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Experimental Investigation of the Directional
Outdoor-to-In-Car Propagation Channel
Fredrik Harrysson, Senior Member, IEEE, Jonas Medbo, Tommy Hult, Member, IEEE,

Fredrik Tufvesson, Senior Member, IEEE

Abstract—The demand for wireless channel models including
realistic user environments is increasing. This motivates work on
more detailed models that are reasonably simple and tractable
but with adequate statistical performance. In this paper, we
present an investigation of the spatial outdoor-to-in-car radio
channel at 2.6 GHz. Specifically, we investigate the performance
of a multiple antenna smartphone mock-up in the hand of a
user. We evaluate and utilize a composite channel approach to
combine measured antenna radiation patterns with an estimated
spectral representation of the multipath channel outside and
inside the car in two different scenarios. The performance
of the method is investigated and comparisons with direct
channel measurements are performed. Statistical and directional
properties of the outdoor-to-in-car channel are presented and
analyzed. It is found that the composite method, despite nearfield
problems when estimating plane-wave channel parameters in
a very narrow environment, constitutes a tool that provides
reasonably viable statistical results. In addition, we have found
that the introduction of the car in the propagation environment
increases scattering and eigenvalue dispersion while it decreases
pairwise antenna signal correlation. These statistical properties
are found to slightly increase the possible diversity and the spatial
multiplexing gains of multiple antenna terminals when located
inside cars. This positive effect, however, is small compared to
the negative effect of car penetration loss.

Index Terms—Mobile communication, channel models, propa-
gation measurement, user phantom, multiple-input multiple-out-
put (MIMO), vehicular channel, direction of arrival estimation.

I. INTRODUCTION

COMMUNICATION from vehicles have today become a
prevalent scenario for handheld mobile terminals, such

as smartphones, that may be in the hands of passengers using
high data rate cellular services. This scenario will affect the
tuning of the cellular networks and the quality-of-service of the
cellular systems serving the users, and may also affect terminal
technology. In addition, a car may also serve as a relevant
example of an immediate confined scattering environment,
representative also for other similar surroundings like indoor
parts of buildings, other vehicles, trains, sub-ways, etc, that
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are common surroundings in the everyday life of mobile
terminal users. Thus, in ubiquitous cellular systems, like LTE
(long-term evolution) and future LTE-Advanced, it is of great
interest to know in detail also the impact of such envi-
ronments with respect to performance (power consumption,
data rate, reliability etc.) of multiple antenna terminals such
as MIMO (multiple-input multiple-output) smartphones. The
car environment will have impact not only on the path loss
which affects power consumption and coverage, but also on
the fading statistics of the radio channel. Multiple antenna
techniques such as diversity and spatial multiplexing, which
are essential to combat fading and to boost channel capacity
are also highly affected. However, channel models that, in a
realistic way, incorporate these confined environments in the
immediate neighborhood of the user are rare. Such channel
models are of particular importance for the development of
vehicular-to-infrastructure (V2I) solutions.

In the development of an empirical channel model that
includes nearby scattering objects and surroundings it is pos-
sible to include the objects either in the representation of
the antenna or in the propagation channel characterization.
However, if these objects, e.g. a car, are included in the
channel we need to perform new channel measurements for
each configuration (terminal antenna, user orientation, car
type, car orientation, location, etc.). Instead, by measuring
the much more rigid outer channel once (at a representative
location) we can produce a model that is represented by
the double-directional propagation channel (DDPC), i.e., a
sum of multi-path components (MPCs); each characterized by
its direction-of-arrival (DoA), direction-of-departure (DoD),
path delay, and complex amplitude [1]. The DDPC can be
estimated from good quality MIMO channel measurements
by methods like SAGE [2]. With the DDPC at hand, the outer
channel can easily be combined with measured or simulated
radiation patterns. This composite channel modeling (CCM)
methodology is verified in [3–5] wherein it is also utilized to
evaluate the influence of the body of the user. In the case of,
e.g., an object large as a car, the method is still possible but
perhaps not feasible or practical.

In this paper, we present an investigation of the influence of
a standard family car on the spatial radio channel at 2.6 GHz,
and specifically on the performance of a multiple antenna
smartphone mock-up terminal in browse mode position in the
hand of a user phantom. We utilize the composite channel
approach where the user together with the antenna, is con-
sidered as one radiating unit or a super-antenna with the
propagation channel represented both with the car absent and
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inside the car. The environment inside a normal sized car
does not, however, provide enough space to reach the far-
field of a several wavelengths sized array antenna necessary
for directional channel characterization, of a user phantom
super-antenna, at relevant frequencies around 2.6 GHz. Thus,
we have to violate the far-field requirement to use the in-car
composite channel approach. Hence, the question is to what
extent the composite method with the far-field assumption
inherent both in the DDPC and in the super-antenna radiation
pattern, is valid for MIMO performance prediction inside a
car, and how much it suffers from the violation of the far-field
assumption and (unavoidable) measurement inaccuracies.

Several published papers describe investigations of cars and
other vehicles. Several papers also describe and evaluate the
principle of combining a directional propagation characteri-
zation with antenna radiation patterns (here referred to as a
composite channel modeling), e.g., [4, 6–8], but to our best
knowledge no work exists that investigates and validates this
composite channel modeling approach in a narrow confined
scenario where, e.g. a mobile handset, in the presence of a
user (phantom), is located inside a vehicle, e.g. a car.

