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ABSTRACT

This paper presents the evaluation of the diversity
performances of several multi-antenna structures in
reverberation chamber. Firstly, a two-antenna syste
having low isolation between the radiators is meagu

Its performances are compared with a second steictu
which uses a neutralization technique to enhanee th
radiating element’s isolation. Then the performance

a four-antenna system with and without the
neutralization method are measured and presented.
Particularly, the total antenna efficiencies, tieedope
correlation coefficients and the diversity gaintbése

efficient implementation of diversity at the mobile
terminal side. However, their fully characterizatio a
uniform multi-path propagation environment needs
some particular facilities and the associated digger
[3]. Chalmers Institute of Technology already possesses
these capabilities through the Bluetest reverbmmati
chamber [4].

This paper results from a short-term mission gichig

the COST 284. The designing competences of the
LEAT have been gathered with the measurement skills
of Chalmers Institute of TechnologS8everal prototypes
have been characterized in the Bluetest reverberati
chamber in terms of total efficiency, envelope

systems are presented and discussed. We especiallycorrelation coefficients and diversity gain. Parkicly a

focus on the advantages of the neutralization tigcien
1. INTRODUCTION

Nowadays, the use of wireless mobile communications
is growing exponentially in several field of
telecommunications. In modern applications,
transferring large amounts of data is clearly ndeaied
consequently, increasing the data rate transfer
necessary. The performances of wireless termirats ¢
be greatly improved by introducing different divigrs
schemes in a communication link. In practice, teats
can be considered to operate in a so-called mitlitipa
propagation environment. This means that the
electromagnetic fields will take many simultaneous
paths between the transmitter and the receiver. The
antennas of the handset must therefore be designed
properly work in such an environment, the most
important parameters being the total efficiency #mel
diversity gain.

Several multi-antenna structures have been designed
and fabricated at the LEAT of the University of Blifor
diversity and MIMO purposes. These systems include
from two to four antennas operating in the UMTSdan
(1920-2170 MHz). Particularly, a neutralization eff

has been used to achieve high isolation between the
antennas [1]. The prototypes have been charaateiize
terms of S parameters, total efficiencies and ¢atioa
coefficients [2]. All these measurements have pmove
that these structures have a strong potential for a
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two-antenna system with and without the neutratirat
line are compared at first; then we characterifeua-
antenna structure. The efficiency results are coetpa
with the measurements done with a Wheeler Capyset-u
from the LEAT. The cumulative probability distritorm
functions are presented to compute the apparenthend
actual diversity gain [3, 5]. We especially focus the
neutralization technique performance.

2. THE REVERBERATION CHAMBER

A reverberation chamber is an enclosure in whiah th
electromagnetic environment is statistically isptco
and homogeneous (Fig. 1). Isotropic means thaaet e
location of the chamber, far enough from the wale,
electromagnetic environment is statistically thenea
The power injected in the chamber via a transngttin
antenna will balance the losses in the chambebaiid

up a modal structure for each stirrer position. sThi
modal structure will illuminate non uniformly theutti-
antenna system. Rotating slightly the stirrer, ddba or

a scatterer change the electromagnetic boundary
condition then perturb the modal structure and give
totally different illumination. The received incide
field, powered by a probe that is linearly poladize

one dimension is distributed with two degrees of
freedom. The ratio of peak to average is almost the
same in whole the chamber volume if the receiving
antenna is at a distance’d® away from the wall.



The chamber is excited by a transmit small antesfna 3. TWO AND FOUR-ANTENNA STRUCTURES

any kind, located in a corner of the chamber, and

preferably not radiating directly to the centraftpzf the The electromagnetic software IE3D was used to desig
chamber, where the antenna under test (AUT) and its the multi-antenna structures [6]. The procedure is
near-in environment are located. The transmit arden  described in [2]. The first designed two-antennstesy
excites the chamber with several resonant cavitgiaro is presented in Fig. 2. The PIFAs are symmetrically
The chamber must be larger enough to support some associated on a 40x100 mm2 PCB and separated by a
hundreds of modes. The more modes exist, the more 0.12 length (18 mm). They were optimized to cover

