃcient ρs can be expressed
as follows:
1
− 2 g2
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20

(0.119, 16.3506)

18

16
0

0.05

0.10

0.15
σ (cm)

0.20

0.25

0.30

Fig. 5 Change in the mean squared error (MSE) as
the surface roughness increases
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Two-path
(specular)
Two-pathmodel
model
(specular)
Two-path
(rough)
Two-pathmode
model
(rough)

−40

Measured
model
Measurement

RSSI (dBm)

−50
−60
Deep fading
caused
by two-path
interference

−70
−80
−90

−100

400

600

800
1000
Distance (m)

1200

1400

Fig. 6 Comparison of RSSI simulation results, including the specular and rough surface scenarios and the
actual tests when the TX moves from 1900 m to the
RX
RSSI: received signal strength indicator; RX: receiver; TX:
transmitter. References to color refer to the online version of
this ﬁgure

4 Path-loss model
4.1 CI-TRH model
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However, the CI model (as well as most existing
models, such as the CIF model and the CI-BP model
mentioned earlier) does not consider the TX-RX antenna heights as the modeling parameters. The TXRX antenna heights have signiﬁcant impacts on the
large-scale path loss, as mentioned by MacCartney
and Rappaport (2017).
The CIH model proposed by MacCartney and
Rappaport (2017) considers only the TX height but
ignores the impacts of the RX height. In practice, the
TX and RX are only a few meters high in a V2I scenario; both of them are crucial, and their impacts on
the path loss should be modeled. To solve this problem, we propose a new path-loss model derived from
the CI model and the two-path model in Section 3,
and apply it to the actual measurement scenario on
the road. This model considers the inﬂuence of the
heights of both TX and RX and hence is called the
CI-TRH model. The CI-TRH model is represented
as follows:
PLCI-TRH (f, d, hTX , hRX ) (dB)

The existing path-loss models include the CIF
model (or the CI free space reference distance with
a frequency-weighted path-loss exponent (PLE))
(MacCartney et al., 2015; Sun et al., 2016), the CI
free space reference distance with a height-dependent
PLE (CIH) model considering the inﬂuence of the
height of a BS on the path loss in a rural environment (MacCartney and Rappaport, 2017), and the
CI breakpoint (CI-BP) model adding the breakpoint
distance (Yu et al., 2019).
These above models are almost derived from the
CI free space reference distance path-loss model, referred to as the CI model. This is a classic model and
is suitable for outdoor communication scenarios, expressed as follows (Rappaport et al., 2015):
PLCI (fc , d) (dB) = FSPL (fc , d0 ) (dB)+10nlg
+χCI
σ , d ≥ d0 , d0 = 1 m,

2021 22(4):503-516

d
d0

(15)
where FSPL denotes the free space path loss, d0 denotes the free space reference distance (usually deﬁned as 1 m), n denotes the PLE, and χCI
σ denotes
the shadow fading whose distribution is Gaussian
distribution with zero mean and standard deviation
σ in decibels. As can be seen, the CI model is controlled by two parameters: the 3D distance between
TX and RX d (m) and the mmWave frequency fc
(GHz).

=FSPL (fc , 1 m) (dB) + 10nlg d
· 1 + bTX

hTX − hB0
hRX − hB0
+ bRX
hB0
hB0

(16)