The goal of the paper is to investigate to what extent the
plane-wave spectrum composite channel method can appro-
priately account for a car environment with the mobile user
inside.

In [9] we presented a measurement campaign and an initial
investigation of the outdoor-to-in-car channel. Here we extend
this analysis and present a new directional analysis of the
channel that give us a tool to separate the specific effects of
the user and the car. The novel contributions of the paper are
the following:

1) We investigate the possibility of performing directional
channel estimation from inside a car.

2) We compare the synthetic channel based on the esti-
mated channel to direct measurements w.r.t. singular
value distributions and antenna signal correlation in the
presence of a user inside and outside the car.

3) We extend the analysis of the car environment (outdoor-
to-in-car) with the directional analysis.

4) We analyze the specific influence of an upper body
user phantom and the car environment, separately, on
diversity and capacity performance of a four-antenna
smartphone mock-up in browse mode.

The investigation is based on channel measurements in two
different static scenarios with an upper body phantom and a
four-antenna handset mock-up located outside and inside a
common type family car (station wagon), in the LTE band
2.5–2.7 GHz for a synthetic 4× 4 MIMO arrangement.

The paper is organized as follows: Section II outlines the ba-
sic principle of the composite method, Section III describes the
details of the equipment, the test setup and the measurement
scenarios, and Section IV elaborates on the measured channel
properties and the directional characterization of the channel
from inside the car. Next, the comparison procedure between
direct measurements and composite results is described in
Section V, with the comparison of eigenvalue distributions and
antenna signal correlation as the key experimental results of
the campaign. In Section VI we evaluate the impact of the car

on channel properties like correlation, diversity and capacity
gain in different cases, and use the composite channel model
to separate the user and the car influences. Finally, the paper
is summed up and concluded in Section VII.

II. THE CHANNEL MATRIX

A. Channel Model

It is assumed that the radio channel can be modeled by
a finite number L of multi-path components (plane waves),
originating at the transmitter (Tx) antenna propagating towards
the angle Ωt,l (direction of departure), subject to reflection,
scattering and diffraction, before terminating at the receiver
(Rx) antenna impinging from angle Ωr,l (direction-of-arrival).
This means that the frequency domain MIMO channel transfer
function (matrix) can be written as

H(f) =

L∑
l=1

αlG
T
r (Ωr,l, f)PlGt(Ωt,l, f)e−j2πfτl , (1)

where αl denotes the complex MPC amplitude, τl the path
delay, and Pl the 2×2 normalized polarimetric transfer matrix.
In (1) the assumptions is made that the antennas can be
characterized by their far-field characteristics, i.e., that the
closest MPC scatterer is outside the near-zone of the antenna.
The antenna matrices Gt and Gr include also the complex
array location vector phase term for each element in the
columns, and for the polarization component (θ, φ) in the
rows, i.e., 2 × nr,t. Here we assume a static Rx unit which
can be generalized to a dynamic case with the addition of the
Doppler frequency by the substitution f = (1 + v

c0
)f0 in (1),

where v = k̂r,l · v is the Rx velocity relative the direction of
each individual MPC k̂r,l and c0 is the speed of light.

The channel model in (1) can be modified for a case where
the directional parameters are only important at the Rx side.
In this case the channel model can be written as

H(f) =

L∑
l=1

GT
r (Ωr,l, f)Al(f)e−j2πfτl , (2)

where Al(f) = αlPlGt(Ωt,l, f) is a 2× nt matrix now con-
taining polarimetric mutual complex amplitudes corresponding
to the individual Tx antenna elements.

B. Channel Estimation and Calculation

With the channel model in (1) it is possible to calculate the
channel matrix synthetically for any array antenna character-
ized by its farfield matrix G as long as the farfield assumption
is not violated. When the channel model is used to represent
an observation from a channel measurement, the channel
parameters (DDPC parameters) θ = {Ωt,l,Ωr,l, τl, αl,Pl} can
be estimated by using a maximum-likelihood (ML) estimator
that performs the operation

θ̂ , arg max
θ

p(x;θ), (3)

where p(x,θ) is the probability distribution function of the
observed channel x = vec(H̃) and the parameter vector. It
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can be shown that the log-likelihood function can be written
as

− log p(x;θ) = nrntnf log (πσ2) +
1

σ2

nf∑
k=1

||H̃k −Hk||2F ,

(4)
were k is the sample frequency index, σ2 the noise variance,
H̃ is the channel model in (1), and H is a measurement
realization.

The estimator used in this investigation is described in [10]
(with reverse notation) and is here only described briefly. It
starts by a search for the maximum in the power delay profile,
followed by time-domain gating and dual-side beamforming to
find initial parameter values (Ωt,l,Ωr,l and τl) of the (multiple)
MPC’s within the selected delay slot. Next a binary search
algorithm performs a binary tree search maximization to im-
prove the parameter estimates one-by-one as in SAGE [2]. In
a second step the estimation procedure performs an analytical
gradient calculation, utilizing the multivariate quadratic Taylor
expansion of the likelihood, to find the local maximum. In
this step the Jacobian and the Hessian of the likelihood is
calculated analytically. This step is very sensitive to model
errors, e.g., due to non-planar wave fronts (while assuming
planar wave fronts) when scatterers are to close to the sensor
antenna array [11–13]. In Section IV-B this problem is further
discussed.

