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Abstract—The radiation characteristics of ultrawideband
(UWB) antennas vary with frequency, introducing directionally
asymmetric bandwidth reduction and waveform dispersion. In
this paper, we develop a simple technique to alleviate the distor-
tion due to nonisotropically dispersive antennas, and use indoor
channel measurements to verify its performance. The approach
is based on multipath direction estimation and therefore involves
antenna arrays. We show that antenna distortion can enhance
sensor localization ambiguity and introduce errors in its estimate.
Antenna compensation mitigates this effect, significantly im-
proving the location estimation accuracy. We further demonstrate
that antenna compensation helps reduce the small-scale fading
artifacts that arise due to the antennas, thus reducing the channel
spatial variability and delay spread. Our technique can also aid
empirical channel characterization by providing antenna-inde-
pendent propagation data.

Index Terms—Antenna, array, direction-of-arrival (DOA) esti-
mation, distortion, sensor localization, ultrawideband (UWB).

I. INTRODUCTION

I N RECENT years, ultrawideband (UWB) systems have
gained prominence due to many promising applications such

as indoor multimedia communications and sensor networks [1].
The Federal Communications Commission (FCC) in the US
has allocated the 3.1–10.6 GHz spectrum for UWB emissions
[2]. According to the current FCC specification, a UWB signal
has a bandwidth of between 0.5–7.5 GHz [2], as opposed to
only a few KHz for conventional narrowband systems. The
antennas and propagation aspects of UWB systems therefore
differ significantly from those of narrowband systems [1], [3].
The design of practical antennas that radiate efficiently over
an ultrawide bandwidth continues to be a challenging problem
[4]. Apart from wideband matching and radiation efficiency,
another problem arising from antenna distortion is signal dis-
persion. UWB antenna radiation patterns vary significantly with
frequency, leading to a direction-specific distortion of UWB
waveforms [5]–[7]. An indoor UWB channel is characterized
by a large number of incident multipath components (MPCs),
with three-dimensional scattering and large angular spreads [1].
As a result, individual MPCs experience nonuniform distortion
due to the antenna, determined by their directions-of-departure
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(DODs) and directions-of-arrival (DOAs). In an impulse radio
UWB system with a correlation-based receiver [8], this nonuni-
form multipath distortion can result in large and unpredictable
correlation mismatches at the receiver, consequently degrading
the system performance. Similarly, signal distortion is expe-
rienced due to multiple-antenna arrays that often suffer from
beam pattern variations with frequency. While our discussion
in this paper will be limited to a single antenna element, the
proposed technique can be easily extended to array distortion
and its compensation.

In this paper, we investigate the effects of antenna distortion
with emphasis on sensor location estimation and communica-
tions channel fading. We develop a technique for antenna dis-
tortion compensation making use of antenna arrays for multi-
path direction determination. The proposed compensation tech-
nique can improve the performance of wireless sensor localiza-
tion schemes that rely on DOA estimation [9]. It can also be used
to remove antenna artifacts from channel measurement data and
to thus obtain antenna-independent channel models. Finally, in
a communications application, it can upgrade the link perfor-
mance by mitigating the small-scale fading introduced due to
antennas. We substantiate these claims with the help of antenna
and channel measurements, followed by system simulations,
and the results prove the efficacy of the proposed technique. In
related work [10], we have applied this technique to UWB in-
door channel data generated using ray-tracing, with a simulated
propagation environment identical to that in this paper, and the
results are found to be in close agreement with those reported
here.

The rest of this paper is organized as follows. Section II out-
lines the system model and develops the formalism for the an-
tenna and channel analysis. Section III describes the proposed
UWB antenna compensation algorithm. Section IV evaluates
the consequent improvement in communications and localiza-
tion performance, and also quantifies the signal-to-noise ratio
(SNR) penalty due to noise enhancement. Finally, the conclu-
sions are drawn in Section IV.

II. SYSTEM MODEL

The radiation and reception characteristics of UWB antennas
are well understood in literature [1], [4]. An impulse radiating
antenna can be modelled as a spatio-temporal linear time in-
variant filter, with the exciting voltage, , as its input param-
eter and the radiated field as the output parameter. At a far-field
distance in freespace, the co-polar component of the radiated
electric field due to a linearly polarized UWB antenna can be
expressed as [7], [11], [12]

(1)

where m/s is the wave velocity in freespace,
is the propagation delay, and are the elevation
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and azimuth transmit directions, is the time derivative
operator, is the voltage signal at the input terminals of the
transmitting antenna, with and denoting
the freespace impedance and transmit antenna input impedance
respectively, is the Dirac delta function and is the convo-
lution operator. In (1), is the co-polar component of
the antenna transient response, which forms a Fourier transform
pair with the antenna effective height [7].

