
532 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 2, FEBRUARY 2008

Polarimetric Characterization of Ultrawideband
Propagation Channels
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Abstract—The polarization characteristics of the indoor ultra-
wideband channel are investigated using dual-polar 3.1–10.6 GHz
channel measurements. Under the generalized elliptical polariza-
tion framework, the channel cross-polar discrimination (XPD) sta-
tistics are evaluated. Lognormal and triangular distributions are
shown to well model the XPD and ellipticity angle. Considerable
spectral and small-scale spatial variability is observed in the XPD.
Asymptotic convergence of XPD to its mean with increasing band-
width is established. An analysis of the variation of tap XPD with
excess delay indicates that the XPD is highest for the initial paths. It
is shown that increased scattering leads to greater depolarization.
The dependence of XPD on the channel’s rms delay spread is mod-
elled using a linear regression with 0.5 dB/ns slope. This charac-
terization will aid the analysis of polarization-dependent loss and
the design of polarized multiple-antenna systems.

Index Terms—Channel characterization, cross-polar discrimi-
nation (XPD), polarization, ultrawideband (UWB).

I. INTRODUCTION

DUE TO STRONG frequency-selectivity, the propagation
characteristics of ultrawideband (UWB) wireless chan-

nels differ considerably from those of conventional narrowband
channels [1]. The characterization of various aspects of UWB
propagation is a topic of continued interest. A number of
UWB channel characterization studies have been undertaken
in recent years [1], [2], focussing mostly on the analysis of
fading, dispersion and spatial propagation. Another important
physical attribute of the channel is its electromagnetic polar-
ization behavior. If the transmitting and receiving antennas are
perfectly co-polarized, as is usually desirable, but the channel
rotates the signal polarization, the receiver may fail to capture
much of the signal power. Such a situation then requires a polar
antenna diversity system with multiple effective degrees of
freedom [3]–[7]. Similarly, polar multiple-input multiple-output
(MIMO) arrays can be used to increase the information rate
by signal multiplexing [7]–[11]. With its compact design, a
polar array is desirable for many practical applications [12].
The performance prediction of a polar MIMO system requires
accurate polarimetric characterization of the channel.
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From the perspective of polarization, there are some major
shortcomings in the existing UWB channel studies that deserve
attention. The transmitted and received signals are usually as-
sumed to be perfectly co-polar. This is unrealistic especially in
indoor channels where three-dimensional propagation and mul-
tiple reflections are likely to cause significant signal depolar-
ization. Furthermore, the loss due to polarization mismatch is
included within the pathloss. This leads to a complete lack of
information about signal depolarization loss, erroneously im-
plying perfect polarization preservation by the channel.

The polarization characterization literature mostly addresses
narrowband channels [13]–[16]. Mean cross-polar discrimina-
tion (XPD) of 6–7 dB has been widely reported for most narrow-
band mobile environments [3], [17]–[20]. Signal depolarization
is an entropic effect that increases with the amount of scat-
tering in the channel [21]. Indoor and non-line-of-sight (NLOS)
radio environments, which experience rich multipath, demon-
strate lower values of XPD than outdoor, line-of-sight (LOS)
channels [18], [22]. The polarization response of an object also
generally varies with the signal frequency and angle of inci-
dence. For these reasons, it is reasonable to expect that the re-
sults for narrowband outdoor mobile channels cannot be directly
applied to UWB indoor channels. To the author’s knowledge, no
UWB channel polarization model is available in the literature.
A preliminary UWB polarization measurement system was in-
troduced in [23] but no results were presented.

The contribution of this paper is the comprehensive statistical
characterization of channel polarization in the UWB indoor
environment, supported with measurements. The remainder
of this paper is organized as follows. The signal model and
measurements for UWB polarimetric analysis are described
in Section II. Electromagnetic wave depolarization is char-
acterized using an elliptical basis, and the statistics of the
corresponding parameters of interest are estimated from the
measurements in Section III. The dependence of the channel
polarization properties on various parameters, such as the
tap excess delay, delay spread, bandwidth, frequency, and
small-scale space, is investigated in Section IV. Finally, con-
clusions are drawn in Section V.

