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Correlation-based double-directional stochastic
channel model for multiple-antenna ultra-wideband
systems

X. Hong, C.-X. Wang, B. Allen and W.Q. Malik

Abstract: A correlation-based double-directional stochastic channel model for indoor
multiple-input multiple-output (MIMO) ultra-wideband (UWB) propagation channels is proposed.
The proposed model extends the IEEE 802.15.3a standard model to spatially correlated MIMO
channels. Both angular and temporal statistics are taken into account in the modelling procedure.
Spatial correlation is introduced into the multipath amplitude and time-of-arrival (ToA) matrices
of the channel model. Each amplitude matrix consists of entries of correlated lognormal random
variables, whereas each ToA matrix is obtained as the sum of a reference matrix and a difference
matrix. The frequency-dependent spatial correlation function is derived to give an insight of model
properties. Model parameters are determined based on well-known measurement campaigns. In
addition, simulation-based analysis indicates that this model has desirable spatial correlation prop-
erties in both the time and frequency domains. The ToA correlation matrix was also found to have
dominant effects on the correlation characteristics. This suggests that future research into spatial
correlation properties of MIMO-UWB channels should focus on ToA correlation characteristics,
rather than amplitude correlation characteristics, which are the current focus of narrowband and
wideband MIMO channel research.
1 Introduction

Ultra-wideband (UWB) wireless systems have attracted
great interest in both industry and academia during the
past few years. By definition, UWB systems are severely
limited in the transmit power but have very large
bandwidth. Compared with conventional narrowband
systems, UWB communication systems show a number of
important advantages such as resistance to fading, high
capacity, low power consumption and potentially low
cost. As a result, UWB is widely envisioned as a universal
technology for short range communications and sensor
networks [1].

However, UWB’s competitiveness is diminishing with
advances in competing high data rate technologies, such
as high speed packet access [2] and millimeter wave com-
munications [3]. Multiple-input multiple-output (MIMO)
is a promising technique that can be used to enhance
UWB systems to extend the coverage, increase the robust-
ness of the link and offer multi-gigabit rates [4–9]. A
MIMO-UWB system deploys multiple antennas at both
ends of the communication link and can be leveraged to
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provide array gain, diversity gain and multiplexing gain or
a combination of all these. Array gain increases the
signal-to-noise ratio valuable to power-constrained UWB
systems and can be achieved by beamforming [4].
A 5.9 dB array gain, for instance, can compensate for trans-
mission loss through a brick wall [1, pp. 280] or extend the
coverage to approximately two times in an open space [5].
Diversity gain can either improve link robustness or
extend coverage [5–7], whereas multiplexing gain can
extend the UWB data rate to multiple gigabits [5, 8, 9].
There are trade-offs among the above gains [10] and one
can be sacrificed for another depending on the requirements.
Besides these well known gains, MIMO-UWB holds other
promises such as interference cancellation [11], immunity
against timing jitter [12] and reducing the complexity of
Rake receivers [13, 14]. Furthermore, single-antenna
UWB systems can cooperatively form a virtual MIMO
system that can especially be useful for energy-constrained
sensor devices.
Appropriate characterisation and modelling of

MIMO-UWB propagation channels is indispensable for
the design and performance evaluation of these systems.
The current IEEE 802.15.3a and 802.15.4a channel
models, however, do not support MIMO-UWB channels
[15]. The unrealistic assumption of spatially uncorrelated
channels will convert a MIMO-UWB channel into indepen-
dent single-input-single-output (SISO) channels [15].
Because of its simplicity, this assumption has been
applied to evaluate the performance of MIMO-UWB
systems in [6, 7, 16]. However, since realistic
MIMO-UWB channels are in general spatially correlated
[17], such an assumption will lead to positively biased esti-
mates of the system performance [18]. Moreover, the
assumption of uncorrelated channels gives no guideline
for antenna deployment in a practical system, such as
IET Microw. Antennas Propag., 2007, 1, (6), pp. 1182–1191



spacing requirements of antenna arrays. Therefore it is of
fundamental importance to theoretically analyse and simu-
late the spatial correlation properties of MIMO-UWB chan-
nels. This will enable us to study the impact of spatial
correlation on the performance of MIMO-UWB systems
and to derive realistic performance bounds.

To the best of the authors’ knowledge, there are only a
few MIMO-UWB channel models presented in the litera-
ture. A geometrically-based stochastic model [19] for space-
variant UWB channels was presented in [20, 21] and a
simple parametric stochastic model (PSM) [19] was intro-
duced in [22]. A major drawback of these two models is
that it is difficult to integrate them into a theoretical frame-
work. This is largely because of the fact that they have
implicit spatial correlation characteristics. Consequently,
they provide little insight into the capacity and signalling
design for a realistic MIMO-UWB system. From the
information-theoretic and signal processing perspective, it
is more desirable to have a correlation-based stochastic
model (CBSM) [19] that can address explicitly the spatial
correlation characteristics of MIMO-UWB channels. In
[12], a CBSM adopting the tapped-delay-line structure
was presented and the UWB channel coefficients were
characterised as real Gaussian random variables (RVs).
The accuracy of such a model is poor since the clustering
effects [15], typically observed in UWB channels, were
not taken into account. An improved CBSM was proposed
in [23] based on the IEEE 802.15.3a standard SISO-UWB
model [15]. The IEEE 802.15.3a model describes the
UWB channel as a discrete sum of multipath components
(MPCs), each characterised by its real-valued amplitude
and time-of-arrival (ToA). Note that this approach differs
from traditional narrowband/wideband channel modelling
where MPCs are characterised by complex RVs. In [23],
the multipath amplitudes from different antennas were con-
sidered as spatially correlated, whereas the ToAs were
assumed to be spatially identical. This assumption in [23]
implies that the correlation properties of MIMO-UWB
channels can largely be represented by the spatial corre-
lation of multipath amplitudes in the sub-channels,
whereas the differences of ToAs can be neglected. This
assumption is intuitively incorrect, since the high time res-
olution of UWB signals will result in ToA differences
even between closely-spaced array elements.

