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Abstract—The paper provides real-word wireless measurement
data of the intra-vehicular channel for both the 3-11 GHz and
the 55-65 GHz frequency band under similar conditions.

By spatially averaging channel impulse response (CIR) real-
izations within a 10×10 grid, we obtain the power-delay profile
(PDP). The data measured at 3-11 GHz and 55-65 GHz exhibit
significant differences in terms of root mean square (RMS)
delay spread, number of resolvable clusters and variance of
the maximal excess delay. Moreover, we evaluate the spatial
stationarity via the Pearson correlation coefficient and via the
PDP collinearity depending on the distance in the grid. The mea-
sured and calculated results indicate that a strong reverberation
inside the vehicle produces similar PDPs within the range of
approximately 10 wavelengths.

We also provide a linear piecewise model of the PDP in
logarithmic scale and a generalized extreme value (GEV) model
of small-scale signal fading. Our channel model is validated
utilizing the Kolmogorov-Smirnov (K-S) test.

Index Terms—In-vehicle channel model, UWB, mm-wave,
PDP, frequency domain channel sounding, channel stationarity.

I. INTRODUCTION

INTRA-and inter-vehicular wireless connectivity is the key

enabler for enhancing traffic safety, reliability, fluidity and

efficiency of future transportation systems [1], [2].

A modern vehicle contains a cable harness weighting several

tens of kilograms [3]. Since weight savings are crucial in

the car industry in terms of fuel and power consumption,

future vehicles will substitute at least part of the metallic

cables with wireless connections. Thus, an in-vehicle wireless

communication system is beneficial not only when connecting

moving parts such as wheels or seats [4]. Moreover, the

design of the cable harness is often platform specific and

its manufacture and installation are a time consuming and

technically demanding process. Also, assuring the reliability

of the cable harnesses is not easy in the presence of moisture
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or bending. Another application of the intra-vehicular wireless

backbone could be seen in the possibility of retrofitting state-

of-the-art driver assistance features also into older vehicles.

Thus, the in-vehicle wireless connection could bring together

functionalities such as being the wireless backbone for the

vehicle’s operational data, providing local Internet connection

for the passengers, enabling the connection of vehicle parts

that are otherwise difficult to connect or supporting an on-

board infotainment system.

To contribute to the research into the in-vehicle wireless

connectivity, we compare in detail wireless channels in the

range of the 3-11 GHz and the 55-65 GHz frequency bands in

the in-vehicle environment under very close conditions (differ-

ences will be clarified later in the paper and are given only by

inevitably different channel sounders). We also parametrize

our measured data in order to provide a specialized and

detailed channel model for the typical in-vehicle environment

of a mid-sized passenger car. Our findings could help to

design an optimized physical layer for the broadband in-

vehicle wireless communication system.

While both bands provide around 10 GHz of unlicensed

bandwidth (depending on the local spectrum management

authorities), the differences between the 3-11 GHz and the

55-65 GHz frequency band are significant and presented by

this paper.

In order to enhance the credibility and the reproducibility

of our research, the measured data are freely available on the

link: http://www.radio.feec.vutbr.cz/GACR-13-38735S/

A. 3-11 GHz frequency band

In the 3-11 GHz frequency range, authors in [5], [6]

deduce that the beneficial radio environment characteristics

for indoor areas (such as robustness against multipath fading

and low transmit power) could be extrapolated to the vehicle

passenger compartment. Intra-vehicle channel measurements

are performed in [7]–[13] and channel modeling in [6], [14].

The spatial stationarity and collinearity have, however, not

been studied and compared with the millimeter wave band.

In [15] the channel stationarity has been shown for 3-11 GHz,

but the 55-65 GHz band is not mentioned.

Obstructed by seats and passengers, the in-vehicle environ-

ment will hardly offer a line of sight (LOS) component. This

might be of significant importance when compared with indoor

environment in [5], [6]. On the other hand, please note that
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the 1.99 - 10.6 GHz band is deregulated for communication

and wall penetrating radars in the U.S [16]–[18]. Thus, one

of the research objectives for the lower band is to find out

whether the multipath components could sufficiently support

the intended wireless application.

B. 55-65 GHz frequency band

In [19]–[21] the ultra-wide bandwidth (UWB) and the

mm-wave in-vehicle channels are compared. The comparison

includes the Rician K-factor, the root mean square (RMS)

delay spread and the path-loss, but no spatial stationarity

evaluation is given. No specific channel model parametrization

for the in-vehicle environment is offered in [20].

The 55-65 GHz band enables the usage of high-gain

steerable antennas in a small physical form allowing for

a beamforming, a beamsteering and a spatial multiplexing

[19], [22]. By contrast, the 60 GHz band suffers from

high penetration loss and insignificant diffraction contribution.

Thus, shadowing effects are expected to be more significant

compared to the 3-11 GHz band [23]. Also, considering the

millimeter wavelength, the vibrations usually occurring in the

transportation may cause difficulties in terms of increased

Doppler spread [24].