, d ≥ 1 m,
+ χCI-TRH
σ
where hTX and hRX are the heights of the TX and
RX, respectively, hB0 is the average height of the TX
and RX vehicles in the measurement, and n represents the distance dependence of CI-TRH path loss,
the same as PLE in the CI model. We consider the
inﬂuence of the heights of both TX and RX on PLE,
so that we can observe the relationship between the
height and PLE more intuitively compared with the
traditional model.
bTX and bRX are related to the heights of TX
and RX, respectively, and can evaluate the linear
relationship between PLE and heights of TX and RX.
Here, we deﬁne the CI-TRH PLE that is equivalent
to the PLE in the CI model as
hTX − hB0
hRX − hB0
+bRX
.
hB0
hB0
(17)
The speciﬁc parameters of the CI-TRH model
are shown in Table 2. Thus, in the CI-TRH model,
only three parameters, namely, n, bTX , and bRX ,
need to be considered and optimized. The detailed
derivation process of the closed-form solutions of
PLEequ = n 1+bTX
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these three optimization parameters is shown in the
Appendix.
In our experiment, we obtain the results only
when TX and RX heights are both 2 m; however,
it is necessary to consider the relationship between
diﬀerent TX heights, RX heights, and PLEs. The
relationship among the TX height (1–6 m), the RX
height (1–4 m, the RX height is usually smaller than
the TX height), and PLE is depicted in Fig. 7. It
can be seen that when the TX height increases from
1 to 6 m, PLE increases by 0.039, with an average
increase of 0.0078/m. When the RX height increases
from 1 to 4 m, PLE increases by 0.0257, with an
average increase of 0.0086/m.
Fig. 8 shows the simulation results of the CI
and CI-TRH models, comparing them to the actual
data. The result under the ﬁrst 100 m is seriously
aﬀected by the beam misalignment, and hence is not
considered. PLEs of the CI-TRH and CI models
are 2.0725 and 2.065, respectively. These results are
close to the value of PLE (=2) in the free space path
loss.
Moreover, the value of shadow fading in the CI
model is 4.69, while it is 4.68 in the CI-TRH model,
revealing that the proposed CI-TRH model has almost the same performance as the classic CI model.
The proposed CI-TRH provides better insights into
how the heights of TX and RX antennas aﬀect the
large-scale path loss.
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Table 2 CI-TRH model parameters
Parameter

Value

fc (GHz)
hB0 (m)
TX height range (m)
RX height range (m)
n
bTX
bRX
(dB)
χCI-TRH
σ
PLE

41
2
1–6
1–4
0.9947
0.0157
0.0172
4.726
2.0054

CI-TRH: close-in model considering TX and RX heights;
fc : mmWave frequency; hB0 : average height of TX and RX vehicles; PLE: path-loss exponent; RX: receiver; TX: transmitter

(6, 4, 2.1049)

2.12
2.10
PLE

510

2.08
2.06
2.04
6
TX
he i 4
ght
(m)

4
2

2
1

RX h

eig

3
)
ht (m

Fig. 7 Three-dimensional relationship between PLE
and the heights of TX and RX
PLE: path-loss exponent; RX: receiver; TX: transmitter

4.2 RMS delay spread
The inﬂuence of multipath channels on wireless
signals is manifested as multipath fading characteristics, and usually, a wireless multipath channel can
be regarded as a ﬁlter acting on the channel. CIR in
a broadband transmission system can be expressed
as follows:
ai e−jψi (t) ﬃ(t − τi ),

h(t, τ ) =

(18)

i

where ai and τi represent the actual amplitude and
the incremental delay of the ith component, respectively, the phase ψi (t) results from the accumulation
of all multipath components (MPCs) in the ith excess
delay, and ﬃ(·) is the unit impulse function.
The time dispersion characteristics of a multipath channel can be described by the RMS delay
spread στ . In fact, the RMS delay spread is the normalized second-order central moment of the PDP.

Fig. 8 Comparison of the path loss of the measurement, CI model, and CI-TRH model
CI: close-in; CI-TRH: CI model considering the heights of
TX and TX; PLE: path-loss exponent; RX: receiver; TX:
transmitter. References to color refer to the online version of
this ﬁgure

According to the above expression of average additional delay, the RMS delay spread στ can be denoted
as follows:

στ = E(τ 2 ) − τ̄ 2 ,
(19)


where E(τ 2 )= a2k τ22 / a2k , and τ̄ denotes the
k

k
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a2k τk /

(20)

0.8

k

CDF

0.6

0.4

0.2
CDF of measured RMS delay
CDF of Nlog(1.78, 0.582)

0

0
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RMS delay spread (ns)
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40