In this paper, we propose a MIMO-UWB channel model
which combines the advantages of both CBSM and PSM
approaches. On one hand, the proposed model adopts the
tapped-delay-line structure and incorporates angle-of-arrival
(AoA) and angle-of-departure (AoD) double directional
characteristics, as in a PSM [24]. On the other hand, the
model deploys a correlation-based structure to provide
explicit expressions of the spatial correlation properties of
a MIMO-UWB channel, as in a CBSM [25]. Different
from [23], the proposed model takes into account the
spatial variations of not only multipath amplitudes but also
ToAs. For each MPC, an amplitude correlation matrix and
a ToA correlation matrix are defined separately. Such a
modification is not trivial since the ToA correlation is
shown to be crucial in obtaining frequency-dependent corre-
lation properties, which is typical for MIMO-UWB channels
[26–28]. Simulation results demonstrate that the correlation
characteristics of our model match experimental obser-
vations [9, 26–29] in both the time and frequency
domains. Also, the proposed model is consistent with the
IEEE 802.15.3a model [15] and extends it from SISO to
MIMO systems.

The rest of the paper is organised as follows. A double-
directional SISO-UWB spatial channel model (SCM) is
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introduced in Section 2. In Section 3, we propose a
correlation-based double-directional MIMO-UWB channel
model and analyse its spatial correlation properties.
Section 4 evaluates the proposed model based on simulation
results and discusses their implications. Finally, conclusions
are drawn in Section 5.

2 A double-directional SISO-UWB channel
model

2.1 A double-directional Saleh–Valenzuela (S–V)
model

The IEEE 802.15.3a group proposed a standard SISO-UWB
channel model [15] derived from the S–V model [30] with
some modifications. The S–V model describes the multi-
path clustering effects typically observed in indoor chan-
nels. It expresses the channel impulse response as a
collection of clusters, where each cluster is itself a collec-
tion of several closely arriving rays. The clusters are deter-
mined by the macro layout of scatterers such as the ceiling,
furniture and people, while the rays are formed as a result of
the micro attributes of scatterers such as their shapes. In the
case of UWB, because of its large bandwidth and fine time
resolution, different parts of the same object can give rise to
several rays, all of which would be part of a cluster.
One drawback of the IEEE 802.15.3a model is that it does

not consider the directional properties of the channel. Thus,
this model cannot be directly extended to MIMO-UWB
channels. Our first task is therefore to incorporate direc-
tional characteristics [24] into the IEEE 802.15.3a model,
resulting in SISO-UWB double-directional S–V model.
Its channel impulse response can be expressed as

h(t, f T , fR) ¼ X
XL
l¼0

XK
k¼0

ak,ld(t � Tl � tk,l)

d(fT � fk,l,AoD)d(fR � fk,l,AoA)

(1)

where X is the shadowing factor, ak,l the multipath gain
coefficient for the kth (k ¼ 0, . . . ,K) ray of the lth
(l ¼ 0, . . . ,L) cluster, Tl the arrival time (delay) of the
first ray of the lth cluster, tk,l the delay of the kth ray of
the lth cluster relative to the first ray arrival time
Tl, fk,l,AoA and fk,l,AoD the AoA and AoD for corresponding
rays, respectively. Since in this paper we only focus on the
small scale fading behaviour of the channel, the shadowing
factor X will be neglected from this point. Note that by defi-
nition, T0 ¼ t0,l ¼ 0 [15]. Therefore 1k,l ¼ Tl þ tk,l stands
for the delay relative to the first arrival and is called
‘excess delay’. In this model, the channel impulse response
is described as a discrete sum of rays, each characterised by
its amplitude, ToA, AoA and AoD. The details of these
parameters will be discussed subsequently.

2.2 Angle of arrival and angle of departure

We adopt the approach used in the 3GPP SCM [31] and con-
struct fk,l,AoA and fk,l,AoD from Fig. 1 as

fk,l,AoA ¼ uR þ dl,AoA þ wk,l,AoA (2)

fk,l,AoD ¼ uT þ dl,AoD þ wk,l,AoD (3)

respectively. Here, uR and uT are the angles between the
transmitter–receiver LOS and the broadside of the transmit-
ter and receiver, respectively, dl,AoA and dl,AoD the AoA and
AoD for the lth cluster with respect to uR and uT, respect-
ively, wk,l,AoA and wk,l,AoD the offset angles for the kth ray
1183



of the lth cluster with respect to dl,AoA and dl,AoD,
respectively.