II. SYSTEM MODEL AND MEASUREMENTS

A. Polarimetric Representation

Consider an elliptically polarized plane electromagnetic
wave with Poynting vector in the three-dimensional Carte-
sian space. Its electric field, , can be decomposed using an
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Fig. 1. Elliptical polarization basis for an electromagnetic wavefield.

orthonormal basis with horizontal and vertical components
perpendicular to , i.e.,

(1)

where is the wavenumber, is the frequency,
is the speed of light, and corresponds to the di-

rection of propagation. The horizontal and vertical orientations
are represented by the unit vectors and respectively, while

and are the complex amplitudes, and and the phase
angles of the corresponding electric field components. The trace
of the tip of the travelling wave defines an ellipse on a normal
plane, as shown in Fig. 1. The ellipse reduces to a line (linear po-
larization) or circle (circular polarization) under special condi-
tions [24]. This wave representation can be used to construct the
Jones matrix, or the polarimetric scattering matrix, ,
that describes the channel polarization response in terms of the
complex transmitted and received signals, given by [25]

(2)

where refers to the complex field associated with a
vertically polarized transmission and horizontally polarized
reception, etc. The elliptical polarization representation can
be converted to the Stokes-Mueller formulation using simple
trigonometric transformations. Under the Mueller formalism,
the Stokes vector of the incident wave can be transformed into
that of the scattered wave through the Mueller matrix repre-
senting the channel [26], [27], facilitating convenient analysis
of channel effects on the propagating wavefield.

For a radiated electromagnetic wave, as a conse-
quence of Maxwell’s equations. The antenna polarization prop-
erties are thus intrinsically coupled to its far-field radiation pat-
tern. Consider an antenna that is omnidirectional in azimuth
but directional in elevation when vertically polarized, such as a

TABLE I
CHANNEL MEASUREMENT PARAMETERS

dipole. When rotated by 90 , its electric field becomes horizon-
tally polarized, while the radiation pattern becomes directional
in azimuth and omnidirectional in elevation. In other words, a
variation in the orientation of an antenna with dipole-like gain
inevitably changes not just the polarization but also the radiation
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-
ization and pattern rotation as experienced by a range of omni-
directional antennas.

B. Propagation Measurements

The analysis in this paper uses 3.1–10.6 GHz UWB channel
data obtained with a vector network analyzer (VNA). Indoor
measurements are conducted in small office environments, con-
sisting of approximately 6 m 6 m rooms with block walls,
glass windows, wooden and metallic furniture, and objects of
various sizes and materials. The VNA RF ports are connected to
the transmitting and receiving antennas, and the complex trans-
mission parameter, , is measured. Two identical linearly
polarized, omnidirectional discone antennas are used [28]. For
NLOS measurements, the direct path is blocked with a large ab-
sorbent block 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 is fixed while the receiver,
mounted on a computer-controlled grid positioner, scans a hor-
izontal area as described in [7]. A measurement grid of size 1

samples the space at points 3 cm apart. The distance between
the transmitter and the grid center is 4.5 m. The channel is tem-
porally stationary during the measurement [7]. This process is
repeated for the various transmit-receive polarization combina-
tions and the LOS/NLOS propagation scenarios. The measured
complex channel transfer function (CTF) is represented by the
general form , where denote the transmit and
receive polarizations, respectively. The four polarization combi-
nations ( , , , and ) are measured sequentially so that
there is only one antenna at each end at a time. The channel
polarization state is then reconstructed from these single-polar
antenna measurements using the linear component method [7],
[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 the th 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

(4)

where and denote the amplitude and phase,
respectively, at the th time-bin, is the time-delay with refer-
ence to the first arrival, and is the 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 multipath
components (MPCs). Then, in terms of the MPCs, the tapped
delay line representation of the CIR becomes

(5)

where is the MPC index, , and
denote the amplitude, phase and time delay of the th MPC, and

is the number of MPCs. The power delay profile (PDP),
averaged over a local spatial region, shows the general trends
of multipath clustering and impulse response decay with excess
delay [30]. It is obtained from the CIR in (4) as

(6)

where denotes expectation over and . In (6), the
CIRs are power-normalized so that .

