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Abstract—The immediate environment of handset antennas,
including the casings and the users holding the handsets, has a
strong impact on the radio channel in mobile communication.
In this paper we investigate a composite channel method that
synthetically combines double-directional measurements of the
user-less propagation channel with measured super-antenna pat-
terns, i.e., patterns of the combined antenna-casing-user arrange-
ment. We experimentally evaluate the method by comparing
results (power, capacity, and eigenvalue distribution) obtained
from this composite method with direct measurements in the
same environment. The measurements were done in two static
8 × 4 MIMO scenarios at 2.6 GHz, with the user indoors and
the base station located outdoors and indoors, respectively. A
realistic user phantom together with a “smart-phone” handset
mock-up with four antenna elements was used, and different
configurations and orientations were tested. The method gives
statistical distributions of the MIMO eigenvalues, that are close
to the measured. By using the composite method, we found
that the user, apart from introducing hand and body loss that
mainly decreases the SNR of the channel, slightly increases the
correlation between the fading at the antenna elements.

Index Terms—Mobile communication, channel model, chan-
nel measurement, user phantom, multiple-input multiple-output
(MIMO).

I. INTRODUCTION

USER body impact and the choice of antenna configu-
rations in user equipments are essential when imple-

menting new mobile communication systems utilizing MIMO
(multiple-input multiple-output). However, channel models
incorporating the user interaction in a realistic way are rare.

While there is an abundance of MIMO channel measure-
ments (for an overview, see, e.g., [1]) especially in indoor
scenarios, those seldom include (and actually often explicitly
avoid) the influence of a human being near the antennas. On
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the other hand, measurements of antennas in the presence of
human beings are usually restricted to determining quantities
such as radiation efficiency, specific absorption rate, mean
effective gain, etc.

In a more detailed empirical channel model, the decision has
to be made whether to include the user in the antenna or in the
channel characterization. If the user is considered a part of the
channel, we need to perform new channel measurements for
each user operation configuration. In this paper, we investigate
an approach where the user together with the antenna, is
considered as one radiating unit or a super-antenna. Thus,
the number of user configurations only affects the number of
superantenna measurements at the antenna test range; whereas
the channel is obtained from a single channel sounder mea-
surement (without user), with the results of the measurement
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 [2].

The method of calculating the channel transfer matrix by
combining the DDPC with far-field radiation patterns of both
transmit (Tx) and receive (Rx) superantennas, here referred
to as a composite channel method (CCM), is based on two
assumptions; (i) the DDPC describes only the multi-path
propagation itself and is thus free of any influence of the
antennas, and (ii) the user (including its head, hand, and torso)
together with the actual handset (antennas as well as casing)
can be interpreted as a superantenna that can be characterized
by its frequency dependent far-field radiation pattern that
weights and adds up the MPCs. Thus, a DDPC measurement
can be combined with any superantenna pattern measurement
to describe the combined effect of channel, user, and antenna.
This in particular allows a completely fair and reproducible
comparison of different antenna arrangements in the chosen
propagation environment. Now, the question is to what extent
this composite method with the far-field assumption inherent
both in the double-directional tapped delay-line model and in
the large aperture superantenna radiation pattern, is valid for
MIMO performance prediction, and how much it suffers from
the (unavoidable) measurement inaccuracies.

Several published papers describe the principle of combin-
ing double-directional channel characterization with antenna
radiation patterns. Molisch et al. [3] used the method with
simple antenna arrangements to generate multiple channel
realizations; Dandekar et al. [4] used ray tracing and Method-
of-Moment simulations in a similar fashion, and Suvikun-
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nas et al. [5], [6] pioneered the combination of channel mea-
surements with antenna patterns of realistic handset antenna
configurations and compared the results to direct measure-
ments. The use of a directional propagation channel model
combined with simulated or measured radiation patterns for
different mobile terminal antennas and user configurations,
was found to work well for multi-antenna terminals in talk
position beside a phantom head. However, to our knowledge,
no work exists that investigates a composite method in the
presence of user body as well as hand. A measurement cam-
paign using a realistic upper-body phantom, including the arm
and hand, has been presented by Yamamoto et al. [7], where
it was shown that the difference in gain and potential MIMO
capacity for a realistic user phantom compared to simplified
models were significant. Furthermore, the user hand and the
terminal position inside the hand may have a severe impact
on the antenna efficiency, as, e.g., shown by simulations by
Li et al. [8] and Pelosi et al. [9]. Thus, a realistic user phantom
including the hand together with realistic test terminals are
important when evaluating potential MIMO performance.

The goal of the present paper is to investigate to what extent
the composite channel method can appropriately account for
the presence of the user in realistic scenarios. The novel
contributions of the paper are the following:

1) we test the composite channel model with a body
phantom that includes hand and upper torso as well as
head.

2) we test the impact of different hand positions on the
results.

3) we investigate the influence of different usage positions
of the handset (i.e., holding it in browsing mode vs.
standard talk mode).

4) we analyze the MIMO capacity as well as eigenvalue
distribution and diversity performance for a four antenna
handset in the presence of a user.

The investigation is based on channel measurements in two
static scenarios with an upper body phantom and a four-
antenna handset mock-up, in the LTE band 2.5–2.7 GHz for
a synthetic 8x4 MIMO arrangement. Previously, we presented
some results for the first scenario in a conference paper [10].

