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ABSTRACT versity are presented in Section 4 and finally we conclude this

In this contribution, we estimate the spatial diversity order paper with Section 5
and spatial correlations from channel sounder measurements
of doubly-selective vehicle-to-vehicle MIMO radio channels
in the 5.2 GHz band. Ivrlac and Nossek [1] have defined a 2. MEASUREMENTS
diversity measure for MIMO Rayleigh fading channels which
is based on the spatial correlations of the channel. Subse- 2.1. Measurement Description
quently, Nabar et al. [2] have shown the existence of an SNR-
dependent critical rate for Ricean fading MIMO channels be- We carried out the radio channel measurements with the
low which reliable transmission with zero outage is achiev- RUSK LUND channel sounder at a center frequency of
able. Here, we evaluate and discuss the temporal evolution 5.2 GHz and a measurement bandwidth of 240MHz. As
of the spatial diversity order of doubly-selective vehicle-to- antenna system we used a 4 x 4 MIMO circular antenna array
vehicle MIMO radio channels from real-world measurements with vertically polarized patch antenna elements. The mea-
by extending [I] and [2] to time-variant channels. surement vehicles we used were two similar transporters of

Index Ter - MIMO channel measurements, V2V the type VW LT35. Tab. 1 presents an overview of the main
channel measurements, spatial correlation, spatial diversity. measurement configuration parameters. With this parameter

configuration we were able to mneasure Doppler frequencies
1. INTRODUCTION up to 1.6kHz, which corresponds to a maximum speed of

94 m/s (338 km/h). A detailed description of this radio chan-

Current wireless transmission technologies for vehicle-to- nel measurement campaign is presented in [3].
vehicle (V2V) communication systems (e.g. 802.1 1 p, WAVE)
use single antennas at the transmitter and receiver side only.
For safety relevant messages a robust communication link is 2.2. Measurement Scenario
required. Such a robust communication link can be obtained
by exploiting the channels diversity, e.g. spatial diversity by For the evaluation of the diversity measure in this paper we
using multiple antennas. selected one measurement out of a set of 141 measurements
Contributions ofthe paper.: We apply the two different diver- that we carried out in and in the vicinity of Lund, Sweden.
sity measures introduced in [1] and [2] on real V2V measure- In this measurement scenario the vehicles are traveling on
ment data. Further we characterize the temporal evolution of the highway in opposite directions with a speed of approxi-
the spatial diversity in V2V channels and compare the two mately 31 m/s (11O km/h). The measurement has a duration
mentioned diversity measures. of 10 s. In order to get an overview of this measurement the
Organization of the paper.: In Section 2 we give a short power-delay profile over time is shown in Fig. 1. We observe
overview about the channel measurement campaign and de- a strong line of sight (LOS) path with decreasing delay until
scribe the measurement scenario, which is used for the evalu- the vehicles are passing and increasing delay afterward. In the
ations in this paper. Section 3 describes the spatial correlation highway scenario the vehicles are passing after approximately
estimation and introduces the diversit mreasures of Ivrlac and 7s. Spectral divergence and coherence parameter evaluations
Nabar. Measurement results of the spatial correlation and di- for this scenario are presented in [4].
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3.1. Spatial Colr relationtl Estimationa
Table 1. Measurement configuration parameters.

The correlation between the random entries of H[n, k] can be

Centerurequencyadwdhf BW524 GHfz described by the correlation matrix
Measurement banldwidth, BW 240 MHz
Delay resolution, AT W 4.2ns R[n, k] Ig{h[n, k1hH[n, kl} (3)
Frequency spacing, Af 312.5 tHz where E{.} is the expectation operation and (.)H represents
Transmit power,PT 27 dBm complex conjugate transpose. The covariance between the