However, expecting a lower delay spread of the power-delay

profile (PDP), the 55-65 GHz frequency range implies a lower

complexity channel estimation [25] compared to the 3-11 GHz

band. Our results also show higher spatial correlation of the

55-65 GHz band for a distance of around 5 wavelengths,

indicating a lower achievable transmit diversity gain for ap-

propriate Multiple-Input Multiple-Output (MIMO) schemes. A

channel model for 55-65 GHz of the in-vehicle environment

is presented in [26]; however, a comparison with other bands

is lacking.

C. Contribution of the paper

• Under similar conditions we compare the 3-11 GHz

with the 55-65 GHz frequency band in terms of RMS

delay spread, maximal excess delay, number of resolvable

clusters in the PDP, and the cluster decay rate [27].

• We show a linear piecewise model of the PDP in logarith-

mic scale and a generalized extreme value (GEV) model

of small-scale signal fading.

• The spatial stationarity of the measured channel parame-

ters is analyzed. We evaluate:

1) the Pearson correlation coefficient of the channel

impulse responses (CIRs) in order to see the poten-

tial diversity gains.

2) the collinearity of the PDP in order to evaluate

the number of realizations of the CIR needed for

calculating the PDP.

• We validate our statistical channel model utilizing the

Kolmogorov-Smirnov (K-S) test.

D. Organization of the paper

The organization of the paper is as follows. First we

state Introduction section, and then we present the section

Measurement Setup. Next sections are Channel Description,

Spatial Stationarity of Measured Channel Impulse Responses

and Channel Model Validation. Conclusion section sums up

the paper.

Fig. 1: Antennas layout, receiving antenna [red], transmitting

antenna [blue]. We utilize one transmitting antenna, which

has been manually moved over the grid depicted in Figure 2,

ensuring defined antenna positions. We employed two specific

measurement grid positions, the seat behind the driver (κ = 1)

and the middle seat (κ = 2). The grid measurements also allow

averaging out the effect of small-scale signal fading. The grid

distance in both directions is 3 cm for 3-11 GHz and 4 mm

for 55-65 GHz. The grid allows measuring 10×10 positions.

II. MEASUREMENT SETUP

Measurements are performed in a mid-sized Skoda Oc-

tavia III car using transmit and receive antennas marked with

blue and red colors in Figure 1, respectively. The receiving

(RX) antenna is placed next to the rear-view mirror on the front

windshield according to Figures 1, 5a and 5b. The transmitting

antenna is placed at 10×10 spatial points, using a polystyrene

rack in the case of the 3-11 GHz band and a metallic X-Y

table covered with absorbers in the case of the 55-65 GHz

band.

Given the absorbers and the fact that the relative polystyrene

permittivity is close to the relative air permittivity, we en-

sure that the locations of the receive antennas are well-

defined, while introducing as few artificial reflections from

the measurement device as possible. Between neighboring

measurement locations, the polystyrene rack utilizes a 3 cm

grid distance while the X-Y table step was 4 mm. Moreover,

the measurement grids (for both examined bands) ware placed

at two different positions on the rear bench. As seen in Figure

1, the positions of the measurement grid are denoted with

index κ.

As will be discussed later, apart from the different antennas

utilized for the two frequency bands examined, the different

antenna holding racks are one of the inevitable dissimilarities

introduced into our measurement. Without considering the an-

tenna manipulation overhead, the measurement of one channel

transfer function (CTF) took approximately 15 seconds. In

total, 200 CTFs were captured for both examined frequency

bands and one grid position κ.
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Fig. 2: 10 × 10 measurement grid. The distance between grid

positions is 3 cm for 3-11 GHz and 4 mm for 55-65 GHz.

A. 3-11 GHz measurement apparatus

The Agilent Technologies E5071C four-port vector network

analyzer (VNA) is used for measuring the transmission co-

efficient between two antennas in the 3-11 GHz frequency

band. The omni-directional conical monopole antennas having

a radiation pattern as depicted in Figure 3a are used as

transmitting and receiving antennas. To achieve the highest

possible VNA dynamic range, we chose a maximum available

output power of 5 dBm at the test port of the VNA and the

intermediate frequency (IF) bandwidth of 100 Hz. The choice

of the IF bandwidth value is motivated by keeping the high

system dynamic range (>90 dB) while maintaining reasonable

time (≈15 s for one CTF) of one measurement runtime.

The measurement is performed in the frequency domain with

10 MHz frequency steps (as in [28]).

After temperature stabilization of VNA, the coaxial cables

(antennas disassembled) were connected to the electronic cal-

ibration module and full four port calibration was performed.

