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Wideband and Ultra-Wideband Characterization of
Three-Dimensional MIMO Wireless Channels

A. M. Pistea and H. Saligheh Rad

Abstract—In this paper, we compute cross-correlation func-
tions (CCF)s between space-time-frequency (STF) transfer func-
tions of two sub-channels of three-dimensional (3D) outdoor
wideband (WB) and ultra-wideband (UWB) multiple-input
multiple-output (MIMO) wireless channels. Such a 3D channel
modeling is demanding to consider both azimuthal and elevation
multipath propagation waveforms. Using the derived CCF and
for a multiple-input single-output system (MISO), we calculate
coherence bandwidth (CB) and power spectral density (PSD) at
mobile station (MS), and in a stationary scenario. Numerical
analysis showes that both CB and PSD highly depend the
channel bandwidth, while PSD is also influenced by the elevation
distribution of multipath waveforms.

Index Terms—Wideband, ultra-wideband, MIMO, 3D non-
isotropic propagation.

I. INTRODUCTION

COMBINATION of the emerging multiple-input multiple-
output (MIMO) technology with wideband (WB) and

ultra-wideband (UWB) communication brings the necessity
for wireless channel models to be more sophisticated by taking
into account more complex propagation phenomena [1]. On
top of that, it is not clear if conventional WB models can be
reliably used to characterize UWB propagation. One method
to create WB and UWB channel models is to derive them
as an extension of existing narrowband (NB) models. In this
paper, we extend the three-dimensional (3D) NB propagation
model described in [2] to comprehensively analysis WB and
UWB channels. The model statistically describes outdoor WB
and UWB MIMO wireless channels based on 3D space-time-
frequency (STF) channel transfer functions (CTF)s. Using the
3D CTFs, we determine the STF cross-correlation function
(CCF) between two sub-channels of a mobile multicarrier
MIMO channel. We use the CCF to analyze the coherence
bandwidth (CB) for both WB and UWB channels. Fourier
analysis of the CCF is used to determine power spectral
density (PSD) of the two types of WB and UWB channels.
The rest of this paper is organized as follows: in Section 2,
the 3D channel model is described and the CCF expression
is derived. In Section 3, the CCF is numerically evaluated,
including Fourier analysis of the CCF and the relationship
between CCF and CB. Conclusions are summarized in Section
4.
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II. THREE DIMENSIONAL MODEL DESCRIPTION

In this section, we identify existing differences between NB
against WB/UWB channel modeling. We also present em-
ployed notations and assumptions for WB/UWB MIMO chan-
nels, and in a 3D non-isotropic random scattering medium.

a) NB and WB/UWB Wireless Propagation Channels:
There are two major differences between NB versus WB/UWB
channels: i) variations of most channel parameters with
frequency and ii) tendency to group multipath waveforms
into clusters [3]. Taking into consideration these two major
changes, we propose necessary parameters to be included
in WB/UWB MIMO propagation modeling as follows: 1)
frequency selectivity term,

(
𝜔𝑏𝑤

𝜔

)𝜂
, where 𝜔 is the channel

central frequency, 𝜔𝑏𝑤 is the channel bandwidth and 𝜂 is the
path-loss exponent [4], 2) the 𝑙th cluster delay - 𝑇𝑙, and the
𝑖th path delay of the 𝑙th cluster - 𝜏𝑖𝑙, 3) frequency selective
multipath gain, 𝑔𝑚𝑝,𝑖𝑙 =

1
2𝜔𝜏𝑖𝑙

and 4) specific antenna propa-
gation patterns (APP). For the NB channel, it is assumed that
the response of the antenna does not significantly change over
the frequency range of interest. The same assumption fairly
holds for WB channels since their relative bandwidth is still a
small fraction of the central frequency [1]. However in UWB
channels, APP is a function of frequency which introduces
the main difference between WB and UWB channel models.
Therefore, depending on the signal bandwidth in WB/UWB
channel modeling, we have two approaches to compute APPs:
a) for WB channels, APP is calculated depending on the
central frequency and b) for UWB channels, APP is integrated
as an average across all frequencies of the transmitted signal.