In accordance with the reciprocity theorem, the voltage signal
at the output port of the receiving antenna corresponding to the
incident plane wavefield in freespace is [11]

(2)

where and are the receive elevation and azimuth angles,
, is the incident electric field, and

is the transient response of the receiving antenna.
For an end-to-end freespace system comprising a pair of such
antennas, we can combine (1) and (2) to obtain [7]

(3)

where . In practical radio sys-
tems, both antennas usually have the same characteristic port
impedance so that in (3). In this discussion, we are
not interested in the time derivative property of the antenna,
and therefore define . Also substituting

for notational uniformity, (3) becomes

From Fourier theory, in the frequency domain we have

(4)

where and are the effective transmit-
ting and receiving antenna heights, and and are the
transmitted and received voltage signals in the frequency do-
main, respectively. Fig. 1 illustrates this system model.

The above description is based on the double-directional
propagation model [13], according to which we can represent
the spatio-temporal response of the UWB multipath channel,
excluding the antennas, by . Thus, in addi-
tion to the multipath gains and delays, the channel applies an
angular transformation from the transmitter to the receiver for
each MPC, as shown in Fig. 2. In the rest of this paper, we
will use to denote the signal received after propagation
through the multipath channel, . Now, we can rewrite (4) in
terms of the complex spatio-temporal transfer functions of the
channel and antennas in the frequency domain as

(5)

Fig. 1. A wireless communications system with the signal distortion due to
directionally asymmetric antenna characteristics in a multipath UWB channel.
The received signal, R (f), contains the effect of the transmitting and re-
ceiving antennas in addition to the physical propagation channel. With the an-
tenna compensator, an estimate of the signal without antenna distortion, R̂ (f),
can be obtained given the knowledge of the antenna directional distortion func-
tions and the multipath directions-of-departure and arrival.

Fig. 2. A two-dimensional representation of the transformation between the
azimuth angle-of-departure, � , and angle-of-arrival, � , during propagation.

where and represent the amplitude
transfer functions of the transmitting and receiving antennas, re-
spectively. Note that we use the notation to emphasize that
the received signal is distorted by the transmitting and receiving
antennas in addition to the channel, . The an-
tenna complex gain, , is related to its power radi-
ation pattern, , as

and a similar expression governs the relationship of and .
If the two antennas are perfectly isotropic and broadband within
the band of interest, , i.e.,

(6)

then the received signal spectrum in (5) reduces to

(7)

Real UWB antennas, however, significantly modify the spec-
trum of the multipath signal depending on its DOD and DOA
characteristics, so that (6) is usually not obeyed [4], [7]. We de-
scribe this situation in terms of the composite channel, including
the dispersion due to the multipath scattering and also the trans-
mitting and receiving antennas. The signal
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emitted from the transmitting antenna is then non-isotropic.
After propagation through the multipath channel, the signal
incident at the receiving antenna can be expressed as

Additional distortion is caused to this signal by the receiving
antenna, so that the received signal becomes

where

is the composite channel transfer function.
Our technique facilitates the estimation of the true channel

response, , by compensating for both and , given
information on the angular-spectral antenna patterns and mul-
tipath propagation. The latter can be obtained using double-
directional channel characterization techniques, involving
multiple-antenna arrays at both ends of the link.

In the interest of simplicity, we will limit the discussion and
results in the rest of this paper to receiver antenna compensation
only. Thus, for the specific purpose of this treatment, the true
channel response is considered to be inclusive of the transmitter-
side antenna distortion, and is given by

(8)

Our objective here is to estimate given a priori
knowledge of , as described below.

III. COMPENSATION ALGORITHM

The transfer function of an antenna depends on its construc-
tion. The characterization of the antenna radiation pattern can
be performed as a one-time operation, since the antenna prop-
erties remain constant as long as its construction and near-field
environment are not subjected to any variations. The multipath
DODs and DOAs, however, must be estimated continuously at
run-time in a time-varying mobile environment.

For receiver-side antenna compensation, a spatial array con-
sisting of identical antenna elements is used at the receiver for
DOA estimation [14]. Whether the array is physical or synthetic
does not affect the operational details of the antenna compen-
sation scheme. This choice does, however, involve important
practical considerations. A synthetic, or virtual, array can be
reliably used only if the array synthesis duration is within the
channel coherence time, which may render the approach im-
practical for fast-fading channels. A synthetic array is feasible in
stationary environment, such as during indoor channel charac-
terization measurements, as indeed will be the case in this paper
(see Section IV-A). Besides reduced cost and hardware com-
plexity, a major advantage of synthetic arrays is that antenna mu-
tual coupling between array elements can be avoided. As is well

known from antenna theory, mutual coupling can severely dis-
tort the far-field radiation pattern of an antenna, and can there-
fore invalidate the results [15]. For physical arrays, half-wave-
length antenna separation must be ensured during array design
to avoid mutual coupling [16].

