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ABSTRACT In [1] realistic MU-MIMO channel measurements have
. . . . been obtained using Eurecom's MIMO Openair Sounder
In this work we study the divergence of different links (EMOS). The EMOS can perform real-time channel measure-

in wide-band multi-user multiple-input multiple-outpWl- = o "o nehronously over multiple users moving at vehicu-
MIMO) channels. The divergence is measured on several ley- y y P 9

) X . , . . ar speed. The measured channels are used to calculate the
els: () spatial separation of the user's correlation matrices

(i) co-linearity of the MIMO channel matrices, arid { cor- tapacity of the MU-MIMO broadcast channel. One of the

relation of large scale fading. The measurement data has begdlngs of [1] was that the performance of MU-MIMO pre-

acquired using Eurecom’s MIMO Openair Sounder (EMOS) coding drops drastically when the users are close together i

The EMOS can perform real-time MIMO channel measure-an outdoor scenario. It was further noted that this decline i

. . éaerformance is due to the strong correlation at the tramsmit
ments synchronously over multiple users. For this work w

have used an outdoor measurement with two transmit anten- In this paper we investigate this phenomenon further by

nas and two users with two antennas each. Several measufégdymg the d'S‘a’FCG of the porrelatlon matrices with gaeSp
the inter-user distance. Different measures to chaiaete

ments with different distances between users were ac uireﬁ: . . . .
q e divergence of MIMO channels are available in the liter-

We nd that the structure of the MIMO channel matrices ature. Some of them can be applied directly on the MIMO

changes signi cantly with the inter-user distance. Thibést hannel matrices. while others are onlv applicable to tarre
captured by the co-linearity measure. The transmit and th ' y app

full correlation matrix also show some dependence on thgOn _matrlces. In this work we use the co Ilnearlty_ measure
: . . : . applied on the channel matrices and the correlation matrix
inter-user distance whereas the receive correlation cestri L .

stance [2] as well as the geodesic distance [3] applied on

are independent of the inter-user distance. The shadowirﬁ%'e transmit, the receive and the full correlation matrix
correlation was found to be very low in all cases. These nd- g o C .
Another important phenomenon studied in this paper is

ings are important for MU-MIMO precoding and SCh(—:‘dmmgthe large scale shadow fading correlation. Shadowing €orre

algorithms. . T
g lation has a big impact on the performance of such cooper-
ative communication schemes. Therefore, it is necessary to
1. INTRODUCTION identify scenarios where shadowing correlation occurs.

An alternative correlation measure is the spectral diver-

In a cellular network, cooperation between users can be Usifénce (SD) [4]. It measures the distance between strictly po
to greatly increase power ef ciency, reliability and thght jtive, non-normalized spectral densities. The SD was used |
put. Cooperation can be achieved by using the antennas pf 1 characterize the similarity between scattering fiors
multiple users to form a virtual antenna array and by Usqf gifferent links in @ MIMO channel and in [6] to character-
ing MIMO transmission/reception techniques. The developize the similarity between local scattering functions dfieet
ment and realistic performance assessment of such digtdbu 5, frequency-selective vehicular channel. As an addition

MIMO systems requires measurement and characterization gfe matrix distances we also evaluate the applicabilityhef t
the different channel links in these systems. To this enly, on gp to MU-MIMO channels.

a limited amount of channel measurements and analysis of Related work. In [7], measurements were conducted us-

such distributed MIMO systems are available. ing a MEDAV-LUND channel sounder with its correspond-