b) Channel Modeling Scenario: Throughout this paper
superscripts B and M indicate variables at the base station
(BS) and at the mobile station (MS) sides, respectively. The
proposed channel model is established based on the following
scenario:

BS and MS: We assume BS antenna array is fixed in the
coordinate, 𝑂𝐵 . MS antenna array moves with its coordinate,
𝑂𝑀 , and with a constant speed, 𝑉

(
𝑚
𝑠𝑒𝑐

)
. The complex APPs

of the 𝑝𝑡ℎ antenna at the BS and the 𝑚𝑡ℎ antenna at the MS,
are represented by 𝐺𝐵

𝑝

(
Θ𝐵; Ω𝐵;𝜔

)
and 𝐺𝑀

𝑚

(
Θ𝑀 ; Ω𝑀 ;𝜔

)
.

These pattern functions reflect the influence of the direction of
departure (DOD) azimuthal angle of BS

(
Θ𝐵
𝑖𝑙

)
and direction

of arrival (DOA) azimuthal angle of MS,
(
Θ𝑀
𝑖𝑙

)
. Also show

the effect of the DOD elevation angle of BS
(
Ω𝐵
𝑖𝑙

)
and DOA

elevation angle of MS,
(
Ω𝑀
𝑖𝑙

)
. These expressions give the

response of antennas in terms of the azimuth and the elevation
propagation directions, the central frequency (WB channels)
or frequency band (UWB channels). As these functions are
periodic in terms of Θ and Ω we represent them by their
Fourier series coeficients (FSCs) [2], [4]. Table I presents
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TABLE I: 3D WB and UWB Antenna Propagation Patterns

APP Rectangular antenna, 𝐺 (Θ;Ω;𝜔),∀Θ ∈ [−𝜋, 𝜋), ∀Ω ∈ [−𝜋, 𝜋)

WB 𝐺0 sinΩ
sin( 𝜔

2𝑐
ℎ sinΘ cos Ω)

𝜔
2𝑐

ℎ sinΘ cos Ω

𝑠𝑖𝑛( 𝜔
2𝑐

ℎ sinΘ sinΩ)
𝜔
2𝑐

ℎ sin Θ sinΩ
𝑑𝜔

UWB

∫ 𝑓𝐻
𝑓𝐿

𝑗𝐺0 sinΩ
sin( 𝜔

2𝑐
ℎ sinΘ cos Ω)

𝜔
2𝑐

ℎ sinΘ cos Ω

𝑠𝑖𝑛( 𝜔
2𝑐

ℎ sinΘ sinΩ)
𝜔
2𝑐

ℎ sinΘ sinΩ
𝑑𝜔

(𝑓𝐻−𝑓𝐿)

the APPs of an omnidirectional antenna used for WB/UWB
communications [7].

Environment: Non-isotropic propagation environment
around BS and MS is described by probability density
function (pdf) of the azimuth angle spread (AAS), 𝑓𝐴 (Θ) [4]
as well as the pdf of the EAS, 𝑓𝐸 (Ω) [2]. In order to satisfy
the requirements of a pdf for realistic EAS, we assume as
𝑓𝐸 (Ω) = 0 for ∣Ω∣ ⩽ 𝜋

2 . For ∣Ω∣ > 𝜋
2 , it is defined using the

following distributions [2]:

𝐸𝐴𝑆 𝐼 : 𝑓𝐸 (Ω) = Γ(𝑎+1)𝑐𝑜𝑠2𝑎(Ω)√
𝜋Γ(𝑎+ 1

2 )

𝐸𝐴𝑆 𝐼𝐼 : 𝑓𝐸 (Ω) = 2∣𝑠𝑖𝑛(Ω)∣2𝑎𝑐𝑜𝑠(Ω)
2𝑎+1

(1)

where Γ (𝑢) is the gamma function and 𝑎 ≥ 0 indicates the
degree of urbanization. Parameter 𝑎 depends on the number
of waves scattered into the third dimension of space. Using
different values for 𝑎, the model describes different urban
environments. For example, by increasing the value of the
parameter 𝑎, the model covers rural to urban propagation
media, where necessary FSCs in order to accurately describe
the EAS increases.

