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Abstract—This paper presents first measurement results
on truck-to-car and truck-to-truck propagation channels
at 5.9 GHz. We measured the channel with a self-built
real-time channel sounder with multiple antennas at both
transmitter and receiver. We present sample results for
two safety-related scenarios in a highway and urban envi-
ronment, respectively. We analyze the measured data with
a high-resolution parameter extraction algorithm, which
provides both spatial and temporal characterization of the
channel. The results show that the channel exhibits a higher
Doppler dispersion in the highway scenario than in the
urban scenario. Besides, the metallic trailer, which is higher
than the antenna, acts as a strong reflector when the trucks
face each other and an effective shadowing object when the
trucks face away.

I. INTRODUCTION

Vehicle-to-vehicle (V2V) communication technology,

as a part of the idea of vehicle-to-everything (V2X) and

internet-of-things (IOT), has received a lot of research

interest in the past decade, mostly because applications

such as intelligent transportation systems (ITSs) and

autonomous driving can bring huge social and economic

benefits. It is envisioned that future vehicular technology

will allow all vehicles on the road to share information

with each other as well as the road infrastructure [1],

[2]. This additional information available to the driver

or the computer artificial intelligence (AI) shall help

them make safer decisions. The vehicles can also keep

a shorter distance between each other, so people can

anticipate traffic jams and vehicular fuel consumption

will be reduced. However these benefits rely on the

existence of a reliable and low-latency communication

system. While the attention has been mostly drawn to

the communication between passenger cars, truck-to-

truck (T2T) and truck-to-car (T2C) communications are

potentially important areas of application. Trucks are

generally big safety concerns and accidents involving

trucks tend to be more severe, because of their large

inertia. Furthermore, one promising way to improve

the transportation efficieny is to allow trucks to form

convoys, which reduces both traffic jams and the accident

rate.

There are a few V2V channel papers which attempt

to characterize the shadowing effect of large vehicles

on the communication link between passenger cars. For

example, Abbas et al. [3] present a directional analysis

for the V2V propagation channel on a highway, where

a truck acts as an obstruction object. A comprehensive

study on the obstruction by large vehicles is done in [4].

An approach to incorporate this obstruction shadowing

into an existing Vehicular Ad-Hoc Network (VANET)

simulator is introduced in [5], where the authors suggest

vehicles obstructing the line-of-sight (LOS) induce an

additional average attenuation of about 10 dB. Similarly

He et al. [6] provides a signal attenuation model due

to the shadowing of a large school bus in a stationary

environment. To the best of our knowledge, apart from

our recent work [7], there have been no reported mea-

surements or analysis about the T2C or T2T channel

in a dynamic environment, despite their importance in

ensuring the road safety. This work presents some first

results of a measurement campaign intended to close this

gap.

In order to alleviate the lack of measurement data, first

we constructed a real-time V2V multiple-input multiple-

output (MIMO) channel sounder that operates at 5.9GHz

[8], secondly we conducted extensive measurement cam-

paigns to measure both T2C and T2T propagation

channels in various environments such as downtown,

rural, and highway [9], thirdly we developed a high-

resolution parameter estimation (HRPE) algorithm to

extract parameters of multipath components (MPCs) the

measurement data, last but not least we have on-going

work to parameterize a statistical V2V channel model.

The main contributions of this paper are as follows,

• reporting results from the first T2C and T2T MIMO

channel measurement campaign at 5.9GHz in dy-

namic scenarios;

• analyzing the MIMO measurement data with an

HRPE algorithm and extracting spatial and temporal978-1-5386-3531-5/17/$31.00 c© 2017 IEEE



TABLE I
PARAMETERS OF THE REAL-TIME V2V MIMO CHANNEL SOUNDER

Parameter Value

Carrier frequency 5.9 GHz

Bandwidth 15 MHz

Transmit power 26 dBm

Sampling rate per channel 20 MS/s

Length of the sounding signal τmax 4 µs

MIMO signal duration T0 620 µs

Number of frequency tones 61

Number of Tx antennas 8

Number of Rx antennas 8

Array Type UCA

Number of repeated MIMO snapshots 30

Rate of bursts 20 Hz

parameters of MPCs;

• observing that the metallic trailer of a truck has a

significant impact in both T2C and T2T propagation

channels.

The rest of the paper is organized as follows. In Sec-

tion II we report the activities related with measurement

campaigns, which includes the environment, the setup

and the evaluation technique. Section III presents sample

results based on the data analysis. In Section IV we draw

the conclusion.