B. 55-65 GHz measurement apparatus

The R&S ZVA67 four-port VNA is utilized for measuring

the transmission coefficient between two antennas in the

55-65 GHz frequency band. The system dynamic range of

the measurement setup was extended utilizing a broadband

power amplifier (QuinStar QPW-50662330, measured gain of

35 dB in the band of interest ) on the transmitting side. The

WR15 open waveguide having a radiation pattern as depicted

in Figure 3b was used as a transmitting and receiving antenna

(similarly as in [29]). The system’s dynamic range of this mea-

surement setup is ≈50 dB. The VNA output power of 5 dBm

and IF bandwidth of 100 Hz was chosen in the same way as

in the case of the measurement apparatus for 3-11 GHz.

Note that the measurement is performed in the frequency

domain with 10 MHz frequency step. We transform the

channel frequency response into the time domain, utilizing

the inverse Fourier transform with Blackman windowing (as

in [30]). More about the influence of the windowing is

elaborated in [31].

In order to avoid a degradation of the measured phase

accuracy due to movements of the TX antenna, phase-stable

coaxial cables were used. The full four port calibration process

was performed including the power amplifier. The flanges of
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(a) Measured gain pattern of the conical monopole antennas
for a frequency range of 3-11 GHz.
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(b) Measured gain pattern of the open-ended waveguide in
the E–plane and the H–plane for open-ended waveguide
antenna at 55-65 GHz.

Fig. 3: Measured radiation patterns of the antennas used.

the TX and RX antennas were connected together and the

VNA transmission was normalized in the forward direction.

Complete list of used components is available on-

line: http://www.radio.feec.vutbr.cz/GACR-13-38735S/mmw-

measurement-in-frequency-domain-with-rotagrip/.

C. Antenna pattern influence

The conical monopole antenna used for the channel sound-

ing at 3-11 GHz is omnidirectional in the H-plane and 120◦

wide in the E-plane, while the open-ended waveguide used

for the measurement at 55-65 GHz has a 120◦ wide radiation

pattern in the E-plane and 60◦ wide radiation pattern in the

H-plane (for 3 dB decay). This makes the comparison of

the two bands seemingly problematic. On the other hand,

however, there is no of-the-shelf omnidirectional antenna for

the millimeter waves with 10 GHz bandwidth.

D. Comparability of the measurements with omnidirectional
and directional antennas

To provide a further insight on the antenna pattern influence,

the open-ended waveguide transmitting antenna has been ro-

tated clockwise with a 60◦ step from 0◦ to 180◦.

The results of this measurement are visible in Figure 4. The

60◦ curve, apart from being 8 dB weaker compared to the 0◦

heading direction, shows no significant difference. The 120◦

and 180◦ data exhibit a different behavior. The first arrival

(LOS) components are 20-30 dB weaker or simply not visible

(again, compared with 0◦). This is predominant namely in the

range of τ ∈ {3− 8} ns.
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To summarize, no additional resolvable clusters of the multi-

path components (MPCs) are visible in the data measured with

the angular misalignment to LOS. Thus, the measurements

with the open-ended waveguide antennas in the frequency

range of 55-65 GHz are comparable with the measurements

performed with the omnidirectional monoconical antenna

for 3-11 GHz.
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Fig. 4: The measured PDPs for following heading directions

(relative to the LOS): 0◦, 60◦, 120◦ and 180◦.

III. CHANNEL DESCRIPTION

The measured in-vehicle radio channel is considered as time

invariant. Thus, to fully describe the radio channel, we write

the CTF as:

κHα(k) = κsα21(k), (1)

where k stands for the measurement index identifiable with

certain frequency and where α denotes the position of the

receiving antenna within the measurement grid, as visible in

Figure 2 and κ stands for the location index of the whole

measurement grid within the vehicle. Utilizing an inverse

Fourier transform we convert the CTF into a CIR according

to:

κhα(n) =

N−1∑
k=0

κHα(k)ejkn2π/N , (2)

where n is discrete time in the delay domain.

The PDP is then calculated as spatial average of |κhα(n)|2
according to:

κP (n) = Eα{|κhα(n)|2}. (3)

The spatial measurement grid is of square layout with dimen-

sions of approximately 10× 10 wavelengths.

Please note that it holds that:

τ = n
1

B
, (4)

where τ is the time in the delay domain, B is the bandwidth

and 1/B is the time resolution. Please note that the symbols

and notations used are listed in Table I.

TABLE I: Table of selected symbols and notations.

κHα(k) channel transfer function for α-th in the measurement grid
and κ-th position of the grid within the vehicle

κhα(n) channel impulse response for α-th in the measurement grid
κ-th position of the grid within the vehicle

ρ Pearson correlation coefficient
sα21(k) scattering parameter, the forward transmission coefficient
α index denoting the spatial position within the measurement grid
n time in delay domain
k frequency index
κ index denoting the position of the measurement

grid within the vehicle
P ∗
dB(n) PDP model in logarithmic scale

(.)∗ model variable
E{.} expected value
||.||F Frobenius norm

(.)H complex conjugate transpose
tr(.) trace (the sum of the elements on the main diagonal)

TABLE II: Tabulated average delay and RMS delay spread.