accurate results for the radiation efficiency Wid. The the UMTS band with a return loss better than -6 Ed&-.
transmission between the transmit antenna and the A that, each PIFA has a 26.5 mm length and a 8 mm
must be measured and stored for several differenes width. They are fed by a metallic strip solderedato

distributions in the chamber. Each mode in the df&rm SMA connector. They are shorted to the PCB by an

can be described as a standing wave due to tweoooe m  identical metallic strip. The simulated and meagure

waves propagating in different directions. mutual coupling of this system is shown in Fig.l4.
reaches a -5 dB maximum in the middle of the UMTS

Several hundred resonant modes will therefore semite band.

a multipath field environment, with at least twanés

more multipath than modes. In order to get an edém

of the radiation efficiency we need to measure the

transmission for some hundreds of different mode

distributions and average the results. The average

transmission with the AUT must be compared with the

average transmission of a reference antenna wittwkn

performances, e.g., a dipole with no losses andhedt

in impedance. The ratio represents then an estomati

the radiation efficiency of the AUT. The accuradythe

estimation depends of the number of independent

transmission measurements (which cannot be more tha

the number of modes in the chamber). We need

typically more than 100 independent transmission

measurements to get accuracy better than 0.5 dB. Th Figyre 2. 3D view of the two-antenna structure vidtw

independent mode distributions are obtained by nwvi isolation between the radiators

a metal object referred to us as a mode in the beam _ ) ) o
To increase the isolation of the radiating elemeats

suspended line as a neutralization device has been
inserted between the feeding strips of the two elgm
(Fig. 3). The optimization of this line was already
explained in [1].
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Figure 1. Schematic drawing of the Bluetest Figure 3. 3D view of the two-antenna structure with
reverberation chamber Set_up h|gh isolation between the radiators



All the S-parameters of this last structure ares@mnéed
in Fig. 4. A good matching is revealed. In addifiare
can observe a strong enhancement of the insexis |
with a deep null in the middle of the bandwidtheTHh,

is always below -18 dB in the UMTS band.

Figure 4. Simulated and measured farameter of the
two-antenna structure without the line (blue).
Simulated and measureg S, (black) and g (red) of
the two-antenna structure with the line.

The same neutralization technique was also
implemented in a four-antenna structure. The proeed

is described in [2]. Two antennas were positioneithe
top side of the PCB and the two others at the botto
side. To reduce the mutual coupling of the closest
elements, a neutralization line was inserted betvike
feeding strips of the top elements of the PCB while
longer line was inserted between the shorting stop
the radiators located at the bottom side (Fig. 5).

Figure 5. 3D view of the four-antenna structurehwit
neutralized PIFAs

We can see in Fig. 6 that all thg Parameters are
always better than -15 dB. Moreover, the four Plafes
well matched on the whole bandwidth. All these ealu
are very satisfactory for diversity applications.

Figure 6. Simulated and measured S parametetseof t
four-antenna structure with neutralized PIFAs

4. MEASUREMENT OF THE EFFICIENCIES

Traditionally the radiation performance of an anteiis
measured outdoor or in an anechoic chamber. Inrorde
to obtain the radiation efficiency, we need to nuweas
the radiation pattern in all directions in spaced an
integrate the received power density to find th&lto
radiated power. This gives then the radiation &dfficy
when compared with the corresponding radiated power
of a known reference antenna. The final result is
obtained after a laborious and long measurement
procedure. The efficiency can be measured very much
faster and easier in the so-called reverberatiamdier.
However, it is necessary to first measure a refaren
case and then the Antenna-system Under Test (AldT).
fact, the transmission between the reference aatend

the excitation is already measured in the chamb#r w
the reference antenna placed in free space thaisrata
least half a wavelength away from any lossy objaots

the walls of the chamber. As soon as the referease

is completed, we can measure the AUT but it is very
important that the chamber is loaded in exactlystome
way. From these both measurements, we can calculate
Pret (Eq 1) and Rt (Eq 2)

2
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S, is the averaged transmission power levS ; the
free space reflection coefficient of the excitation

antenna antS,, the free space reflection coefficient of

the reference antenna (or the antenna under Tést

denotes averaging on positions of the platfornrest,
polarization stirrer and mechanical stirrers.

