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Thomas Bolin

Abstract—Antenna pairs for diversity or MIMO functionality
are characterized under the assumption of a certain statistical dis-
tribution of the incident signals over angle and polarization, but
also assuming a signal environment with a large number of signal
paths. In many real-life environments, however, only a few signal
paths contain most of the transferred power. A multipath simu-
lator can be used to realize signal environments with a controlled
number of signal paths. This paper presents measurements of dual
antenna performance using a multipath simulator with 2—16 signal
paths. The results are analyzed in terms of statistical power distri-
butions, power imbalance, correlation coefficient, multiplexing ef-
ficiency, and diversity gain. Differences in performance depending
on the number of signal paths are noted, illustrating the value of
considering the number of signal paths in characterization.

Index Terms—Antenna measurements, multipath simulator,
signal environment, sparse environment, terminal antenna.

I. INTRODUCTION

UAL antennas in mobile terminals are used more and

more, for diversity or multiple-input multiple-output
(MIMO) functionality. There are different opinions regarding
the proper way to characterize antenna pairs for diversity or
MIMO functionality, involving different parameters [1]. One
common way to characterize dual antennas is by their mean ef-
fective gains (MEG) and correlation coefficient [2], [3]. These
parameters depend on the assumed statistical distribution of
the incident signals over angle and polarization. Dual antenna
performance is also based on the assumption of a large number
of signal paths [4], [5]. When calculating the correlation co-
efficient from the radiation patterns of the two antennas, the
integrals are in effect summations of an infinite number of
signal paths. There is, however, nothing in the integral about
the number of simultaneous signal paths at any instant.

Manuscript received April 20, 2011; revised September 20, 2011; accepted
October 10, 2011. Date of publication October 25, 2011; date of current ver-
sion February 03, 2012. The work was supported in part by MICINN (Project
TEC2008-05811) through an FPI doctoral grant (BES-2009-013764).

P. Hallbjorner is with SP Technical Research Institute of Sweden, SE-501 15
Boras, Sweden (e-mail: paul.hallbjorner@sp.se).

J. D. Sanchez-Heredia and A. M. Martinez-Gonzalez are with the Univer-
sidad Politécnica de Cartagena (UPCT), E-30202 Cartagena, Spain (e-mail:
jd.sanchez@upct.es; toni.martinez@upct.es).

P. Lindberg is with TE Connectivity, SE-175 26 Jarfilla, Sweden (e-mail:
peter.lindberg@te.com).

T. Bolin is with Sony Ericsson Mobile Communications, Nya Vattentornet,
SE-221 88 Lund, Sweden (e-mail: thomas.bolin@sonyericsson.com).

Digital Object Identifier 10.1109/TAP.2011.2173451

Fig. 1. MPS in anechoic room, with test object at the center of the MPS array.

In many real-life environments, most of the transferred power
is contained in only a few signal paths [6], [7]. The performance
of an antenna pair in such environments can be studied by com-
puter simulations using the radiation patterns. Dual antenna per-
formance in multipath environments can also be measured di-
rectly, without going via the radiation patterns [8]. Reverbera-
tion chambers (RC) [9], [10] is an established technique for this.
RCs are usually designed so as to ensure that the test object is
subjected to a large number of signal paths. Multipath simu-
lators (MPS) [11]-[13] are an emerging technique that allows
better control of the signal environment than RCs. For instance,
the number of signal paths is a parameter that can be decided
arbitrarily.

This paper presents a study in which a multipath simulator is
used to characterize dual antenna performance in environments
with a limited number of signal paths. The purpose is to have
experimental indications of how performance typically differs
depending on the number of signal paths, and thereby also in-
dications regarding the need to consider the number of signal
paths in characterization.

II. SETUP

A. Multipath Simulator

An MPS comprising 16 antennas is used. The antennas are of
vertical and horizontal polarizations, and evenly distributed on
a circle around the test object, in a plane, see Fig. 1.
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Fig. 2. Block diagram of the setup for S-parameter measurements on dual
antennas.