The mean and variance values for both 3-11 GHz and

55-65 GHz. (The calculation is done for 100 measurements

in each examined band.)

position average delay [ns] RMS delay spread [ns]

mean variance mean variance

3-11 GHz κ = 1 48.07 4.50 23.34 < 0.01
κ = 2 47.41 4.2 23.27 < 0.01

55-65 GHz κ = 1 13.75 0.01 5.02 < 0.01
κ = 2 12.47 0.01 5.03 < 0.01

A. Moments of PDP

For practical reasons, the preferred parameters evaluating

the wireless channel are the first and the second moment of

the PDP, i.e., the average delay is given as:

D =

∑nmax

n P (n)n∑nmax

n P (n)
, (5)

where the maximal delay of P (n), nmax is detected as a time

in the delay domain where the PDP crosses the noise floor.

Please note that the noise floor is estimated as the RMS value

of the PDP before the rising edge of the first arriving MPC.

For the case of 3-11 GHz band, the noise floor is -109 dBm

and for the 55-65 GHz band the noise floor is -134 dBm. The

RMS delay spread is defined according to:

Sn =

√∑nmax

n P (n)n2∑nmax

n P (n)
−D2. (6)

Our measured data are stated in Table II. The 3-11 GHz

band is affected by an approximately 5 times higher delay

spread than the 55-65 GHz band in a system with a peak

signal-to-noise ratio of around 50 dB for both bands. We uti-

lized 100 CIRs for the calculation of one examined frequency

band and one position κ.

One reason why the 55-65 GHz channels have lower delay

spread is because of the generally higher path-loss that atten-

uates MPCs with a large delay. Also, the non-omnidirectional

antenna (open-ended waveguide) does not radiate in angles

from -80◦ to 80◦, which means that it produces a lower number

of highly delayed MPCs, thus the resulting PDP might be

shortened.
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(a) 3-11 GHz monoconical antenna mounted on the front
windshield next to the rear-view mirror.

(b) 55-65 GHz open-ended waveguide antenna fastened using
a suction cap.

(c) X-Y table for precise movement of the open-ended waveguide antenna
within the measurement grid. The metallic X-Y table, the antenna with power
amplifier and heat sink are covered with absorbers in order to reduce the
unwanted reflections and thus the influence of the measurement. The grid
position corresponds to κ = 1.

(d) Polystyrene 10×10 antenna holder and
3-11 GHz monoconical antenna. The grid
position corresponds to κ = 1.

Fig. 5: Photographs taken during the measurement campaign.

B. Comparison with other in-vehicle measurement campaigns

To give a perspective on the data presented in Table II, we

provide a brief overview on findings of different authors. The

other measurement campaigns have usually been performed

under notably different conditions. We present the most simi-

lar ones.

For the much more confined area of the engine bay, the

authors in [7] report RMS delay spread values of around 5 ns

for the 3.1-10.6 GHz band. For the same band, the author

in [9] reports around 10 ns of the RMS delay spread for

the passenger compartment. In [14], the reported values of

RMS delay spread are around 15 ns while the frequency range

is not exactly given, but 802.15.3a is claimed as the target

application. The authors in [20] compare the 5-8.5 GHz bands

and the 67-70.5 GHz bands, but they report significantly lower

RMS delay spread values, which range from 1 ns to 5 ns while

the lower band exhibits higher RMS delay spread values. Such

a notable difference might probably arise due to the different

dynamic range of the channel sounder used.

C. Channel approximation

The small dimensions and metallic surroundings of the in-

vehicle environment create conditions which are best described

by a dense scattering model. Thus, with the model validated

via the K-S test, we parametrize the well-known linear piece-

wise PDP model [25]. The specular components which form

the leading edge of the clusters and, hence, the breakpoints of

the linear piecewise characteristics, are estimated by a peak

finder. The peak finder is adjusted based on visual inspection.

According to the observations and with the aim to provide

a reproducible channel model, we operate with the hypothesis

that the CIR is composed of PDP and small scale fading (SSF)

according to:

|hdB(n)|2 = PdB(n) + ξ(n), (7)
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where PdB(n) and ξ(n) stand for the PDP and SSF, respec-

tively. As proposed below, SSF is modeled by an appropriate

random process while the PDP is described by a piecewise

linear approximation. Note that the PDP is interchangeable

with a large scale fading (LSF). Since recent measurements

presented in [13], [20], [21] report a very low path-loss

coefficient, thus a low dependency of the path-loss on the

actual antenna separation within the vehicle, we decided to

introduce LSF as a function of time in the delay domain

instead of the more traditional function of antenna separation.

Figure 6 presents the measured |1,2hα
dB(n)|2 ∀α, each

aligned according to the first arrival MPC. It also presents

the averaged PDP 1,2PdB(n) and the piecewise linear approx-

imation 1,2P ∗
dB(n).