A few directional measurements of UWB channels are
reported in [20, 28, 32–35]. The measured UWB channels
are shown to have different directional properties, which
likely result from different measurement environments and
channel-sounding bandwidth. In this paper, we parameterise
the angles in (2) and (3) based on [32, 33]. First, uR and uT
are treated as independent RVs uniformly distributed from 0
to 3608. Secondly, we assume that dl,AoA and dl,AoD also
follow uniform distributions from 0 to 3608. Such a
uniform cluster distribution is observed in [32] for
non-line-of-sight (NLOS) and in [33] for line-of-sight
(LOS) scenarios. Finally, according to measurements in
[32], wk,l,AoA and wk,l,AoD are Laplacian distributed with
zero mean and angle spread Vclu ¼ 388. It is assumed that
fk,l,AoD and fk,l,AoA are mutually independent and are
both independent of the ToA 1k,l. The introduction of corre-
lation into fk,l,AoD, fk,l,AoA and 1k,l is possible but will
increase the complexity and reduce the analytical traceabil-
ity of the channel model.

2.3 Time of arrival

Both Tl and tk,l are characterised by Poison processes given
by [15]

p(TljTl�1) ¼ L exp [�L(Tl � Tl�1)], l . 0 (4)

p(tk,ljtk�1,l) ¼ l exp [�l(tk,l � tk�1,l)], k . 0 (5)

where L is the cluster arrival rate and l the ray arrival rate.

2.4 Amplitudes

In a band-limited, dense multipath channel, an individual
resolvable ray is in general the superposition of several irre-
solvable MPCs, which causes the fading of the ray ampli-
tude jak,lj. Because of the ultra-wide bandwidth of UWB
systems, the number of MPCs in a resolvable ray is small,
resulting in a much smaller fade depth compared with nar-
rowband systems [1]. Consequently, various amplitude dis-
tributions have been suggested [36] to replace the classic
Rayleigh distribution, including Nakagami [20, 37], lognor-
mal [38], and Weibull [39, 40] distributions. Following the
IEEE 802.15.3a model, we adopt a dual-lognormal distri-
bution that gives the channel amplitude coefficient by [15]

ak,l ¼ zk,ljlbk,l (6)

where zk,l takes the value of equiprobable+1 to account for
signal inversion because of reflections, jl represents the
fading associated with the lth cluster and bk,l corresponds
to the fading associated with the kth ray of the lth
cluster. Both jl and bk,l are lognormally distributed RVs

Fig. 1 Relationships of angles [31]
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given by jl ¼ 10vl=20 and bk,l ¼ 10(mk,lþvk,l)=20, respectively.
Here, vl and vk,l are zero-mean Gaussian RVs with standard
deviations of a1 and s2, respectively. The mean value mk,l is
calculated as [15]

mk,l ¼
10lnP0�10Tl=G�10tk,l=g

ln10
�
(s2

1 þs2
2 ) ln10

20
(7)

to fulfil the power delay profile given by [15]

E{jak,lj
2}¼P0 exp

�Tl
G

� �
exp

�tk,l

g

� �
(8)

In (7) and (8), G is the cluster decay factor, g the ray decay
factor and P0 the mean energy of the first ray of the first
cluster. The values of s1 and s2 are determined empirically
in [15].

3 Correlation-based MIMO-UWB channel
construction

3.1 MIMO-UWB channel impulse response and
channel matrix

Given an impinging ray that consists of several irresolvable
MPCs, different antenna elements at different locations in
space might have different perceptions of its amplitude,
ToA, AoA and AoD. The differences are related to the
propagation environments as well as antenna positions. On
the one hand, the amplitude and ToA are in general varied
among antenna elements. The amplitude variation is
caused by phase-shifted superpositions of irresolvable
MPCs, whereas the ToA variation is simply caused by the
propagation delays among antenna elements. On the
other hand, for small antenna arrays, AoA and AoD
appear to be the same for all antenna elements over small
spatial variations. From (1), the channel impulse response
from the pth ( p ¼ 1, 2, . . . , nT) transmit antenna to the
qth (q ¼ 1, 2, . . . , nR) receive antenna is given by

hp,q(t, fT, fR) ¼
XL
l¼0

XK
k¼0

a
p,q
k,l d(t � T

p,q
l � t

p,q
k,l )

� d(fT � fk,l,AoD)d(fR � fk,l,AoA)

¼
XL
l¼0

XK
k¼0

h
p,q
k,l (9)

where

h
p,q
k,l ¼ a

p,q
k,l d(t � 1

p,q
k,l )d(fT � fk,l,AoD)

� d(fR � fk,l,AoA)r (10)

denotes the MPC of the kth ray of the lth cluster from the pth
transmit antenna to the qth receive antenna. Note that in
(10), 1

p,q
k,l ¼ T

p,q
l þ t

p,q
k,l . Let us denote the MIMO channel

matrix for the kth ray of the lth cluster as

Hk,l ¼

h1,1k,l � � � h
1,nR
k,l

..

.
h
p,q
k,l

..

.

h
nT,1

k,l � � � h
nT,nR
k,l

2
6664

3
7775 (11)

From (10) and (11), Hk,l can be expressed by

Hk,l ¼ Ak,l � d(t �Pk,l)d(fT � fk,l,AoD)d(fR � fk,l,AoA)

(12)

where � denotes the Hadamard product of matrices. Note
IET Microw. Antennas Propag., Vol. 1, No. 6, December 2007



that all calculations in (12) are element-wise operations. The
amplitude matrix Ak,l and ToA matrix Pk,l are defined as

Ak,l ¼

a
1,1
k,l � � � a

1,nR
k,l

..

.
a
p,q
k,l

..

.

a
nT,1

k,l � � � a
nT,nR
k,l

2
6664

3
7775 (13)

Pk,l ¼

e1,1k,l � � � e
1,nR
k,l

..