The remainder of the paper is organized as follows: Sec-
tion II outlines the basic principle of the composite method,
Section III describes the details of the equipment and the
test setup, and Section IV the measurements of the an-
tenna patterns. Section V elaborates on the measurement of
the propagation channel and the resulting double-directional
characterization. Next, the comparison procedure between
direct measurements and composite results is described in
Section VI, with the comparison of eigenvalue distributions as
the key experimental results of our campaign. Finally, diversity
and capacity performance are investigated in Section VII, and
a summary and conclusions in Section VIII wrap up the paper.

II. THE COMPOSITE CHANNEL METHOD

A. Super-Antenna Characterization

We assume, that the base station (BS) as well as the mobile
station (MS) antennas, with or without a user present, can

be characterized by their farfield patterns, i.e., the far-zone
radiating complex vector fields, written as

g(Ω, f) = θ̂gθ(Ω, f) + φ̂gφ(Ω, f) (1)

where Ω = {θ, φ} is the space angle, f is the frequency and
gθ,φ are the complex field amplitudes with the unit vectors
θ̂ and φ̂ defining the polarization. With the measurements
performed using a common phase reference (at the MS side),
the array factors or location vector phase factors e−jk(Ω)·ri

of the antenna array (with antenna element i at location ri)
are incorporated in the measured radiation patterns. Now, the
multiple i = 1, 2, · · · , nr antenna field vectors for each fre-
quency and DoA (at Rx), gi(Ω, f) = [gθ,i(Ω, f) gφ,i(Ω, f)]T ,
can be arranged into a 2 × nr matrix as

G(Ω, f) =
[

g1(Ω, f) g2(Ω, f) · · · gnr (Ω, f)
]

(2)

allowing a compact matrix formulation of the channel calcu-
lations (see below). The field representation in (1) requires
complex interpolation when used in combination with DoAs
and DoDs that can take on arbitrary values. A nice way of
avoid this interpolation is to expand the measured sample
farfield onto spherical vector harmonics or modes as

g(Ω, f) =
Q∑

q=1

ψq(f)Ψq(Ω) (3)

where ψq(f) are the complex mode amplitudes, Ψq(θ, φ)
are the complex spherical vector mode functions, and q is
a compound index representing the TE/TM field types, and
the polar and azimuthal (l,m) indices. Hence, the farfield is
represented by the complex mode amplitude vectors, indepen-
dent of directions, and the directional sample resolution of the
patterns is exchanged to an equivalent truncation of the set of
modes Q, defining the accuracy of the field.

B. The Double-Directional Propagation Channel

In our case, we assume that the double-directional prop-
agation channel is described by a finite number L of multi-
path components, originating at the transmitter (Tx), subject to
reflection, scattering and diffraction before terminating at the
receiver (RX). Plane wave propagation is assumed implying
that the nearest non specular interaction (scattering point)
to either antenna is much farther away than the size of
the antenna. The MPCs are independent of the Tx and Rx
antennas, and the l-th one has the following parameters:

αl amplitude and phase
Ωt,l direction of departure (DoD)
Ωr,l direction of arrival (DoA)
τl path excess delay

and the polarimetric transfer matrix

Pl =
[
Pθ,θ Pθ,φ

Pφ,θ Pφ,φ

]

which is normalized to have unit Frobenius norm. In the
DDPC model the frequency dependency is taken into account
only in the phase factors representing the plane-wave path
distances e−j2πfτl .
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C. The Composite Channel Matrix

The formation of the frequency-domain channel transfer
matrix function H(f), whose elements Hij(f) describe the
transfer function from the j-th transmit to the i-th receive
antenna element, is with the superantenna assumption found
by joining the MPCs of the DDPC with the Tx and Rx antenna
farfields. This can be written as a sum over the L MPCs, with
each term found as a matrix product of the Tx and Rx antenna
matrices Gt and Gr from (2), with the polarimetric transfer
matrix as

H(f) =
L∑

l=1

αlGT
r (Ωr,l, f)PlGt(Ωt,l, f)e−j2πfτl (4)

where Gt and Gr contain the complex farfield and 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.

D. Channel Estimation and Calculation

To be able to compute (4) for a certain test antenna or AUT
(antenna under test), the channel has to be characterized. Using
dual polarized probe antennas at the Tx and Rx, with antenna
field vectors Gp,t and Gp,r, a channel sounder samples the
channel matrix at discrete positions and frequencies within
a frequency band. Next, a channel estimator extracts the
parameters of the MPCs by, e.g., the Maximum Likelihood
(ML) method described in [11]. After this step, the estimated
MPC complex amplitude and polarimetric matrix (in our case)
include the antenna patterns and gains of the probe antenna
elements as

α̃lP̃l = αlGT
p,r(Ωr,l)PlGp,t(Ωt,l). (5)

This means that when computing the channel transfer matrix
for an arbitrary receive AUT pattern Gaut, the influence of the
probe pattern at the MS side is removed by a multiplication
with the inverted probe antenna matrix. At the BS side,
however, this operation is not necessary in our case since
the BS antenna remained unchanged during all measurements.
Solving αlPl from (5), and inserting into (4) gives

H(f) =
L∑

l=1

α̃l

(
G−1

p,r(Ωr,l, f)Gaut(Ωr,l, f)
)T

P̃lIte
−j2πfτl

It =
[
e−jk·rt,1 , e−jk·rt,2 , · · · , e−jk·rt,nt

] ⊗ I2×2

(6)
where k is the directional wave number vector and rt is the
location vector at Tx.