1) Power-delay profile: Our measured data are presented

in logarithmic scale. Thus, the generally accepted one-sided

exponential PDP model [25] is reduced to a linear function

according to:

P ∗
dB,c(n) =

{
−nPDR,c/Tm,c Tm,c−1 < n < Tm,c

0 otherwise,
(8)

where c indexes the clusters, and PDR,c and Tm,c stand for the

the dynamic range and maximal excess delay of the relevant

cth cluster. The multiple cluster PDP model is written as:

P ∗
dB(n) =

∑
c

(
PdB,c(n) + Cc

)
, (9)

where Cc represents the cluster decay ratio in decibels. The

quantities from (8) and (9) are visualized in Figure 7. Note

that the upper index ∗ denotes the artificial model variable

derived from a measured variable. The corresponding param-

eters of the channel, as derived from our data, are presented

in Table III.

In the case of the position κ = 1, the origin of the three

MPC clusters in the 55-65 GHz band is as follows: the first

cluster represents the direct/dominant component, the second

cluster stands for a strong reflection and the third cluster is

a reverberation diffused tail. As for the position κ = 2, three

recognizable reflections are present. Please note that the term

reverberation diffused tail is discussed and defined in [32].

Now, a notable difference from the 3-11 GHz band is the lack

of higher number of MPC clusters on one hand, but on the

other hand it features a significantly longer PDP in the delay

domain.
2) Small scale fading: Exploiting the maximum likelihood

estimate (MLE), we parametrize the superimposed SSF signal

ξ(n), using the generalized extreme value (GEV) distribution

[33]. The probability density function (PDF) of the GEV is

given by:

f(x | K,Υ,Γ) =
1

Γ
exp

[
−β− 1

K

]
β−1− 1

K , ∀β = 1+K
x−Υ

Γ
.

(10)

The estimated parameters of the spatially universal small-

scale fading model are presented in Table IV.

Due to the high flexibility of the SSF model ξ∗(n), which is

given by three input parameters as opposed to the usual two

parameters, the MLE metric recommends GEV distribution.

On the other hand, the authors in [34] claim that there is

no theoretical explanation for encountering this distribution

type. It is, however, worth noting, that the GEV contains the

accepted Weibull distribution as a special case for K < 0.

Please note that in [12] the authors report the Weibull distri-

bution for their measurement results for the 2.4 GHz intra-

vehicle channel. Similar results are presented in [13]. Note

that there is practically a very small difference between the

data for position κ = 1 and κ = 2.

D. Physical meaning of SSF parameters

The parameters K,Υ,Γ of the GEV process are commonly

known as location, scale and shape respectively. It holds that

K ∈ R,Υ > 0 and Γ ∈ R.

The physical meaning of these parameters might not be

exactly clear from this notation, therefore we provide the

following insight into the effect of these parameters. The pa-

rameter Γ drives the tail behavior while the scale parameter Υ
determines the spread of the distribution. Next, the parameter

K prescribes the impulsiveness of the signal. The higher |K|,
the higher rate of occurrence and power of an impulsive noise

superimposed on the random GEV signal with parameters Υ
and Γ. The polarity of these impulses is the same as the

polarity of the parameter K.

It is worth noting that for the 3-11 GHz band the parameter

K is almost zero (agrees with [13], [34], see Table IV),

but for the 55-65 GHz frequency band the parameter K
is significantly lower, implying that clusters of MPCs are

more resolvable in the delay domain. Moreover, this fact also

supports the finding that for the higher frequency band the

popular assumption of uncorrelated scattering is not exactly

valid (as presented for a vehicle-to-vehicle example in [35]).

IV. SPATIAL STATIONARITY OF MEASURED CHANNEL

IMPULSE RESPONSE

The spatial stationarity of the measured wireless channel

is studied via an evaluation of the Pearson correlation coef-

ficient |ρα| of the measured CIR hα
dB(n) similarly as in [36]

and via an evaluation of the collinearity of the PDP PdB(n).

A. Pearson correlation coefficient evaluation of the 3-11 GHz
and 55-65 GHz bands

In this subsection we evaluate the spatial stationarity of the

whole measured bandwidths. This means that we compare the

8 GHz bandwidth of the 3-11 GHz band (later designated

with uwb) with the 10 GHz bandwidth of the 55-65 GHz band

(later designated with mmw). As will be shown in a following

section, we also provide a comparison of spatial stationarity

of sub-bands with equal relative bandwidths.

The Pearson correlation coefficient is given as:

ρα =
E[(hα(n)− μα)(h45(n)− μ45)]

σασ45
, (11)

where σα denotes the standard deviation and μα the mean

of hα(n). The correlations are calculated between the spatial
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(b) 55-65 GHz, κ = 1.
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(c) 55-65 GHz, κ = 2.