Fig. 2 shows the average PDPs, and , corre-
sponding to the LOS and channels respectively. Each
PDP is normalized to its peak energy level, i.e.

. Some of the early paths form a small number of clusters,
after which an almost linear decay of power is observed. For
our measurement data, this feature is especially distinct in the

channel, in which there is a sharp decay in the signal level
between the first and second clusters, similar to the situation de-
scribed by the Saleh-Valenzuela model [30]. On the other hand,
significantly less energy disparity is observed among the initial
timebins in the channel. In either case, the signal drops below

25 dB after approximately 50 ns. The average PDP will vary
depending on the propagation environment. In particular, dense

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

multipath channels, such as industrial environments, will lead
to PDPs with significantly slower decay rates.

III. CHANNEL POLARIZATION STATISTICS

We now analyze the polarization statistics of the UWB
channel with bandwidth and center frequency

. For the th channel realization, the composite
(i.e., all-polar) CIR magnitude for transmit polarization is
evaluated from the co- and cross-polarized CIRs as

(7)

where the time-delay variable is now defined according to
the first arrival above the threshold in the composite CIR, and

. The MPCs of are detected at time-bins
, . The corresponding set of

single-polar complex tap amplitudes, and
are evaluated and stored in row vectors and re-
spectively. We then define whose elements
are the co- and cross-polarized tap amplitudes, i.e.,

. Finally, the tap amplitudes from the entire
ensemble, , are collated into , where

and . Thus each MPC ampli-
tude in the measurement ensemble is treated as a single real-
ization of a complex random variable. Since is a random
matrix with a large ensemble, its elements and the related quan-
tities can be modelled with continuous random variates. Their
probability distributions and other statistics are estimated here
using maximum likelihood parameter estimation.

The phase difference between the corresponding co-
and cross-polarized MPCs is evaluated from as

, where .
As , we expect to also follow the
uniform distribution, which is indeed confirmed from the data
when the PDF of , , is estimated. Next, we analyze
the relative amplitudes of the co- and cross-polar components,
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Fig. 3. Estimated and best-fit CDF of XPD with vertically polarized transmis-
sion in an LOS environment.

TABLE II
BEST-FIT GAUSSIAN DISTRIBUTION PARAMETER ESTIMATES FOR UWB

CROSS-POLAR DISCRIMINATION (XPD) IN DECIBEL SCALE

which provide a measure of the channel’s polarization preser-
vation and coupling across orthogonal polarizations. The XPD
is defined as the isolation between the received co-polar and
cross-polar -field components. For transmit polarization ,
the tap XPD can be evaluated, in decibel scale, as

(8)

Perfect polarization preservation is indicated by , per-
fect depolarization by , while implies
large coupling to the orthogonal polarization.

The estimated CDF of the single tap XPD, , is shown in
Fig. 3. The mean XPD, , is found to be 4 dB, with
9 dB standard deviation. Similar values are obtained in NLOS,
as seen from Table II. The large spread of the tap XPD indi-
cates that the cross-polar power of an MPC can on occasion be
much higher than the co-polar power. In comparison, has a
higher mean (5.5 dB in LOS). The difference in the polarization
leakage suggests that the link is non-reciprocal in terms of po-
larization. Also shown in Fig. 3 is a Gaussian fit for , using
the parameters listed in Table II that provide a reasonable ap-
proximation for the tap XPD data.