These steps in the estimation procedure are iterated and
combined with a linear estimation of αlPl, and with possible
birth of new MPC’s, until an accuracy threshold is reached
and until the extraction of MPC’s in the delay domain reaches
the noise floor of the data. The estimation method is also
mentioned in [14] and was used in [4, 15].

III. MEASUREMENT EQUIPMENT AND SETUP

A. Array antenna, Handset and User Phantom

In the experiments two different antenna configurations
at the mobile side (MS) were used. One was a uniform
cylindrical 64 element (4 rows, 16 columns) dual polarized
square patch antenna array (receiving patch uniform cylindri-
cal array, RxPUCA) to be used for directional estimation of
the channel. The second was a handset mock-up with four
(PIFA) antennas placed at the edges, connected by coaxial
cables to a 1-to-4 switch. The handset is placed in the hand
of a user phantom consisting of a liquid filled head-plus-
torso and one solid (right) arm-plus-hand in browse mode. The
user operation mode (browse mode) represents a smartphone
mobile broadband scenario where the user watches the handset
screen. Further details and pictures on handset and phantom
can be found in [3, 4]. At the base station antenna side (BS), a
uniform rectangular 4×8 dual polarized square patch antenna
array (TxPURA) was used.

B. Car

The car is a 2005 model Volvo V70 station wagon with
standard glazing and with the rear seats down-folded to make
place for the antennas. The main investigation is made with
the car empty from driver and passengers. Some additional

Y Y

4.5 m 1.5 m

0.8 m
1.4 m

1.2 m 2.0 m 1.3 m

TX

AzMS

TX

AzMSA) B)

Fig. 1. Orientation of the car in the two scenarios, and the car geometry
with the location of the test antennas when inside the car.

TABLE I
CHANNEL SOUNDER PARAMETER CONFIGURATION DURING

MEASUREMENTS.

Center frequency, fc 2.6 GHz

Measurement bandwidth, B 60 MHz

Delay resolution, ∆τ = 1/B 16.7 ns

Transmit power, Pt 27 dBm

Test signal length, τmax 1.6 µs

Number of TxPURA antenna ports, Nt 32

Number of RxPUCA antenna ports, Nr 128

Number of Rx handset antenna elements, Nr′ 4

Snapshot time, tsnap = 2 ∗Nt ∗Nr ∗ τmax 13.1 ms

Number of snapshots at each recording 100

Number of frequency samples 97

BS antenna height over ground, ht ca 9 m

MS antenna height over ground, hr 1.1-1.3 m

measurements were done with a driver behind the wheel and
with side windows open, but no significant effect due to the
driver and the windows was found. The orientation of the car in
the two scenarios is shown in Fig. 1 with the definition of the
azimuth angle at the MS (AzMS). The direction towards the
BS is marked in both cases (about 250 degrees in Scenario A
and 270 degrees in Scenario B). Also the geometry of the car
and the placement of the channel sounder array antenna and
the user phantom (inside the car) is shown.

C. Channel Sounder

The channel sounder used was the RUSK Lund channel
sounder from Medav. The characteristics of the sounder setup
are summarized in Table I.

D. Antenna Characterization

The radiation patterns and efficiencies of the handset, with
and without the phantom present, have been measured pre-
viously [3, 4]. For the directional estimation we also needed
a full characterization of the RxPUCA antenna. The calibra-
tion of the measurement array antenna is very important for
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the accuracy of the directional estimation [16, 17]. This was
measured in a high quality anechoic chamber with six meter
separation between the transmitting dual polarized reference
horn antenna, and the rotation center of the roll-over-azimuth
positioning system.

In all channel measurements and syntheses described in
this paper the same BS antenna (TxPURA) was used. Thus,
since this antenna was unchanged in the channels that is being
compared, directional estimations were only required at the
MS side by using the modified channel model (2).

E. Channel Measurement Scenarios

Two measurement campaigns with two different MS loca-
tion and orientation were performed at the Lund University
Campus (E-building of LTH), Lund, Sweden:

Scenario A: Parked car outdoor microcell scenario with
line-of-sight (LOS) obstructed by a tree. The
direction to the BS is towards the rear-left of
the car with low elevation angle. Almost free
sight through the rear window.

Scenario B: Parked car outdoor microcell non line-of-sight
(NLOS). The direction towards the BS is to the
front-right of the car with buildings surround-
ing the car at three sides and obstructing the
LOS.

In both scenarios the BS antenna was located at the same
location (roof top of a two story building) with bore-sight
towards the MS. In each scenario, two main configurations
at the MS side were used. Firstly, the channel was recorded
with the RxPUCA once for the purpose of directional channel
characterization. Secondly, the channel was measured with
the user phantom at the MS (user phantom plus handset)
rotated in 90◦ steps to four orientations and translated to
nine offset positions with λ/2 separation, i.e., 4 × 9 channel
measurements in the latter case. These measurements were
repeated twice in each scenario, once with the car absent but
with the RxPUCA/phantom on a trolley at the MS location,
and once with the RxPUCA/phantom placed inside the car at
the nine MS locations. The measurements and scenarios are
described with more details in [9].

The average receiver SNR (signal-to-noise ratio) for a single
antenna to antenna (SISO) channel was between 0–17 dB in
all measurements, which was improved almost 20 dB after co-
herent averaging over 100 channel snapshots recorded at each
measurement. The measurements were taken during afternoons
at a parking lot with almost no people and cars moving at the
site. However, we cannot exclude that movements from a few
passing pedestrians and cars in surrounding areas may have
caused some interference.

