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TABLE |
CHANNEL MEASUREMENT PARAMETERS

dipole. When rotated by 90its electric eld becomes horizon-

tally polarized, while the radiation pattern becomes directional

in azimuth and omnidirectional in elevation. In other words, a

orthonormal basis with horizontal and vertical componenyariation in the orienta_tion of an antenna with dipole-like _ga_in

perpendicular to , i.e n%ewtably chgnges _notJl_Jst the polanzatlo_n bL_Jt also the radiation

T pattern. Mobile devices in broadcast applications commonly use

dipole-like elements that may undergo changes in orientation
during operation. It is in the backdrop of this practical consid-
eration that we conduct the polarimetric analysis in this paper.
The results, therefore, include the effects of joint antenna polar-

(1) ization and pattern rotation as experienced by a range of omni-
directional antennas.

Fig. 1. Elliptical polarization basis for an electromagnetic waald.

where is the wavenumber, is the frequency,
is the speed of light, and corresponds to the di- B. Propagation Measurements

rection of propagation. The horizontal and vertical orientations The analysis in this paper uses-210.6 GHz UWB channel

are represented by the unit vectqrsand respectively, while a5 ohtained with a vector network analyzer (VNA). Indoor
and  are the complex amplitudes, andand  the phase o5qrements are conducted in smalbefenvironments, con-

angles _of the correspo_ndlng electrield compc_)nents. The tracesisting of approximately 6 m 6 m rooms with block walls,
of the tip of the travelling wave dees an ellipse on a normal gjas5"windows, wooden and metallic furniture, and objects of
plane, as showninFig. 1. The ellipse reduces to a line (linear Rjoys sizes and materials. The VNA RF ports are connected to
larization) or circle (circular polarization) under special condi, o transmitting and receiving antennas, and the complex trans-
tions [24]. This wave representation can be used to ConStrUCthssion parameter, ,is measured. Two identical linearly
Jones matrix, or the polarimetric scattering matrix, »polarized, omnidirectional discone antennas are used [28]. For
that describes the channel polarization response in terms of ffieg s measurements, the direct path is blocked with a large ab-
complex transmitted and received signals, given by [25] g5 hent hlock placed between the antennas. Frequency-selective

attenuation and phase distortion are calibrated. The measure-

ment parameters are listed in Table I.

) The location of the transmitter isxed while the receiver,

mounted on a computer-controlled grid positioner, scans a hor-
where refers to the complex eld associated with a izontal area as described in [7]. A measurement grid of size 1
vertically polarized transmission and horizontally polarized samplesthe space at points 3 cm apart. The distance between
reception, etc. The elliptical polarization representation cdhe transmitter and the grid center is 4.5 m. The channel is tem-
be converted to the Stokes-Mueller formulation using simpfmrally stationary during the measurement [7]. This process is
trigonometric transformations. Under the Mueller formalisnrepeated for the various transmit-receive polarization combina-
the Stokes vector of the incident wave can be transformed irttons and the LOS/NLOS propagation scenarios. The measured
that of the scattered wave through the Mueller matrix repreemplex channel transfer function (CTF) is represented by the

senting the channel [26], [27], facilitating convenient analysigeneral form | where denote the transmit and
of channel effects on the propagating wagtel. receive polarizations, respectively. The four polarization combi-
For a radiated electromagnetic wave, as a conse- nations( , , ,and )are measured sequentially so that

quence of Maxwelk equations. The antenna polarization proghere is only one antenna at each end at a time. The channel
erties are thus intrinsically coupled to its fagld radiation pat- polarization state is then reconstructed from these single-polar
tern. Consider an antenna that is omnidirectional in azimudmtenna measurements using the linear component method [7],
but directional in elevation when vertically polarized, such as[29]. An ensemble, , of = measured channel realizations is
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thus collected corresponding to each transmit-receive polariza-
tion combination.

C. Channel Data Processing

The th polarized complex CTF, with transmit polarization
and receive polarization can be represented by

3

where and denote the magnitude and phase response of
the channel at theth frequency point, measured by the VNA.
The channel impulse response (CIR) is obtained as the inverse
discrete Fourier transform of the CTF, and is given by

Fig.2. Locally averaged power delay pte (PDP) of the co-polar line-of-sight
(4) UWB channels.

where and denote the amplitude and phasey, tinath channels, such as industrial environments, will lead

respectively, at theth time-bin, is the time-delay with refer- ;o bppg with signicantly slower decay rates
encetotherstarrival, and isthe number of delay bins in the

CIR. We set the CIR power threshold to 20 dB below its peak in
order to remove the noise and residual multipath, and designate
the local maxima in the resulting CIR as the resolved multipathWe now analyze the polarization statistics of the UWB
components (MPCs). Then, in terms of the MPCs, the tappeldannel with bandwidth and center frequency
delay line representation of the CIR becomes . For the th channel realization, theomposite
(i.e., all-polar) CIR magnitude for transmit polarizationis
evaluated from the co- and cross-polarized CIRs as

I1l. CHANNEL POLARIZATION STATISTICS

®)