TABLE I
PHASE SWEEP RATE ON THE MPS BRANCHES, AND THE ACTIVE BRANCHES
USED FOR THE DIFFERENT NUMBER OF PATHS. FOR 2, 4, AND 8 PATHS, THREE
SETS ARE USED, EACH GIVEN BY A COLUMN

MPS |Phase Sweep 2 4 8 16
Branch | Rate (\/s) Paths Paths Paths Paths
V1 40.16 OO0 -0 0 -|O0O O - )
H1 45.20 - - -|- - -/- 0 - )
\ 245 - - 0|0 - 0|0 - O (0]
H2 12.15 - - -|- - -]- -0 ()
V3 7.34 - - -|- = -]- 0 - (0]
H3 16.84 - - -|- 0 -|O0 O - ()
V4 47.08 - - -|- - -]- -0 (0]
H4 49.46 o - -|- - 0|0 - O (0]
Vs 48.50 - - -|- 0 -|O0 O - ()
H5 49.94 - 0 -0 - -|- O - (0]
V6 37.05 - - -|- -0]0 - O (0]
H6 42.89 - - 0|0 - -|- - O (0]
v7 25.71 - - -|- - -/- 0 - (O]
H7 33.58 - - -|- 0 -]0 O - @)
V8 21.38 - - -|- - -]- -0 (0]
H8 29.78 - - —-|- - 0|0 - O @)

The MPS thus simulates a 2-D signal environment with up

to 16 signal paths. Each MPS antenna is fed via a sweeping
phase shifter, which simulates the Doppler shift experienced
when the terminal moves in a multipath environment. By set-
ting the sweep rate differently on the antennas, a fast fading
signal is received by the test object antennas. Each MPS an-
tenna is also fed via an attenuator, and the antenna is effectively
switched on/off by setting its attenuator to minimum/maximum
attenuation.

Fig. 2 shows a block diagram of the setup, with a network
analyzer for simultaneous measurements of the complex trans-
mission coefficients (S21) between the MPS port and each of
the two antenna ports of the test object.

Each measurement in the presented work is a 20 s sequence
of 2 x 6401 S»; values between the MPS port and the two test
object antenna connectors. A maximum Doppler shift of 50 Hz
is used, to ensure that samples are taken with sufficient den-
sity with respect to the fast fading. Table I shows the phase
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sweep rates over the MPS antenna array that realize the desired
Doppler shifts. Measurements are performed with 2, 4, 8, and 16
MPS antennas active, and the antennas that are switched on all
have equal amplitude. Which MPS antennas are active for the
respective number of signal paths is also shown in Table I, with
reference to Fig. 2 for the physical locations of the antennas. Ac-
tive antennas are marked in Table I with an “O”. With 2, 4, and
8 paths, there are three different sets of active antennas, given
by the three columns.

B. Performance Metrics

Results are analyzed in terms of the power imbalance 6, cor-
relation coefficient p., and multiplexing efficiency nyux [14],
according to the expressions

°= {|S21,2]%) )

= ((Sa1.1 — {Sa21.1)) (Sa21.2 — (S21.2))™) ;

Pe V8211 — (Sa1 1) 2 {212 — (S21.2)]%) @
Tax = 2\/< S21,112)(|S21.2]%) (1 — |pel?) o

(1S21.112) + (|S21.2[?)

In (1)=(3), S21,1 and Sz 2 are the complex transmission co-
efficients of the respective test object antenna, each being a se-
quence of 6401 samples, and (-} denotes average over the whole
sequence. The expression in (3) differs from the one in [14] in
that normalization to the average radiation efficiency of the two
antennas is introduced. This is done because we want to study
only the effects of imbalance and correlation, but not the effect
of the absolute levels of the efficiencies.

Diversity gain G/ [15] is also used as a figure-of-merit. Max-
imum ratio combining is assumed, and the combined signal is
thus

S21,c = \/|521,1|2 + [S21 2| “)
After this, G4 is calculated at the 99% signal reliability levels,

. |S21,c,99%

|521,k:,99%|2

2
Gk

: (%)
where two values are calculated (¢ = 1 and k& = 2) with each
of the two antennas serving as the non-diversity reference case.
The reason for doing this, rather than using one specific antenna
as the reference, is that we hereby avoid assuming which an-
tenna would be used in a non-diversity case.