.
e
p,q
k,l

..

.

e
nT,1

k,l � � � e
nT,nR
k,l

2
6664

3
7775 (14)

respectively. The spatial correlation among the entries of
Ak,l and Pk,l will be discussed in the following sections.

3.2 Spatially correlated amplitude matrix Ak,l

The correlation properties of Ak,l are characterised by a
nTnR � nTnR correlation matrix Rk,l, whose entry at the
p1 � q1th row and p2 � q2th column ( p1, p2 ¼ 1, 2, . . . ,
nT; q1, q2 ¼ 1, 2, . . . , nR) is given by the statistical
correlation coefficient r

p1q1,p2q2
A,k,l ¼ kap1,q1

k,l , a
p2,q2
k,l l. Here, the

subscript A stands for amplitude. Following the idea of a
CBSM [19], we can generate spatially correlated amplitude
matrix Ak,l if Rk,l is given or can be calculated. In what
follows, we will first describe a procedure of generating cor-
related Ak,l assuming that Rk,l is known.

The amplitude coefficient ak,l is given by the product of
zk,l, jl and bk,l. The coefficient zk,l because of reflections
and the coefficient jl related to cluster fading is similar to
the cluster pathloss and can be regarded as constant for all
antenna elements over small spatial variations. In contrast,
the coefficient bk,l related to ray fading will vary among
antenna elements because of the superposition of phase-
shifted irresolvable MPCs. It follows that

a
p,q
k,l ¼ zk,ljlb

p,q
k,l (15)

Consequently, we have r
p1q1,p2q2
A,k,l ¼ kap1,q1

k,l , a
p2,q2
k,l l ¼

kb p1,q1
k,l , b

p2,q2
k,l l. Note that [15]

b
p,q
k,l ¼ 10(mk,lþv

p,q

k,l
)=20 (16)

where mk,l is calculated from (7) and v
p,q
k,l are zero-mean

Gaussian RVs with identical variances s 2
2. According to

[41], correlated lognormal RVs {b
p,q
k,l } can be generated

from correlated Gaussian RVs {v
p,q
k,l }. The properties of

the underlying Gaussian RVs {v
p,q
k,l } are characterised by a

nTnR � nTnR covariance matrix W k,l whose entires are

given by w
p1q1,p2q2
k,l ¼ cov(v

p1,q1
k,l , v

p2,q2
k,l ), where cov(., .)

denotes the covariance operator. Following similar deri-
vations in [41], we can easily prove that

W k,l ¼ (1=k)2 ln (1þ e(ks2)
2

Rk,l) (17)

where k is a constant given by k ¼ ln 10/20. Note that all
calculations in (17) are element-wise operations. Given
that W k,l is positive definite, its Choleskey factorisation

will produce a colouring matrix Ck,l, that is,

W k,l ¼ Ck,lC
H
k,l, where (.)H denotes Hermitian transpose.

The colouring matrix Ck,l can then be used to transform

uncorrelated Gaussian RVs to generate {v
p,q
k,l } with desired

correlation properties [25], that is

vk,l ¼ Ck,luk,l (18)
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where vk,l is a nTnR � 1 column vector given by

vk,l ¼ [v1,1k,l , v
1,2
k,l , . . . , v

1,nR
k,l , v2,1k,l , . . . , v

p,q
k,l , . . . , v

nT,nR
k,l ]T and

uk,l is a nTnR � 1 column vector whose entries are indepen-

dent and identically distributed (i.i.d) Gaussian RVs with
zero mean and identical variances of 1. Note that (.)T

denotes the transpose operator.
Subsequently, we will discuss how to obtain Rk,l. In

Section 2.2, we constructed the AoA and AoD as mutually
independent RVs. This allows us to write the channel corre-
lation coefficients as the product of separable antenna corre-
lations experienced at the transmitter and receiver [25]. This
is also known as the Kronecker correlation model. It follows
that the amplitude correlation can be calculated by [25]

r
p1q1, p2q2
A,k,l ¼ r

p1,p2
C,k,l r

q1, q2
C,k,l

��� ���2 (19)

where r
p1,p2
C,k,l and r

q1,q2
C,k,l are complex antenna correlation coef-

ficients at the transmitter and receiver, respectively. Note
that the subscript C stands for complex. According to
[42], we can express each resolvable ray as the superposi-
tion of M irresolvable random-phase MPCs. It follows that
r
p1,p2
C,k,l can be calculated as [42]

r
p1,p2
C,k,l ¼ E

1

M

XM
m¼1

exp j
2pc

fc
dp1,p2 sin (am,k,l,AoD)

� �( )
(20)

where c is the speed of light, fc is the centre frequency, dp1,p2
is the distance between two transmit antenna elements
p1 and p2 and am,k,l,AoD is the AoD of the mth (m ¼ 1,
2, . . . , M ) irresolvable MPC of the kth ray of the lth
cluster. The AoD am,k,l,AoD is given by

am,k,l,AoD ¼ fk,l,AoD þ cm,k,l,AoD (21)

where cm,k,l,AoD is assumed to be uniformly distributed
between [�V; V]. The parameter V characterises the
angle dispersion of the irresolvable MPCs. In this paper,
we assume that V ¼ 58 and fc ¼ 6.85 GHz.
The number of irresolvable MPCs, M, has an impact on

the amplitude fading statistics. For instance, M ! 1 jus-
tifies the classic Rayleigh fading. In the case of UWB chan-
nels, M is believed to be small, leading to an empirical
lognormal fading. In contrast to the impact of M on fading
characteristics, we will subsequently show that the ampli-
tude correlation property described by (20) is not affected
by M. In Fig. 2, we compare the absolute value of the