IV. CHANNEL CHARACTERIZATION

A. Channel Characteristics and Estimated Parameters

With a bandwidth of 60 MHz corresponding to a standard
resolution in delay of 5 meters we are not likely to resolve with
good accuracy the possible impact on delay spread from the
car presence by studying the power delay profile alone. How-
ever, by the high-resolution method described in Section II-B

TABLE II
CHANNEL PARAMETERS, DELAY SPREAD στ , AZIMUTH SPREAD σφ AND
ELEVATION SPREAD σθ , IN THE MEASUREMENT SCENARIOS, BASED ON

THE ESTIMATED MPC PARAMETERS.

Scenario στ (ns) σφ (deg.) σθ (deg.)

A outside 54.9 24.6 7.1
A in car 63.3 39.1 13.6
B outside 45.1 33.4 29.2
B in car 51.2 45.4 27.4

we can improve the result. Having performed the channel
parameter estimation we studied the results in the delay and
directional domains, separately. Based on these estimates we
calculated the corresponding channel properties, e.g., the rms
delay spread στ [18, Chapter 6] and the angular spread [19] in
azimuth and elevation, Sφ and Sθ, respectively. These results
are found in Table II and in Fig. 2 where the graphs show the
directional distributions of estimated MPC parameters at the
MS side for the different cases. From Table II we find that
the delay spread increases slightly (about 6-8 ns) and that the
azimuth spread increases significantly (about 12-15 degrees)
when the antenna is located inside instead of outside the
car in both scenarios. The vertical elevation spread, however,
increases to some extent in Scenario A (the obstructed LOS
case) while it is almost unchanged in Scenario B (the NLOS
case). These observations of the angular spread are apparent
by looking at the angular distributions in Fig. 2.

B. Channel Estimation Accuracy

An extensive number of uncertainties and possible error
sources do inevitably affect the result of these evaluations.
While some of these uncertainties are known and can be esti-
mated, others are assumed to be negligible or small1. Below
we discuss some of the most important error sources. Specif-
ically, we illustrate with a few examples the consistency/in-
consistency of doing plane-wave estimation in a propagation
channel with near-field scattering sources, a topic that is
central in this evaluation were we try to model a confined
environment like the car.

1) Error sources and noise: The most important practical
error sources in this investigation are most certainly the limited
signal power strength (SNR) and limited antenna calibration
(both arrays and phantom-plus-handset) measurement accu-
racy. During the channel measurements with the RxPUCA
the internal LNA provides the SNRIR of up to 50 dB after
averaging over 100 coherent snapshots which is the peak-to-
noise level of the input channel data to the channel estimation
process in the outdoor cases, and about 42 dB inside the car
in Scenario B.

The antenna measurement ranges used have a potential
accuracy limit well below 25 dB, but due to practical com-
promises with switching, bending of cables, impedance mis-
match, scattering in turntables, reconfigurability of phantom-
plus-handset, etc., this error level is roughly about 20 dB

1A comprehensive investigation of experimental channel estimation limita-
tions and various error sources can be found in [17]
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Fig. 2. Estimated MPC power vs. elevation and azimuth at the MS (DoA)
in the different scenarios. The color of the circles represent the relative total
power of the MPCs (dB).

below the peak for the RxPUCA used for directional channel
estimation, and minimum about 10 dB for the phantom-plus-
handset antennas. The expected minimum accuracy level of
the estimated MPCs is somewhere between 20-30 dB.

2) Nearfield estimation effects: Inside the car the closest
obstacles or sources of scattering are within about 40 cm
distance from the sounder array antenna center, see the car
geometry in Fig. 1. However, if we neglect the car ceiling
in the direction of elevation angles above 60 deg, where this
antenna is unlikely to detect MPCs, the closest obstacles are
at distances beyond 60 cm. Thus, we would like to be able to
estimate MPCs at least at this distance, dl = c0 · τl, with
reasonable angular and distance accuracy. To test this, we
performed channel parameter estimation on a synthetic test
channel with a single vertically polarized point-source at zero
elevation and distances between 0.3–10 meters. The result is
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Fig. 3. Estimated MPC azimuth angle to a single point source vs distance.
The area of each circle is proportional to the MPC fractional power. The face
colors of the circles show the estimated source distance minus the true test
distance (m).

shown in Fig. 3. Here we used a theoretical model of the
RxPUCA with Huygens sources and no mutual coupling. As
seen from the graph the single source estimation degrade as the
source distance decreases, with artificial sources appearing in
directions corresponding to a spherical wave-front expansion
on a plane-wave spectrum. We also observe an apparent
source distance slightly larger than the actual one as the
source approaches. The face colors of the MPC circles in the
graph show the estimated (apparent) additional distance to the
source.

However, by looking at Fig. 3 we also find that the ML
estimation algorithm performs pretty good down to distances
as low as 0.6 meters. This can be compared to the Rayleigh
distance2 (2D2/λ where D is the largest size of the antenna),
which in our case is approximately 1.5 meters as marked in
the graph. Thus, it does not seem impossible to estimate single
sources with reasonable accuracy in our scenario, i.e., with a
0.3 m wide cylindrical array inside a common family car.

Now, what about angular resolution? To test this we add
another source at the same distance as our first one but at
a different angle. Since these two sources are at the same
distance, the resolution in the far-field is simply the array
beamwidth, i.e., roughly λ/D (rad.) or about 22 degrees. This
effect is illustrated in Fig. 4. From the graphs it is apparent
that when the angular difference gets close to the resolution
limit, the estimation is valid only at source distances beyond
the far-field distance, but at 45 degrees angular difference the
estimation resolves the two sources even somewhat closer than
the far-field distance but with an increased estimation error.