An efficient way of performing the channel computations
in (6) is to use the spherical vector mode expansion from (3).
Thus, the antenna array pattern matrix (at the receiver) can be
written as

Gl(f) = ΨlW(f) (7)

where the antenna array pattern matrix Gl(f) (for each l) is a
(2×nr), the mode matrix Ψl is (2×Q), and the array modal
coefficient matrix

W(f) = [w1(f),w2(f), · · · ,wnr (f)]

(a) Talk mode. (b) Browse mode. (c) Handset in phantom
hand.

Fig. 1. The user phantom in talk mode and in browse mode, and the four-
antenna handset mock-up at one position inside the phantom hand.

is (Q× nr). Here, the vectors

wi(f) = [ψ1(f), ψ2(f), · · · , ψQ(f)]T

represent the modal coefficient vectors for antenna i. Now,
using (7) in (6) yields

H(f) =
L∑

l=1

α̃l

(
G−1

p,l (f)ΨlW(f)
)T

P̃lIt(rt, f)e−j2πfτl

= WT (f)
L∑

l=1

α̃l

(
G−1

p,l (f)Ψl

)T

P̃lIte
−j2πfτl

= WT (f)M(f)
(8)

The matrix function M(f) is the AUT-independent modal
channel transfer matrix function, i.e. the channel matrix re-
lated to the spherical vector modes for a specific propagation
channel realization [12]. Now, the calculation of the channel
matrix for a specific AUT is done simply by the last matrix
multiplication in (8) with the spherical vector mode coeffi-
cients. This is a fast and convenient operation even if the
number of AUT’s is large.

III. TEST EQUIPMENT AND SETUP

A. Handset and User Phantom

The test handset used in the experiments is a 7x11x2 cm3

PDA-type mock-up, (Fig. 1 or [10] Fig. 1 with lid open). It is
equipped with four planar inverted F-antenna (PIFA) elements,
with different placements and orientations on one side of a
ground plane (antenna side). During both pattern and channel
measurements, a semi-conductor switch was used to select
the active port, while the other antenna ports were terminated
by matched loads. The user phantom consist of two separate
parts, a liquid filled upper body phantom (torso and head) and
a solid hand/lower arm phantom1.

B. User Operation Modes

Two different user operation situations or modes were
investigated, talk mode and browse mode, (Fig. 1). Talk mode
represents the scenario where the user holds the handset in
the right hand, towards the right ear, with the antenna side

1Head tissue simulant liquid in compliance with IEEE Std. 1528 at 2.6 GHz,
with εr = 39.7 and σ = 2.14. Hand and lower arm piece from IndexSAR
(www.indexsar.com)
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opposite to the head, whereas browse mode represents the
scenario where the user hold the handset in the right hand as
if to watch the screen. In browse mode the handset was tested
both with the antenna side turned downwards and upwards.
Furthermore, since the individual performance of the antenna
elements may depend strongly on the precise positioning of
the handset into the hand phantom, e.g., due to the finger
positions which are hard to reproduce with high accuracy,
the measurements were repeated for three positions inside the
hand that are offset 10 mm with respect to each other. The
choice of hand phantom and the placement of the handset was
made for availability and practical reasons. Recently published
rigorous user grip investigations by Pelosi et al. [9] support the
grip choice in talk mode, while in browse mode the variability
was found to be very large.

IV. ANTENNA CHARACTERIZATION

The radiation patterns and efficiencies of the handset with
and without the phantom present in the different user modes,
have been measured at two separate occasions, at a Satimo
nearfield range. The first occasion was performed in connec-
tion to a first publication in [10]. For testing repeatability
and to find possible measurement errors, these measurements
have since then been repeated at the same measurement range,
though it had been recalibrated in the meantime.

A. Radiation Pattern Measurements

In our case the antenna measurement range provided the
realized gain 2 which means that the efficiency calculated from
the radiation pattern as

η =
∫

4π

g(Ω, f) · n̂dΩ (9)

also includes the loss due to impedance mismatch. A separate
measurement of the reflection coefficient (Γ) was done with
and without the hand phantom present. In the free space case,
the four antennas were very similar with 20 log |Γ| < −10 dB
within 2.53–2.63 GHz, corresponding to an insertion loss
(−10 log(1−|Γ|2)) of less than 0.5 dB. With the hand present,
however, the mismatch increased significantly with insertion
loss up to 2 dB; similar results were found for live test persons
by Pedersen et al. [13].

The total loss (including the reflection loss, as well as the
conduction and dielectric losses of the connector, integrated
feed cable, PIFA element, ground plane and casing) was also
found to be quite similar in free space for the four antennas
(2.8–3.7 dB) but increased in the presence of the phantom
(3.2–10.2 dB). The talk mode case showed the highest loss
figures (5.9–10.2 dB), whereas the loss in browse mode with
the antennas upwards was lower (3.2–5.9 dB). Hence, the head
in talk mode seems to absorb more radiated energy than the
body in browse mode. The difference of the loss (mean over
handset antennas and different in-hand positions) to the free
space case, was found to be 4.8, 3.6 and 1.4 dB, for talk
mode, and browse mode with antennas down/up, respectively.
The values for talk mode are, again, close to those reported
in [13] (patch antenna case).