Fig. 2 Absolute value of transmitter antenna correlation as a
function of normalised antenna spacing with different values of
M(fk,l,AoD ¼ 508, V ¼ 58 and fc ¼ 6.85 GHz)
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transmitter antenna correlation coefficients jr
p1,p2
C,k,l j obtained

with different values of M. First, with M ! 1, (20) is
reduced to [42]

lim
M!1

r
p1,p2
C,k,l ¼

1

2V

ðfk,l,AoDþV

fk,l,AoD�V

exp j2p
fc
c
dp1,p2 sina

� �
da

(22)

This corresponds to the correlation function of Rayleigh
channels and (22) can be calculated numerically [43]. On
the other hand, with a small value M ¼ 6, (20) is evaluated
numerically, where the expectation is taken over cm,k,l,AoD

and is computed as the average of 200 realisations. In
Fig. 2, we can see that the curve obtained with M ¼ 6 is
nearly identical with that computed with M ! 1. This is
because of the expectation operation in (20), which has
similar effects on the antenna correlation to that of increas-
ing M. Based on the above discussion, we propose to use
(22) for calculating transmitter antenna correlations of
UWB channels. Similarly, the receive antenna correlation
r
q1,q2
C,k,l can be obtained from fk,l,AoA. From (19), it follows

that the amplitude correlation coefficient r
p1q1,p2q2
A,k,l can be

obtained. As a typical example, we take the transmit
antenna spacing dp1,p2 ¼ 10 cm and receive antenna
spacing dq1,q2 ¼ 20 cm, then jr

p1q1,p2q2
A,k,l j is shown in Fig. 3

as a function of fk,l,AoA and fk,l,AoD.
Now, we summarise the four steps of generating spatially

correlated Ak,l: (a) Rk,l is computed from (19); (b) W k,l is
calculated from Rk,l according to (17); (c) correlated
Gaussian RVs {v

p,q
k,l } are generated from W k,l based on

(18); (d) {v
p,q
k,l } is substituted into (15) and (16) to give cor-

related {a
p,q
k,l }. It is easy to prove that E{ja

p,q
k,l j

2} ¼ s 2
k,l

regardless of p and q, where s 2
k,l denotes the mean energy

of the respective ray.

3.3 Spatially correlated ToA matrix Pk,l

Under the plane wave assumption, an incoming ray has
different ToAs among antenna elements because of the
propagation delay. We assume uniform linear arrays at both
ends and denote the spacing between two adjacent antennas
at the transmitter and receiver as dT and dR, respectively.
The propagation delay for the kth ray of the lth cluster
between two adjacent receive antennas is then given by

DeRxk,l ¼
dR sin (fk,l,AoA)

c
(23)

where fk,l,AoA is the AoA of the incoming ray and c is the
speed of light. Similarly, we have the propagation delay
between two adjacent transmitter antennas as

DeTxk,l ¼
dT sin (fk,l,AoD)

c
(24)

From the double-directional model, we further assume that
for each ray, the ToA difference among the sub-channels
is only caused by the propagation delays at transmitter
and receiver. Without loss of generality we choose e1,1k,l as
the reference ToA, and it follows that

e
p,q
k,l ¼ e1,1k,l þ ( p� 1)DeTxk,l þ (q� 1)DeRxk,l (25)

From (25), the nT � nR ToA matrix Pk,l with e
p,q
k,l as its

entries can be written as

Pk,l ¼ Pk,l,ref þ DPk,l (26)

where Pk,l,ref is a nT � nR reference matrix all of whose
entries are e1,1k,l and DPk,l is a ToA difference matrix
1186
given by

DPk,l ¼

0 � � �

..

.
( p� 1)DeTxk,l þ (q� 1)DeRxk,l

(nT � 1)DeTxk,l � � �

2
64

(nR � 1)DeRxk,l

..

.

(nT � 1)DeTxk,l þ (nR � 1)DeRxk,l

3
775

(27)

Furthermore, we define a nTnR � nTnR ToA domain corre-
lation matrix Ck,l whose entries De

p1q1,p2q2
k,l are given by

the ToA difference between two corresponding channels,
that is,

De
p1q1,p2q2
k,l ¼ e

p1,q1
k,l � e

p2,q2
k,l

¼ ( p1 � p2)De
Tx
k,l þ (q1 � q2)De

Rx
k,l (28)

This matrix Ck,l gives an insight into the relationship
between antenna spatial positions and the differences of mul-
tipath ToAs. Therefore it can be regarded as the equivalent
‘correlation matrix’ in the ToA domain. As we will show sub-
sequently, this matrix Ck,l has a significant impact on the
spatial correlation characteristics of the channel.