This work was supported by the European Commission in the frame!NY r€CEIVEr as well as the receiver of an Elektrobit channel
work of the FP7 Network of Excellence in Wireless COMmunicasiNEW-  sounder. The two receivers are perfectly synchronized. The
COM++ (contract n. 216715), the FP7 project SENDORA and &are as guthors present capacity with interference results, baged
well as the Vienna Science and Technology Fund (WWTF) in thegtaject the dynamic multilink measurements. as well as path-lods an
COCOMINT. The Telecommunications Research Center Vienna)(fis P .
supported by the Austrian Government and the City of Vienrtimithe ~ d€l2y spreads for the measured scenarios. Distributed MIMO

competence center program COMET. measurements have also been described in [8]. They were




cables between the antennas and the channel sounder. In ["}
these measurements were used to characterize the spptial s4
aration of MU-MIMO channels. The shadowing correlation I
between users has been studied in several papers [10—-185
However, a clear dependence of the shadowing correlation ol
the user distance can not be deduced. :
Contribution of the paper. We show how the structure §*
of the MIMO channel matrices changes with the inter-user |
distance. Further we show that the transmit and the fullezorr T S
lation matrix also depend on the inter-user distance wiserea (%) Base Station with PLATON boards (223 Zr‘]’;"egowﬁrr\’l’v‘z\'/'e
the receive correlation matrices are independent of the-int Antenna
user distance.

2. DESCRIPTION OF THE MEASUREMENT
PLATFORM

2.1. Hardware Description

The EMOS is based on the OpenAirinterfackard-
ware/software development platform at Eurecom. The plat-
form consists of a BS that continuously sends a signaling ;
frame, and one or more UESs that receive the frames to esti- © Dual-RF Card- '
mate the channel. The BS consists of a workstation with four Bus/PCMCIA Card

PCI baseband data acquisition cards, which are connected to

four PLATON RF boards (see Fig. 1(a)). The RF signals are  Fig. 1. EMOS base-station and user equipment [16]
ampli ed and transmitted by a Powerwave 3G broadband an-
tenna (part no. 7760.00) composed of four elements which
are arranged in two cross-polarized pairs (see Fig. 1(ihg. T
UEs consist of a laptop computer with Eurecom's dual-RF
CardBus/PCMCIA data acquisition card (see Fig. 1(c)) and (o S el
two clip-on 3G Panorama Antennas (part no. TCLIP-DE3G,

see Fig. 1(d)). The platform is designed for a full software-

radio implementation, in the sense that a}ll protoco! layens Fig. 2. Frame structure of the OFDM Sounding Sequence.

on the host PCs under the control of a Linux real time OPeraThea frame consists of a synchronization channel, (SCH), a

tion system. broadcast channel (BCH), and several pilot symbols used for
channel estimation.

(d) Panorama Antennas

Frame (64 OFDM Symbols)

48 Pilot Symbols

2.2. Sounding Signal

The EMOS is uses an OFDM modulated sounding sequence

with 256 subcarriers (out of which 160 are non-zero) and 2.3. Channel Estimation Procedure
cyclic pre x length of 64. One transmit frame is 64 OFDM
symbols (2.667 ms) long and consists of a synchronizatio
symbol (SCH), a broadcast data channel (BCH) comprising

OFDM symbols, a guard interval, and 48 pilot symbols use ) .
for channel estimation (see Fig. 2). The pilot symbols ar oded successfully, i.e., the cyclic redundancy check (IRC

taken from a pseudo-random QPSK sequence de ned in thRositive, then the channel estimation procedure is staifteel
frequency domain. The subcarriers of the pilot symbols ar&hannel estimation procedure consists of two steps. ¥irstl

multiplexed over théVl transmit antennas to ensure orthogo—lthte plloé slytmbolj aretgero:]ated V\r']'t]ft] respect to thf drs; ptlh
nality in the spatial domain. We can therefore obtain onk ful ot symbo’ fo reduce the phase-shift noise generated by the

MIMO channel estimate for one group Bf subcarriers. The dual-RF CardBus/PCMCIA card. Secondly, the pilot sym-

BCH contains the frame number of the transmitted frame thal?OIS are averaged to mqease the measure.ment SNR. The es-
is used for synchronization. timated MIMO channel is nally stored to disk. For a more

detailed description of the synchronization and chann@l es
Lhttp://www.openairinterface.org mation procedure see [16, 17].