Fig. 9 CDF of the actually measured RMS delay
spread and the ﬁtted log-normal distribution
CDF: cumulative distribution function; RMS: root-meansquare
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Since the RMS delay spread is always nonnegative, it is modeled as a log-normal random variable in
most existing studies (Yue et al., 2019b; Yan et al.,
2020). Fig. 9 depicts the cumulative distribution
function (CDF) of the measured RMS delay spread
and its comparison with the standard log-normal distribution. The measured RMS delay ranges from 2
to 35 ns and its mean is 6.99 ns.
By ﬁtting the RMS delay spread values, it
can be discovered that the measured RMS delay
data matches well with the log-normal prediction
Nlog (1.78, 0.582 ). By comparing this result with
those of other studies, such as indoor measurements
(Yue et al., 2019a), the RMS delay spread value in
this study is relatively large. The reason can be
attributed to the fact that our measurement environment is much more complex than indoor environments, which includes roadside facilities, bushes, and
passing vehicles, which serve as scatterers, causing a
large number of MPCs.
Apart from analyzing the overall distribution
of RMS delay spread, it is necessary to discuss the
relationship between the RMS delay spread on one
hand and the distance between TX and RX on the
other hand. An eﬃcient way to study the dependence of RMS delay is to partition the raw data
obtained along the TX-RX track into a number of
bins, so that the CIRs in each bin can be regarded
as stationary.
In our study, a total number of 120 bins are
considered in our partition because when the number of sections reaches 120, the slope k and intercept
b of the ﬁtted line converge to a stable value, as illustrated in Fig. 10, and the stable values for the
slope and intercept are −0.004 048 (from Fig. 10,
the slope is negative) and 10.97, respectively. As depicted in Fig. 11, we use the widely adopted linear
ﬁtting (solid red line) to process the average RMS
delay spread obtained in each bin (blue dots) at different locations along the TX-RX track. With an
increase in the distance, the value of RMS delay
spread decreases. This result is corresponding to
that of other researches, such as Matolak and Sun
(2014). In fact, the reason why RMS delay decreases
with the increase in the TX-RX distance is that the

k=−0.004 048
−4.5
0

20

40

60
80
Number of bins

100

10.0
120

Fig. 10 Convergence trend of the slope k and intercept b with diﬀerent number of bins
25

20
RMS delay (ns)

k

a2k .
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1.0

average excess delay, which can be written as
τ̄ =

2021 22(4):503-516

15

10

5

0
0

500

1000
Distance (m)

1500

2000

Fig. 11 RMS delay distribution versus distance
RMS: root-mean-square. References to color refer to the
online version of this ﬁgure

numerous scatterers are ﬁltered by the narrow-beam
antenna, so the LoS path fades much slower than the
scattered paths.
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In urban environments, PDP is often modeled
with the exponential fading model, as follows:
P (τ ) = |h(t, τ )|2 = ae−bτ .

(21)