NumbersofTxgnalaengtennTmaxelementchannel matrix elements is described in a similar way by theNumber of Tx antenna elements, MTX 4 covariance matrix
*Number of Rx aten elements AIR-:, 4 oa1nemtl
Snapshottime tsnap 102.4s C[n,k] = EI{(h[n, k]- hln, k])(hIn, k]- Ph[, k])H}, (4)
Snapshot repetition rate, trep 307.2 /1s
Number of snapshots in time N 32500 where uhIn, k] is the mean vector of h In, k]. In order to get
Number of samples in frequency domain, K 769 the correlation matrix and the covariance matrix of our mea-
Recording time, trec los surement data we have to estimate them. The correlation ma-
File size FS 1 GB trix at time no
Tx antenna height, hTx 2.4m no+N'
Rx antenna height, hRx 2.4 m.. , ..

h n klhHI 5kR[o, k] =-N hKi (5
n=no

Power-delay profile over time is estimated by averaging over N' time snapshots. The same
-40 estimation is used for the covariance matrix

8 | | |;p' C t ,: ll ,0 E(hl/t:501 mo-N'
-60 dL~~Cno, k] N'~ (hKk[TI,hKkk

......................

0~~~~~~~~~~~~~~~.......m n=no

H4 -80 x (hInk] o,k)H, (6)and the mean vector

2 190 no+N'

Delay / p.s
3.2. Divelrsity Measure (Ivrlac)

measure) is developed in kL]. The lvrlac diversi measure

3. SPATIAL DIVERSITY AND CO ELATION RK~ih[TIO k V(R(8

The MIMO channel is described by its channel matrix is definaed for firequenlcy fiat, Rayleigh fading MIMO chan-
E[,k]eC NCiXAl4 with time indexn and firequency in- naels It cana take values betweeln 1 and L, where 1 mnealns

dex k. We separate the MIIMO channel matrix into a mean no dive0rsit and L meanls maximnum diversity on the chan-
channel ("'Ricean part"') and a zero-mean channel (";Rayleigh nel. The anlalysis identifies the eigenvalue spread of R as the
pa "X). key quanltity governing the diversity order of Rayleigh MIMO

chanlnels. Since our measured V2V channels show RicianL
H[, k] [, k] [, k] (1) fading behaviorwe have3to2modiythisMdiversitymeasure in

order to make it applicable for our measurelent data. For this
we evaluate the data without its rean, which results again in