3) Estimation residual: The residual or remaining part of
the channel after subtraction of the estimated MPCs, represents
antenna calibration and channel model mismatch errors that
are not possible to resolve3. This level relative to the peak
level of the impulse response is referred to as the estimation
accuracy. With the MS array outdoors this level was about
20 dB after channel parameter estimation in both scenarios,
but with the MS inside the car it was less than 10 dB. The latter
depends (most certainly) on the channel model mismatch, and
the question is whether these results are useful nevertheless.
This is discussed below.

2far-field or Fraunhofer region [20]
3Non-resolvable MPC’s are sometimes referred to as non-specular or diffuse

multipath components (DMC)[16, 17]. In this work we make no distinction
between specular and non-specular MPCs.
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Fig. 4. Two estimated MPCs with different azimuthal separation ∆φ vs true
test source distance. The area of the circles is proportional to the fractional
power. The face colors of the circles show the estimated source distance minus
the true test distance (m).

V. COMPARISON BETWEEN MODEL AND MEASUREMENTS

Based on the measured channels and the estimated direc-
tional channel parameters, the specific impact of the car pres-
ence in the outdoor-to-in-car channel can now be evaluated.
But first we need to validate the method to be used.

A. Channel Matrix Element Magnitudes

A first step in the validation of both the direct measurements
themselves, and the performance of (1), using the channel
parameter estimations outside and inside the car, is to look
at and compare the average received powers of individual
antenna elements at the mobile (Rx) side. Here we let the
average received power level for individual elements Pi at
the receiver side be represented by the squared magnitude of
the elements of the channel matrix H averaged over the TX
antennas and the frequency as

Pi =
1

nt, nf

nt∑
j=1

nf∑
k=1

|Hi,j,k|2 (5)

In Table III the average power Pcol at two selected columns of
the RxPUCA is compared for the direct channel measurements
Pmcol and the channel synthesis calculation by (1) P ccol. In
general the differences between the channel synthesis and
the direct measured results are due to the truncation by the
ray estimation process not catching all the measured channel
energy, the limited estimation accuracy due to model errors
(especially inside the car where a higher degree of cylindrical
and/or spherical wave propagation are likely), and the limited
antenna calibration accuracy. The preserved energies by the
model were here found to be 92, 74, 83, and 59 percent in
the four cases, respectively, i.e., in Scenario A outside and

TABLE III
COMPARISON OF AVERAGE RECEIVED SIGNAL POWER BETWEEN

MEASUREMENTS AND MODEL FOR TWO ARRAY COLUMNS (WEAKEST AND
STRONGEST SIGNAL) OF THE TEST ARRAY (RXPUCA) IN THE FOUR

CHANNELS WITH SEPARATION W.R.T. CO- AND CROSS POLARIZATION OF
BS AND MS ANTENNAS.

Scenario φcol Pol. Pmcol (dB) P ccol (dB) Diff. (dB)

A outside max co -74.3 -74.5 0.2
cx -91.2 -93.4 2.2

min co -80.7 -81.2 0.5
cx -93.2 -96.3 3.1

A in car max co -79.1 -79.3 0.2
cx -88.4 -91.7 3.3

min co -83.2 -83.9 0.7
cx -89.3 -93.1 3.8

B outside max co -76.6 -76.8 0.2
cx -87.1 -88.8 1.7

min co -80.2 -81.0 0.8
cx -89.8 -92.2 2.4

B in car max co -83.4 -84.6 1.2
cx -86.6 -90.0 3.3

min co -84.3 -86.2 1.8
cx -88.3 -91.5 3.3

inside the car, and in Scenario B outside and inside the car4.
This was found as the fraction between the synthetic and the
measured overall average channel gains P c/Pm where

P (m,c) =
1

nr, nt, nf

nr∑
i=1

nt∑
j=1

nf∑
k=1

|H(m,c)
i,j,k |

2

=
1

nrntnf

nf∑
k=1

||H(m,c)
k ||2F

(6)

where Hk = H(fk). Since we test the channel model with the
same array antenna model (measurement data) that was used in
the channel estimation process, the lost energy must be due to
the estimation loss or residual if the antenna characterization
is at least approximately correct and span the same dimen-
sions (polarizations, number of elements and position). From
Table III we find that the difference in average power level
between the model and the measurements differs quite a bit for
different test antenna columns in different channels. Clearly
the error gets larger as the signal gets weaker. In the highly
directive channels, i.e., A outside, A in car, and B outside,
the difference is as low as 0.2 dB for co-polarized antennas
when the antenna column are directed towards the main DoA
(strongest signal), and as high as 3.8 dB in the worst case
(cross polarization in A in car) when the column is turned
away from the main DoA. In the NLOS case (B) inside the
car, the difference is somewhat higher (and the signal weaker).

From these data we also observe that the cross polarization
seems to increase significantly from outside to inside the car.
This effect is underestimated by the model due to the inability
(truncation) to estimate the weak cross polarized signals from
opposite the main DoA.

4These figures depend to some extent on the parameter setting in the
estimation process
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Fig. 5. Average received signal powers of individual antenna elements of
the phantom user with the smartphone mock-up for vertical polarization at
the BS. The upper graph show the result in Scenario A and the lower in
Scenario B.