2IEEE Std 145-1993, “Standard Terms of Antennas”
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Fig. 2. Average realized gain in the horizontal plane for the handset with and
without (Free) the phantom present in talk mode and browse mode positions.

Allowing a rough reasoning the results from above can be
used to give an estimate of the actual average body, head
and hand losses for this phantom. In browse mode with the
antennas turned upwards the handset antennas are almost free
from hand influence (Fig. 1) and we can assume that the loss is
mainly due to the phantom body, i.e., the body loss is 1.4 dB.
With the antennas downwards towards the palm the main loss
is the hand loss (with a soft hand/finger touch) estimated as
the difference between antenna-up and antenna-down cases,
i.e., 3.6 − 1.4 = 2.2 dB. Now, in a similar manner the head
loss may be roughly estimated as the talk case with the hand
loss subtracted, i.e., 4.8 − 2.2 = 2.6 dB.

It was also found that the efficiencies and thus the realized
gains were well repeatable between separate antenna range
measurements, even with the phantom present. The results
from the first measurement campaign were in close agreement
with those from the second. The difference in radiation effi-
ciency, averaged over antenna ports, positions and orientations,
was found to be about 1.4 dB for the phantom measurements.
This is mainly due to the additional feed cables, which were
different during the two measurement campaigns.

Fig. 2 shows the realized gain in the horizontal plane at
2.6 GHz, averaged over the four handset antennas in each
direction, with and without the phantom present. The phantom
was oriented with the nose pointing towards 90◦ with the
handset in the right hand. It is obvious how the phantom
head and body shadow the handset antennas in predictable
directions. In the talk mode case the attenuation is strongest
in the direction of the head, i.e., to the left and somewhat
backwards, whereas in the browse cases the attenuation is
strongest backwards towards the body. Typically a shadow
loss of up to 10 dB is found, with a -3 dB angular spread
of approximately 120◦ in talk mode, and about 60◦ in browse
mode. The average gain is based on the four antenna elements,
separate measurement occasions, the three in-hand positions,
and the frequency samples.
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B. Pattern Correlation

A requirement for antenna diversity and MIMO capacity
is that the complex farfield antenna patterns (including the
phase factor due to location of the elements) are not identical.
The normalized scalar product of pair-wise farfield patterns of
the antennas, here referred to as the pattern cross-correlation
coefficient, is calculated for antenna i and j as

ρij =
< gi,gj >√

< gi,gi >< gj,gj >
(10)

with

< gi,gj >=
∫

4π

{
gθ,i(Ω)g∗

θ,j(Ω) + gφ,i(Ω)g∗
φ,j(Ω)

}
dΩ

(11)
or using the spherical vector mode expansions from (7) simply
as

ρij = wH
i wj (12)

since the mode functions are orthonormal3. The pattern cross-
correlation for any two antenna elements of the handset
was found to be in average well below 0.2 (max 0.4) and
below 0.3 (max 0.5) without and with the phantom present,
respectively. Here, the user presence increased the pattern
correlation (making the patterns less orthogonal). This indicate
a possible increase of channel correlation and a decrease in
diversity or MIMO capacity.

One of the key questions concerning the radiation pattern
measurements is to what extent the results are repeatable
after a disassembly and reassembly of the phantom and the
handset. Thus, the pattern correlation was calculated between
the same antenna elements as measured in the first and second
pattern measurement campaigns. Ideally, those correlations
should be unity, since the patterns should not change; deviation
from unity indicate loss of repeatability w.r.t. the directional
properties of the radiation pattern. For the case without
phantom the correlation was found to be in average 0.87,
and between 0.68–0.76 for the different phantom modes. The
deviation in the case with no phantom present may seem
a bit high since this is just a remeasurement of a simple
deterministic antenna structure. The most likely explanation
lies in the bending of the feed cables and perhaps to some
extent recalibration of the measurement range. In the phantom
cases the deviation from unity is less surprising since there
are more uncertain factors, such as exact finger position in
the hand phantom etc. However, at the first measurement
occasion, a remeasurement of the phantom pattern before and
after a disassembly-reassembly of the handset in the phantom
hand, showed a correlation of 0.85 in average for the phantom
modes. Thus, we cannot exclude that part of the deviations in
pattern correlation between separate measurement occasions
is due to the recalibration of the measurement range.

V. CHANNEL MEASUREMENTS AND CHARACTERIZATION

The RF-cable attenuation is typically about 1 dB/m around
5 GHz, which restricts the maximum measurement distance
to about 50 m. By use of a low loss optical fiber equipped

3For an isotropic i.i.d. channel with an infinite number of MPCs, the pattern
cross-correlation coefficient is also the open circuit correlation coefficient as
defined in [14].

Fig. 3. Site map of channel measurements with the BS locations for
Scenario 1 (BS 1) and Scenario 2 (BS 2), and the common MS location
(MS), illustrated with a few (typical) MPCs.

with RF-to-opto converters it was possible to extend the range
to more than 300 m. A laptop was used for control Two
separate channel measurement campaigns were performed at
an Ericsson office building in Kista, Sweden, in the frequency
bands 2530–2550 and 2610–2690 MHz:

Scenario 1 A stationary outdoor-to-indoor micro-cell sce-
nario.