For statistical characterization, we stack all columns of the a Rayleigh fading channel. This modified diversity measure
channel matrix into one L = Ml dimensional cheannel nis based on the covariance omatrix
vector

~~~~~~~~~~canLs Sic ou mesue V2 canLs sow iin )

As congsequehnce ofthis the diversi measure is reflecting the

*thR rtH[n k] = rH[n k]l d ft[n k]TOh 1ththLS

Whl ilcean pa in[o,kne {h[rM , k]R. diversi of our MIOchannel withoU the LOs pa
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3.3. Diversity Measure (Nabar) A Im

Nabar et al. distinguish between two different notions of
diversity order [2] and discuss the relation between the two Rayleigh component
quantities. First, they discuss the maximum achievable diver- 1
sity order dE over a general MIMO channel with fading. This Rician component
is the magnitude of the slope of the average error probability Re
for high SNR p oc on a log-log scale, 3

log Pe p dP\
dE=- lo Fe- lim:L.1 - (10)

'0-*CX logp P-*JX dp Pe

This dE is achievable by finite code books, e.g. orthogonal
space-time block coding (OSTBC) techniques. Alternatively, Fig. 2. Rician and Rayleigh component over time
the diversity order do (R) is defined via the outage probability
(packet error ratio) at a given transmission rate R. This leads
to the notion of a rate-dependent diversity order

do (R) - lim
l

( 1) the real-imaginary plane as shown in Fig. 2. The numbers in-
p-OXD log p dicate the time index. The phase ofthe Rician part is changing

over time. If we consider the LOS path, the phase is chang-which iS relevant for non-finite code books. The correspond- . ..'
ing analysis idents te Herm na) ing linearly over time. In the case of the selected highwaying analysis identiLfies the HermitiLan angle Z(R(h, R(C))tJ

between the range oftheicianpandheranscenario there are roughly 3 samples per wavelength, as it isbetween the range of theRacan part h and the range of the shown in Fig. 2. Since we want to get the Rician component
covariance matrix C asaeqaby taking the mean of h[n,k] over the estimation time, Eq. 7,order of Rician MIMO channels (additionally to the eigen- we have to set the phases of all Rician components equal tovalue spread of C). Let the phase of the first component. Otherwise we would aver-

3 (11(I-QQH)h-2 (12) age out the Rician component as can be seen easily in Fig. 2.

where Q is an orthonormal basis of the subspace R(C), then For this we compare the phase changing with a linear
for any fixed transmission rate R, we have curve and select the one MIMO channel, which shows the

minimum mean square error. Then we rotate all MIMO chan-
f o,. for d > n,1

nels back with the linear behavior of this selected channel.
d; (R) ~ rank(C) for =..-(13) Since we shift the phase by a deterministic value, the distribu-

tion of the Rayleigh part will not change. These new channel

4. MEASUREMENT RESULTS matrix is used for all further evaluations in this paper.

4.1. Measurement Data Preparation The measurement data is affected by noise. We want to
avoid the influence of the noise on the estimation of the di-

Before we can use the measured channel matrix H[n, k] for versity measures. For this we choose a threshold based on
the calculation of the diversity measures we have to prepare the signal to noise ratio (SNR), p, and apply this on the sin-
the data, because of the time variance and the existence of gular values of the correlation and covariance matrix. In the
noise. As mentioned in Sec. 3.2 and Sec. 3.3 one condition for following we describe this method for the correlation matrix,
these diversity measure definitions is a frequency filat chan- which is the same method as for the covariance matrix. We
nel. In order to fulfill this condition we consider only one calculate the singular value decomposition (SVD) of the cor-
frequency bin k out of = 769. relation matrix R = UEVH, where E is an L x L matrix

For the estimation of the correlation matrix and covari- with the singular values, cl, on the main diagonal. All values
ance matrix, Eq. 5 and Eq. 6, we have to choose the right esti- smaller than the threshold, which is the maximum singular
mation time. In [5] we found a stationarity time for a similar value divided by the SNR, max(u1 )/p, are set to zero. This
highway scenario of 23 ins. In order to stay below the sta- yields a new singular value matrix ' and a new correlation
tionarity time we choose an estimation time for the highway matrix R'- UIVH which is used for the estimation of the
scenario of 20 mns (N' 64), which is about 20 wavelengths diversit measures. For our evaluations we set the SNR to
at a speed of3l m/s. p =6 dB. Since this is a critical parameter it has to be well

Since we observed a strong LOS path in our measure- choosen, but for this first evaluations, 6 dB yielded suitable
melnts the Rician and Rayleighcolmponelnt calnbesketched in results.
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4.2. Correlation Evaluation
2

In this section we analyze the correlation matrix and the co- 0.8
variance matrix of the highway scenario at time t = 0 s and 4 ..8
at a frequency of f = 5.2 GHz. Fig. 3 presents the normal- X.6._
ized correlation matrix, where white indicates high correla- 8 06
tion and black indicates low correlation. We want to stress ° 10
the high correlation between the channels 6, 7, 10, 11, 14, 04

and 15. The MIMO channels 6, 7, 10, and 11 are LOS links 12

in the case when the measurement vehicles are approaching, 14 02

remember that we used circular antenna arrays where the 4 16
antenna elements were equally distributed over the whole cir- 5 10 15
cle. Channel 14 and 15 can be described as "partly" LOS. MIMO channel
This was validated by an estimation of the Rician-K-factors
with the moment-method of Greenstein et al. [6]. We ob- Fig4 Normalized covariancematrixofthehighwayscenario
served the highest Rician-K-factors from the 4 LOS channels at t Os and f 5.2 GHz
mentioned above, followed by also high Rician-K-factors of
the channels 14 and 15... the conditions of the diversity measures are presented in [L]

and [2]. In spite of the different conditions of the two diver-
2 ~~~~~~~~~~~~sitmeasures, we found similar results, which are presented