Based on the type of the propagation environment,
NB or WB/UWB, and characteristics of the BS or
MS, we determine the expression for a new CTF,
ℎ𝑝𝑚 (𝑡, 𝜔). This CTF corresponds to each WB/UWB
MIMO sub-channel, consisting of the transmitting an-
tenna element located at 𝑎𝐵𝑝 , the propagation environ-
ment and the receiving antenna element located at 𝑎𝑀𝑚 :

ℎ𝑝𝑚 (𝑡, 𝜔) =

𝐿∑
𝑙=1

𝐼∑
𝑖=1

𝐺𝐵
𝑝

(
Θ𝐵
𝑖𝑙 ,Ω

𝐵
𝑖𝑙 ;𝜔

)
𝐺𝑀
𝑚

(
Θ𝑀
𝑖𝑙 ,Ω

𝑀
𝑖𝑙 ;𝜔

)×
×𝑔𝑝𝑚,𝑖𝑙𝑒

𝑗(𝜙𝑖𝑙+
𝜔
𝑐 𝑉

𝑇Ψ𝑀
𝑖𝑙 −𝜔𝑇𝑝𝑚,𝑙−𝜔𝜏𝑝𝑚,𝑖𝑙(𝑡)) (𝜔𝑏𝑤

𝜔

)𝜂
(2)

The CTF presented in (2) is the result of the summation of
𝐿 ∗ 𝐼 dominant paths in 𝐿 dominant clusters, each including
𝐼 dominant paths. Each 𝑖𝑡ℎ received waveform (within 𝑙𝑡ℎ

cluster) is associated with a path attenuation gain, 𝑔𝑚𝑝,𝑖𝑙, a
path phase shift, 𝜙𝑖𝑙, a path time-varying delay, 𝜏𝑝𝑚,𝑖𝑙 (due to
the mobility of MS), a cluster delay, 𝑇𝑝𝑚,𝑙 and a complex gain
determined by the BS and the MS antenna patterns. [7]. The
term 𝜔

𝑐 𝑉
𝑇Ψ𝑀

𝑖𝑙 represents the Doppler shift of the 𝑖𝑡ℎ received
wave within the 𝑙𝑡ℎ cluster. The parameter 𝑐 is the light speed
and Ψ𝑀

𝑖𝑙 ≜ [cos (Ω) cos (Θ) cos (Ω) sin (Θ) sin (Ω)]
𝑇 is the

3D unity vector pointing to the DOA of the 𝑖𝑡ℎ path to the MS
and [⋅]𝑇 is the transpose operator. The CCF between the TFs of
two arbitrary sub-channels of a MIMO channel, ℎ𝑝𝑚 (𝑡1, 𝜔1)
and ℎ𝑞𝑛 (𝑡2, 𝜔2), is defined as: 𝑅𝑝𝑚,𝑞𝑛 (𝑡1, 𝑡2, 𝜔1, 𝜔2) ≜
𝐸
[
ℎ𝑝𝑚 (𝑡1, 𝜔1)ℎ

∗
𝑞𝑛 (𝑡2, 𝜔2)

]
, where 𝐸 [⋅] is the expectation

operator. Using equation (2), the definition of the MS, the
scattering environment and the BS, and based on the results
presented in [4], we obtain an expression for the CCF as
follows:
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Fig. 1: Coherence bandwidth, depending on the delay spread,
𝜎, 𝑡1 = 𝑡2 = 1𝑠𝑒𝑐, V=10 mps, MISO communication system,
with different pathloss exponents.

