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Degree-of-Freedom Evaluation of Six-Port Antenne
Arrays in a Rich Scattering Environment

Ruiyuan Tian and Buon Kiong Lau
Department of Electrical and Information Technology
Lund University, Sweden
Email: rui yuan@it.lth.se, bkl@it.Ith. se

namely three electric and three magnetic dipoles, can offer up to
a six-fold capacity increase in wireless channels, relative to that of
single antennas. In other words, six degrees of freedom (DOFs) A
can be supported by co-located six-port transmit and receive 6/

Abstract—It has been proposed that six co-located antennas, }2

= 2
antenna arrays. However, due to the complexity in designing %zpv- —
and measuring such a six-port antenna, to our knowledge, no | \/ 3
experimental verification has yet been successfully performednl i ' 4
this paper, the six DOFs hypothesis is experimentally verified 5\‘ /1l o
at the 300 MHz band. The experiment involved the design i =
and fabrication of two six-port arrays, and MIMO channel ‘\2{\/

measurements in a rich scattering environment with these arrays.

N e
Y
(a) Reference TX array (b) Compact RX array

I. INTRODUCTION Fig. 1. Six-port arrays.

The use of two polarization states of plane waves has been
known to introduce two degrees of freedom (DOFsS) in a wire-

less communication channel. However, an additional thoke- :ir;—;leor?l\lff:rerz -Lgl:]s’sbhe (;(r)tcgisx 'E ggsvﬂ?]emgr tir\lznczgﬂad
increase in channel capacity in a rich scattering environrise P Y PP 9 P-

proposed i 1] by th use of s Gsingusabe letrid o ST TS ©f b0 Pechnes e desgned
magnetic polarization states. Co-located, orthogonatiiap

ized electric and magnetic dipoles are postulated to aeltiey ﬁPdthrgagﬂﬁttilco?t'ngi},rl,g z;gﬁétltj?ei'mifng;le ei:sont?)trtiﬁlizz
six DOFs in the context of MIMO systems. Nevertheless, the p -
qur MIMO channel measurement equipment, the arrays are

study in [1] only experimentally demonstrates three DOFs b Lsigned for a relatively low frequency of 377 MHz. Using

means of tri-polarized half-wave\(2) sleeve dipoles, rather he two arrays6 x 6 MIMO channels are measured in a
han th ! ix-fold increase. The pioneerin Whﬁ: ! : ) char ; .
than the postulated six-fold increase © ploneenng WORE qhielded laboratory, which is inherently a rich scatigri

in [1] is followed up by a number of theoretical studies on " . ¢
the number of available DOFs [2]-[5], which give furthef"vironment. . .
The remainder of the paper is organized as follows. Sec-

insights into the topic. On the other hand, significant diben » ts the ch teristi fthe TX and RX ant

s given towards the design of compact andior co-locatdl ATSCCR] ISR B G A T T

antenna arrays with good DOF characteristieg,, [6]-[12]. A . N . . }
y 9 g. [6-12] ign is described in detail. In Section 1V, the number of

Nevertheless, to our knowledge, no experiment has been L .
formed to verify the six polarization DOFs hypothesis in. [1] OFs of the measured MIMO channel is discussed. Section V
cludes the paper.

In this paper, two six-port antenna arrays are designed i
fabricated in order to investigate the number of DOFs in
measured MIMO channels. In particular, one of the two arrays
is made compact, in order to co-locate the antenna elemeftsReference TX Array

and to constrain spatial DOFs. The latter requirement is t0Tne reference TX antenna array is designed by means of
ensure that the _obtai_n_ed DOFs may be attrit_)ute_d to p(?'a”%%ﬂf-wave dipoles and Alford loops [13]. Fig. 1(a) shows
tion and angle d_|verS|t|es [5], rather t_han spatial divgrdihis 5 picture of the prototype. In order to obtain the desired
compact array is used on the receive (RX) end. In contragiggnetic dipole characteristics without the use of a small
the other six-port array, which is used as a reference on {38, the Alford loop is chosen to achieve uniform current
transmit (TX) end, is significantly larger and intentioyall §istripution along the loop wire. Three Alford loops (Pofts
designed to afford six DOFs from spatial, polarization ang) are placed perpendicularly to one another as tri-padriz

This work was financially supported by VINNOVA (Grant no. 2801377 magnetic dlpoles, which complement the t_hree el_ecmddl?o
and 2008-00970) and Vetenskajmet (Grant no. 2006-3012). (Ports 1-3). Each of the six antennas is equipped with a

Il. SIX-PORTARRAY CHARACTERISTICS
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Fig. 2. Measured S parameters of the reference TX array andotinpact RX array.
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Fig. 3. Measured gain patterns of the reference TX aayx, (¢, 6).
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Measured gain patterns of the reference TX aayx o (¢, 6).

guarter-wave balun, in order to mitigate cable influencee Thachieved between all pairs of antenna ports. In particthar,

TX array is designed to fit into a cube with sidesT5). co-polarized antenna pairs of electric and magnetic dipeke
The measured S parameters of the TX array are givenhibit very low mutual couping around the resonant frequency

Figs. 2(a) and (b). The reflection coefficients show that ti&s can be observed froy;, Ss; and Se3 in Fig. 2(b). The

bandwidth of the dipoles is larger than that of the loop§ parameters that are not shown exhibit similar behavior due

As a result, the array bandwidth is mainly determined by the symmetrical structure of the array.