II. MEASUREMENT

A. Channel Sounder

The measurement campaign uses a real-time MIMO

channel sounder developed at the University of Southern

California (USC). The sounder is equipped with a pair

of software defined radios (National Instruments USRP-

RIO) as the main transceivers, two GPS-disciplined

rubidium references as the synchronization units and

a pair of 8-element uniform circular arrays (UCAs)

which is based on the switched array principle [10]. The

sounding signal is centered at 5.9GHz with a bandwidth

of 15MHz. The maximum transmit power is 26 dBm.

The main advantage of this sounder setup, compared to

the existing V2V sounder such as [3], is the fast MIMO

snapshot repetition rate, which provides a more accurate

representation of the channel dynamics though at the

price of reduced bandwidth. Tab. I gives a summary of

the key specs of the channel sounder. More details about

the sounder setup can be found in [8].

B. Vehicle and Scenarios

For the truck involved in the T2C and T2T channel

measurements, we select 5m studio trucks as our test

vehicles. Fig. 1 shows a picture of the truck and the

installation of the array on top of the driving cabin. Each

truck has a load capacity about 2722kg and up to 27m3

of cargo space. The sufficient space in the driving cabin

(a) The front & side view (b) Array on top of the cabin

Fig. 1. The truck used in the T2C and T2T channel measurements

(a) The side view (b) Array on top of the SUV

Fig. 2. The SUV used in the T2C channel measurements

allowed us to place the equipment rack of the sounder

inside. However the platform that holds transmitter (Tx)

or receiver (Rx) antenna arrays is tightly clamped on

metallic cross-bars installed on top of the driving cabin,

in order to ensure the safety of the array and reduce the

vibration while we drive the trucks, see Fig. 1(b).
Regarding the passenger car used in the T2C exper-

iment, we use a Dodge SUV as the test vehicle, and a

side view of the SUV and the installation of the array

on top are shown in Fig. 2.

The measurement campaigns were carried out on

several days near Los Angeles, CA, USA. The total

number of measured raw MIMO snapshots exceeds 5

million.

C. Data Analysis

In this subsection we introduce our proposed HRPE

algorithm [11] to estimate both specular pathss (SPs)

and diffuse multipath components (DMC) from V2V

channel measurement data. The signal model follows

a generic spatial and temporal model for the wireless

channel [12], which describes the channel response as

a sum of contributions from P plane waves. Each of

them is characterized by parameters such as delay τp,

direction of departure (DoD) ΩT,p, direction of arrival

(DoA) ΩR,p, Doppler shift νp (summarily called “struc-

tural parameters”), and polarimetric path weights (signal

strength) γp.

A vectorized model of T MIMO snapshots for the

measurement data is given by

y = s(θs) + ndmc + n0, (1)

where the three vector terms on the right-hand side

represent the contributions from SPs, DMC ndmc, and
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Fig. 3. The HRPE algorithm flowchart

measurement white noise respectively. The vector θs

consists of the parameters of the SPs, such as the

structural parameters µ and the complex path weights γ.

We assume the DMC has a complex Gaussian probability

distribution, i.e., ndmc ∼ CN (0,R(θd)) with zero-mean

and a covariance matrix R(θd). We further assume

that DMC has a single exponentially decaying delay

profile [13], and the vector θd consists of the decay

time constants. We can also compute diffuse power ratio

(dPR), which is defined as

dPR =
‖y − s(θ̂s)‖2 −Mσ2

n

‖y‖2
, (2)

where M is the length of the measurement data y, and

σn is the standard deviation of measurement noise n0. It

is interesting to study the power percentage which DMC

carries in various scenarios [14].

Fig. 3 gives a detailed algorithm flowchart. The joint

maximum likelihood estimator (MLE) can be written as

follows
[

θ̂s

θ̂d

]

= argmax
θ

{Pr(y|θ)}, (3)

where the conditional probability is determined as

Pr(y|θ) =
1

πMdet(R)
e−[y−s(θs)]

†R-1[y−s(θs)]. (4)

III. EVALUATION RESULTS

In this section we present sample results from T2C and

T2T measurements, which are based on our proposed

HRPE algorithm mentioned in Sect. II-C. The measured

scenario for T2C starts from the ramp of a freeway

and extends onto the freeway. More details about the

scenario can be found in Figs. 7(b) and 7(c). Meanwhile

the measured scenario for T2T is in downtown Los

Fig. 4. T2C time-varying power delay profile (PDP)

Fig. 5. T2C time-varying Doppler spectrum

Angeles where two trucks drove in the opposite direction

and passed each other. More results about the second

scenario are also discussed in another paper [7].