Fig. 6: Measured and calculated channel parameters in the delay domain for both investigated frequency bands, i.e., measured

absolute value of squared CIR |1hα
dB(n)|2, 100 realizations; Spatially averaged power-delay profile 1PdB(n); Piecewise linear

approximation 1P ∗
dB(n) and estimated noise floors. The data for the 3-11 GHz band and the grid position κ = 2 exhibit no

visual difference compared to κ = 1 plotted in Figure 6a.

TABLE III: Table of the PDPs measured. The values of dynamic range PDR,c, maximal excess delay Tm,c and cluster

decay rate Cc are given. (The PDP model for the 3-11 GHz band and for position κ = 2 match the model for κ = 1.)

3-11 GHz 55-65 GHz
position cluster

number
1 2 1 2 3

κ = 1 PDR,c [dB] 11.56±0.30 33.2 ±0.31 18.31 ±0.32 19.92 ±0.22 30.83 ±0.25
Tm,c [ns] 1.00 80.23 1.03 1.33 27.76
Cc,[dB] 0 9.63 ±0.34 0 3.63 ±0.30 15.68 ±0.26

55-65 GHz
position cluster

number
1 2 3 4 5

κ = 2 PDR,c [dB] 16.21±0.20 9.1 ±0.24 11.11 ±0.21 6.54 ±0.32 29.44 ±0.35
Tm,c [ns] 1.40 1.20 1.20 1.20 31.20
Cc,[dB] 0 9.36 ±0.33 3.02 ± 0.31 8.06 ±0.20 6.00 ±0.36

positions α ∈ {1 . . . 100} and α = 45, which is located

approximately in the middle of the measurement grid.

Reflecting the square geometry of our antenna holding

rack, the maps of the correlation coefficient ρα are plotted

in Figure 8.

1) 3-11 GHz: Figure 8a shows that 1hα(n) is spatially

stationary with a mean value of |1ρα| ≈ 0.17. For the

position κ = 2, the data are |2ρα| ≈ 0.15. The coefficients

|1,2ρα| slightly decrease with the distance form the reference

point α = 45.
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TABLE IV: Estimated parameters with confidence intervals of the superimposed SSF random process. We also present a best

fit for each parameter ensuring the highest score in the K-S test.

position K
best fit
of K

Υ
best fit
of Υ

Γ
best fit
of Γ

3-11 GHz κ = 1 -0.0239 ±0.0062 -0.0282 4.541 ±0.0451 4.5682 -2.236 ±0.1070 -2.7938
κ = 2 -0.0178 ±0.0055 -0.0279 4.476 ±0.0554 4.0169 -2.465 ±0.1102 -2.6296

55-65 GHz κ = 1 -0.4657 ±0.0081 -0.5279 6.016 ±0.0488 6.2783 -2.532 ±0.0809 -2.6514
κ = 2 -0.4878 ±0.0052 -0.4672 6.840 ±0.0514 6.4625 -2.734 ±0.0721 -2.4264

2) 55-65 GHz: Figure 8b depicts the significantly higher

spatial stationarity of 1hα(n) with a mean value of |1ρα| ≈
0.30. Also, the variance of |1ρα| is notably higher. As for the

position κ = 2, the data are |2ρα| ≈ 0.38. The coefficients

|1,2ρα| do not decrease significantly with distance from the

reference point α = 45.

B. Pearson correlation coefficient comparison of the 3-11 GHz
sub-bands with equal relative bandwidth

Here we evaluate and depict the absolute value of the

Pearson correlation coefficient |1ρα| for selected sub-bands

Fig. 7: An example of the piecewise linear approximation

having two dominant clusters of PDP in logarithmic scale.
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Fig. 8: Spatial maps and histograms of the calculated Pearson

correlation coefficient |1ρα| ∀α.

of the lower band from 3 GHz to 11 GHz. The sub-bands are

identified such that their relative bandwidth to theirs center

frequency is kept equal to the case of the relative bandwidth

of the upper band from 55 GHz to 65 GHz. The relative

bandwidth is given as:

Br =
fmmw
2 − fmmw

1

fmmw
c

, (12)

where fmmw
1 = 55 GHz, fmmw

2 = 65 GHz and

fmmw
c = 60 GHz is the center frequency. Now, the calculation

of the sub-bands of the 3-11 GHz band is as follows:

fuwb
i+1 =

fuwb
i (−Br − 2)

Br − 2
, (13)

where fuwb
1 = 3 GHz and fuwb

max(i) = 11 GHz. The calculated

values fuwb
i ∀ i are stated in Figure 9 together with maps of

the Pearson correlation coefficients and theirs histograms. It is

notable that the correlation coefficients are higher than in the

previous case, where we compare the entire 3-11 GHz band

and also, according to the histograms, theirs distributions are

similar to the case of the correlation of the 55-65 GHz band (by

visual inspection, the span of |ρα| is approximately from 0.1

to 0.6). It is also visible that the correlation slightly decreases

with increasing center frequency fc.