On the basis of Eq. (21), a more general PDP
model, named the two-section exponential model,
has been proposed by Yue et al. (2019b), which
divides the PDP curve into two sections. The motivation of using this model is that the two-section
exponential model is more common. The one-section
exponential model is easily eﬀected by the noise ﬂoor.
The two-section exponential model covers all applicable cases of the one-section exponential model and
can solve the problem of noise ﬂoor:
⎧
0,
τ < 0,
⎪
⎪
⎨
1,
τ = 0,
(22)
P (τ ) =
−b1 τ
⎪
e
,
0 < τ < τc ,
a
⎪
⎩ 1
P (τc )e−b2 (τ −τc ) , τ ≥ τc ,
where a1 , b1 , b2 , and τc are the PDP shape parameters whose values are determined by the measurement data (Yue et al., 2019b).
The problem with the PDP model of Yue et al.
(2019b) is the diﬃculty in determining τc , because
a change in τc will lead to a diﬀerent value of b2 .
In other words, there will be an error propagation
problem; i.e., the errors in determining τc will lead
to errors in determining b2 . To address this problem,
we modify the PDP model of Yue et al. (2019b) into
a more general form, which can be written as follows:
⎧
0,
τ < 0,
⎪
⎪
⎨
1,
τ = 0,
(23)
P (τ ) =
−b1 τ
⎪
e
,
0 < τ < τc ,
a
⎪
⎩ 1 −b2 τ
,
τ ≥ τc ,
a2 e
where a1 , b1 , a2 , b2 , and τc are the PDP shape parameters whose values are to be studied. The diﬀerence
between the modiﬁed model in Eq. (23) and the PDP
model of Yue et al. (2019b) is that the dependence of
the second section on τc is relieved. In the modiﬁed
model, a1 , b1 , a2 , and b2 are determined independently at ﬁrst, and then τc is determined according
to the intersections of the two sections. Fig. 12 gives
the real PDP and its model ﬁtting.
It can be seen that this modiﬁed model result matches well with the raw data. Moreover,
the measured PDP over the distance is shown in
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Fig. 13, showing the trend of V2I channel variations. The captured PDP snapshots are aligned according to their strongest path at the reference delay of τ = 0 ns. Some small “bumps” are present
in the PDP versus distance plot; this is caused by
the vibration of the vehicle during driving. With
the increase in the distance, the multipath eﬀect is
gradually weakened, which proves that the value of
RMS delay spread decreases with the increase in the
distance.
Note that we have proposed a two-path model
with a roughness factor to model the path loss for
the V2I scenario. Here, we propose the use of another model, namely, the two-section exponential
PDP model, to model the special characteristics of
the MPCs.
Fig. 14 shows the CDFs of the PDP shape
0
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Fig. 12 Measured power delay proﬁle (PDP) and the
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exponential model
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Fig. 15 depicts the relationship between the
shape parameters (blue dots) and the TX-RX distance, using the linear ﬁtting (solid red line) to describe their general trend versus the distance. The
results show that both a1 and b1 increase with the
increase in the distance, a2 decreases with the distance, b2 and τc are basically constant around a ﬁxed
value, and a2 is the most sensitive to the change in
the TX-RX distance.

CDF

CDF

parameters a1 , b1 , a2 , b2 , and τc obtained
from our measurement data and compares them
with the corresponding normal or log-normal distributions.
The results show that a1 and
a2 can be modeled by log-normal distributions,
Nlog (−3.05, 1.432) and Nlog (−11.33, 1.172), respectively, while b1 , b2 , and τc have normal distributions, N (0.35, 0.212), N (0.001 03, 0.00152), and
N (25.91, 7.162), respectively.
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5 Conclusions
We have introduced our long-distance V2I
mmWave measurement study at the frequency of
41 GHz. Based on the veriﬁed two-path model, a
novel path-loss model has been developed to better
characterize the impacts of antenna heights on the
large-scale path loss. Moreover, the channel characteristic parameters such as RSSI, RMS delay spread,
and PDP have been modeled. Our study showed
that a larger discrepancy in the TX and RX antenna heights results in a larger PLE, and that the
overall PLE ranges from 2.0402 to 2.1049 in V2I
long-distance communication scenarios. We found
that the RMS delay spread decreases as the distance increases, which is caused by the faster loss
in the energy of the reﬂected and scattered paths,
compared with the LoS path. Some PDP parameters, such as b2 and τc , are insensitive to the distance, whereas some other parameters such as a1 , b1 ,
and a2 change signiﬁcantly with the distance. However, other factors, such as street lights, bushes, and
RX directions, can aﬀect highway mmWave channels inevitably. In our future research, we will consider richer channel characterization parameters and
more complex communication environments, such
as the eﬀect of the moving vehicles/scatterers. To
achieve the purpose of studying road mmWave channels comprehensively, more parameters describing
channel characteristics, such as Doppler spread, will
be analyzed.
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∂
∂β2

Appendix: Derivation of the CI-TRH
model
To obtain the closed-form solutions of n, bTX ,
and bRX , we use the method that minimizes the minimum MSE, or equivalently, χCI-TRH
.
σ
The expression of the CI-TRH path-loss model
can be written in the following form:

=FSPL (fc , 1 m) (dB) + 10lg d


nbTX
nbRX
· n (2 − bTX − bRX ) +
hTX +
hRX
hB0
hB0
, d ≥ 1 m.
+ χCI-TRH
σ
(A1)
Set X = PLCI-HTR − FSPL (fc , 1 m) (dB) and
Y = 10lg d, and let α = n (2 − bRX − bTX ), β1 =
nbTX /hB0 , β2 = nbRX /hB0 . The diﬀerence between
the value of the CI-TRH model and the empirical
data can be written as follows:
= X − Y (a + β1 hTX + β2 hRX ) .
χCI-TRH
σ

(A2)

Based on Eq. (A2), the standard deviation of
χCI-TRH
can be expressed as follows:
σ
 
2
(χCI-TRH
)
σ CI-TRH = N1
σ
 
(A3)
2
[X − Y (α + β1 hTX + β2 hRX )] ,
= N1
where N is the number of all measured data. To
obtain the minimum of σ CI-TRH , we ﬁnd the par
2
tial derivatives of
[X − Y (α + β1 hTX + β2 hRX )]
with respect to α, β1 , and β2 , and make them equal
to zero:
∂ 
[X − Y (α + β1 hTX + β2 hRX )]2
∂α
= [−2Y (X − Y α − β1 Y hTX − β2 Y hRX )]

=  [2Y (αY + β1 Y hTX + β2 Y hRX − X)]





= 2 α Y 2 +β1 Y 2 hTX +β2 Y 2 hRX − XY
= 0,
(A4)

=


=2 α
−

[X − Y (α + β1 hTX + β2 hRX )]

2

[−2Y hTX (X − Y a − β1 Y hTX − β2 Y hRX )]
Y 2 hTX + β1

XY hTX

Y 2 h2TX + β2


=2 α
−

[X − Y (α + β1 hTX + β2 hRX )]

2

[−2Y hRX (X − Y α − β1 Y hTX − β2 Y hRX )]
Y 2 hRX + β1

XY hRX

Y 2 hRX hTX + β2

Y 2 h2RX

=0,
(A6)
which can be simpliﬁed into the following forms:

PLCI-TRH (f, d, hTX , hRX ) (dB)

∂
∂β1

=
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Y 2 hTX hRX

=0,
(A5)

α

Y 2 + β1

Y 2 hTX + β2

Y 2 hRX
(A7)

=

XY ,




α Y 2 hTX + β1 Y 2 h2TX + β2 Y 2 hTX hRX

= XY hTX ,
(A8)
 2
 2
 2 2
α Y hRX + β1 Y hRX hTX + β2 Y hRX

= XY hRX .
(A9)
Furthermore, writing Eqs. (A4)–(A6) in a matrix form yields
 2
 2
⎞
⎛  2
Y
Y hTX
Y hRX
 2
 2 2
 2
⎠
⎝
Y h
Y hTX
Y h h
 2 TX  2
 2TX2 RX
Y hRX
Y h h
Y hRX
⎞ ⎛  TX RX
⎞
⎛
α
XY

· ⎝ β1 ⎠ = ⎝
XY hTX ⎠ .

β2
XY hRX
(A10)
Finally, the closed-form solutions of α, β1 , and
β2 can be obtained:
⎞
⎛
α
⎝ β1 ⎠ =
β2
 2
 2
⎞−1
⎛  2
Y hTX
Y hRX
Y
 2
 2 2
 2
⎠
⎝
Y h
Y hTX
Y h h
 2 TX  2
 2TX2 RX
Y h
Y hTX hRX
Y hRX
⎛  RX ⎞
XY

·⎝
XY hTX ⎠ .

XY hRX
(A11)
After obtaining α, β1 , and β2 , we can use them
to ﬁnd the optimal values of n, bTX , and bRX :
n = α + β1 hB0 + β2 hB0 ,
2β1 hB0
,
α+β1 hB0 +β2 hB0
2β2 hB0
=
.
α+β1 hB0 +β2 hB0

(A12)

bTX =

(A13)

bRX

(A14)