%ach UE rst synchronizes to the BS using the SCH. It then
aries to decode the data in the BCH. If the BCH can be de-




2.4. Multi-user Measurement Procedure 3.3. Correlation Matrices

In order to conduct multi-user measurements, all the UEShe correlation matrices are also estimated by averagiag ov
need to be frame-synchronized to the BS. This is achieved b = 200 consecutive snapshots and all the frequency bins.
storing the frame number encoded in the BCH along with thé he per-usertransmit, receive, and full correlation matrices
measured channel at the UEs. This way, the measured chasf-the MU-MIMO channel are de ned as

nels can be aligned for later evaluations. The frame number A(ngl) 16 1
is also used to synchronize the data acquisition between UER (T';) [n] = 1 fH Em,q Himg O; (3)
One measurement is 50 sec long. Q mean g0
“© 1 AXD 11
3. POST PROCESSING AND PARAMETER Riy [N] = A0 fHimg Hitmg 9 4)
EXTRACTION m=An =0
1 A(ngl) 16 1
The recorded measurement data of all users are normalizggk)[n] = — fvecH kmq ) vec(H kmq ) o:
before further processing. In this section we describe tie n AQ m=An =0
malization, the calculation of the delay pro le (PDP) ané th (5)

correlation matrices. Further we de ne the different dista
measures, i.e., the geodesic distance, the correlationxmats3 4. Correlation Matrix Distances

distance, the co-linearity and the spectral divergence. . ) N N -
Correlation matrices are by de nition Hermitian and posgti

de nite. The space of Hermitian and positive de nite matri-
ces forms a convex cone [3]. A natural distance measure on
One measurement results in the set of MIMO matriceshis cone is given by the geodesic distance
fHkmg 2 CN Mk =0;::5;K L;m = 0;:::5Ng X Pi=
1;q = O;:::;_Q 1g; wherek denotes the user_lndgm daeod (R (K1) R(k2)) = jlog ij2

the snapshot index, arithe frequency (or subcarrier) index.
N;M; andK are the number of receive antennas, number of i K\ 1p (ka) o
transmit antennas and number of users respectividly.is ~ Where i are the eigenvalues R /) "R’ [3]. This dis-

the total number of snapshots per measurement after remolce measure has been successfully used in [18] to derive a
ing erroneous frames (on averaye ~ 18:000). The total differential limited feedback scheme for MIMO communica-

number of channel estimates in the frequency domain is givelons: , , _ ,
by Q = 160=M, since there are 160 subcarriers in total and Another distance for correlation matrices was introduced

by [2]. Itis given by

3.1. Normalization

. (8

the pilots are multiplexed over thé transmit antennas. The
MIMO matrices are normalized by

S

tr( R(kl)R(kz))
KR (KD ke kR <) kg ° 7)

(1) It becomes one if the correlation matrices are equal up to a
scaling factor and zero if they differ to a maximum extent.

deor (R R(K2)) =

NNeQ

P 2

0 —
H kmg ~ H kim;q

such tha€fk Hkig = N. 3.5. Channel Matrix Distance Measures

3.2. PDP Estimation Instead of looking at the distance of correlation matrices w
can also nd distance measures that apply to the channel ma-

The power delay pro le (PDP) is estimated by averaging therices directly. A simple distance measure can be derivard fr

channel impulse responses of every link of the MU-MIMO the zero forcing (ZF) precoder used in MU-MIMO communi-

channel overA = 200 consecutive snapshots (this corre-cations [1,19]. To keep things simple, we will use only one

sponds to a movement of the user of apx.a the maxi- antenna at the receive (= 1) and denote the correspond-

mum speed of 5km/h). We thus introduce a new time variabléng channel of usek with the vectorh,. If the channels of

n = bm=Ac and write two users are orthogonal, i.e. fikh{" = 0, the ZF precoder
achieves the optimal sum rate. The more aligned the vectors