3.4 Analysis of spatial correlation properties

In this section, we will analyse the spatial correlation prop-
erties of the proposed channel model. In particular, we focus
on the spatial correlation in the frequency domain, that is,
the spatial correlation of channel transfer functions, to
provide an insight into frequency-dependent correlation
properties of UWB channels. An explicit spatial correlation
function will be given, which reveals different impacts of
the amplitude correlation matrix Rk,l and ToA correlation
matrixCk,l on the overall spatial correlation characteristics.
From (9), we can obtain two channel impulse responses

hp1,q1 (t, fT, fR) and hp2,q2 (t, fT, fR), whose complex trans-
fer functions are given by

Hp1,q1 ( f , fT, fR)¼
XL
l¼0

XK
k¼0

a
p1,q1
k,l exp (� j2pf e

p1,q1
k,l )

� d(fT �fk,l,AoD)d(fR �fk,l,AoA) (29)

Hp2,q2 ( f , fT, fR)¼
XL
l¼0

XK
k¼0

a
p2,q2
k,l exp (� j2pf e

p2,q2
k,l )

� d(fT �fk,l,AoD)d(fR �fk,l,AoA) (30)

respectively. Because of the independent random signal
inversion coefficients zk,l described in (15), it is easy to
prove that

E{a
p1,q1
k,l } ¼ E{a

p2,q2
k,l } ¼ E{Hp1,q1 ( f , fT, fR)}

¼ E{Hp2,q2 ( f , fT, fR)} ¼ 0 (31)
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Since different rays experience independent fading, their
mutual products have zero means. It follows that

E{jHp1,q1 ( f , fT, fR)j
2} ¼ E{jHp2,q2 ( f , fT, fR)j

2}

¼
XL
l¼0

XK
k¼0

E{ja
p,q
k,l j

2} ¼
XL
l¼0

XK
k¼0

s 2
k,l

(32)

From (29)–(32), we can derive the spatial correlation func-
tion between Hp1,q1 ( f , fT, fR) and Hp2,q2 ( f , fT, fR) as

r
p1q1,p2q2
F ( f ) ¼

1PL
l¼0

PK
k¼0 s

2
k,l

� E

PL
l¼0

PK
k¼0 a

p1,q1
k,l a

p2,q2
k,l exp (� j2pfDe

p1q1,p2q2
k,l )

�d(fT � fk,l,AoD)d(fR � fk,l,AoA)

( )

(33)

Note that in (33), the subscript F of r
p1q1,p2q2
F ( f ) stands for

frequency. The expectation operation involves multiple
RVs including angular parameters fk,l,AoD and fk,l,AoA, as

well as lognormal fading amplitudes a
p1,q1
k,l and a

p2,q2
k,l . This

expectation can be broken down and we can first take expec-
tation over the product a

p1,q1
k,l a

p2,q2
k,l conditioned on fk,l,AoA

and fk,l,AoD. From (31) and (32), the conditional expectation
of a

p1,q1
k,l a

p2,q2
k,l can be related to the amplitude correlation

coefficient by

E{a
p1,q1
k,l a

p2,q2
k,l } ¼ r

p1q1,p2q2
A,k,l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E{ja

p1,q1
k,l j2}

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E{ja

p2,q2
k,l j2}

q
¼ s 2

k,lr
p1q1,p2q2
A,k,l (34)

where r
p1q1,p2q2
A,k,l , as given by (19), is the amplitude corre-

lation coefficient between a
p1,q1
k,l and a

p2,q2
k,l conditioned on

fk,l,AoA and fk,l,AoD. Substituting (34) into (33), we obtain

r
p1q1,p2q2
F ( f ) ¼

1PL
l¼0

PK
k¼0 s

2
k,l

� E

PL
l¼0

PK
k¼0 s

2
k,lr

p1q1,p2q2
A,k,l exp (� j2pfDe

p1q1,p2q2
k,l )

�d(fT � fk,l,AoD)d(fR � fk,l,AoA)

( )

(35)

In (35), r
p1q1,p2q2
A,k,l are entries of the amplitude correlation

matrix Rk,l and De
p1q1,p2q2
k,l are entries of the ToA correlation

matrix Ck,l. As described by (19) and (28), both r
p1q1,p2q2
A,k,l

and De
p1q1,p2q2
k,l are deterministic functions of random

angular parameters fk,l,AoA and fk,l,AoD. Therefore the
expectation in (35) involves merely angular RVs fk,l,AoA

and fk,l,AoD.
From (35), we can see the impact of amplitude and ToA

correlation on the overall spatial correlation function. First,
the modelling of ToA correlation is crucial in obtaining fre-
quency dependent properties. Clearly, if we neglect the ToA
correlation and force De

p1q1,p2q2
k,l ¼ 0, the value of f will be

irrelevant since it is multiplied by 0. Secondly, as far as cor-
relation properties are concerned, the modelling of ampli-
tude correlation has a similar effect as spatial filtering.

This comes from the fact that the mean power term s 2
k,l is

multiplied by the amplitude correlation term r
p1q1,p2q2
A,k,l ,

which is a function of fk,l,AoA and fk,l,AoD as shown pre-
viously in Fig. 3. Clearly, MPCs associated with different
values of fk,l,AoA and fk,l,AoD will have different attenu-
ations when multiplied by r

p1q1,p2q2
A,k,l , resulting in changes

in the effective PAS similar to the effects caused by
spatial filters.Third, r

p1q1,p2q2
F (f ) is sensitive to the PAS in
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a way that resembles the narrowband spatial correlation
analysis [43]. On the other hand, as shown by (35),
r
p1q1,p2q2
F ( f ) is not related to the ToA parameters. As a

result, we may expect two channels, with distinct ToA
characteristics but similar PAS shapes, to have similar cor-
relation patterns. Apart from the above discussions, it is dif-
ficult to further simplify (35) analytically. Therefore we will
evaluate the properties of the proposed model based on
numerical simulations.