(7)
where is the MPC index, and _ . . .
denote the amplitude, phase and time delay oftih&PC, and where the time-delay variable is now de ned according to
is the number of MPCs. The power delay pi(PDP), the rst arrival above the threshold in the composite CIR, and
averaged over a local spatial region, shows the general trends - The MPCs of are detected at time-bins
of multipath clustering and impulse response decay with excess - . The corresponding set of

delay [30]. It is obtained from the CIR in (4) as single-polar complex tap amplitudes, and
are evaluated and stored in row vectors and re-

spectively. We then dene whose elements
(6) are the co- and cross-polarized tap amplitudes, i.e.,
. Finally, the tap amplitudes from the entire

where denotes expectation over and .In (6), the ensemble, , are collated into , Where
CIRs are power-normalized so that . and . Thus each MPC ampli-
Fig. 2 shows the average PDPs, and , corre- tude in the measurement ensemble is treated as a single real-
sponding to the LOS and  channels respectively. Eachization of a complex random variable. Since is a random
PDP is normalized to its peak energy level, i.e. matrix with a large ensemble, its elements and the related quan-

. Some of the early paths form a small number of clustertijes can be modelled with continuous random variates. Their
after which an almost linear decay of power is observed. Fprobability distributions and other statistics are estimated here
our measurement data, this feature is especially distinct in thging maximum likelihood parameter estimation.

channel, in which there is a sharp decay in the signal levelThe phase difference between the corresponding co-
between the rst and second clusters, similar to the situation dand cross-polarized MPCs is evaluated from as
scribed by the Saleh-Valenzuela model [30]. On the other hand, , Where .
signi cantly less energy disparity is observed among the initials , We expect to also follow the
timebinsinthe channel. In either case, the signal drops belouniform distribution, which is indeed commed from the data

25 dB after approximately 50 ns. The average PDP will vasyhen the PDF of , , Is estimated. Next, we analyze
depending on the propagation environment. In particular, dertbe relative amplitudes of the co- and cross-polar components,
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IV. IMPACT OF CHANNEL PARAMETERS

A. Temporal Variability

We now investigate the evolution of XPD with time-delay.
The ne temporal resolution of the UWB channel facilitates this
analysis for time intervals on the order of nanoseconds. The tem-
poral evolution of polarization properties for ultrashort optical
signals has been discussed in [31], but a similar study for radio
channels is not available in the literature. For an indoor multi-
path UWB channel, this information will provide insight into
the rate of decay of XPD for the received signal. Higher av-
erage XPD for speci ¢ MPCs can help improve the SNR when a
vector (i.e., joint polarization and delay) selective-rake receiver
is used [6]. The XPD decay rate assists in determining the inte-
gration time window for such a receiver.

The multipath excess delays, ,(r, ), corresponding to the
composite channel h,(r, ) with transmit polarization , popu-
late the delay vector, t.(r) = .(r, )]IL“( ). The possible in-
terdependence between t, and X, is analyzed in Fig. 5, which
shows the variation of the measured X,,(r) versus forr € R
in the LOS channel. We observe that X, lies withinthe 30 dB
to 40 dB range and has a large variance. Also, X, is highest for
the rst 2 ns. The apparent decay in X, with an increase in
is con rmed by the negative slope of the best- t regression line
shown in the gure. Note that X, 0 as oo since the
noise is completely depolarized, and so the regression is valid
only for 0 < < n A . Signi cant dependence of XPD on

for UWB channels is thus established. Our result contrasts
with that reported for outdoor MIMO-HSDPA channels where
no noticeable dependence of XPD on delay was observed [20].
We now quantify our observations by estimating the rst order
statistics of X, across R for each delay tap. The mean and stan-
dard deviation of X, (r) thus obtained are shown in Fig. 6. The
mean XPD is 25 dB for the direct path (corresponding to the ob-
served dynamic range of the receiver, i.e., the VNA), but decays
sharply with . Some clustering can be observed, as the mean
X,(r) has its maximaat = 0,5} ns but decays to 0 dB at

= 4 n . A comparison with Fig. 2 reveals that the mean XPD
mimics the behavior of the average PDP. The standard deviation
of X, (r) is very low during the rst 2 ns, after which it attains
a constant value of 8 dB. Physically, the XPD has a large mean
and small variance for paths that undergo little or no re ection
since the propagation eld does not undergo appreciable depo-
larization, as it does for the diffuse paths. In NLOS, the mean
XPD is relatively more uniform across the delay axis due to the
absence of the dominant direct path.

B. Effect of Channel Delay Spread

Given that the XPD depends on scattering, we now investigate
its relation with the multipath delay spread of the channel. The
rms delay spread, Z(r), is a measure of the extent of multipath
in the rth channel [30]. In earlier work, a negative correlation
between XPD and 7 has been reported for narrowband chan-
nels [16], which agrees with intuition. The rms delay spread is
evaluated using the composite CIR, h,(r, ) for » € R, and

plotted against the channel energy XPD, ,(r), in Fig. 7. Itis

Fig. 5. Variation of XPD with the multipath excess delay spread with vertical
transmit polarization in an LOS environment.
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Fig. 6. Mean, , and standard deviation, , of XPD as a function of time
delay with vertical transmit polarization in an LOS environment.

found that an increase in ¢ leads to a decrease in
eral. To quantify this dependence, we model
Z with a linear regression, i.e.,

«(r) ingen-
. as a function of

g0 o=k k 4k (12)
where kg is the intercept, & is the slope, and &, is a zero-
mean Gaussian random variable signifying the variation about
the mean XPD that has standard deviation o dB. For the LOS
channel with vertical transmission, we have kg = d ,k =
0.5d /n,and k, = d . The other con gurations exhibit
only a minor difference in the values of these parameters. Now,
earlier narrowband and wideband channel studies have shown
the mean XPD to decrease with the transmitter-receiver separa-

tion, [13]. InUWB channels, ¢ o« [32], and it follows from

' a
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