the bandwidth of the loops, and it is around.c MHz at When measuring the TX array in the SATIMO Stargate 64

the —6dB level. Good isolation of more tha®0dB can be chamber [14], a coaxial cable is connected to the port being



measured, whereas the other five ports are terminatéd ih

Lab bench
loads. For oveit0 MHz bandwidth, the average total efficiency ! 2an ’ - e v
is measured a88.4%(—0.5dB) and60.9%(—2.1dB), for the |
electric and magnetic dipoles of the array, respectivehe T T 009

measured gain patterns of the TX array for the and 6-
polarized components are illustrated in Figs. 3 and 4, where
the coordinate system of the measurement is given in Fig. 1(a
The gain patterns shown are normalized, such that the peak
total gain is0 dB. It can be seen that, in addition to polarization i
diversity which is observed between the electric and magnet stm ?'Lab o
dipoles, angle diversity is also achieved.

4.690 m
2.675 m=

"® | eee
: -+ )
% 1 V-
& i ‘
I'm 60.75 m
£

B. Compact RX Array Fig. 5. Floor map of the lab and the setup in the measurement cgmpai
In order to demonstrate that six DOFs are achievable by
orthogonally polarized, electric and magnetic dipoles itpa
located manner, electrically smaller antennas are deditpre are not shown here for the sake of conciseness. As in the
the RX array than for the TX array. After studying dipolestwit case of TX array, angle and polarization diversities havenbe
different lengths, a compromise is made between performargbserved in the patterns of the RX array.
and length. Quarter-wave dipoles with the length260 mm
can be matched t60 2 using a simple L-network of a serial
inductor together with a shunt capacitor. For the magneticin order to verify the number of DOFs experimentally, a
dipoles, electrically small planar split ring resonatoRE MIMO channel measurement campaign was conducted in a
antenna [15] is considered. RF shielded laboratory (see Fig. 5). The dimensions of the
Fig. 1(b) shows the compact RX array. Three quarter-walah are5.40m (length) x 4.69m (width) x 2.51 m (height).
dipoles (Ports 1-3) are placed perpendicularly to one amotiThere were many lab equipment and other office furniture in
and are co-located to the center of the array structure.eThtbe lab at the time of measurement (not shown in Fig. 5). In
complementary magnetic dipoles (Ports 4-6) made by tbeder to ensure that there is no dominant path in the rich
planar SRR antennas are also perpendicular to one anotther stattering environment, a big metal plate is used to block
are placed at one of the ends of each of the dipoles in ordeithe Line-of-Sight (LOS) between the TX and RX arrays.
avoid strong mutual coupling. The maximum dimension of theach antenna array is mounted on top of a trolley, at a
array is determined by the quarter-wave dipoles, whosetengeight of 0.8 m. The two trolleys were stationed at different
can be reduced slightly in the presence of the SRR antenmagasurement locations inside the lab, as shown in Fig. 5.
due to their proximity to the substrate material. The size ¢ total, 2 RX positions together with 12 TX positions were
the fabricated RX array i8.24\ x 0.24)\ x 0.24\. measured in order to obtain good fading statistics. Adjacen
Due to the use of electrically compact antennas, speciEBX measurement positions wefe5m (i.e, more than)\/2)
attention is paid to the connecting RF coaxial cables. bpart from each other. In addition, 4 different orientasion
the S-parameter measurements, coaxial cables integrdtted wf 90° angular separation were utilized at each TX (also
wideband RF ferrite beads are used to minimize their infleenRX) measurement position, which resulted in total 384
on the antennas. In the radiation pattern measurements2& 4 x 12 x 4) unique measurements.
custom-developed radio-over-fiber (ROF) system is employe The 6 x 6 channel transfer functions between the TX/RX
The measured S parameters are shown in Figs. 2(c) and @jtennas were measured based on the “switched array” prin-
The magnetic dipoles realized by the SRR antennas exhibitiple [16] using the Medav RUSK Lund wideband channel
much smaller bandwidtrS(MHz at the —6 dB level) relative sounder, which was stationed outside the lab. The ROF system
to that of the electric dipoles. Due to compactness of the R¥as used for connecting between each port of the compact
array, the isolation is slightly worse than the case of the TRX array and the RF switch. The measurements were per-
array, especially between the loops. Nevertheless, a mmimformed using65 subcarrier signals over 20 MHz bandwidth
isolation of 17dB can still be achieved. centered aB77 MHz. However, we only used the measured
Using the ROF system, the SATIMO measurement systatata over & MHz bandwidth {.e., 374 MHz — 380 MHz) for
is calibrated with respect to a reference wideband hormaiate this study, which producesl frequency samples. A block of
whose efficiency is ovef0%. For over10 MHz bandwidth, 400 consecutive snapshots was obtained for each measuremen
the average total efficiency of the RX array is approximatelyosition (with a given TX/RX array orientation). The measlir
25%(—6.0dB) for both the electric and magnetic dipoles. Thehannel matrices obtained from the consecutive snapshets a
relatively low efficiency can be explained by the use of losaysed in post processing to enhance the signal-to-noise rati
lumped elements in the matching circuits of the quarterava¢SNR) of the measurement and to estimate the noise power.
dipoles, as well as the use of lossy FR4 substrate in making ths a result, the achieved post processing SNR is on average
SRR antennas. The measured gain patterns of the RX argaylB throughout the measurements.

1. M EASUREMENT CAMPAIGN
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Fig. 6. Capacity of measured MIMO channels.
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