4 Simulation results and discussion

4.1 Realisations of spatially correlated channel
impulse responses

The IEEE 802.15.3a UWB channel model (CM) was para-
meterised to represent four typical scenarios: CM1 for LOS
(0–4 m), CM2 for NLOS (0–4 m), CM3 for NLOS (4–
10 m) and CM4 for extreme NLOS multipath channels
[15]. As an example, we configure our model based on
CM2 to simulate an NLOS 2 � 2 MIMO-UWB channel.
We assume that nT ¼ 2, nR ¼ 2, transmitter antenna
spacing dT ¼ 10 cm and receiver antenna spacing
dR ¼ 20 cm, which are typical configurations of
multiple-antenna consumer electronics (e.g. TV, DVD and

Fig. 3 Absolute value of amplitude correlation coefficient as a
function of AoA and AoD (dT ¼ 10 cm, dR ¼ 20 cm, V ¼ 58 and
fc ¼ 6.85 GHz)

Fig. 4 Example realisation of four spatially correlated UWB
channel impulse responses from the proposed 2 � 2 MIMO-UWB
channel model (CM2, dT ¼ 10 cm, dR ¼ 20 cm and Ts ¼ 0.167 ns)
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computer). The amplitude matrices and ToA matrices are
generated according to the proposedmethod.We then discre-
tise each channel impulse response at the sampling interval
Ts ¼ 0.167 ns according to the procedure specified in [15].
This gives discrete impulse responses for four spatially cor-
related sub-channels h1,1(n), h1,2(n), h2,1(n) and h2,2(n),
where hp,q(n) denotes the discrete channel impulse response
between the pth transmit antenna and the qth receive antenna
and n is the sample index. An example of realisation of the
above four channel impulse responses is shown in Fig. 4.

In theory, the proposed model should be consistent with
the IEEE 802.15.3a model. As a validation of our simulation
model, we will compare the main channel statistics of the
proposed model with those of the IEEE 802.15.3a model.
With the proposed model, we generate 1000 random realis-
ations of h1,1(n), h1,2(n), h2,1(n) and h2,2(n). In addition,
based on the IEEE 802.15.3a model, 1000 random realis-
ations of a reference SISO channel hIEEE(n) are generated.
For the above five channels, we compare the cumulative dis-
tribution functions (CDFs) of their mean excess delay
(MED), mean RMS delay, mean number of significant
paths capturing more than 85% of the total energy and
number of paths within 10 dB of the peak multipath
arrival. Their power delay profiles are also compared.
Nearly identical curves are observed in all these compari-
sons. In Fig. 5, we show the comparison regarding the
CDFs of MED as an example.

4.2 Spatial correlation of channel impulse
responses

We consider a single-input-multiple-output (SIMO) case
with one transmit antenna and two receive antennas. The
model is configured with CM2, nT ¼ 1 and nR ¼ 2. The
receive antenna spacing dR is set to vary from 0 to 40 cm.
For a given dR, 100 random realisations of discrete
channel impulse responses h1,1(n) and h1,2(n) are generated.
The correlation characteristics in the time domain can be
evaluated by the mean correlation coefficients between
h1,1(n) and h1,2(n) given by

r̂T(dR) ¼ E

PN
n¼1 (h

1,1(n)� �h
1,1
)(h1,2(n)� �h

1,2
)�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

n¼1 jh
1,1(n)� �h

1,1
j2

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1 jh

1,2(n)� �h
1,2
j2

q
8>>><
>>>:

9>>>=
>>>;

(36)

Fig. 5 The CDFs of mean excess delay of four spatially corre-
lated UWB channels from the proposed 2 � 2 MIMO-UWB
channel model and the standard IEEE 802.15.3a UWB model
(CM2, dT ¼ 10 cm, dR ¼ 20 cm and Ts ¼ 0.167 ns)
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where (.)� denotes the conjugate operation, �h
1,1

¼

1=N
PN

n¼1 h
1,1(n), �h

1,2
¼ 1=N

PN
n¼1 h

1,2(n) and N denotes
the total number of samples. The expectation is taken over
100 realisations.
Fig. 6 visualises the absolute value of the correlation

coefficient jr̂T(dR)j. We can see that as expected, the corre-
lation decreases with increasing receive antenna spacings.
An interesting finding is that a greater Ts leads to a higher
correlation. A greater Ts means a lower resolution of the
channel, whereas a higher channel correlation in general
means reduced diversity, less degrees of freedom and less
capacity for a MIMO system. This finding implies that a
system with wider bandwidth has greater potential for time-
domain multiplexing. The reason for this is that we model
the multipath ToA to vary in different sub-channels to
take into account the propagation delay. Therefore in the
extreme case of infinite resolution (Ts ! 0), each multipath
is a delta function and the two channel impulse
responses are likely to be orthogonal in time. In reality,
however, the channel resolution is limited by the system
bandwidth and the delay dispersion [17]. Full channel ortho-
gonality in terms of multipath ToAs is unlikely to occur.
Nevertheless, wider bandwidth is believed to lower the cor-
relation of channel impulse responses in general. Therefore
the multipath and ultra-wide bandwidth nature of a UWB
channel could potentially be exploited for spatial multiplex-
ing. This concept was demonstrated in [9] that a higher
channel resolution leads to greater multiplexing gains in a
Rake decorrelation-based UWB spatial multiplexing
system.