With a rectangular array along the Cartesian axes, the an-
tenna-distorted received signal at element location can
be represented by . This can be transformed to the an-
gular-domain representation, , using DOA estimation
techniques. The Fourier method [17] offers a simple procedure,
but does not provide the high angular resolution obtained with
super-resolution techniques such as MUSIC, CLEAN, SAGE,
or ESPRIT [14]. According to the Fourier method, we can write

, where denotes the two-dimen-
sional spatial Fourier transform from the Cartesian to the spher-
ical polar domain. Correspondingly, we will use to denote
the inverse transform.

Given the DOA information, the receiver-side antenna-com-
pensated signal can be estimated from the received signal in the
spherical polar coordinate system as

(9)

where the estimation is considered accurate when the estimation
error is small, i.e., .

If the compensation of both the transmit and the receive an-
tennas is desired, it is straightforward to extend (9) to obtain an
estimate, , of the true channel, given knowledge of the multi-
path DODs and DOAs, as shown by Fig. 1. Thus

from which the true channel estimate can be obtained as

The process described by (9) is akin to zero-forcing equal-
ization [18] of the antenna distortion in the space and frequency
domains, and has low computational complexity, rendering
runtime operation feasible. Note that, because of the inversion
in (9), this process may be susceptible to noise enhancement,
leading to erroneous, non-physical results. This situation can
occur at angles where the antenna radiation pattern nulls or
pseudo-nulls occur. Other, more complex estimation tech-
niques, such as the minimum mean-squared error or maximum
likelihood criteria, may be applied to remedy this potential
problem [18]. The performance comparison of various candi-
date estimation techniques is, however, beyond the scope of the
current paper. Also, many practical UWB antennas, including
the discone antennas used for the experimental analysis in this
paper, do not exhibit absolute nulls in their power radiation
patterns.

This compensation process can also be described as a
time-domain deconvolution. Thus, in the Cartesian space-time
coordinate system, the receiver antenna compensated signal is

, where the
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Fourier method has been used for space-to-angle transforma-
tion, and denotes the temporal inverse Fourier transform.
When is transmitted, the channel impulse response after
receiver antenna compensation can be obtained as

where .
Now, as is a UWB signal spanning bandwidth , its cor-

responding wideband angular power spectrum (APS), , can
be obtained by power integration in the angular domain across
the constituent frequency components. Mathematically

(10)

and similarly for the other quantities in the above discussion.

IV. PERFORMANCE EVALUATION

We now apply the proposed compensation technique to mea-
sured UWB channel data, distorted by real antennas, and eval-
uate its efficacy in terms of various metrics related to localiza-
tion accuracy and channel fading statistics.

A. Experimental Configuration

Indoor channel measurements are conducted in the frequency
domain with the help of a vector network analyzer (VNA) over
the 3.1–10.6 GHz UWB band. End-to-end calibration of the
equipment, including the VNA, cables, connectors and ampli-
fiers, but not the antennas, is performed prior to conducting
the measurements. A horizontal receiver array is synthesized
by means of an automated rectangular positioning grid. Thus
10 000 complex channel realizations are measured in a 1 m

1 m region, with 1 cm spatial resolution. The stationarity of
the environment, a necessary condition for the validity of the
antenna array synthesis procedure, is ensured by means of phys-
ical isolation, as demonstrated in [19]. A representative channel
measurement configuration is illustrated in Fig. 3. As shown,
the measurement environment consists of a small office room,
with a number of scattering objects. The distance of the trans-
mitter and the center of the receiving grid in this measurement
is 4.5 m, and the antennas are at a height of 1.5 m. The mea-
surement process is repeated in multiple indoor environments
for statistical verification of the results.

For channel measurement, vertically polarized discone an-
tennas with identical construction are used [5]. The antenna
power radiation pattern is measured at various frequencies
within the spectral range of interest inside the anechoic
chamber. The antenna transfer function magnitude is ob-
tained from the power radiation pattern as

, for . The results in this section are
based on the antenna transfer function magnitude compensa-
tion, neglecting the phase component. This approach is valid
if varies linearly with , or in other words,
the group delay does not depend on . The antennas under
consideration satisfy this condition, as shown experimentally
in [20].