Figs. 4-6 show the time-varying spectra for a set of

the truck-to-car measurement data in the freeway accel-

eration lane scenario. In this case we only display the

MPCs whose pathloss is less than 80 dB. The evolution

of propagation delay for strong MPCs in Fig. 4 matches

with the distance variation between the truck and SUV.

Fig. 5 suggests that the channel exhibits a considerably

larger Doppler spread when compared with the scenario

in Fig. 9. Another interesting observation is that there is

a strong reflection due to the metallic trailer behind the

Tx array. As shown in Fig. 1, the trailer is higher than

the Tx antenna array, which helps to explain the strong

MPCs indicated with red rectangles in Fig. 6. In this

scenario, the Rx vehicle (SUV) drives in the front and

the Tx vehicle (truck) follows behind, therefore we can

observe strong MPCs around -180◦ in the time-varying

Tx angular power spectrum (APS).

In Figs. 8 and 9, we present the extracted time-

varying azimuth DoA and Doppler shift, in the color-

weighted scatter plots. The dominant paths also match

well with the environment and the channel dynamics. Let

us define the forward direction of the vehicle as 0◦ and

the backward direction as 180◦ or equivalently -180◦.



(a) Two trucks approach a street intersection in the opposite direction at Downtown Los Angeles
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(c) The truck and car drive in the same direction on a highway

Fig. 7. Measured scenarios for T2C and T2T communication

Fig. 6. T2C time-varying Tx APS

Between 1755 s and 1765 s, the Tx stays static close to

the road curb, when the Rx is initially in the middle

of the road and attempting to turn around. The azimuth

DoD is around 0◦ while the azimuth DoA is around

70◦. At about 1765 s a third truck drives through the

intersection along W 8th street and momentarily blocks

the LOS path, which leads to about 15 dB attenuation of

the total power in Fig. 10 and a few paths displaying

negative Doppler shifts in Fig. 9. The attenuation is

comparable to those reported in [4], [6], although in

our case the driving direction of the obstructing truck

is perpendicular to, rather than parallel with, the Tx-Rx

link.

Apart from the LOS component, in Figs. 8 and 9 we

also observe that there exist strong paths reflected off

Fig. 8. T2T time-varying Rx APS when two trucks drive in the
opposite direction at Downtown Los Angeles

the metallic trailers on both Tx and Rx trucks (±180
degree DoD and DoA). Between 1765 s and 1775 s, the

Rx truck turns around, and starts to drive toward the Tx.

As a result we observe an increase of Doppler for strong

SPs in Fig. 9. Meanwhile we observe the evolution of

DoA for LOS from 70◦ to about 0◦, as well as for the

reflected path off the metallic trailer from 110◦ to 180◦.

From 1775 s to 1800 s, the Rx continues driving towards

the Tx. The number of extracted paths increases when

Tx and Rx trucks face each other at the intersection

between 1810 and 1820 s, where there are more potential

scatterers than in-between the high-rise buildings.

Between 1815 s and 1820 s the Tx passes the Rx in the

opposite lane. The results also track and reflect well this



Fig. 9. T2T time-varying Doppler spectrum when two trucks drive in
the opposite direction at Downtown Los Angeles
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Fig. 10. Average T2T link power based on extracted SPs over time

rapid change of channel characteristics in Figs. 8 and

9, where we can observe a sudden change in azimuth

DoA and a rapid decrease of Doppler shift for the LOS

path. Meanwhile the strong reflection from the metallic

trailer appears to “meet” the LOS path and they converge

to about 100◦ in azimuth DoA, which also agrees with

the geometric relations. After 1820 s Tx truck and Rx

truck pass each other, and we can observe a huge 35 dB

attenuation of the received power because signals from

Tx may undergo multiple diffractions or reflections in

order to reach Rx, as shown in Fig. 10.

IV. CONCLUSION

In this paper we report results from the first T2C

and T2T MIMO channel measurement campaign using a

real-time MIMO channel sounder at 5.9GHz. We present

a measured scenario related to the freeway entrance for

T2C communication, and a LOS scenario for T2T when

two trucks drive in the opposite direction in Downtown

Los Angeles. Meanwhile we also apply an HRPE algo-

rithm and present a double-directional characterization of

the two scenarios. Particularly we highlight the impact

of the metallic trailer, which acts as a strong reflector in

LOS conditions and greatly attenuates the signal when

two trucks pass each other.
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