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Abstract—The use of ultra-wide bandwidth, while keeping a
low power spectral density, is a promising approach for high-data
rate communications as well as low-power communications and
geolocation. The use of multiple antenna elements at transmitter
and receiver (MIMO) can further increase data rate, system
robustness, and precision of localization. The ultimate perfor-
mance of MIMO-UWB systems is determined by the propagation
channels they operate in. This paper provides an overview of
the state-of-the-art in UWB-MIMO channel measurement and
modeling. The most popular technique for measuring UWB-
MIMO channels is based on vector network analyzer sounding
of the channel, together with the use of virtual arrays. Data are
frequently evaluated by application of high-resolution parameter
estimation methods in (relatively narrowband) subbands of the
considered bandwidth; though interference-cancellation based
techniques in the delay domain are popular as well. The most
frequently used channel models are either generalized Saleh-
Valenzuela models (where directional information has been
added), or geometry-based stochastic channel models. We find
that in general, the angular power distribution can depend on
the considered frequency range of the UWB signal. This, together
with the frequency dependence of antenna elements and array
patterns, leads to frequency-varying correlation and capacity of
UWB-MIMO propagation channels.

I. INTRODUCTION

Ultrawideband (UWB) communications systems are defined

as having a relative bandwidth larger than 20% or an absolute

bandwidth larger than 500 MHz [1], [2], [3]. They have been

studied intensely since the pioneering work of Win and Scholtz

[4], [5], [6], because can provide low interference to legacy

systems operating in the same band, high resistance to fading

and interference, and capability for precision ranging [7], [8],

[9].

Up until approximately 2005, UWB research concentrated

on single-antenna systems. In recent years, there has been

an increased interest in UWB systems with multiple antenna

elements at transmitter and receiver (multiple-input - multiple-

output systems, MIMO) [10]. There are a number of reasons

for this interest:

1) Multiple antennas allow beamforming, and thus an

increase in the effective signal-to-noise ratio at the

receiver. This is especially important for range extension

of high-data-rate systems, because they do not have

offer the possibility of large spreading gains. Remember

that for UWB, the regulatory restrictions on the total

transmitted power impose severe limits on the range of

UWB systems.

2) Multiple antennas allow to improve the accuracy of

localization of UWB transceivers. This application is im-

portant in sensor networks (where sensor nodes should

be able to determine their own location), and UWB

radar.

3) Multiple antennas can also help to increase the robust-

ness to fading. However, since UWB is, by itself, quite

robust to small-scale fading due to the large amount of

frequency diversity, the effect of space-time codes and

other multi-antenna fading-mitigation techniques is less

pronounced than in narrowband systems.

4) When multiple antenna elements are present at both

transmitter and receiver, spatial multiplexing can be used

to increase the total feasible data rate. This method is

of special interest for systems with target data rates

beyond 1 Gbit/s. Note that spatial multiplexing can also

exploit different polarizations in addition to (or instead

of) spatially separated antenna elements.

When designing new MIMO-UWB systems, or evaluating

the performance of existing systems, it is indispensable to

have a detailed understanding of UWB-MIMO propagation

channels. Performance limits (such as channel capacity for

communications, Cramer-Rao bound for localization) are de-

termined by the propagation channel, as is the performance of

a practical system. The current paper thus reviews the methods

for measuring and modeling of MIMO-UWB systems, and

describes what results have been obtained from existing mea-

surement campaigns.

Section II describes various methods of characterizing

MIMO-UWB channels (note that extensive overviews of "con-

ventional" UWB channels are given in [11], [12]. Sec. III

summarizes how MIMO-UWB channels can be measured, and

the parameters of the multipath components (MPCs) can be

extracted. Next, stochastic and geometric channel modeling

approaches are adapted to the UWB case, followed by a sum-

mary of channel model parameters that have been extracted

from measurement campaigns. A summary and conclusions

wrap up this paper.

