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The Faculty of Electrical Engineering and Communication
Brno University of Technology
Brno, Czech Republic
Email: blumenstein@feec.vutbr.cz

AIT Austrian Institute
of Technology GmbH,
Vienna, Austria

Institute of Telecommunications,
Vienna University of Technology,
Vienna, Austria

Abstract—This paper provides a comparison of a real-world
intra-vehicular radio channel measurements of the ultra-wide
frequency bands, namely the 3–11 GHz and the 55–65 GHz. The
measurement campaign was performed utilizing a vector network
analyzer (VNA) and a frequency domain method ensuring a high
dynamic range of 70 dB and a frequency resolution of 10 MHz.
An inverse Fourier transform is exploited for a transition of the
measured data into the time domain and to obtain a channel
impulse response (CIR). A delay spread and a path loss are
derived and compared. Measured data is freely available online:
http://www.radio.feec.vutbr.cz/GACR-13-38735S/

I.

I NTRODUCTION

The inter- and intra-vehicular communication is one of the
building blocks of a future smart city infrastructure [1]. Since
the amount of wiring inside each vehicle reaches up to several
kilometers and weights several tens of kilograms [2], there is
a signiﬁcant effort to replace some of the wire harness with a
wireless communication [3]–[6]. This will reduce the weight
and consequently also a fuel consumption of vehicles with an
internal combustion engine and extend the limited range of
electriﬁed vehicles.
A placement of various sensors on the vehicles body and
connection of moving parts such as seats, wheels and steering
wheel [7] is easier when done wireless. The beneﬁt of wireless
connection is also substantiation considering that the wire
harnesses of current vehicles is usually platform speciﬁc. This
feature makes the design and installation of the wire harness
a rather demanding process.
As the amount of bandwidth is limited, the potential of high
gigahertz bands is growing even despite the unfavorable atmospheric absorption. Therefore, this paper deals with the channel
measurement and characterization of the speciﬁc in-vehicle
environment for the frequency bands of the 3–11 GHz and the
55–65 GHz. Both examined bands offers around 10 GHz of
unlicensed bandwidth. However, as we will show in this paper,
the radio channel characteristics exhibits notable differences
in path loss or delay spread. On one hand, the millimeter
wave band suffers from higher atmospheric loss and higher
penetration loss compared to the 3–11 GHz band [8], [9].
However, it could beneﬁt from high-gain steerable antennas
with small physical dimensions [10]. On the other hand, the
3–11 GHz band provides higher diversity and requires lower
transmit power [11].

A. Contribution of the paper
In very similar conditions we compare the 3–11 GHz and
the 55-65 GHz frequency bands in terms of:
•

The delay spread and root mean square (RMS) delay
spread versus antenna separation for the in-vehicle
compartment.

•

The measured path loss including a comparison with
a log-distance path loss model.

•

The path loss exponent extraction by means of a
maximum likelihood estimate (MLE).

•

The measured CIRs for all selected antenna positions.

Fig. 1: Antenna placement layout for both 3–11 GHz and 55–65 GHz
frequency band. Receiving antennas are depicted in red, transmitting antennas
in blue. The VNA is placed outside the vehicle under test. There was no
occupancy inside the vehicle during the measurement. The mean antenna
separation is 1.28 m while the variance is 0.28 m.

II.

M EASUREMENT APPARATUS

The measurements were performed in the mid-sized passenger car Skoda Octavia III. The transmit and receive antennas are marked with red and blue colors in Figure 1 respectively. The receiving (RX) antenna was placed at different
spatial points inside the car compartment. The transmitting
(TX) antennas were placed on the left and right side of the
dash-board and at the rear part of the ceiling according to
Figure 1. Please note that the mean antenna separation is 1.28
m while the variance is 0.28 m.

A. 3-11 GHz instrumentation
For each spatial point the s41 , s42 , and s43 scattering
parameters corresponding to the channel transfer function
(CTF) were measured in the frequency domain utilizing a
calibrated four port VNA Agilent Technologies E5071C. The
measured radiation patterns of the utilized monoconical antennas are depicted in Figure 2a. The transmitting power was set
to 1 dBm.

where n stands for a discrete time in the delay domain and
w(f ) represents a Blackman window [12]. Next, we write the
deﬁnition of the PDP as it will be exploited later in this paper.
The power-delay proﬁle (PDP) is given as spatial average of
squared CIRs:
Q(n) = Eα {|hα (n)|2 }.
(3)
It holds that the time in the delay τ domain is given as τ =
n/B, where 1/B is the time resolution.

B. 55-65 GHz instrumentation
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The 4-port vector network analyzer R&S ZVA67 was
exploited for measuring the transmission coefﬁcient between
two antennas in the frequency band 55–65 GHz. The dynamic
range of the measurement setup was extended utilizing the
broadband power ampliﬁer (QPW-50662330) on the transmitting side. An open waveguide WR15 having the radiation
pattern depicted in Figure 2b was utilized as a transmitting
and receiving antenna. Here, the transmitting power was set to
13 dBm.

Fig. 4: Overlap of all squared channel impulse responses. The 3–11 GHz
are plotted in black, the 55–65 GHz are in gray.
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(a) Measured gain pattern of the conical monopole antennas for
frequency range 3–11 GHz.
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The path loss or the path attenuation is deﬁned as a
difference between transmitted and received power. In free
space, this is described by a Friss transmission equation [13].
For the non-free space, the path loss is modeled by the logdistance path loss model. As the path attenuation is speciﬁc for
each environment and frequency band, the path loss exponent
is utilized to determine the particular attenuation. The logdistance path loss model is given as [14]:
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(b) Measured gain pattern of the open ended waveguide in E–plane
and H–plane for open ended waveguide antenna at 55–65 GHz.