𝑅𝑝𝑚,𝑞𝑛 (𝑡1, 𝑡2;𝜔1, 𝜔2) =
(𝜔𝑏𝑤1𝜔𝑏𝑤2)

𝜂

(𝜔1𝜔2)
2𝜂(4𝜔1𝜔2)

Φ
(−1)
𝜏 (𝑗 (𝜔1 − 𝜔2))

Φ𝑇 (𝑗 (𝜔2 − 𝜔1))×𝒲
(
𝑑𝐵𝑝,𝑞,ℋ𝐵

𝑘1,2

)
×𝒲

(
𝑑𝑀𝑚,𝑛,ℋ𝑀

𝑘1,2

)
(3)

where Φ𝑇 (⋅) and Φ𝜏 (⋅) are the moment generating functions
(MGF)s of clusters and path delays [4], 𝑑

(⋅)
(.,.) ≜ [𝑥, 𝑦, 𝑧, ]

𝑇

is a separation vector indicating the antenna location, the
time indices, the central frequencies and the MS direction and
speed. ℋ𝑘1,2 ≜ 𝒢𝑝,𝑘1,2 (𝜔1)⊗ 𝒢∗

𝑞,𝑘1,2
(𝜔2)⊗ (ℱ𝐴,𝑘1ℱ𝐸,𝑘2) in

which 𝒢(⋅)
(.,𝑘1,2)

(𝜔), ℱ (⋅)
𝐴,𝑘 and ℱ (⋅)

𝐸,𝑘 are the 𝑘𝑡ℎ FSCs of the
APP, the AAS and the EAS in corresponding antennas and/or
coordinates [4]. 𝐽𝑘 (𝑢) is the 𝑘𝑡ℎ-order Bessel function, ⊗
represents the 2D linear convolution and ∣⋅∣ is the Euclidian
norm. 𝒲 is defined as follows:

𝒲
(
𝑑
(⋅)
(.,.),ℋ𝑘1,2

)
≜ 2𝜋

+∞∑
𝑘1,2=−∞

{
ℋ𝑘1,2𝑗

𝑘1𝑒𝑗𝑘1𝑎𝑟𝑐𝑡𝑎𝑛( 𝑦
𝑥)

∫ 𝜋
2

−𝜋
2
𝑒𝑗𝑘2Ω𝑒𝑗

𝑧
𝑐 𝑠𝑖𝑛Ω𝐽𝑘1

(
𝑐𝑜𝑠Ω

√
𝑥2+𝑦2

𝑐

)
𝑑Ω

}
(4)

III. NUMERICAL EVALUATION OF THE CCF

In this section, we numerically evaluate the derived CCF
to see the impact of non-isotropic propagation, 3D APP and
channel bandwidth.

A. Coherence Bandwidth of WB and UWB Channels
The CCF expression is used to determine the CB with

the following equation: 𝐶𝐵 = 𝐷Δ𝜔 = 0.5, 𝐷Δ𝜔 =
∣𝑅(𝑡1,𝑡2;𝜔1,𝜔2)∣2
∣𝑅(𝑡1,𝑡1;𝜔1,𝜔1)∣2 and Δ𝜔 = 𝜔2 − 𝜔1. Figures 1 illustrates
the CB depending on the channel delay spread (𝜎) and
different values of the path-loss exponent. CB was determined
for a bandwidth of 200MHz (2.4 ÷ 2.6MHz) and 7.5 GHz
(3.1÷10.6GHz) for the WB and UWB channels, respectively.
The results obtained for the CB are similar with the values
obtained from experimental measurements [7], [8]. Although
same delay spread were considered for both WB and UWB
channels, lower CB values (higher frequency selectivity) were
obtained for the UWB channel [8].