II. CHANNEL CHARACTERIZATION

A. Double-directional channels

One method of characterizing MIMO-UWB channels is the

generalization of the double-directional channel model [13] to

the UWB case. The double-directional channel model writes



the total impulse response as a sum of double-directional

contributions hi of N MPCs

h(~r, τ,Ω,Ψ) =

N(~r)∑
i=1

hi(~r, τ,Ω,Ψ). (1)

where the spatial angle Ω is the direction of arrival (DOA)

of MPCs at the RX antenna, and the direction of departure

(DOD) of waves from the TX antenna is denoted by Ψ. The

contribution of an MPC at a receiver location ~r can be written

as a phase-shifted version of the contribution at a reference

point ~r0 with a phase shift

Φ(~r, ~r0, f) =
2π

c0
f〈~e(Ωi), ~r − ~r0〉. (2)

where ~e(Ωi) is the unit vector in the direction of the DOA,

and 〈., .〉 denotes the inner product. The equation for phase

shifts at the transmitter is analogous. This equation is valid

for distances ~r−~r0 that are small enough so that the power of

the MPCs is constant within that range; we also assume that

wavefront curvature of each MPC does not play a role; this

range is called the "region of stationarity".

The contributions of the MPCs are written as

hi(~r0, τ,Ω,Ψ) = αiχi(τ − τi)δ(Ω− Ωi)δ(Ψ−Ψi), (3)

when it can be assumed that the MPCs have discrete DOAs

and DODs that do not depend on the frequency. The complex

amplitude αi is

αi =

(
αϑϑi αϑφi
αφϑi αφφi

)
(4)

where ϑ and φ denote polarization along the ϑ and φ angles

of a spherical coordinate system, respectively (due to the far-

field assumption, two orthogonal polarizations are sufficient

for the characterization). The function χi(τ) denotes the (time-

varying) distortion of the i−th MPC due to the frequency

selectivity of the interactions with the environment; we assume

here that it is the same for all polarizations. Note that the

presence of χi(τ) is the distinguishing property of UWB

channels; for χi(τ) = δ(τ), the conventional narrowband

model is recovered.1 Also note that in general, this distortion

function might change with time (or location), but it can be

assumed to be constant within a region of stationarity. Finally,

we note that the distortion function depends on Ωi and Ψi

(this dependence is included in our notation implicitly in the

dependence on i).2

Most measurements describe not the detailed characteristics

of the MPCs, but rather the power-weighted probability density

function of the DOA azimuth φ, which is called the Azimuth

Power Spectrum APS(φ) (and, similarly for the DOD). An

1Note that our discussion assumes that the channel exhibits a large relative
bandwidth (see [12] for a discussion); it can also have large absolute

bandwidth, but need not.
2For space reasons, this paper does not discuss the measurement and

modeling of the channel polarization. Note that MIMO systems can be

built up without any spatially separated antennas, purely by exploiting the

decorrelation of the propagation of different polarization states.

even more compact description is the angular spread at the two

link ends, which is defined3 as the second central moment of

the angular power spectrum APS

Sφ =

√∫
APS(φ)φ2dφ∫
APS(φ)dφ

−
(∫

APS(φ)φdφ∫
APS(φ)dφ

)2
. (5)

It must be noted that even within a "region of stationarity",

the wide-sense stationarity (WSS) as defined by Bello [15] is

not valid. The arrival times of the MPCs (and thus the fading

statistics) change significantly over small distances. Similarly,

the uncorrelated scattering (US) condition is not fulfilled in

UWB channels, since the mean power changes with carrier

frequency.

B. Channel matrix and correlation

An alternative description of MIMO-UWB channels is the

transfer function matrix, where the i, j-th element of the

matrix contains the transfer function from the j-th transmit

to the i-th receive antenna element. Similar to the narrowband

case, the transfer function matrix can be obtained from the

double-directional impulse response and the antenna pattern,

by weighing and adding up the contributions of the MPCs

hi(~r0, τ,Ω,Ψ) with the antenna patterns in the particular

directions [16], [17].4

However, several effects must be noted: (i) the runtime

of a wave through an array. The same MPC arrives at the

antenna elements at different times, and this relative delay

depends on the DOAs and DODs. Equivalently, we can say

that the phase shift between two antenna elements at locations

~r and ~r0, as given by Eq. (2), depends on the frequency. (ii)

the antennas exhibit a finite-support impulse response, whose

shape might differ depending on the considered direction [19];

in other words the antenna pattern of the antenna elements

changes with frequency [20]. In conjunction, these effects

work together with the frequency dependence of the channels

themselves.