Fig. 3. Indoor measurement environment and experimental configuration.

B. Average Power Delay Profile

The local average power delay profile (APDP) of the UWB
channel can be evaluated as

where defines the span of a local spatial region in the
two-dimensional Cartesian coordinate system, and is taken as 1

in this paper. The power normalization

is applied to each channel impulse response before evaluating
the APDP to remove small-scale fading and large-scale pathloss
effects. In the above relation, represents the maximum ex-
cess delay of the channel.

Fig. 4 shows the APDP of the UWB channel without and with
receiver-side antenna compensation. Some additional multipath
components and clusters become visible in Fig. 4(b), which are
otherwise masked due to the receive antenna radiation pattern.
The most prominent cluster that appears only after the compen-
sation occurs at . Due to the reduction in the waveform
dispersion for each individual MPC, the multipath resolution is
also increased. The reason is that the effective bandwidth of the
composite channel, reduced due to the antenna’s spatio-spec-
tral filtering [5], is partially restored by compensation, in turn
enhancing the time-resolution.

C. Sensor Localization

Many localization schemes, based on the detection of the
dominant multipath DOA, use an estimate of the angle of the
signal source to calculate its spatial location. It is obvious that
accurate estimation of the DOA is critical for such a localization
scheme. For our measurements, the DOA information is con-
tained in , and can be extracted by conversion to

. This information, however, is corrupted by the
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Fig. 4. The local average power delay profile of the LOS UWB channel.

antenna effects, with the possibility of a certain error in esti-
mating the source direction.

Fig. 5 shows the angular power spectra of the pre- and
post-compensation channels. Due to the experimental condi-
tions, the true line-of-sight (LOS) component is incident at

. In the pre-compensated radio image of the
channel, however, two strong arrivals appear at (45 , 0 ) and
(80 , 0 ), where the latter corresponds to an approximation
of the true LOS direction.1 The multipath component arriving
after a single reflection from the ceiling, incident at (45 , 0 ),
is artificially emphasized due to the antenna’s high gain in the
oblique direction. An elliptical distortion is also observed in the
image, elongating the multipath clusters along the zenith axis.
After antenna compensation, this elliptical distortion is signif-
icantly diminished, in turn reducing the estimation ambiguity.
It also shows that the now dominant (80 , 0 ) signal is the
true maximum and the LOS direction can now be more clearly
identified. Also, some of the incident multipath energy from
the top corner of the room is now visible. Thus the uncertainty
in the DOA, and hence source localization, due to the antenna’s
selective enhancement of some paths has been alleviated. The
direction of the transmitting terminal can now be determined
with improved accuracy.

D. SNR Degradation

Simple linear equalization of the antenna distortion function
can possibly lead to some noise enhancement, incurring an
SNR penalty. We now quantify this SNR degradation from our
measured channel responses using a semianalytical approach.
We consider a communications system that uses multicarrier
modulation, such as orthogonal frequency-division multi-
plexing (OFDM), with per-tone single-tap zero-forcing channel
equalization, in accordance with [21]. We assume that the
cyclic prefix is longer than the channel delay spread so that

1Note that the transmitter and receiver lie in the same horizontal plane in our
experimental setup, and therefore, strictly speaking, the true LOS direction is
(90 , 0 ). However, a planar array is inherently incapable of steering its beam
along its plane, with a consequent shift from the true zenith DOA, so that the
estimation error �� = j90 � �j > 0.

Fig. 5. The multipath angular power spectra of the indoor line-of-sight (LOS)
UWB channel. The transmitter is located at (�; �) = (90 ; 0 ). The spectra
are normalized with respect to the maximum intensity and thresholded to 20 dB
below it.

no intersymbol interference (ISI) occurs. In this treatment, we
consider the uncoded bit-error rate (BER) of the system for
a binary antipodal signaling scheme. Then the instantaneous
probability of error for a given discrete-time power-normalized
channel impulse response, , is given by

where is the complex channel gain at the
discrete frequency component, is the Marcum-Q function,

is the SNR, is the bit energy, and is the noise
power spectral density. This reception scheme is suboptimal in
that, in the absence of channel coding, it approaches but does
not achieve the matched filter bound for a flat-fading Rayleigh
channel [18]. It is, however, sufficient for the pre- and post-com-
pensation channel comparison in this paper. We randomly select



MALIK et al.: ULTRAWIDEBAND ANTENNA DISTORTION COMPENSATION 1905

Fig. 6. The bit-error probability (BER) as a function of the signal-to-noise ratio
(SNR). An SNR penalty may be incurred on antenna compensation due to an-
gular noise enhancement at the antenna radiation pattern nulls.