L Al 1_ o are, i.e, the larger the scalar prodimgth!', the worse the
Pijk [0y 1= A ihiggem; 1% (2) performance of ZF will be. We thus de ne the co-linearity
m=An measure as
wherehijim; IS the(i;j )-th element of the time-delay do- hy, hEZ

main MIMO matrixH .. of userk at timem. deotin (ki Nice) = khy, kkh kzk: ®



Parameter Value
Center Frequency 1917.6 MHz )
Usefull Bandwidth 4.0625 MHz X Base Station
BS Transmit Power 33dBm
Number of Antennas at B$ 2 (co-polarized)
Number of UEs 2
Number of Antennas at UK 2

Table 1. EMOS Parameters

This co-linearity measure is a special case of the co-lihear
measure introduced in [9], when the number of receive anten-

. X5
nas Is one.

4
X3 x2 X1

3.6. Shadowing Correlation

Last but not least we evaluate the correlation of the shadow
fading between users. Lst,, denote the shadowing compo-
nent of the received signal strength in dB. This is equivalen
to the digital signal strength after power control, i.eteaf
removing the path loss component. The shadow fading corr
lation coef cient between usets andk, is de ned as

Ef Sk, Skun 4. MEASUREMENTS AND RESULTS

ki ko] = —————; 9)

ki ka2

where  is the standard deviation sf., [11].

Fig. 3. Map of the measurement scenario. The position of
the BS antenna as well as the ve measurement points are
Jndicated.

4.1. Measurement Description

The Eurecom MIMO OpenAir Sounder (EMOS) has been

used to conduct measurements in the vicinity of Eurecom,
Sophia-Antipolis, France. In all measurements there were 2
The SD measures the distance between strictly positive, norTx antennas and 2 UEs with two antennas each. A map of the

normalized spectral densities [4]. From our measuremeniscenario is depicted in Fig. 3. The measurement parameters
}/;/]e can dedn? per eellcht rl;lseDr thrtlee powetr si[::jectrz_atl de”;'tt;]eé're summarized in Table 1.

e power delay pro le, the Doppler spectral density and the .
angﬁlar spectrgl I3jensity. We 32 ne t?]e time—depe¥1dent SD Two different sets of mea_surements were taken. In the
between these three time-varying power spectral divergenc 'St Set. the rst user was stationary and positian and the
where the index1 denotes the time dependency. The SD beS€cond one was being pushed on a trolley from poskioro
tween power delay pro le®;; [n; ], between Doppler spec- Xs with a cons_tant speed. The. termlnals were also equipped
tral densitiesS;; [n; ]and between angular spectral densitieswith GPS receivers, so that their distance can be evalublted.

3.7. Spectral Divergence

Aln; ; ]read the second set the rst user is always at positi@nand the
! n ris at itioq;i = 1;:::;5. Positionsxq;X»;
L X PR 1X P ] second user is a position; ;1:1;5. Pos ionsxy; X2;
P [ki: k2] = log ii ii . andxs are LOS while positiongs andx, are behind an of ce
(TNM)? o P&y 14 PSYM; 1 7 building. During the measurements the users were moving
1 X st 1X sk, ]! only within a few wavelengths to get suf cient statisticg fo
3 [k1;kz] = log b b ; the evaluations.
(PNM)* S n; 1 45 SN ]
" ’ " ' 1
A 1 X AN 13X AN ] 4.2, Results
n [ki; k2] = log @ - A e
(NM)? . AG[n; ;] Ak ;]

Correlation Matrix Distance. In Fig. 4 and 5 we show the

geodesic distance (6) and the correlation matrix distarige (
respectively. The user indices ae andk,, T andP de-  for the transmit, the receive and the full correlation matri
note the number of samples in the delay and Doppler domaiover the distance between the users. The correlation reatric
respectively. The number of antenna elements at the receiveave been calculated as described in Equations (3)—(5) aver
and transmitter side is denoted by andN. The angle of aging overA = 200 frames and all frequency bins. For ev-
arrival and angle of departure areand and is de discrete ery such estimate, we also evaluate the distance between the
Doppler shift. users.
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Fig. 4. Geodesic distance in dependence of the inter-user digig. 6. Co-linearity in dependence of the inter-user distance
tance for the rst measurement. for the rst measurement. The red line is a linear function
tted to the data.