Mutual-coupling effects should also be taken into account

[21]. This mutual coupling depends, of course, on the spacing

between the antenna elements, but also on the construction of

the antenna elements themselves: e.g., an array of biconical

antennas will have a different mutual coupling than an array

of patch antennas [22]

From the transfer function, we can obtain the correlation

function, and the correlation distance; these quantities are

discussed in more detail in Sec. III.A.

III. CHANNEL MEASUREMENT AND DATA EVALUATION

A. Measurement techniques

Measurements of the channel characteristics have to form

the basis for any channel model. As for the single-antenna

case, there are two canonical ways of measuring the de-

lay/frequency characteristics: in the delay domain (commonly

3other definitions of the angular spread exist [14].
4Alternatively, one can use the spherical modes of the antenna to compute

the impact of the channel on diversity and other MIMO characteristics [18].



using a pulse generator or a PN sequence generator as trans-

mitter, and an oscilloscope as receiver), or in the frequency

domain (commonly using a vector network analyzer, VNA).

The directional characteristics are usually obtained from a

"synthetic array" measurement. In this type of measurement,

only a single transmit antenna element is available, and it is

moved mechanically to the different array element positions

(and similar for the receive array); in other words, the elements

Hij of the transfer function matrix are measured one at a time.

The method works only if the environment stays completely

static during the measurement of all elements of the transfer

function.

An alternative to the virtual array is the "switched antenna"

principle, where multiple antenna elements are, via an elec-

tronic switch, connected one after the other to a single RF

chain. Since the switch acts much faster than the mechanical

movement of an antenna element, measurement time is shorter,

and requirements for the channel to be static are lower. A

UWB sounder built according to this principle is described in

[23], [24].

Yet another alternative is measuring the directional charac-

teristics by means of a strongly directional antenna, e.g., a

horn antenna.

Ray tracing, which solves the high-frequency approximation

to Maxwell’s equations with given boundary conditions, is

an attractive method for avoiding the effort and complication

of directional measurements. Ray tracing provides the direc-

tional information of the multipath components "for free".

[25] provides a comparison between performance of UWB

systems obtained by using actual channel measurements in

the simulations, and those obtained from ray tracing channels.

Other examples for ray tracers used to obtain spatio-temporal

channel models are, e.g., [26], [27], [28], [17], [29].

B. Parameter extraction methods

The measurement methods described above provide the

transfer function matrix, or, equivalently, a matrix of impulse

responses. In either case the effects of the MPCs of the

propagation channel and the antennas are mixed together. If

we wish to extract the characteristics of the MPCs (in order to

obtain a double-directional channel characterization), further

processing of the data is required.

The first method to be applied to UWB parameter extrac-

tion was the CLEAN algorithm [30], which is essentially

a successive-interference algorithm. At each sample time, it

forms beams into different directions, and picks the one at

whose output the received signal shows the largest magnitude;

the direction of this beamformer determines the DOA of

the strongest MPC. The contribution of this MPC is then

subtracted from the measured data, and the process is re-

peated, until the remaining energy falls below a threshold.

The approach was extended in [31] to handle polarization. The

scatterer location and interference can be further improved if

measurement data are available from a long array, i.e., an array

that is so long that wave curvature over the array becomes

noticeable [32].

Fig. 1. Measured impulse response on an 8 m virtual array at a gas station.

From [32].

Another way of evaluating double-directional UWB chan-

nels is to consider frequency subbands that have less than

approx. 10% relative bandwidth. Then, we can apply conven-

tional directional high-resolution techniques, such as ESPRIT

[33] or SAGE [34], in each of those subbands separately.

Comparisons of the different subbands then show how the

frequency dependence of the propagation effects changes the

angular (and delay) structure of the arriving signals. It is

advisable to choose the subbands in such a way that antenna

characteristics stay constant within the subband. Discussions

about the various tradeoffs in the choice of subband width can

be found in [35].