Scenario 2 A stationary indoor-to-indoor scenario.

For all combinations of the transmit and receive antenna
elements, the complex channel frequency response was mea-
sured with an vector network analyzer (VNA) using RF-opto
converters and optical fiber cables [11], at a total of 401
equidistant discrete frequencies. In both campaigns the mobile
station array (MS) was located at the same position in a lab
at the 3rd floor with windows towards the street. The base
station (BS) was located in a skywalk crossing above the street
at about 30 m from the MS resembling an outdoor microcell
placement (Scenario 1), and in an indoor placement down the
corridor at about 13 m distance from the MS (Scenario 2),
Fig. 3.

To enable MIMO measurements, at the BS location, a linear
robot was used to move a probe antenna to 8 positions with
4 cm separation. The antenna was a vertically polarized square
patch antenna, with 9 dBi gain and about 60◦ beamwidth, and
its radiation pattern was measured in a similar fashion as the
one described in Section IV. At the MS, two setups were used
to enable two different types of measurements.

Firstly, a virtual array channel sounding measurement was
performed to enable a double-directional characterization of
the channel alone, using a 3D positioning robot and a dual-
polarized square patch antenna (similar to the BS antenna)
at the MS (Fig. 3). The robot moved the antenna to form
a vertical synthetic square 8 × 8-array with 4 cm element
distance. This was rotated in azimuth in steps of 90◦ so that
all directions were covered.

Secondly, direct measurements of the channel transfer func-
tions were done with the robot and probe antenna replaced by
the (static) 4-antenna terminal and the user phantom. In each
setup, the phantom was rotated in azimuth in steps of 90◦ to
four directions. The Tx power was chosen so that the SNR
at the receiver was better than 50 dB, and the measurements
were done late in the evening when very few people were
present, to minimize time variations of the channel. However,
in the outdoor-indoor campaign time-variant components of
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the channel due to windswept trees were present. These
components were suppressed by averaging over 10 repeated
channel measurements. The resulting average ratio of the
power in the static components, compared to those in the
time-varying components, was estimated to be 20 dB with a
worst case figure of 16 dB. In the second indoor measurement
no such problems were observed, but we cannot exclude
the possibility that movements from temporary visitors in
neighboring rooms may have caused some interference.

A. Directional Channel Estimation

Based on the channel sounding measurements, the plane-
wave spectrum for more than 2800 MPCs was resolved, using
a successive double-directional maximum likelihood (ML)
estimation method described in [11]. Some example rays for
the two scenarios are illustrated in Fig. 3. In the outdoor-
indoor scenario (Scenario 1) the azimuth spreading at the BS is
divided to two clusters, the strongest towards the MS location
and the other towards the opposite building. For the indoor-
indoor case (Scenario 2), the spectral model shows basically a
single cluster seen from the BS in the direction of the corridor
towards the MS location.

The mean delay and RMS delay spread was 127 ns and
38 ns in Scenario 1, and 74 ns and 21 ns in Scenario 2,
respectively, and the related coherence bandwidth was found
to be in average 9 and 14 MHz for 0.5 correlation threshold.
The latter means that within the 100 MHz channel bandwidth
we have at least about 10 independent channels. The azimuthal
spread at the BS and MS locations where basically the same
in both scenarios (23◦ and 26◦ at the BS and 51◦ and 50◦ at
the MS), whereas the elevation spread at the MS location is
larger in Scenario 2 (14◦ vs. 7◦ in Scenario 1).

B. Channel Measurement and Estimation Accuracy

The accuracy of the channel estimate is determined by the
channel sounder SNR and other error sources like non-static
components in the channel and ghost components caused by
the fact that the plane wave assumption is not fulfilled. In
Fig. 4 the power delay profile (averaged squared magnitude
of the impulse response) of the channel sounder measurements
is shown, taken as the average over all channel sounder probe
antenna positions of the Fourier transformed (IFFT and a
Hanning filter) channel transfer function over the upper fre-
quency band with 321 samples within 2610–2690 MHz. This
is also shown for the average over the phantom/handset direct
channel measurements (dashed). In both cases the channel
sounder SNR is above 50 dB and is not a limiting factor in
our investigation. In the channel estimation process, the ML
estimator was terminated for rays with a path distance of about
220 m and 180 m in Scenario 1 and Scenario 2, respectively,
giving an accuracy limit of about 50 dB.

C. Truncation of MPCs and Test of Method for the Probe
Antennas

The accuracy of the channel matrix in (4) depends among
all on L, i.e., the number of MPCs used in the model. In
our estimation, more than 2800 MPCs where resolved by the
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Fig. 4. Average time response for the channel sounder measurements and
direct measurements (Scenario 1), compared to the estimated multi-path plane-
wave model.

ML method. The sum over all the MPC powers (
∑L

l=1 |αl|2)
accounts for about 96% of the average channel power. This
was found from the channel sounding data using the probe
antennas alone. Now, to verify our implementation of the
CCM from (6) and the channel estimation process, we set up
a calculation where we “positioned” the probe antenna (by the
phase center) in all the positions corresponding to the channel
sounder (synthetic) arrays at both the BS and MS sides. From
this large channel matrix, we simulate a 4× 4 MIMO system
by making a selection of four elements at the BS side (vertical
polarization) and four at the MS side (two vertical and two
horizontal).