~~~in the following.
4 08Fig. 5 presents the diversit measures at 4 time snapshots

65~ mm ofthe lOs measurement run. The curves in Fig. 5 (a)-(d) were
| 8 _ _ 0.6 generated by taking the mean over 10 frequency bins for the

o ,,0 Ivrlac diversity and the median value over 10 frequency bins0.4 for the Nabar diversity. The diversit measure of Ivrlac and

Nabar show the same overall behavior, where the Nabar di-
14 0.2 versity measure is mostly higher. Only at a small diversity, in
16 our example Fig. 5 (c), the Ivrlac diversity is in some cases

5 10 15 0 higher than the Nabar diversity. Note that the Nabar diver-
MIMO channel sity is integer-valued, because it is defined as the rank of the

correlation matrix.
Fig. 3. Normalized correlation matrix of the highway sce- Both diversities are varying over the 240 MHz measure-
nario at t O0 s and f = 5.2 GHz ment bandwidth. This frequency selectivity is also changing

over time. Further we observe a strong distance dependency
Fig. 4 shows the normalized covariance matrix for the of the diversity measures. Remember that we consider a high-

highway scenario. Since the mean of the channel matrix is way scenario, where the vehicles are traveling in opposite di-
sutracteLd f .atheetiati anmof ethecrianc tmatrix, te- rections. At time 2.5, Fig. 5 (a) where the distance between
strong LOS paths are not anymore reflected in the covari- the two vehicles is 284 m, we observe a median value of 9 for
ance atroiX. Thriscan beobere ine Fig 4, w er 'th i the Nabar diversiy and a mean value of .1 for the vrlac di-
no strong correlation between theMLOS Mchannelsmentioned versity. At time 5s, Fig. 5 (b), at a distance of 132 m, a Nabar
above. Theloveralcorpre i betweenthe MIMOachannes. diversity of Sand a Ivrlac diversiy of 5.6 are observed, In
is much lower compared to the correlation matrix. Fig. 5 (c) the vehicles are only 49 m away from each other

and the diversity is 2 with the Nabar evaluation and 1.9 with
4.3. Diversity Evaluation the Ivrlac evaluation. At a time snaphot of 10 s the vehicles

In this section we compare the two diversity measures of Ivr- have again a larger distance of 197m, which reflects also in
lac and of Nabar in a selected. highway scenario. It has to be a higher Nabar diversity measure of 11 and a higher Ivrlac

mentioned that the Ivrlac diversity measure is valid for fre- diversity measure of 94.
quency flat, Rayleigh fading channels, which is considered
by using the covariance matrix for this evaluation. The Nabar 5. CONCLUSIONS
diversit mneasure is valid for frequency flat, Rician fading
chanlnels using OSTBCs, or other schelmes which turns the Inl this paper we applied the spatial diversity mneasures of
MIMO mnatrix HI into an effective singlLe-inLput silngle-outXput Nabar [2] and Ivrlac [1] on real V2V chalnnel lmeasuremnent
(SISO) chan;nel as OSTBCs do. Further infor;mation about data, conducted on a highway. We found a high spatial corre-
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16 I____ _____ - _____ ______ lation in line of sight MIMO channels. Further we evaluated
-Nabar the temporal evolution of the spatial diversity, where we

14 -- - lvrlac found a strong dependency on the distance between the two
12 vehicles. The spatial diversity is much lower, when the ve-

t 10- hicles are closer and is roughly inversely proportional to the
K-factor of the channel.
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