Please note that the last uwb sub-band from

8.19 GHz to 11 GHz exhibits a slightly narrower relative

bandwidth Br compared to other examined sub-bands. For

the equal relative bandwidth among all sub-bands, an upper

frequency of 11.41 GHz is required, but the measurement is

limited to 11 GHz. Data for 2hα(n) do not deviate from the

presented 1hα(n).

C. Collinearity of PDP

As opposed to the previously exploited definitions of PDP

in (3), the PDPs are now calculated from a specified subset

of measurement grid points. The subset is defined by an

averaging window wg , where g denotes the spatial location

of the window wg respective to the measurement grid. The

window wg slides over the measurement grid with a step

of one measurement grid point. The graphical representation

of the sliding window wg and its movement within the

measurement grid is in Figure 10. Please note that the window

wg is of square shape and of variable size ranging from 2 to 9.

Now, taking into account only the measured data covered

by the averaging window wg , the PDP is calculated as defined

in (3). Then, in order to determine a sufficient size of the

averaging window wg , we evaluate the collinearity of the PDPs



9

0 0.2 0.4 0.6
0

5

10

15

20
ρ for 9.68 GHz to 11 GHz

|ρ|, mean=0.26

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 9.68 GHz to 11 GHz

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6
0

5

10

15

20
ρ for 8.19 GHz to 9.68 GHz

|ρ|, mean=0.18

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 8.19 GHz to 9.68 GHz

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6
0

5

10

15
ρ for 6.93 GHz to 8.19 GHz

|ρ|, mean=0.21

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 6.93 GHz to 8.19 GHz

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6
0

5

10

15
ρ for 5.86 GHz to 6.93 GHz

|ρ|, mean=0.27
Th

e 
fr

eq
ue

nc
y 

of
 o

cc
ur

re
nc

e
2 4 6 8 10

2

4

6

8

10

|ρ| for 5.86 GHz to 6.93 GHz

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6
0

5

10

15

20
ρ for 4.96 GHz to 5.86 GHz

|ρ|, mean=0.24

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 4.96 GHz to 5.86 GHz

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6
0

5

10

15
ρ for 4.2 GHz to 4.96 GHz

|ρ|, mean=0.26

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 4.2 GHz to 4.96 GHz

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8
0

5

10

15
ρ for 3.55 GHz to 4.2 GHz

|ρ|, mean=0.39

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 3.55 GHz to 4.2 GHz

0

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8
0

5

10

15
ρ for 3 GHz to 3.55 GHz

|ρ|, mean=0.38

Th
e 

fr
eq

ue
nc

y 
of

 o
cc

ur
re

nc
e

2 4 6 8 10

2

4

6

8

10

|ρ| for 3 GHz to 3.55 GHz

0

0.2

0.4

0.6

0.8

1

Fig. 9: Spatial maps and histograms for position κ = 1 of the sub-bands (selected from the 3-11 GHz band) having equal

relative bandwidth to the relative bandwidth of the 55-65 GHz band.

for all available window sizes. The collinearity of PDP [35]

is defined as:

cg(PdB,ref , PdB,g) =
|tr(PdB,refP

H
dB,g)|

||PdB,ref ||F ||PdB,g||F , ∀g, (14)

where PdB,ref is the selected reference PDP for g = 1 and

PdB,g are the PDPs calculated from the respective spatial

windows wg . Next, ||.||F denotes the Frobenius norm, (.)H

represents the complex conjugate transpose and tr(.) is the

matrix trace.

For both the frequency bands examined, the PDP collinear-

ity results are plotted in Figure 11. In addition, the PDP

collinearity has also been evaluated for different averaging

window sizes with practically the same results. The mean and

standard deviations of the PDP collinearity are shown in Figure

�
�

�
�

�
��

��
�

�
�

��

Fig. 10: 10 × 10 measurement grid with marked averaging

windows wg for PDP calculation. The averaging window size

ranges from 2 to 9.
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12. As can be seen, the collinearity difference for various

window sizes is negligible, thus we claim that for the examined

environment a 2×2 window is sufficient for averaging out the

effect of small scale variations.
For all cases, the collinearity slightly decreases with the

distance between examined PDPs in both directions of the

measurement grid. This phenomenon is caused by a strong

reverberation producing very similar PDPs within up to 10

wavelengths. Here, please keep in mind that the term wave-

length is not rigorous as the wavelength is, of course, variable

within the frequency bands examined.
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(a) 3-11 GHz.
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(b) 55-65 GHz.

Fig. 11: The PDP collinearity evaluation for the 3-11 GHz

and 55-65 GHz bands. In this case, the size of the averaging

window wg is 2. Figures are plotted for κ = 1.

V. CHANNEL MODEL VALIDATION

In order to validate the presented in-vehicle channel model,

we have visualized the two-sample K-S test in Figure 13.