In the next step this validation of channel synthesis is
done also for the case with the phantom user and the four-
antenna handset. In this case we also utilize the nine offset
positions and the four horizontal rotations of the phantom
outside and inside the car to improve statistics. The result
is shown graphically in Fig. 5 with the average power levels
compared between the measured and the synthetic data on
the ordinate for vertical polarization at the MS side, and with
the four handset antennas and the four phantom rotations
on the abscissa. Here the average power of the synthetic
channels was set equal to the average power of the directly
measured channels outside the car. Thus, no power loss due to
truncation of estimated MPC’s are present. Also here we find
a good match between the synthesis and the direct measured
data. The differences are, again, due to limited estimation
accuracy, and here also the limited accuracy of the phantom-
plus-handset antenna patterns due to reassembly of the user
phantom and handset setup with non-identical bending of
cables and positioning of the handset in the phantom hand.
The mean received power, the difference ∆dB , and the root-
mean-square (rms) σ2

dB of the relative error are summarized
in Table IV. Here no equalization of the average powers is
done, and, hence, a notable bias error ∆dB is revealed. This
difference in mean is partly due to the truncation loss of
estimated weak specular rays and possibly also irresolvable
or non-specular (diffuse) channel components, and partly due
to an additional cable loss of approximately 2 dB due to
cables used in the channel measurements but not in the antenna
calibration. The relative error is here taken as

εi =
P ci − Pmi
Pmi

, (7)

where i represents a compound antenna element and phantom
rotation index. The mean and the rms are calculated as

ε =
1

nrnrot

nrnrot∑
i=1

εi (8)

σε =

√√√√ 1

nrnrot

nrnrot∑
i=1

(εi − ε)2, (9)

and the transform to decibel is done as σ2
dB =

10 log10 |1 + σ2
ε |. The very small rms error in Table IV indi-

cates a good match or similarity between the synthetic channel

TABLE IV
AVERAGE RECEIVED POWER FOR THE MEASUREMENTS AND THE MODEL,
DIFFERENCES, AND THE RMS ERRORS FOR THE PHANTOM-PLUS-HANDSET

CASE IN THE FOUR SCENARIOS.

Scen. |Hm
i,j |2 (dB) |Hc

i,j |2 (dB) ∆dB σ2
dB

A outside -97.5 -101.8 4.3 0.15
A in car -99.1 -104.5 5.4 0.06
B outside -93.1 -98.9 5.8 0.04
B in car -101.0 -107.1 6.1 0.01

and the direct measurements, even though this apparent accu-
racy is partly an effect of the average power being not so
sensitive to the antenna pattern and the phantom rotation. To
a large extent it is still the efficiency of the individual antennas
at the handset in the proximity of the user that sets the received
power levels.

B. MIMO Eigenvalue Distribution

The most important statistical properties of a MIMO chan-
nel matrix regarding capacity performance are given by the
singular values of the corresponding channel matrix. The
squared singular values are equal to the eigenvalues of the
channel covariance matrix

λ = eig{HHH} (10)

and represent signal gains of the spatial sub-channels. Again,
to validate the directional channel parameter estimations and
the composite channel approach, outside as well as inside the
car, the sorted singular value distributions for 32 × 32 test
channels in the four scenarios are plotted in Fig. 6. With
these test matrices each array ring, 32 antenna ports of the
128 elements RxPUCA, is treated separately as four samples
of the same channel. The singular value distributions are
shown for both directly measured channels, and composite
channel models with and without the presence of the car, in
both cases with normalization to unit channel gain (squared
Frobenius norm). Naturally the composite channel data based
on the estimated channel parameters are somewhat more “syn-
thetic” with larger eigenvalue dispersion or, equivalently, less
channel richness. Apparently, there is a pretty good statistical
match between the model and the measurements also inside
the car for the stronger eigenvalues. The weaker eigenvalues
are very unreliable and reflect measurement noise as well as
measurement and model (estimation) errors. The number of
estimated MPCs was here maximum L = 100.

In the next step this validation of the channel synthesis is
done also for the case with the phantom user holding a smart-
phone mock-up handset. In this case we utilize the nine offset
positions and the four horizontal rotations of the phantom
outside and inside the car to improve statistics. Here we allow
ourselves to add an i.i.d. noise matrix Hw ∼ CN (0, σ2

wI) to
the synthetic channel matrix as

H′c = Hc + Hw. (11)

By this procedure we compensate for inevitable receiver noise
in the measurement system inherit in the direct measured data

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TVT.2013.2244623

Copyright (c) 2013 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



8

−20 −15 −10 −5 0
0

0.2

0.4

0.6

0.8

1

Rel. power [dB]

P
ro

b.
 λ

i <
 a

bs
ci

ss
a

 

 

DM
CCM

(a) Scen. A outside

−20 −15 −10 −5 0
0

0.2

0.4

0.6

0.8

1

Rel. power [dB]

P
ro

b.
 λ

i <
 a

bs
ci

ss
a

 

 

DM
CCM

(b) Scen. A in car

−20 −15 −10 −5 0
0

0.2

0.4

0.6

0.8

1

Rel. power [dB]

P
ro

b.
 λ

i <
 a

bs
ci

ss
a

 

 

DM
CCM

(c) Scen. B outside

−20 −15 −10 −5 0
0

0.2

0.4

0.6

0.8

1

Rel. power [dB]

P
ro

b.
 λ

i <
 a

bs
ci

ss
a

 

 