As an example, [36] applied unitary ESPRIT in subbands

of 3.1 − 4.85, and in 6.2 − 9.7 GHz. They found that some

clusters only occurred in specific subbands. [35] developed a

maximum-likelihood based algorithm that uses sub-banding,

and that also estimates the curvature of the wavefronts (most

other algorithms assume homogeneous plane waves). MUSIC

is used in [37]. Ref. [38] provides high-resolution estimates of

the MPC parameters by means of a Particle Swarm Optimizer

(PSO). This PSO aims to select the MPC parameters in such

a way as to match a generalized Capon spectrum.

For localization applications, a particular area of interest is

the determination of the TOA and DOA of the first component.

[39] propose a two-step procedure where it is not necessary

for the receiver to know the received pulse shape (and thus,

distortions of the pulse by frequency selectivity of the channel,

antennas, and receiver filters are not a problem). Once syn-

chronization has been obtained, the TOA estimator consists of

finding the first delay that exceeds a (given) threshold, in the

power delay profile (PDP) averaged over all directions; the

DOA is then obtained as the maximum of the ADPS at the

thus-determined delay.

IV. GENERIC MODELING APPROACHES

A. Saleh-Valenzuela and other tapped-delay-line models

It has been observed in many measurements that the MPCs

are arriving in clusters. The most popular model reflecting this

structure is the Saleh-Valenzuela model [40], which has been

adopted (with some modifications) to UWB in the standardized

IEEE 802.15.3a [41] and IEEE 802.15.4a channel model [42].



Following the approach of [43] the impulse response can be

written as

hSV(t, τ) =

L∑
l=0

K∑
k=0

ak,l(t) (6)

χk,l(τ − Tl − τk,l)δ(Ω− Ωk,i)δ(Ψ−Ψk,i),

where ak,l is the tap weight of the kth component in the lth
cluster, Tl is the delay of the lth cluster, τk,l is the delay of

the kth MPC relative to the l-th cluster arrival time Tl. K
is the number of MPCs within a cluster. L is the number of

clusters. A considerable number of papers uses this model with

the simplification χk,l(t, τ) = δ(τ), just like the traditional

SV model on which it is based, does not exhibit a frequency

dependence of the paths. Simulators based on this model were

suggested, e.g, in [44].

For the SV, as well as other tapped delay line models, the

remaining question is then how to model the angular spread of

the clusters. Many papers prescribe a Laplacian or Gaussian

APS for each of the clusters. Another approach is to directly

model the correlation between the entries of the transfer

function matrix. [45] use a simple Kronecker model where all

entries into the correlation matrix have a single fixed value.

A more detailed model for the space-frequency correlation

should take into account not only that the correlation depends

on the distance between the antenna elements but also that

the correlation is impacted by the direction-dependent runtime

of the MPC through the considered array. The latter effect

leads to a correlation function can then be written as a

matrix product of a "conventional" space-frequency correlation

matrix with a matrix that reflects the impact of those runtime

differences [46] .

If the angular spread is constant, then the correlation length

should decrease with frequency [47]. This effect is mostly

visible for LOS situations. For NLOS, and in particular when

there is unequal probability of shadowing at the antenna

elements, the dependence of the correlation coefficient on

frequency and even antenna element spacing can be less

pronounced [48].

B. Geometry-based models

Geometry-Based Stochastic Channel Models (GSCMs)

place Interacting Objects (scatterers) at random in geometric

space, and assumes that only single-scattering processes occur.

The impulse response is then obtained by a ray tracing

procedure that is extremely simple (due to the single-scattering

assumption. The directional information is provided implicitly,

from the knowledge of the scatterer location. GSCMs can

be adapted to the UWB case by prescribing a frequency

dependence for the scattering coefficient of each scatterer, or

equivalently, the pathloss of each MPC. The most common

way of incorporating this frequency dependence is to assume

the same dependence, f−2κ, for all MPCs [49], [50], [32].

UWB GSCMs with particular, intuitive rules for the scat-

terer distributions were proposed in [51] and later modified

by [50]; these papers also discuss how the distribution of the

Fig. 2. Clusters of MPCs in an indoor residential environment. From [54].

scatterers can then be mapped onto the azimuth-delay power

spectrum (ADPS) by means of transformation rules. Ref. [49]

suggests a model that combines geometrical and stochastic

aspects. The delays and directions of the "individual echoes"

are obtained from a simple ray tracer in a regular (rectangular)

room, whose dimensions can be adjusted to fit the environment

of interest. Each of the individual echoes is associated with a

cluster that is exponentially decaying in delay, but shows no

angular spread. The UWB nature of the channel is taken into

account by a f−2κ law. In a similar spirit, [52] augments ray

tracing results with diffuse scattering to obtain a better match

to measured impulse responses.