The comparison is performed for all the measured squared

channel impulse responses |1,2hα
dB(n)|2 with its corresponding

piecewise linear model of PDP 1,2P ∗
dB(n) + ξ. We have

evaluated the two-sample K-S test [37] according to:

κDmax = sup
α

{sup
n

[
F (|κhα

dB(n)|2)− F (|κh∗
dB(n)|2)

]
, ∀α},

(15)
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Fig. 12: Comparison of the mean PDP collinearity for both the

frequency bands examined and for the averaging window size

wg showing a negligible difference between the listed window

sizes. Note: the error bars are negligible for larger widow sizes

due to growing averaging effect.

where F is the cumulative distribution function and the sup
operator stands for supremum . Another useful metric is a

mean square error (MSE) between the cumulative distributions

of measured |κhα
dB(n)|2 and modeled |κh∗

dB(n)|2:

κMSE = E{E[(F (|κhα
dB(n)|2)− F (|κh∗

dB(n)|2)
)2]

, ∀α}.
(16)

Finally, Table V evaluates the goodness-of-fit metrics calcu-

lated according to (15) and (16). The maximal deviation of the

data measured compared to the model Dmax is highest for the

55-65 GHz band κ = 2 probably due to the highest number of

resolvable clusters. Visual inspection of the presented metrics

could be performed via Figure 13. Considering the position

κ = 1, the value of Dmax is higher for the 3-11 GHz band

since the maximal deviation of the model is higher, compared

to the 55-65 GHz band. On the other hand, the MSE is higher

for the 55-65 GHz as the model shows slightly wider range

mismatch (see Fig. 13).

TABLE V: Table of goodness-of-fit metrics evaluation

position Dmax MSE

3-11 GHz κ = 1 39.41 4.83
κ = 2 31.46 5.31

55-65 GHz κ = 1 30.37 11.93
κ = 2 41.65 15.56
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Fig. 13: [red] Amplitudes of the piecewise model of PDP

|1h∗
dB(n)|2 = 1P ∗

dB(n) + ξ and [blue] the measured absolute

values of the CIRs |1hα
dB(n)| for both examined frequency

bands.

VI. CONCLUSION

In the environment under investigation, the frequency band

of 3-11 GHz is without the appearance of a high number of

resolvable clusters (agrees with [38]). The two visible clusters

are considered as direct/dominant component and reverberant

diffuse tail. Hence, the number of clusters is 2, with a cluster

decay rate of around 10 dB. On the other hand, the 55-65 GHz
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frequency band exhibits a more evident clustering behavior.

The number of resolvable clusters ranges from 3 to 5, with a

cluster decay rates of 3.02 dB and 15.6 dB.

The RMS delay spread parameter is, due to the strong re-

vibration of the environment, rather high. For the 3-11 GHz

band the RMS delay spread is 23 ns, whereas for the

55-65 GHz band the RMS delay spread is almost 5-times

smaller, around 5 ns. The average delay is for both cases more

than twice the RMS delay spread.

Regarding the spatial stationarity of the measured CIRs for

the two frequency bands examined, we have observed a sig-

nificantly lower achievable diversity in the 55 - 65 GHz band.

If we compare the overall bandwidths, the lower achievable

diversity with a mean value of the Pearson correlation of

around 0.36, in the 55-65 GHz band might be problematic

in terms of the exploitation of transmit diversity MIMO

schemes. On the other hand, the 3-11 GHz band exhibits lower

correlations in the range of 0.18. Now, if the comparison

is done such that the 3-11 GHz band is divided into sub-

bands exhibiting equal relative bandwidth as the 55-65 GHz

band, the achievable diversity is approximately the same.

The collinearity slightly decreases with the distance between

examined PDPs in both directions of the measurement grid.

This phenomenon is common to both the 3-11 GHz and 55-65

GHz bands and is probably caused by a strong reverberation

producing very similar PDPs within up to approximately 10

wavelengths. We also show that increasing the size of the

averaging window wg produces higher collinearity values;

however, the increase is very small, it is in the order of 10−4.

The 55-65 GHz band exhibits higher PDP collinearity than the

3-11 GHz band.

In this paper we propose a linear piecewise model of PDPs

for both frequency bands. To authentically simulate the in-

vehicle radio environment, we also provide parameters of the

GEV random process in order to model small-scale signal

fading in the delay domain. The resulting composition of

the linear piecewise model of PDP and the superimposed

model of SSF is validated by a comparison of cumulative

probabilities as in the case of the Kolmogorov-Smirnov test.

Our models show a very good match of the model with real-

world measured data.

Although the 55-65 GHz band shows a higher atmospheric

attenuation and is generally presumed to suffer by high

shadowing losses, this paper shows the possibility to exploit

this band for short-range communication even for non-line of

sight (NLOS) cases in a tight and reflections-rich environment.

The findings of this measurement campaign are exactly valid

only for one particular vehicle type. On the other hand,

authors expect similar results in all examined parameters also

for vehicles sharing similar characteristics as the geometry

or interior paneling. To enhance the reproducibility of our

research, measured data are publicly available at: http://www.

radio.feec.vutbr.cz/GACR-13-38735S/
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