III. MEASUREMENTS

Two experiments are carried out, with different test objects. In
the first, a test object with near-ideal performance in an isotropic
environment is used. This makes an interesting reference case
for the change in performance when going to fewer signal paths.
In the second experiment, two terminal prototypes with less
ideal and more typical performance are used. They are proto-
types of the same terminal, but with different design solutions
for the dual antennas. This represents a realistic situation in
which different designs are characterized and compared.
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A. Near-Ideal Test Object

A terminal antenna model for the 2600 MHz band is used,
with measurements performed at 2655 MHz. The model is
made of metal only (no plastic housing) and consists of a
100 mm x 40 mm ground plane with two PIFA antennas fed
by coaxial cables. The cables are routed so as to minimize
influence on the antenna performance [16]. Tests with different
feed cable arrangements and with ferrite absorbers [17] are
performed to ensure that the results are not affected too much.
Electrical performance is a return loss of 12 dB and near 100%
radiation efficiency on both antennas, and a correlation coeffi-
cient of 0.25 in an isotropic environment with a large number
of signal paths.

In the MPS measurements, the test object is mounted in free-
space (no head or hand) at the center of the MPS array. It is mea-
sured in three orthogonal planes with each set of active branches
according to Table I. It is also measured in a 45° slant orienta-
tion (data mode), with 10 different orientations in azimuth. The
slant orientation measurements are done only for the leftmost set
of active branches for 2 and 4 paths, and the set of 16 branches.
The total number of measurements are thus 19/19/9/13 for the
respective 2/4/8/16 paths.

Fig. 3 shows its performance for the different number of
signal paths. Power imbalance, correlation coefficient, and
multiplexing efficiency all show a strong increase in the spread
when reducing the number of signal paths. The performance
with 16 signal paths agrees well with the performance in an
isotropic environment with a large number of signal paths, with
only small variations. With two signal paths, the correlation
coefficient is many times very high, and even with four signal
paths it varies over almost all possible values. With few signal
paths, the average correlation coefficient is also increased
significantly compared to the case of many signal paths.

Examples of time sequences and cumulative distribution
functions (CDF) of the received power are plotted for a few
measurements. The case of two signal paths are shown in
Fig. 4(a) and (b), while the case of 16 signal paths are seen in
Fig. 4(c) and (d). With 16 paths, time sequences are similar to
Rayleigh fading curves, and the CDF curves are all approxi-
mately the same, corresponding to the theoretical curves under
assumption of a large number of signal paths. With two paths,
on the other hand, strong variations are seen in time sequence
characteristics and CDF curve shapes. As a result, G4 can be
anything from very large to almost none.

B. Two Realistic Test Objects

Two samples of the same terminal model, with dimensions
115 mm x 65 mm, but with different antenna solutions, are
measured. The two test objects are referred to as Prototype A
and Prototype B. These models are more realistic than the first
one, having plastic housing and antennas with less ideal per-
formance. Their antennas are made for the 700 MHz band, and
the measurements are performed at 740 MHz. The antennas are
accessed via coaxial cables, which exit the test objects on the
middle of the long side for minimum interference. As with the
near-ideal test object, tests are conducted to ensure that the feed
cables have a negligible effect on performance. The respective
antenna performance in a 3-D environment with a large number
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Fig. 3. (a) Power imbalance ¢ of the near-ideal test object, as a function of
the number of signal paths. (b) Correlation coefficient |p..| of the near-ideal test
object, as a function of the number of signal paths. (¢c) Multiplexing efficiency
Nwmux Of the near-ideal test object, as a function of the number of signal paths.

of signal paths is measured in an RC. The power imbalances
are —0.8 dB for Prototype A and —0.3 dB for Prototype B, and
the correlation coefficients are 0.35 for Prototype A and 0.56
for Prototype B. More interesting for comparison with the MPS
measurements is the performance in a 2-D environment. These
values are calculated from 2-D cuts of the radiation patterns in



HALLBJORNER et al.: MULTIPATH SIMULATOR MEASUREMENTS OF HANDSET DUAL ANTENNA PERFORMANCE 685

~ -60 ~ -60
m m
= =
5 -70 .\’,‘\""v‘ll"Wh\-l.’\\.l.lh'\,"\: 53
Z Z
A~ ~
k=) =
[ o
2 2
Q L
2 2
~ o~
Fg % 3, 5 AN
5 5 0 WG U
z z WS
o o
- ~
9 - -80!
[ [
2 2
g g -9
~ ~
-100
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Time (s) Time (s)
(2
~ -50 —_
m m
=2 =4
o} ]
z z
o o
[ ~
=) )
(5] o
= 2
5 3
Q 5
~ ~
o )
A =
oy o)
E3 2
o o
A~ A~
el =
(5] (3]
= 2
g g
~ ~