By looking at the sorted eigenvalue distributions (as de-
scribed in Section VI-C, (16)) of these channel matrices and
comparing with direct (channel sounder) measurements, we
found that the model agreed almost perfectly with the direct
measured results for the full L = 2825 model4. With a
truncation L = 500 the model accounts for about 87% and
79% of the total energy in Scenario 1 and 2, respectively, and
in this case the eigenvalue distributions differed about 2 dB
at the median of the weakest (fourth) eigenvalue found. This
showed that taking into account a very large number of MPCs
may actually improve the accuracy of the CCM.

VI. EVALUATION OF THE COMPOSITE CHANNEL METHOD

A. Average Received Power Magnitudes

The performance of the composite channel method (CCM)
is first evaluated by looking at the average received powers
for individual MS antennas. This is done by comparing the
squared magnitudes of the elements in the synthetic channel
matrix H found using (6), to direct measurements of the
channel. The average magnitude for each MS antenna i is
taken as the mean w.r.t. BS (Tx) antennas nt, in-hand positions

4This test was done for the indoor Scenario 2 case where we did not have
the problem with non-static components.
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nh, and frequency samples nf as

P av
i =

1
ntnfnh

nt∑
j=1

nf∑
k=1

nh∑
m=1

|H(m)
ij (fk)|2 (13)

assuming ergodicity in frequency and time (i.e., averaging
over the ensemble is equivalent to averaging over time- and
frequency-samples) [15]. Fig. 5 shows received power levels at
each terminal antenna 1–4 for the three user modes (subplot
rows) and the four user rotations (subsequent in each row).
The figure shows the result in Scenario 2 for CCM with
L = 500 and with the antenna measurement files from the
two separate antenna measurement, compared to the direct
measurements. Error bars show the min/max interval for
eight linear handset/phantom λ/2-translations in the channel
at the MS location, i.e., the calculations were repeated with
the AUT synthetically translated to eight locations. In the
calculations the data were compensated for the loss of energy
due to truncation of MPCs, as well as the measurement cable
differences.

In most cases the average received power is well within
±1 dB, which is also roughly the span of the max/min value
error bars. However, there are cases where the discrepancies
are up to 3 dB. Also, we notice that especially for the antenna
no. 3 in talk mode, there is a large deviation of the first antenna
measurement (probably due to a loose antenna connector).
Table I shows a summary of the mean channel matrix gains
for directly measured channels and CCM, the differences,
and the variance of the model-to-measurement ratio, with
the outlier element no. 3 omitted. The difference (error) was
within 0.9 dB, and the variance was within 0.2 dB in all cases.

B. Antenna Correlation in Channel

The (receive) antenna correlation matrix, whose entries Ri,j

denote the correlation between signals at receive antenna ports
i and j, can be estimated as the mean over frequency samples

Scenario-Mode |Hm
i,j |2 |Hc

i,j |2 ΔdB σ2
dB

Scen. 1 (Talk) -41.7 -42.0/-41.7 -0.3/0.0 0.2/0.2

Scen. 2 (Talk) -83.5 -83.0/-82.6 0.6/0.9 0.2/0.1

Scen. 1 (Browse) -40.7 -40.6/-40.8 0.1/-0.1 0.2/0.1

Scen. 2 (Browse) -80.8 -81.4/-81.3 -0.6/-0.5 0.1/0.1

Scen. 1 (All) -40.9 -40.9/-41.1 0.0/-0.1 0.2/0.2

Scen. 2 (All) -81.6 -81.8/-81.7 -0.2/-0.2 0.1/0.1

TABLE I
OBSERVED AVERAGE TRANSFER POWER FOR DIRECT MEASURED (m) AND
CCM (c), RESPECTIVELY, THE DIFFERENCE IN MEAN AND THE VARIANCE

OF THE MODEL-TO-MEASUREMENT RATIO (ALL IN DECIBEL). THE

RESULTS ARE SHOWN FOR BOTH SCENARIO 1 AND SCENARIO 2, AND
USING BOTH THE ANTENNA MEASUREMENT SET NO. 1 AND 2 (SEPARATED

BY /).
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(again assuming ergodic fading) of the sample covariance
matrix

R =
1

nfnt

nf∑
k=1

H(fk)HH(fk) (14)

giving the estimated complex correlation coefficient with the
proper normalization as

ρi,j =
Ri,j√
RiiRj,j

(15)

Fig. 6 shows the cumulative distribution function of the
correlation coefficients computed according to (15), where the
ensemble is the slow (shadow) fading distribution, i.e., the
three in-hand positions, the four phantom rotations, and the
three user modes. In the figure the correlation coefficients
from the CCM and from the direct measurements for the
ensemble of ρi,j are compared for all i �= j. In general the
correlation in the multipath channels is higher than the pattern
correlation. Also the results for CCM with no user phantom
present is shown in Fig. 6, and, apparently, the phantom
presence increases the antenna correlation. This is most likely
due to the shadowing effect found in the average antenna-plus-
phantom patterns in Section IV-A, Fig. 2.
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C. MIMO Eigenvalue Distribution