00 Full Corr el Distance[m] | 1.9 157 323 534 763
- = = Rx Corr Matrix i -0.11 -0.13 -0.20 -0.08 0.01
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: U N "oy f‘.“,.lj:,’ byt v Table 2. Shadow fading correlation in dependence of the
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inter-user distance for the second measurement.

o
o

Matrix Colinearity
o
o

ing correlation of second set of measurements. It can be seen
that the shadowing correlation coef cient is rather low &b
of the measurements.

1N
IS
T

o
w

Spectral Divergence. The presented results omit the SD
2 2 20 prs s analysis, which does not allow us to relate it to the distance
Distance [m] between users. For the SD between power delay pro les, the
value of the SD depends only on the distance from user to
Fig. 5. Correlation matrix distance in dependence of the interbase station and not between users. The SD is lower when two
user distance for the rst measurement. users are at the same distance to the base station, indepent-
dently of how far they are from each other. We analyse the
Doppler spectral densities of two users, one of them is mov-
It can be seen that the geodesic distance does not shquy and the other remains static. We observe a constant non-
a clear dependence on the inter-user distance. The correlgsrg Doppler shift for the moving user whereas the Doppler
tion matrix distance on the other hand changes signi cantlyhift for the static user is zero. In this case, the SD analy-
over distance. The full and the transmit correlation masic gjs shows that the Doppler spectra between users is differen
are more similar when the users are close together and diff¢;t does not present changes over distance. And nally, the
when the users are far apart. The distance between theeecejyna|ysis which could give us some meaningful results, the SD
correlation matrices on the other hand can not be relatéeto t hetween angular spectral densities, does not have enough re
inter-user distance. sultion, we only have two antenna elements at each terminal
Channel Co-linearity. In Fig. 6 we plot the co-linearity be- (user and base station). Because of these reasons we drop the
tween channel vectors (we use only one receive antenna). W analysis for this paper.
rst calculate the co-linearity for every framm and every
subcarrierg and then average over the subcarrigrdn the
gure we also plot a linear function tted to the data. A clear

dependence of the co-linearity on the inter-user distaace c We have presented an analysis of measured MU-MIMO chan-
be seen. nels using several measures to characterize the (diskgsityi
Shadow Fading Correlation. In Table 2 shows the shadow- of the channels of different users. The data was acquired us-

o
N

5. CONCLUSIONS



ing Eurecom's MU-MIMO channel sounder EMOS. The re- [8] N. Czink, B. Bandemer, G. V. Vilar, L. Jalloul, and A. Paulraj,
sults show that the structure of the MIMO channel matrices

changes signi cantly with the inter-user distance. Thibést

captured by the co-linearity measure. The transmit and the
full correlation matrix also show some dependence on the[9] —, “Spatial separation of multi-user mimo channels,” COST

inter-user distance whereas the receive correlation oestri

are independent of the inter-user distance. The geodesic di10]
tance on the other hand does not show a clear dependence on

the inter-user distance.

These ndings are important for MU-MIMO precoding [11]
and scheduling algorithms. For example a MU-MIMO ZF
precoder performs optimally if the channels of two users are
orthogonal. The more aligned the channels are the worse tl'[tf,z]

performance of ZF will be.

Last but not least we found that the shadowing correla-
tion is quite low even when the nodes are quite close. This
fact was also observed in other measurements [20]. Howeve[lig]
the measurements are rather speci c and thus more measure-

ments are needed.
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