The above papers assume that each scatterer is an om-

nidirectional retransmitter, and is not influenced by other

scatterers. Recent work [32], [53] shows that scatterers actually

exhibit a "beam pattern": when illuminated from a particular

direction (the TX direction), they tend to scatter this radiation

non-isotropically. Also, an advanced geometric model should

account for a location-dependent shadowing of the LOS com-

ponent.

V. PARAMETERIZATION

A. Residential, Office, and Outdoor Environments

In residential environments, there is a considerable number

of distinct clusters of MPCs, which often can be associated

with reflections on particular walls. In an extensive measure-

ment campaign in an apartment building, [54] identified on

average 8 clusters of MPCs, each of which had an angular

spread of less than 10 degrees. The most significant clusters

were coming from an angular sector of about 60 degree

opening. In another measurement campaign [47] measured

correlation distances (which are related to angular spreads

via an uncertainty relationship) of approx. 7.5 − 20 cm. The

overall measured angular spread seems to decrease somewhat

with frequency according to the measurements of [47]; from

plots in that reference, it can also be observed that MPCs that

seem to belong to a single cluster at low frequencies can be

separated into distinct clusters at higher frequencies.

[36] used a generalized Saleh-Valenzuela model to para-

meterize an indoor measurement campaign. For the azimuth,

they found that the relative ray DOA (with respect to the

cluster mean DOA) could be described well by a Laplacian



Fig. 3. Frequency dependence of correlation coefficient. From [57].

distribution. The standard deviation was on the order of

10 − 30 degree, and decreased with increasing frequency.

The distribution of the elevation was better described by a

Gaussian curve, with standard deviations around 10 degree;

those standard deviations showed little dependence on the

frequency. Measurements of the correlations of the signals

generally indicated correlation distances of less than 8 cm [55],

[56], [57].

[30] measured an average angular spread (computed from

time-domain data) of 38 degree. Note that the underlying

measurements were in the 0.1− 1 GHz range, while the other

measurements described here were in the 3− 10 GHz range.

In forest environments, there is usually a LOS component.

As a consequence, the correlation distances are much larger

than in the (indoor) NLOS situations discussed above. Mea-

surements revealed correlation distances ranging from 6 to

more than 120 cm [58]. In an outdoor gas station environment,

[53] found clusters to be approximately uniformly distributed

in space (which leads generally to a large angular spread in

the NLOS case).

B. Body-area Networks

[59] measured the frequency-dependence of the capacity

of body-area networks. They found that the capacity slightly

decreases with frequency, even though they seem to have

normalized the transfer function such that the average re-

ceive power is the same in each considered subband; this

corresponds, e.g., to the case of transmit power control. This

can be explained by the fact that the correlation coefficient

between the antenna elements stays essentially unchanged with

center frequency. The same paper showed that the path loss

also for body area networks increases with frequency; for

systems without transmit power control, we can thus anticipate

a strong decrease of capacity with frequency. [60] performed

measurements in a similar setup. They found a somewhat

stronger decrease of the correlation with frequency. They also

found that the contributions of the waves diffracted by the

body are strongly correlated, but that contributions of the

MPCs reflected by the surrounding environment lead to a

significant decorrelation.

VI. SUMMARY

In this paper, we have reviewed models for the MIMO-UWB

propagation channel. Double-directional, non-WSSUS impulse

responses, or transfer functions with frequency-dependent

correlation functions, are generic ways of describing the

propagation characteristics. Models can be based either on

tapped-delay line representations, or geometric approaches. It

is noteworthy that the number of existing measurement cam-

paigns is still too low to allow statistically reliable statements

about UWB channels. Furthermore, even quite fundamental

questions, like how to extract distortion functions χ from

measurements, are as of yet unsolved. This lack of knowledge

about channel behavior hampers the development of advanced

MIMO-UWB communications and radar systems, and moti-

vates further research in this area.
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