DM
CCM

(d) Scen. B in car

Fig. 6. Ordered squared singular value distributions of 32 × 32 channels for direct measured (solid), and CCM (dashed) with the RxPUCA in the four
scenarios. Note that only the strongest singular values are visible.

and indirect present in the synthetic channel by setting the
lower limit of MPCs to be estimated. The noise power σ2

w

used in (11) was estimated from the channel measurements
by comparing successive snapshots, resulting in an estimated
noise power σ̂2

w so that the average SISO channel SNR
of the direct measurements become ||Hm||2F /(nrntσ̂2

w) =
[18.5 16.9 26.9 19.0] dB in the four channels ”A outdoor”,
”A in car”, ”B outdoor”, and ”B in car”, respectively. In the
delay domain this corresponds to a peak-to-noise floor level
of the impulse response SNRIR ≈ 40 dB. The estimated
channel sounder measurement noise power σ̂2

w can also be
removed from the total signal powers evaluated in the previous
section (Section V-A), as is described in [17, Eq. (10)], to
reduce the noise contamination. However, here this effect was
found to be insignificant.

The result is shown in Fig. 7. At the BS side a selection of
four vertically polarized antenna elements with λ/2 spacing
was chosen from one row of the TxPURA. The match between
the synthetic channel and the measured is close for all four
singular values in all four scenarios. Especially inside the car
the match is almost perfect in the NLOS case (Scenario B).
This may partially be a consequence of that estimation errors

provide an apparent realistic spatially rich channel in this
specific case, the one with most rich scattering, see Fig. 2.
Otherwise, the additive noise has a minor effect on the result
so the main difference between the synthetic and the measured
channels is the lack of richness in the synthetic channel that
stems from the inability to estimate enough MPCs due to
limited SNR and error level. To improve these results we
need higher SNR in the measurements and perhaps also higher
accuracy in the antenna characterization and system calibration
including cables etc. The addition of the noise matrix Hw in
this context shall not be mistaken as an additive part of the
channel model. The improved match with the direct measured
channel is merely a consequence of the imperfect measure-
ment system (receiver noise), but may also compensate for
error sources like antenna array characterization and cable
calibration errors, as well as for non-resolvable spatially white
channel components. In [16, 17] the channel model itself is
divided into a specular and a non-specular part, where the latter
part (dense multipath) encounters possibly correlated non-
specular channel components that are estimated separately.
Here we persist in using the spectral channel model in (1) built
up by classical independent specular components that may be
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Fig. 7. Ordered squared singular value distributions of 4× 4 channels for direct measured (m), and synthetic with the phantom-plus-handset (c and c′), in
both scenarios outside and inside the car. For comparison the distribution of an i.i.d. complex Gaussian channel is shown (iid).

resolvable or not depending on the quality of the measurement
setup and the estimator algorithm. In [4] higher precision
in similar measurements provided the possibility to extract a
higher amount of specular channel components which showed
an increased match between the synthetic and the direct
measured channels as the number of specular components
increased. This effect was not reached by adding spatially
white noise.

VI. HOW THE USER AND THE CAR AFFECT SYSTEM
PERFORMANCE

Since the composite channel model based on the MPC
estimations work well in predicting the statistical properties
of the MIMO channel, the tool can be used to extract and
evaluate specifically how the user and the car affect system
performance without further measurements. Some of these
results were presented in [9], but now by utilizing the channel
modeling tool it is also possible to separate the user and
the car effects by comparing the synthetic channels for the
handset plus user phantom with new channel calculations with
previously measured handset only antenna patterns (as was
done in [4] in an office environment). The handset patterns are

first translated and rotated to the same position as if they were
in the hand of the user phantom. In a previous investigation of
user effects it was found that one of the main characteristics of
the user body was an increase in correlation between received
signals from the handset antennas [4], in turn affecting system
properties such as diversity and channel capacity.

A. Antenna Correlation in Channel

The antenna (signal) correlation can be found directly from
the direct measurements and was presented in [9], but here
we also want to compare with the results found by synthesis.
The correlation matrix with entries Ri,j denotes the correlation
between signals at receive antenna ports i and j and can be
estimated as the mean over frequency samples5 of the sample
covariance matrix

R =
1

nfnt

nf∑
k=1

H(fk)HH(fk) (12)

5assuming ergodicity in frequency and time, i.e., averaging over the
ensemble is equivalent to averaging over time- and frequency-samples [21]
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B (NLOS) for direct measurements (DM) and synthetic (CCM) results.

giving the estimated complex correlation coefficient with the
proper normalization as

ρi,j =
Ri,j√
RiiRj,j

(13)

Fig. 8 shows the cumulative distribution of the magnitude
of the complex correlation coefficients computed according
to (13), where the ensemble is the slow (shadow) fading
distribution, i.e., the four phantom rotations, and the nine offset
locations. In the figure the correlation coefficients from the
synthetic channel model (”CCM”), with and without the noise
compensations from (11), and from the direct measurements
for the ensemble of ρi,j are compared for all i 6= j. The
presence of the car decreases the antenna correlation in the test
channels, most likely due to increased scattering “richness”
inside the car [9]. This effect is also reflected by the synthetic
data even though these data show higher correlation in general.
Nevertheless, we may conclude that the effect of the car is well
caught by the model. The maximum difference in average
received power between antenna elements was here about
2.5 dB, a figure sometimes referred to as antenna mismatch
(not to be confused with impedance mismatch).