The antenna domain multiplexing capability of the channel
is given by the squared singular values of the corresponding
channel. The squared singular values are equal to the eigen-
values of the channel covariance matrix

λ = eig{HHH} (16)

and represent signal gains of the spatial sub-channels. Taking
all combinations of frequencies, hand positions and phantom
user rotations as the sample space, the cumulative distributions
of the ordered eigenvalues can be estimated. We thus compare
ordered eigenvalue distributions for directly measured, and
CCM channels with and without the presence of the phantom.
This is shown for a 4x4 channel in Fig. 7, for talk mode in
Scenario 2. The channel matrix eigenvalues were normalized
to an ergodic “sliding mean”, equal to the squared Frobenius-
norm (‖H‖2

F ) averaged over frequency samples. The match
between DM and CCM is very good, with a median agreement
within 1 dB even for the weakest eigenvalue. In this case the
number of MPCs in CCM was set to L = 500.

The influence of the MPC truncation L on the weakest
eigenvalue for CCM compared to the direct measurements is
shown in Fig. 8. The figure show the difference (in dB) at the
median of the weakest eigenvalue distribution between model
and measurements, for talk mode and browse mode (with
antennas downwards) in both scenarios. The model has been
compensated for the truncated power in two different ways;
a gain compensation done by normalizing the eigenvalues to
their sum, and a “diffuse MPCs” compensation by additive
white Gaussian noise (AWGN) as

H′ =
PL

P0
H +

P0 − PL

P0
Hw (17)

where, PL is the average power of the channel matrix elements
for L MPCs, P0 is for all estimated MPCs, and Hw is a
zero mean unit variance complex Gaussian matrix. In both
cases the eigenvalue difference converge towards zero, but
from different sides. The effect is stronger in Scenario 1
than in Scenario 2, with an increasing accuracy up to 1000
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Fig. 8. Difference in (weakest) eigenvalue (at the median) vs. number of
MPCs for CCM compared to the direct measurements.

MPCs. The compensation methods seem to work equally
good, but still a larger amount of MPCs are required for
increased accuracy. In Scenario 2 the models perform with
high accuracy already with 100 estimated MPCs. Nevertheless,
an increasing amount of estimated MPCs seem to improve the
accuracy in both cases. This indicates that the the truncated
low power MPCs can not completely be modeled as AWGN.
Furthermore, the ML estimation process was found to perform
very well statistically, even down to -30 dB eigenvalue levels.

VII. USER IMPACT ON SYSTEM PERFORMANCE

Since the CCM seems to work well predicting statistical
properties of the MIMO channel, we now use this tool to
extract and evaluate the user impact on system performance.
Here, we take a look at diversity combining and potential link
capacity.

A. Diversity Combining

From the channel matrices the statistical distributions of the
overall signal powers Pi for individual MS antenna elements
and their (receive) diversity combinations can be evaluated.
We investigate the cumulative distribution, where the statistics
are taken over BS antenna positions, phantom rotations, and
in-hand positions. Fig. 9 shows the impact of maximal-ratio
combining (MRC) and hybrid selection/MRC (H-S/MRC) [16]
as

any 2MRC Power sum of two random antennas (out of
four).

best 2MRC Power sum of the two (fixed) antennas with
the strongest average signal powers (out of
four).

best 2/4MRC Power sum of the two antennas (of four) with
the strongest signal powers at each channel
sample.

4MRC Power sum of all four antennas (one receiver
per antenna).



F. HARRYSSON et al.: EFFICIENT EXPERIMENTAL EVALUATION OF A MIMO HANDSET WITH USER INFLUENCE 9

−110 −105 −100 −95 −90 −85 −80 −75 −70
10

−2

10
−1

10
0

Power [dB]

P
ro

b.
 P

i <
 a

bs
ci

ss
a

 

 

Ant 1
Ant 2
Ant 3
Ant 4
any 2MRC
best 2MRC
best 2/4 MRC
4MRC

Fig. 9. Rx antenna signal power distributions by CCM of separate antennas
and ideal MRC diversity for the talk mode scenario (Scenario 2).

The plot shows the results for talk mode in Scenario 2 by using
the CCM with L = 500. These results were found to be almost
identical to the results found from direct measured matrices
(not shown). Results for diversity combining performance
were found to be almost identical for the two channels and
the three user configurations. It is seen that the top antenna
(Ant 1) of the handset is clearly the best one. This antenna
is not obstructed by the phantom hand and quite free from
the head5. In general (also in browse mode) the top one or
two antennas (relative the phantom), which are less obstructed
by the phantom, did perform a few dB’s better than the
others. Looking at the diversity gain (defined as the difference
between the strongest single antenna branch power and the
combined power at a certain outage level), best 2/4MRC is less
than 2 dB below 4MRC. This indicates that a clever selection
scheme in combination with 2MRC has the potential to give
high benefits out of four terminal antennas even if only two
radio chains are available in the system [17], [18].

From a test of 4MRC diversity with and without the
phantom present (using CCM), it was found that the diversity
performance was slightly reduced due to the phantom, both
due to antenna mismatch, i.e., reduced efficiency of individual
elements due to the hand, and increased correlation. In talk
mode the loss of diversity performance was about 0.7 dB at
1% outage and insignificant in browse mode.