2100 90 80 -70 -60 -50
Received Power (dB)

1100 90 -80 -70 -60 -50
Received Power (dB)

4

F

{
]
1}
2 I
I
]
H
s
1
H
3

Probability < Received Power Probability < Received Power
Probability < Received Power Probability < Received Power

100 -90 -80 -70 -60 -50 100 90 -80 -70 -60 -50
Received Power (dB) Received Power (dB)
(b)
g g
0
2 2 10
) o
o (]
2 Z
8 8 10
& &
\2 \% 2
= = 10
2 2,
S S 10
& -100 -90 -8 -70 -60 -50 & -100 -90 -80 -70 -60 -50
- Received Power (dB) - Received Power (dB)
o o
z 0 2 0
S 10 s 10
= =
() (3]
2z 2z
810 810
& &
Vo2 VA
2 10 2 10
z z
o 1 o 10
A& -100 90 -80 -70 -60 -50 & -100 -90 -80 -70 -60 -50
Received Power (dB) Received Power (dB)
()

Fig.4. (a) Examples of time sequences for the case of two signal paths, on the two branches (dotted and dashed). (b) Examples of cumulative distribution functions
for the case of two signal paths, with the two branches (dotted and dashed) and the combined signal using maximum ratio combining (solid). The four examples
show vastly different diversity gains. (¢) Examples of time sequences for the case of 16 signal paths, on the two branches (dotted and dashed). (d) Examples
of cumulative distribution functions for the case of 16 signal paths, with the two branches (dotted and dashed) and the combined signal using maximum ratio

combining (solid). All four examples are approximately the same.

TABLE II
POWER IMBALANCE AND CORRELATION COEFFICIENT OF PROTOTYPES A AND
B, IN DIFFERENT 2-D ENVIRONMENTS

Prot. | Parameter XY-Plane | XZ-Plane | YZ-Plane
A | Power imbalance (dB) -0.4 1.5 0.7
B | Power imbalance (dB) -1.0 -0.3 0.0
A | Correlation coefficient 0.60 0.75 0.70
B | Correlation coefficient 0.68 0.81 0.56

each of three orthogonal planes. The cuts are measured with a
standard far-field antenna test range. Uniform power distribu-
tion over angle and polarization is assumed when calculating
the performance parameter from these 2-D cuts. As can be
seen in Table 11, the test objects are well balanced in all three
planes. Correlation coefficients are notably higher in the 2-D
environments than in the 3-D environment.

For the MPS measurements, the test objects are mounted in
free-space at the center of the MPS array. They are measured

in three orthogonal planes with each set of active branches ac-
cording to Table I. The same planes and orientations are used
for both test objects. The total number of measurements for each
test object are thus 9/9/9/3 for the respective 2/4/8/16 paths.
Results are seen in Fig. 5, with circles for Prototype A and
triangles for Prototype B. The plots show that also in this ex-
periment, reducing the number of signal paths leads to a much
greater spread in the different metrics. Power imbalance is not
as symmetrical around 0 dB as in the first experiment, and Pro-
totype A shows a larger spread than Prototype B. For both test
objects, |p.| is clearly worse with 16 paths than in a 3-D envi-
ronment with many paths, but comparable to 2-D environments
according to Table II. At 16 signal paths, | p..| is higher for Proto-
type B than Prototype A, and it is significantly higher with fewer
signal paths. A correlation coefficient of 0.7 is usually consid-
ered the limit for good diversity/MIMO performance. Table II1
shows the proportion of |p.| values less than 0.7 for the two
prototypes, indicating that Prototype A is superior. The spread
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Fig. 5. (a) Power imbalance & of Prototype A (circles) and Prototype B (trian-
gles), as a function of the number of signal paths. (b) Correlation coefficient | p..|
of Prototype A (circles) and Prototype B (triangles), as a function of the number
of signal paths. (c) Multiplexing efficiency 1,..» of Prototype A (circles) and
Prototype B (triangles), as a function of the number of signal paths.

is however very large for both models, and there are many cases
in which the performance difference is reversed.