B. Fourier Analysis of the 3D-CCF for WB and UWB
Channels in Stationary Scenario
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(c) UWB channel, EAS I
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Fig. 2: 3D Power spectral density of WB (a, b) and UWB (c, d)
channels, for EAS I , EAS II, AAS (Laplacian) non-isotropic
pdfs and rectangular antenna.

We analyze the derived CCF in the frequency domain and
in a simple multiple-input single-output (MISO) stationary
scenario. The analysis is performed when 𝜔1, 𝜔2 ≜ 𝜔;
𝑚, 𝑛 = 1. In this case we obtain:

𝑅1𝑝,1𝑞 (𝑡1, 𝑡2, 𝜔, 𝜔) = 2𝜋
𝜔2𝜂

𝑏𝑤

𝜔4𝜂4𝜔2×
𝒲

(
𝑑𝐵𝑝,𝑞,ℋ𝑀

𝑝,𝑘1,2

) ∞∑
𝑘1,2=−∞

{
ℋ𝑀
𝑚,𝑘1,2

×

𝑗𝑘1𝑒𝑗𝑘1∠𝑉 ∫ 𝜋
2

−𝜋
2
𝑒𝑗𝑘2Ω𝑒𝑗

𝑧
𝑐 sinΩ𝐽𝑘1

(
cosΩ𝜔∣𝑉 ∣

𝑐 Δ𝑡
)
𝑑Ω

}
(5)

Using (5) and Fourier transform of 𝐽𝑘1 (𝑢) , the Fourier
transform of the CCF versus Δ𝑡 results in:

𝑅𝑀 (Λ) ≜
∞∑

𝑘1,2=−∞
ℋ𝑀

1,𝑘1,2
𝑒𝑗𝑘1∠𝑉

∫ 𝜋
2

−𝜋
2

𝑒𝑗𝑘2Ω𝑇𝑘1 (Υ)

cosΩ
√
1−Υ2

𝑑Ω (6)

Equation (6) represents the PSD for the 3D propagation
environment, 𝑅𝑀 (Λ), where Υ = 𝑐Λ

∣𝑉 ∣𝜔 cosΩ . This expression
illustrates the temporal variations of WB and UWB channels.
As major concern of the current analysis is to see the effects
of propagation in the third dimension (elevation), we assume
Laplacian distribution for the AAS [4].

Figures 2 show the derived PSD for WB and UWB channels
as a function of EAS I and EAS II with different values
for 𝑎, with rectangular antenna and moving (V=50Km/h) on
the positive 𝑥-axis direction. Results suggest that the PSD
does not significantly depend on the urbanization factor 𝑎, but

changes with the EAS. It means that each EAS can be used
to model a certain category of 3D non-isotropic propagation
environments. At Λ = 0, PSD shows a peak which is the
result of signal bandwidth, central frequency and Doppler

shift; for the UWB channel, this peak is less pronounced due
to increased signal dispersion caused by ultra-wide bandwidth
of the APP and high central frequency [2], [5]. The PSD
computed for the WB channel is pretty similar to what is
presented for the NB channel presented in [2], with some
differences due to WB/UWB characteristic. Comparing the
PSDs obtained for NB (in [2]), WB and UWB channels, we
conclude that the channel bandwidth has the major influence
on the shape of the PSD.

IV. CONCLUSION

We have investigated the impact of 3D non-isotropic propa-
gation along with channel bandwidth on the CCF of WB/UWB
MIMO channels. The proposed model was developed based
on closed-form formula that provides considerable insight into
the relationship between characteristics of the propagation
environment and the transmitted signal. Analysis of the CCF
reveals the fact that the associated temporal PSD highly
depends on the EAS and the channel bandwidth. On the
other hand, CB depends on the channel bandwidth and the
delay spread. To achieve uncorrelated MIMO channels, it is
necessary to have small CB values which is much easier to
achieve for UWB signals with bandwidth much larger than the
channel CB. Results may be effectively employed in the fields
like networking and signal processing where the channel time
variations are important, e.g. signal detection, recognition,
interception.
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