The total efficiency can be then calculated from Eq

——\ P
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The total efficiencies of the two-antenna structure
(with and without the neutralization line) measuiad
the reverberation chamber are presented in Fignd7 a
compared with the same values obtained with the TEA
Wheeler-Cap test set-up [2]. Due to symmetry reason
the efficiency of only one antenna by system is
presented. The Wheeler Cap and reverberation cltrambe
curves are in a very good agreement especially if
comparing their maximum. The small frequency shift
observed on the blue curve (dot points) is dudeofact

that the antenna was slightly mechanically modified
during transportation and in turn frequency detuned
The improvement given by the neutralization techaeiq

is clearly seen. The maximum total efficiency o€ th
neutralized antennas are around -0.25 dB when the
maximum total efficiencies of the initial structusse
less than -1 dB.
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Figure 7. Computed total efficiencies of the twdeama
structure without the neutralization line (blue)dcwith
the neutralization line (red)

These measurements were repeated for the neutralize
four-antenna system (Fig. 8). Only the measuremats
Antenna 1 and 3 are presented due to the symmetric
configuration of the structure. Again, there is eryw
good agreement between the two measurement

techniques. It is especially found that not all EHEAS
have the same maximum total efficiency values due t
the fact that the Sand the matching are slightly
different for the top or bottom antennas. Howevkis
neutralized antenna-system seems to be
competitive as the maximum of the total efficiescad
all the antennas are always better than -0.5 dBhen
UMTS band. A four-antenna structure without any
neutralization technigue was also measured and
exhibited maximum total efficiencies less than -dBL

very

et
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Figure 8. Measured total efficiencies of the four-
antenna structure in Reverberation Chamber and
Wheeler Cap (Antenna 1=Green, Antenna 3=Black)

5. MEASUREMENT OF THE ENVELOPE
CORRELATION COEFFICIENTS AND THE
DIVERSITY

The concept of diversity means that we make useof

or more antennas to receive a signal, and thatame c
combine the replicas of the received signal in a
desirable way to improve the communication link.eOn
requirement is that there must be low coupling leetw
the antennas; otherwise the diversity gain will be
lowered. To measure our antenna systems, eachnanten
branch is connected to a separate receiver, and the
outputs of the receivers are combined in such athaty
the signal-to-noise ratio S/N of the combined sigaa
larger than gN;and S/N, of the signals in each branch.
This is possible if the fading characteristics ighal S
and $ are uncorrelated in the two branches.

In this measurement, the correlation between theasi
received by the two antennas of our prototypesh(wit
and without the neutralization line) has been etéd
and the envelope correlation coefficients are priesk

in Fig. 9. These coefficients are always lower tBatb

on the whole UMTS band proving that the structures
can give significant performance in terms of diitgrs
[7]. As in [2], it is also seen that the neutratize



structure provides a slightly better value than atiger
prototype in the whole bandwidth. It should be dote
that the tendency observed in the reverberatiomblea

is quite the same as the one observed in [2] (see t
discussion in this paper about the calculation e t
correlation coefficient with the help of the S-
parameters).

Envelope correlation coefficient

1.65 1.9 195 2 205 24 215
Frequency (GHz)

Figure 9. Measured envelope correlation coefficsenit
the two-antenna systems in a reverberation chamber
without the neutralization line (blue) and with the
neutralization line (red)

The envelope correlation coefficients of the ndizeal
four-antenna structure have also been measurekdein t
reverberation (Fig. 11). These coefficients areaghkv
below 0.15 on the bandwidth of interest provingiaga
the improvement of this new structure.
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Figure 10. Measured envelope correlation coeffitsen
of the neutralized four-antenna system in a
reverberation chamber

The diversity gain G, relative to antenna 1, i.e. the
apparent diversity gain, and the effective divgrgiain
Guivett , I-€. the actual diversity gain, are defined i B
and Eq. 5 respectively.