P (d) = Pref (d0 ) − 10γlog

Fig. 2: Measured radiation patterns of utilized antennas.

III.

The measurement utilizes swept-frequency channelsounding method. Thus the CTF is given as:
(1)

where f represents a measurement index identiﬁable with
certain frequency and where α denotes the position of the
receiving antenna within the measured vehicle as depicted in
Figure 1. Utilizing an inverse Fourier transform we transform
the CTF into a CIR according to:
hα (n) =

N
−1

f =0

w(f )H α (f )ejf n2π/N ,

(4)

where γ is the path loss exponent, d is an antenna separation
and S stands for a random process describing a signal fading.

C HANNEL PARAMETERS

H α (f ) = sα
21 (f ),

d
+ S,
d0

(2)

Then, the received power in dBm is calculated from the
CIR according to [15]:
N −1 α
|h (n)|2
,
(5)
P r = 10log n=0
0.001 R
where R = 50 Ω is the electric resistance of the system.
The resulting path loss evaluation is depicted in Figure 5. The
respective path loss exponent γ is obtained via MLE ﬁtting.
The log-distance path loss model is plotted in a form of solid
line together with the measured data. Please note that the x
axis is in logarithmic scale. Now, Table I sums the statistical
data of the path loss examination.

(a) 3–11 GHz monoconical antenna mounted on front

(b) 3–11 GHz monoconical antenna in the

windshield next to the rear-view mirror.

middle of the rear seat using a tripod.

(c) The seat behind the front passenger with
transmitting open ended waveguide antenna for
55–65 GHz. Please note the heat sink for the (d) 55–65 GHz open ended waveguide receiving antenna
fastened using a suction cap.
power ampliﬁer cooling.

Fig. 3: Photographs taken during the measurement campaign.

path loss

mean [dB]

variance [dB]

γ

3-11 GHz
55-65 GHz

36.37
52.51

24.13
21.40

20.01
25.13

3−11 GHz measured data
3−11 GHz log−dist. PL model

100

55−65 GHz measured data
55−65 GHz log−dist. PL model

TABLE I: Mean and variance of the measured path loss. We derive the

path loss exponent γ by means of MLE.

3-11 GHz
55-65 GHz

mean [ns]
31.21
24.13

RMS delay spread
variance [ns]
10.29
4.76

mean [ns]
13.18
10.05

variance [ns]
0.28
0.01

TABLE II: Measured delay spread and RMS delay spread values

B. Moments of the PDP
The wireless channel is frequently evaluated via the ﬁrst
and the second central moment of the PDP. The ﬁrst moment
is the mean delay given as [16]:
N −1
nQ(n)
,
(6)
D = n=0
N −1
n=0 Q(n)
while the second moment of the PDP, the RMS delay spread
is deﬁned according to:

 N −1
2

n=0 n Q(n)
Sn =  
− D2 .
(7)
N −1
n=0 Q(n)
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Fig. 5: Path loss evaluation of the 3–11 GHz and the 55–65 GHz band for
all antenna positions as depicted in Figure 1 including comparison with the
log-distance path loss model (solid lines).

The measured data is plotted in Figure 6 showing around 10
ns higher delay spread in the case of the 3–11 GHz. Detailed
statistics are available in Table II.
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Fig. 6: Delay spread versus antenna separation for the 3–11 GHz band and
the 55–65 GHz band.

IV.

C ONCLUSION

This paper provides a comparison of the radio channel
measurement for the 3–11 GHz and the 55–65 GHz frequency
bands inside the passenger vehicle. The channel characteristics
are evaluated via the path loss, delay spread, RMS delay spread
and CIRs. We also present a parametrization of the path loss
utilizing the log-distance path loss model where the path loss
exponent is extracted by means of MLE. The mean value of
the path loss is 36 dB for the 3–11 GHz band and 52 dB for the
55-65 GHz frequency band. The mean antenna separation is
1.2 m. This measurement takes into account a situation, when
the antennas for the 55-65 GHz frequency band are directed to
each other while the antennas for the 3–11 GHz band exhibits
omnidirectional radiation pattern.
It is worth to note that the variance of the path loss is very
similar (approx. 20 dB) for both examined frequency bands.
It is also interesting to point out that the log-distance path
loss exponent reaches values around 20. It is given by the
random placement of the TX-RX antennas inside the vehicle
while most of the measured links are non-line of sight (NLOS).
Considering the variety of the possible use case scenarios,
where the communicating antennas may not be perfectly facing
to each other, or in a case of NLOS, the path loss variance
is large. Therefore, the validity of the log-distance path loss
model for this short-range scenarios is rather poor and the
mean path loss with the path loss variance provides more
useful information.
The delay spread and the RMS delay spread values for the
3–11 GHz band are 31 ns and 13 ns respectively. For the case
of the 55–65 GHz frequency band the delay spread and the
RMS delay spread is 24 ns and 10 ns respectively. Also, the
variance of the delay spread for the 55–65 GHz band is notably
lower, approx. 5 ns compared to 10 ns of the 3–11 GHz band.
To promote a reproducibility of this research, our measured
data are freely available online: http://www.radio.feec.vutbr.cz/
GACR-13-38735S/.
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