4.3 Spatial correlation of channel transfer
functions

From the above h1,1(n) and h1,2(n) configured with CM2, the
channel transfer functions H1,1(f ) and H1,2(f ) can be
obtained. The correlation properties in the frequency
domain are evaluated by

r̂F( f , dR) ¼

E{(H1,1( f )� �H
1,1
( f ))

�(H1,2( f )� �H
1,2
( f ))�}ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E{jH1,1( f )� �H
1,1
( f )j2}

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E{jH1,2( f )� �H

1,2
( f )j2}

q
(37)

Fig. 6 Absolute value of the spatial correlation of two channel
impulse responses as functions of the antenna spacing dR and
sampling interval Ts
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where �H
1,1
( f ) ¼ E{H1,1( f )} and �H

1,2
( f ) ¼ E{H1,2( f )}.

Fig. 7 visualises the absolute value of the correlation coeffi-
cient jr̂F( f , dR)j and three trends are observed. First, at the
same frequency band, correlation coefficients decrease with
increasing antenna distances. This is similar to narrowband
channels where large antenna separation leads to spatially
decorrelated channels. Secondly, with the same antenna
spacing, higher frequencies result in lower correlation.
This agrees with the intuition since two antennas with a
certain distance have a different separation in unit of wave-
length in different frequency bands. Such an inverse
relationship of correlation with frequency in NLOS chan-
nels has been experimentally demonstrated in [26, 27].
Thirdly the spatial correlation mainlobe width decreases
with the increased frequency, which was confirmed in
experiments reported in [27, 28] for NLOS channels.

It is important to mention that the correlation properties
shown above largely result from the modelling of the ToA
correlation matrix Ck,l. Fig. 8 shows a case with
Ck,l ¼ 0. We can see that the frequency dependence is
lost, which is consistent with the discussion in Section
3-4. Moreover, we can see that the effect of Rk,l on
jr̂F( f , dR)j is very limited. This is partially because of the
small angular dispersion per ray V that we assumed,
which leads to relatively high amplitude correlations.
From Figs. 7 and 8, we draw the conclusion that Ck,l,

Fig. 7 Absolute value of the spatial correlation of two channel
transfer functions as functions of the frequency f and antenna
spacing dR (CM2, Ck,l = 0 and Ts ¼ 0.167 ns)

Fig. 8 Absolute value of the spatial correlation of two channel
transfer functions as functions of the frequency f and antenna
spacing dR (CM2, Ck,l ¼ 0 and Ts ¼ 0.167 ns)
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which is proposed as the equivalent correlation matrix in
the ToA domain, has a dominant effect on the spatial corre-
lation properties of a multi-antenna UWB channel com-
pared with the amplitude correlation matrix Rk,l.
Therefore we suggest future research on MIMO-UWB
channel modelling to be focused on the ToA matrix, in con-
trast with narrowband or wideband cases.
Since most UWB applications are in LOS environments,

it would be interesting to evaluate the model properties in an
LOS scenario. Fig. 9 shows the spatial correlation function
with CM1 configuration. Comparing Fig. 9 (CM1 based)
with Fig. 7 (CM2 based), only marginal difference is
observed. The reason is that although CM1 and CM2
differ significantly in ToA statistics, they have similar
PAS patterns in our model. As discussed previously in
Section 3.4, the spatial correlation function is mostly
affected by the PAS and is not relevant to the ToA statistics.
In fact, measurements in [27, 29] have also shown that the
difference between LOS and NLOS channels in terms of
the spatial correlation is indeed not significant.
Finally, Fig. 10 demonstrates the effect of a strong deter-

ministic LOS component on the overall correlation pattern.
As an example, we modify the CM1-based channel impulse
responses so that the power of the LOS component accounts
for one half of the total channel power. Furthermore, the

Fig. 9 Absolute value of the spatial correlation of two channel
transfer functions as functions of the frequency f and antenna
spacing dR (CM1, Ck,l = 0 and Ts ¼ 0.167 ns)

Fig. 10 Absolute value of the spatial correlation of two channel
transfer functions as functions of the frequency f and antenna
spacing dR (Modified CM1 with a strong LOS component,
Ck,l = 0 and Ts ¼ 0.167 ns)
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AoA and AoD of the deterministic LOS ray are assumed to
be f0,0,AoD ¼ uT ¼ 358 and f0,0,AoA ¼ uR ¼ 658, respect-
ively. Compared with Fig. 9, we can see that the correlation
raises significantly. This observation conforms with narrow-
band experiences that a strong LOS component converts a
Rayleigh channel into a Rice channel with increased
spatial correlation.

5 Conclusion

In this paper, we have proposed a correlation-based double-
directional stochastic model for indoor MIMO-UWB propa-
gation channels. Different from conventional CBSMs, the
channel is defined by the real-valued amplitude and ToA
of each ray. We propose to introduce spatial correlation to
the amplitude matrices and ToA matrices separately.
Correspondingly, two correlation matrices are defined expli-
citly to characterise the correlation properties in both the
amplitude and ToA domains. The model is then
implemented based on available parameters and evaluated
by simulations. We validate our model by first showing it
to be consistent with the IEEE 802.15.3a standard model.
In addition, simulation-based analysis indicates that the
model is able to yield desirable spatial correlation character-
istics in both the time and frequency domains. In particular,
the correlation frequency dependence, which is typical for
MIMO-UWB channels according to various measurement
campaigns, is well represented. Finally, the ToA correlation
matrices are shown to have a significant impact on the
channel correlation pattern, leading to our conclusion that
the key to establishing a good analytical channel model
for MIMO-UWB systems lies in appropriate modelling of
the ToA correlation matrix rather than the amplitude corre-
lation matrix.
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