Besides the tap amplitudes, also of interest here is the total
channel energy, which represents the combined energy of all

Fig. 4. Estimated and best-fit PDF of ellipticity angle of a multipath component
in an LOS environment.

MPCs in the CIR as captured, for example, by an infinite-com-
plexity maximal-ratio combining rake receiver. The channel en-
ergy can be evaluated as the squared -norm of the channel tap
vector. Mathematically, we can write

(9)

The XPD of the UWB channel energy can then be evaluated
from the co- and cross-polarized channel energy. For transmit
polarization , we evaluate the channel energy XPD in decibels
(dB) as

(10)

The CDF of is also shown in Fig. 3. It is evident that
enjoys substantially lower variance than , . The mean
is 6 dB in LOS and 4 dB in NLOS, with 1 dB standard devi-
ation. It can be shown that the XPD approaches its expected
value asymptotically under large multipath diversity and with
an appropriate receiver. Table II indicates the best-fit Gaussian
distribution parameter estimates for .

The ellipticity angle of the incident -field tap is given by

(11)

where is the inclination
angle of the co-polar electric field with the orthogonal axis,
and . Fig. 4 shows the PDF of the
tap , estimated over . As shown, a symmetric triangular
distribution fit with 0 mean well approximates the measured

. This result indicates that the polarization ellipse is usually
significantly elongated, and the co-polarized component is
generally much stronger than the cross-polarized component.
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IV. IMPACT OF CHANNEL PARAMETERS

A. Temporal Variability

We now investigate the evolution of XPD with time-delay.
The fine 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 specific 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, , corresponding to the
composite channel with transmit polarization , popu-
late the delay vector, . The possible in-
terdependence between and is analyzed in Fig. 5, which
shows the variation of the measured versus for
in the LOS channel. We observe that lies within the 30 dB
to 40 dB range and has a large variance. Also, is highest for
the first 2 ns. The apparent decay in with an increase in
is confirmed by the negative slope of the best-fit regression line
shown in the figure. Note that as since the
noise is completely depolarized, and so the regression is valid
only for . Significant 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 first order
statistics of across for each delay tap. The mean and stan-
dard deviation of 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

has its maxima at ns but decays to 0 dB at
. A comparison with Fig. 2 reveals that the mean XPD

mimics the behavior of the average PDP. The standard deviation
of is very low during the first 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 reflection
since the propagation field 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, , is a measure of the extent of multipath
in the th channel [30]. In earlier work, a negative correlation
between XPD and has been reported for narrowband chan-
nels [16], which agrees with intuition. The rms delay spread is
evaluated using the composite CIR, for , and
plotted against the channel energy XPD, , in Fig. 7. It is

Fig. 5. Variation of XPD with the multipath excess delay spread with vertical
transmit polarization in an LOS environment.

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 in gen-
eral. To quantify this dependence, we model as a function of

with a linear regression, i.e.,

(12)

where 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 dB. For the LOS
channel with vertical transmission, we have ,

, and . The other configurations 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]. In UWB channels, [32], and it follows from
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Fig. 7. Variation of XPD with the rms delay spread with a vertically polarized
transmission in an LOS environment.

the above discussion that , extending previous results
on distance-dependent XPD decay to UWB.

C. Variation With Center Frequency

The reflection coefficient of a scatterer determines the de-
gree of depolarization of a polarized incident wave [24]. The
reflection coefficient is in turn a function of frequency [33], and
therefore spectrally nonuniform depolarization is expected in
the UWB channel. This effect has been studied for optical com-
munications in [34], [35], but not for frequency-selective radio
channels. We now investigate this behavior, for which we eval-
uate the frequency-dependent XPD as

(13)

The first order statistics of are estimated over .
Fig. 8 shows the variation of the mean and standard deviation
of , , with frequency. We find that the XPD stan-
dard deviation is about 8 dB . Its mean, however, varies con-
siderably over the band but without any discernible trend; for
the LOS measurement, it is 6.5 dB at 4 GHz and 2.5 dB at 6.5
GHz. The main result from this analysis is the evidence of spec-
tral variability of mean , but its exact trends will depend
on the propagation environment. The observation of greater po-
larization rotation at some of the subbands or subcarriers sug-
gests that higher polarization diversity gain may be achieved at
those frequencies. This spectral nonuniformity is in agreement
with the variation of UWB small-scale channel statistics, such
as delay spread, with the center frequency [36].