The multiplexing efficiency, being a function of both the ef-
ficiencies and the correlation, show better performance for Pro-
totype A in general, and a quicker degradation for Prototype B

BRUARY 2012

TABLE III
PROPORTION OF CORRELATION COEFFICIENT VALUES LESS THAN 0.7 FOR
PROTOTYPES A AND B, FOR DIFFERENT NUMBER OF SIGNAL PATHS

Prot. | Parameter 2 Paths 4 Paths 8 Paths | 16 Paths
A | Proportion of |p.[<0.7 67 % 67 % 100 % 100 %
B | Proportion of |p|<0.7 22 % 33% 44 % 33 %

TABLE IV

MEDIAN AND WORST CASE MULTIPLEXING EFFICIENCY OF PROTOTYPES A
AND B, FOR DIFFERENT NUMBER OF SIGNAL PATHS

Prot. | Parameter 2 Paths | 4 Paths | 8 Paths | 16 Paths
A | Median 7y (dB) -1.3 -0.9 -0.9 -0.8
B | Median 7,y (dB) 4.3 -2.0 -1.6 -1.7
A | Worst case 7y (dB) -7.4 -3.5 -1.2 -1.1
B | Worst case 7y (dB) -14.2 -7.2 -4.5 -1.8
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Fig. 6. Diversity gain G, of Prototype A (circles) and Prototype B (triangles),
using maximum ratio combining, as a function of the number of signal paths.

TABLE V
BEST CASE, MEDIAN, AND WORST CASE DIVERSITY GAIN OF PROTOTYPES A
AND B, FOR DIFFERENT NUMBER OF SIGNAL PATHS

Prot. | Parameter 2 Paths | 4 Paths 8 Paths | 16 Paths
A | Best case G, (dB) 26.1 17.3 13.0 11.6
B | Best case G, (dB) 27.8 13.3 12.9 11.7
A | Median G4 (dB) 11.5 10.4 11.1 11.4
B | Median G, (dB) 42 10.7 10.4 10.3
A | Worst case G, (dB) 0.4 1.7 9.0 10.0
B | Worst case G, (dB) 1.6 6.1 7.8 9.6

as the number of signal paths is reduced. Table IV summarizes
the median and worst case multiplexing efficiencies.

Diversity gain is shown in Fig. 6 and Table V. From 16 paths
down to four, the median (G4 remains stable for both prototypes,
but with an increase in the spread. With two paths, the me-
dian value for Prototype B drops drastically, while it remains
approximately the same for Prototype A. The spread increases
even more for both, and Prototype B has better best case and
worst case values. Best and worst cases are however highly
sensitive to random fluctuations. Which model has the best di-
versity gain performance depends on which number of signal
paths and which statistical parameter (median, best/worst case)
is considered.
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IV. CONCLUSION

Mobile terminal dual antennas are characterized using an
MPS, which provides a 2-D signal environment with up to 16
signal paths. Three test objects are characterized with 2, 4, 8,
and 16 simulated signal paths.

Several conclusions are drawn from the results. The perfor-
mance with 16 signal paths shows only small variations over
different test object orientations. For the test objects used, it is
close to the performance in a corresponding 2-D environment
with a large number of signal paths, but not necessarily close to
the performance in a 3-D environment.

As the number of signal paths is reduced, the primary effect
is a strong increase in the spread of the different metrics. Some
degradation in average performance is also seen. With only two
signal paths the correlation coefficient can have any value, with
a significant portion of the values being above 0.7, even on a test
object with good performance in a 3-D environment with many
signal paths. Two test objects of the same type of terminal, but
with different antenna solutions, are demonstrated to both have
very strong performance variations in an environment with lim-
ited number of signal paths, but also somewhat different charac-
teristics in terms of median and worst case performance. Which
antenna solution is the better depends on the exact number of
signal paths, and the choice of performance parameter.

Presented experiments show that characterization in environ-
ments with a limited number of signal paths provides a deeper
insight into dual antenna performance compared to the tradi-
tional characterization assuming a large number of signal paths,
and that an MPS is suitable for such characterization.

V. FUTURE WORK

Future work includes a study of the same type as the pre-
sented, but with the application of realistic channel models to
the MPS. Further, models and metrics intended specifically for
dual antenna performance in sparse environments should be
studied, and specific test methods should be developed that en-
able performance assessment with maximum reliability at min-
imal cost.
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