B. Capacity

The ergodic capacity of the channel (bits/s/Hz) is the
expected value over all realizations of the channel. Taking
the realizations of the channel matrix H as the samples over
frequencies (nf ), hand positions (nh), and the four phantom
orientations; the ergodic capacity can be estimated as

C̄ = E
{

n∑
i=1

log2(1 + γi
λi

Pref
)

}
(18)

5This is also the most common antenna placement used in todays single
antenna mobile phones
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where n is the number of sub-channels (max(nt, nr)); each
with power allocation γi, and corresponding normalized eigen-
value λi. The normalization factor Pref is taken as the mean
channel gain calculated as

Pref = E
{

1
ntnr

||H(f)||2F
}

(19)

(with expectation as in (18)) for the case with no phantom
present. Hence, we refer the capacity to the user-free SNR
γ̄ with a common reference for all AUT’s so that λi/Pref

will reflect the effect of antenna mismatch and absorption
loss. Since the factor Pref is a constant for all channel
matrix samples, the capacity estimate will also include the user
shadowing which is interpreted as “long-term fading”. Fig. 10
shows C̄(γ̄) for a 4x4 system using the two possible sets of
every second of the eight BS antenna positions. The results are
for the CCM matrix which was found to give almost identical
results compared to direct measured matrices, but with the
possibility to compare results with and without a user present.
Notable is the loss in capacity due to the decrease of SNR
when the user is present. At γ̄=10 dB this is 3–4 bits/s/Hz
for browse mode with antennas down, and 1-2 bits/s/Hz with
antennas up. This shows the importance of careful placements
of the antennas on a multimedia handset.

VIII. CONCLUSIONS

This paper has two main goals: i) to show the validity of the
composite channel method to form MIMO channel models.
In particular, the method can be applied for merging "user-
free" double-directional channel models with farfield patterns
of large objects such as handsets including a user, together
forming a superantenna. ii) to investigate the user impact on
mobile MIMO communication with a realistic channel and
multiple-antenna handset setup. The goals have been achieved
by two measurement campaigns, using a realistic upper-body
user phantom (including hand and arm) and a realistic handset
mock-up with four antenna elements. A number of different
configurations and orientations were tested, such as user
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orientation, talk and browse position, and terminal position in
the phantom hand. It must be noted that the superantenna has
much larger dimensions than a conventional handset, and thus
a larger Rayleigh (or Fraunhofer) distance. As a consequence,
the vital assumption that all MPCs are originating from objects
in the farfield might not always be fulfilled. The differences
between the model and measurements for the strongest eigen-
value is well within 1 dB, which is similar to or better
than other results presented in the literature. Not surprisingly,
weaker eigenvalues show a larger deviation between composite
method and direct measurements; but even for the weakest
eigenvalue at levels 30 dB below the strongest, the discrepancy
is less than 2–3 dB, depending on the number of MPCs
used. Thus, we conclude that the composite approach seems
to be a highly valuable and accurate tool for the evaluation
of multiple-antenna configurations, even indoors and in the
presence of user head, torso, and hand.

The most important effect of the user is the efficiency loss
due to the absorption of the hand and head/body, as well as
the impedance mismatch loss due to the hand close to the
antennas. It is found that the total average loss is between 1.4–
4.8 dB depending on user operation and the antenna positions,
compared to a free space handset. In an attempt to separate
the effects, we found that the “hand influence” accounted for
a loss in average of about 2.2 dB if the antennas were located
towards the palm. Bear in mind that the hand phantom used
together with the PDA-type handset only accounts for a soft
touch of the device at the edges. A much larger efficiency loss
is expected if the hand would grab around the antennas or if
fingers cover the antenna elements. The “head influence” is
about 2.6 dB for talk mode, and the “body effect” is about
1.4 dB. All these are average figures. The worst case total loss
was found to be up to 10 dB.

The second effect found is a difference between the “su-
perantenna” pattern and the free space antenna pattern, due to
shadowing. The qualitative behavior can be easily predicted
from the direction of the head/body seen from the handset
antennas. In this investigation we found that the shadow effect
increased the antenna correlation coefficient at the handset
from median 0.2–0.3 to median 0.4–0.5 with the user phantom
absent and present, respectively. The increased correlation
decreases the diversity gain by up to 1 dB (at 1% outage) and
increases the condition number of the MIMO eigenvalues, i.e.,
increasing the difference between the strongest and weakest
eigenvalue. However, the effect is hardly noticeable when
looking at potential SNR-limited link MIMO capacity. The
efficiency loss is much more important for the reduction of
the capacity.

The observations of the potential diversity gain show that
the 2-out-of-4 H-S/MRC gives a diversity gain that is only 2
dB less than that of 4-antenna MRC, but almost 5 dB better
than 2-antenna MRC. This indicates that a handset benefits
from as many as four antennas, even if only two radio chains
are available by using a suitable selection diversity scheme
combined with two branch MRC or MIMO. It is also found
that the choice of antenna placement is crucial in a multiple-
antenna handset, seen from, e.g., the improvement of almost
3 dB when putting antennas on the side away from the palm
in browse mode compared to the opposite. The latter point

may seem trivial, but if a handset is to be used in both talk
mode and browse mode, it is not obvious how to place the
antennas.

To conclude, we find that the CCM is a valuable and
effective tool for analysis and even design of handsets with
multiple antenna elements.
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