1000 channel realizations from the measurement ensemble for
the error probability evaluation.

The mean BER of the system before and after antenna com-
pensation is shown in Fig. 6. The SNR degradation due to com-
pensation is found to be less than 1 dB for our measurements.
The results will vary to an extent with other antennas or prop-
agation environments. However, the indoor office environment
and omnidirectional antennas used in our analysis represent a
typical operating scenario for an indoor wireless network, and
the general results are therefore useful.

E. Small-Scale Fade Mitigation

An important design objective for wireless communications
systems is the reduction in small-scale fading and spatial vari-
ability of the channel. We now show that the antennas contribute
to this fading, and removing their effects thus reduces the spatial
variation. For this purpose, we consider the values of the mean
excess delay, , and the maximum excess delay, , ex-
tracted from the local ensemble of channel responses measured
over a 1 region. The definitions of these delay spread param-
eters can be found in [22].

Fig. 7 shows the spatial variation of with and without
antenna compensation. Fig. 7(a) shows the interference pat-
tern formed due to multipath. In Fig. 7(b), however, ignoring
the edges, the variation is reduced considerably, and a lower
mean value is obtained. Similar behavior can be observed for

from Fig. 8, including increased spatial uniformity and
reduction in small-scale variability. Note that the edge effects
in Figs. 7 and 8 arise as a spatial filtering artifact. This is due to
the specific radiation pattern having increased the amplitude of
higher spatial frequency components in the far-field plane.

F. Delay Spread Compression

The channel delay spread is inversely related to the achiev-
able data-rate, and is therefore of fundamental importance in
communications system design. Therefore we next consider the
statistics of the channel delay spread before and after antenna

Fig. 7. The spatial variation of the multipath mean excess delay.

compensation. The cumulative distribution functions (CDFs)
of the mean and maximum excess delay are estimated from
the local channel measurement ensemble. In order to avoid the
edge effects in the post-compensation channel responses, we ex-
clude the channels that lie close to the periphery of the planar
measurement region. Thus we consider only and

for this analysis, where
and , such that de-
fines the points in the peripheral region of the Cartesian-domain
channel measurement, where we have assumed the center of the
receiving grid to lie at the origin of the coordinate system. By
an inspection of the 1 spatial patterns in Figs. 7 and 8, a 0.1
m wide peripheral band is found suitable to exclude the edges
from the statistical analysis.

Fig. 9 shows the mean and maximum delay spread CDFs thus
obtained. The mean excess delay has an average value of 8 ns
before compensation, which falls to 6.7 ns after compensation.
Similarly, the maximum excess delay is reduced by 3 ns due to
compensation. In addition, the variance of the maximum excess
delay distribution is reduced considerably, as evident from the
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Fig. 8. The spatial variation of the multipath maximum excess delay.

Fig. 9. Cumulative distribution functions (CDFs) of the UWB indoor channel’s
pre- and post-compensation delay statistics.

straightening of the post-compensation CDF in the figure, indi-
cating decreased small-scale spatial variability of the channel.

This delay spread reduction quantifies the channel dispersion
mitigation achieved by antenna compensation.

V. CONCLUSION

This paper has discussed an antenna array based scheme
for mitigating the channel distortion introduced by the an-
tennas. The wideband equalization of the antenna radiation
pattern can provide a quasi-isotropic reconstruction of the
propagation channel. The DOA estimation results in this
paper have shown that antenna compensation of this type
can remove antenna-based source localization ambiguities,
thus significantly enhancing the performance of the localizing
sensors. The spectral anisotropy of a typical UWB antenna
also reduces the effective channel bandwidth and increases the
delay spread. Antenna compensation leads to a reduction in the
spatial small-scale fading and temporal dispersion introduced
by antennas. As the channel delay spread and the achievable
data rate are directly related, this delay spread compression
translates into an increase in the achievable information rate.
This performance improvement in localization estimation and
reduction in spatial variability does, however, incur an SNR
penalty, which is an inherent problem of the technique; in our
measurements, the SNR degradation is found to be about 1
dB. Our analysis has demonstrated that the distortion due to
the antennas can be substantial for UWB systems, significantly
affecting the channel characteristics and consequently the link
performance. UWB antennas with spatio-spectrally uniform
radiation characteristics pose a considerable design challenge,
especially considering the cost and size constraints of elements
for wireless sensors and handsets. Antenna distortion com-
pensation can, however, be used effectively to mitigate the
shortcomings of a nonideal UWB antenna.
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