D. Dependence on Bandwidth

To characterize the XPD differences between narrowband,
wideband and UWB channels, we now study its statistical vari-
ation with the channel bandwidth, . For the th

Fig. 8. Statistics of XPD as a function of frequency with the specified transmit
polarization in an LOS environment.

CTF, we calculate the energy XPD, , in terms of the co- and
cross-polarized wideband channel energies, i.e.,

(14)

where and . The center fre-
quency, , is kept constant at 6.85 GHz for fair comparison.
The mean and standard deviation of , are cal-
culated, and are shown in Fig. 9. For both transmit polarizations,
the standard deviation of narrowband is 8 dB, decreasing ex-
ponentially with to reach 1 dB at 1 GHz and 0.6 dB at 7.5
GHz. On the other hand, the mean shows a minor variation
with . Considerable similarity is observed between the po-
larization statistics of the channels corresponding to the and

transmit polarizations. We further characterize by esti-
mating its CDFs over for various , as shown in Fig. 10.
The asymptotic convergence to the mean is closely related to
the radio channel property of small-scale fade reduction with
increasing due to frequency diversity [37]. This effect can
be quantified in terms of the coefficient of variation (CV) of

, which is the ratio of the standard deviation to the
expectation and is given, as a percentage, by

(15)

We obtain and 16% in the narrowband and
full-band UWB channels in LOS, respectively, demonstrating
that the XPD randomness is reduced significantly with .

E. Small-Scale Variability

The coherence distance of a full-band UWB channel is typ-
ically of the order of 5 cm [7]. The power variation across a
larger distance is, however, minor due to the low fade range
[37]. For this reason, we can expect the co- and cross-polarized



538 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 2, FEBRUARY 2008

Fig. 9. Statistics of XPD as a function of bandwidth with the specified transmit
polarization in an LOS environment.

Fig. 10. Cumulative distribution function (CDF) of XPD as a function of band-
width with vertically polarized transmission in an LOS environment.

channel energies to exhibit some small-scale spatial variation,
which would then be reflected in a variation in the channel XPD,

. Our small-scale analysis of , undertaken over a local re-
gion (1 m length) with a spatial resolution of 1 cm, confirms this
prediction, with a set of representative results shown in Fig. 11.
Along the cross-range direction, fluctuates within 2 dB about
its mean but there is no observable distance dependence. Sim-
ilar ripples are observed along range, with a slow decrease in the
mean with distance that occurs due to increased scattering
as discussed in Section IV-B.

V. CONCLUSION

In this paper, we have shown that the nonuniformity in the
electrical properties of scattering objects over a large band
results in frequency-selective XPD, setting the UWB channel
apart from the narrowband channel from the polarization per-
spective. Certain subcarriers and subbands of the UWB channel

Fig. 11. Variation of XPD with the spatial offset from the grid center with a
vertically polarized transmission in an LOS environment.

thus exhibit considerably larger XPD than the others. This
variation is averaged out at large channel bandwidth, with the
channel energy XPD distribution asymptotically converging
to its mean. From our measurements, the mean XPD is 5 dB,
independent of the channel bandwidth. Temporally, the mean

at , and is very large in the first 5
ns. With a vector selective-rake receiver, the integration of the
initial MPCs is thus desirable. The relationship between signal
depolarization and scattering has been established in terms of a
linear model relating XPD to rms delay spread. The characteri-
zation in this paper extends the existing UWB channel models
that do not contain any information on polarization. It also
provides important analysis and design guidelines for single-
and multiple-antenna UWB systems.
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