B. Diversity and Capacity Gain

A summary of the maximum-ratio combining (MRC) di-
versity gains and the capacity (or spatial multiplexing) gains
are presented in Table V. Here the diversity gain (DG) is
taken as the ratio of the combined signal power of the two
strongest (DG2) and all four (DG4) antennas, to the strongest
branch single antenna signal power at the 1% outage level.
This diversity gain is also referred to as the apparent diversity
gain [22] and seem to slightly overestimate the actual diversity
gain [23, Fig. 11], where the latter definition refers the gain to
a reference case with a truly isolated single antenna and, thus,
omits the influence of mutual coupling by the surrounding
terminated elements in our case. This effect is here neglected.

TABLE V
SUMMARY OF DIVERSITY GAIN (DB) AND CAPACITY GAIN (BITS/S/HZ)

FOR THE DIFFERENT SCENARIOS AND CONFIGURATIONS.

Scen. A/B
Outside
no user

Outside
with user

In car
no user

In car
with user

DG2 (1%) 10.1/10.7 9.2/9.7 9.9/10.3 9.6/10.2
DG4 (1%) 16.0/17.3 14.4/15.2 16.5/17.2 14.8/16.8
ECG 4× 2 2.0/2.4 1.7/2.4 2.4/2.7 2.1/2.6
OCG 4× 2 2.3/2.1 1.8/1.6 2.5/2.1 1.8/2.1
ECG 4× 4 4.1/4.7 3.5/4.6 4.7/5.5 4.4/5.2
OCG 4× 4 3.6/4.3 3.3/4.0 4.4/4.9 4.2/4.7

The channel capacity is calculated from the eigenvalues of
the normalized channel matrix as

C =

r∑
i=1

log2(1 + γiλi), (14)

where r is the rank of H, and γi is the SNR after power
allocation (by waterfilling assuming channel knowledge at
the transmitter) to the sub-channel corresponding to λi and
with SNR=

∑r
i=1 γi. The channel matrix is normalized with

the square-root of the SISO channel power averaged over
the sample space (here the frequency samples, rotations and
small-scale translations) in each scenario and handset/user/car
configuration. Thus, the average user efficiency and car pen-
etration loss is omitted and only statistical and individual
antenna properties of the channel are considered.

From the distribution of C over the sample space, the
ergodic capacity gain (ECG) is taken as the difference between
the mean MIMO capacity and the mean of the best SIMO
capacity, while the outage capacity gain (OCG) is taken at
10% outage level. The 4 × 4 channel matrix is formed by
selecting four vertically polarized antenna elements in the
bottom row with one wavelength spacing at the BS, and in
the 4 × 2 case the two single MS antennas that provide the
highest overall capacity is selected. The SNR was set to 10 dB.

The diversity and capacity results in Table V show only
minor effects of the user and the car environments when the
impact of body loss and car penetration loss are absent. Both
the diversity gain and the capacity gain are somewhat higher in
Scenario (B) compared to the Scenario (A). The user presence
seems to have a negative impact on both these measures which
were also found in [4], while the car environment increases
the performance of spatial multiplexing up to 0.9 bits/s/Hz for
the 4× 4 system.

VII. CONCLUSIONS

The purpose of this investigation of an outdoor-to-in-car
radio channel at 2.6 GHz has mainly been two-fold: i) to inves-
tigate the validity of MIMO composite channel model (CCM)
formed by a combination of a the directional propagation
channel and the far-field radiation patterns of array antennas,
with respect to MIMO performance, and ii) to evaluate the
possibility to (accurately enough) perform directional channel
estimation in the close confined car environment.

Two outdoor measurement campaigns have been performed
where, specifically, the influence of a car is considered at
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the mobile side. From the measurements with a cylindrical
array antenna, directional channel parameter estimation was
performed to form the propagation channel model as a part
of the composite channel model. Combined with measured
antenna patterns of the handset-plus-user it is found that this
channel model produces channel properties such as path loss
and channel statistics very similar to what are found by the
direct measurements with the handset-plus-user in the channel.
The composite channel model shows lower eigenvalue disper-
sion and higher antenna branch correlation as compared to
the direct measurements. This is assumed to be an effect of
the limited channel parameter resolution due to measurement
noise and calibration errors.

The main challenge with the investigation was the direc-
tional estimation inside the car where parts of the car and,
thus, possible sources of interaction (scattering) are within
the far-field or Rayleigh distance of the antenna. Tests of
the estimation algorithm on a single point source and two
separated (in angle) point sources at a certain distance with a
representative theoretic array antenna (to avoid antenna array
calibration errors) show potential problems as the sources get
within distances from the antenna about the size of the car.
Despite this violation we find that the directional estimation
inside the car produces reliable results, both regarding the
angular distribution of the MPCs, as well as the singular value
distributions of the composite channel. Thus, we conclude that
the main specular components of the channel seem to account
also for the most important statistical properties, and that the
CCM can be used to model the outdoor-to-in-car channel.

Finally, with the CCM at hand, the specific influence of
the car and the user was evaluated both separatly and in
combination. Apart from the penetration loss of the car (in
average between 2-8 dB) or in an interference-limited scenario,
our results show little influence of the user and the car on the
channel. Both diversity gain and capacity gain are found to be
slightly higher in Scenario B compared to Scenario A, the user
seems to decrease these measures, while the car environment
increases the capacity (at fixed SNR) by up to 0.9 bits/s/Hz
for the 4× 4 system.
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