__SN
G,, = (4)
SN,
_ SN
G iveff — ”tot (5)
diveff Sl/Nl 1

Ntz 1S the total efficiency of antenna 1. Note thasth
formula is valid only if the noise signals; ldnd N are
independent of the total efficiency. This is theseaf
the system noise is dominated by those of the ver®i

or if the antenna noise temperature is the samthes
surrounding temperature. The last condition is rofte
close satisfied in mobile systems because the aatin
rather omni-directional and picks up thermal noise
mainly from the environment (ground, buildings,ese
human) around the antenna, and less from the Igw sk
temperature.

We can see in Fig.11 the power samples of each two-
antenna system (without the neutralization line aitti

the neutralization line).

[ — Branch1&2 = /E(r
— Selection comb. B A
| 77
A
7 7
o,
2 . o
i e e T
g o4 2 di . ain
H /5) ¥ at 1’%9
s A
a R
1072 /--/’ 5
= :
| -7 z
b . {
AL L /
P i ¢
07 i // < /

-50 -0 -30 -20 -10 o 10
Relative received power (dB)

Figure 11. Cumulative probability of the two-antann
structure without the neutralization line (dashéet)
and with the neutralization line (plain line)

On the right side, the combined power of the two-
antenna element samples is plotted in red and darke
"selection comb.”. The combined signal curves are
steeper than the two curves of the antenna elenienits
example, we also see that the power level at 1%
probability is higher for the combined signal thimm

the antenna elements. This is the benefit of comfin
the two signals received by each antenna of the
structure.



The diversity gain is determined by the power level
improvement at a certain probability level. In BEity, we
have chosen 1% probability. The apparent divegsin

is then the difference between the strongest aatenn
element curve and the combined signal curve. The
power improvement is 7.6 dB for the system with low
isolation and 9 dB for the system with low mutual
coupling. When taking into account the total effinties

of the antennas, we can calculate the actual diyers
gain. The values are 6.3 dB for the system withbat
neutralization line and 8.55 dB for the other dtue.

6. CONCLUSION

In this paper, we have presented several two-aatenn
structures with low and high isolation for diveysit
purposes. The reverberation chamber measurements at
Chalmers University of Technology showed that efen

the envelope correlation coefficients of these eayst

are very low, having low mutual coupling and high
isolation will provide improvement in the total
efficiency and then the actual diversity gain o€ th
system. The same conclusions have been drawn from

These measurements have been done at the frequencythe measurements of several four-antenna structures

point where the antennas are providing the best
efficiencies. These results are consistent witheioth
publication [8] and even slightly better due to tlse of
antennas with high total efficiency. The neutrdiza
technique is giving a good improvement in terms of
diversity gain. We should also notice that the appia
diversity gain and the actual diversity gain ar¢ so
different in this case due to radiators with higitat
efficiency [9].

The apparent gain of the neutralized four-antenna
structure has also been measured (Fig. 12). Omdy th

branches 1 and 3 are presented due to symmetry

reasons. The apparent diversity gain is 16.9 dBeiwh
the total efficiencies are taken into account, élceual
diversity gain is just slightly lower: 16.7 dB. Adr-
antenna system without any neutralization device wa
also tested: 12.8 dB for the apparent diversity gaid
11.9 dB for the actual diversity gain.
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Figure 12. Cumulative probability of the neutralize
four-antenna structure

As expected, the neutralization technique is giviang
strong improvement in terms of diversity gain. Wanc
also notice that the diversity gain increases \vtita
number of the antenna elements of the system.

with and without the neutralization technique. lasv
also confirmed that increasing the number of el@sen
of a multi-antenna system will also increase the
diversity gain and further more if the radiatorse ar
highly isolated. Next studies will concentrate dret
effect of the neutralization technique when thesana-
systems are operating next a phantom head.
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