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MIMO Channel Modeling for Integrated High
Altitude Platforms, Geostationary Satellite/Land
Mobile Satellite and Wireless Terrestrial
Networks

Aamir Habib and Qamar-ul-Islam

Abstract—In this work we analyze first the channel models
associated with an integrated High Altitude Platform (HAP),
satellite and terrestrial networks and then apply multiple
antenna systems to evaluate and investigate the gains that can be
achieved by using MIMO techniques on such networks. We first
take into account scenarios consisting of GEO satellite and few
HAPs and then LM S with HAPs and construct a MIMO channel
model. Subsequent to the application of such multiple antenna
techniques we find the parameters that are most critical in
system design and evaluate the performance advantages of such
systems over conventional integrated Satellite and terrestrial
only networks.

Index Terms— High Altitude Platform (HAP), Multiple-Input
Multiple Output (MIMO), Channel Modeling, Cross Polar
Dicrimination (XPD), Land Mobile Satellite (LM S).

I. INTRODUCTION

Multiple—lnput Multiple-Output (MIMO) refers to a
wireless communication system where at both sides of

the communication link more than one antenna is
applied [1-3]. The MIMO approach promises a significant
increase in the system capacity and availability  of
communication links in a multipath propagation environment.
The approach is an extension of diversity principles often
applied in RF radio links to improve link reliability.
Combining the transmit and receive diversity results in a new
concept, which not only increases the link reliability but also
offers a potential to increase the radio link capacity. The
MIMO concept can be used for three different objectives
which can be used to:
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1) Increase the capacity of communication link by using
Spatial Multiplexing

2) Improve the availability of communication link by applying
Spatial Diversity

3) Use of beamforming for Interference Cancellation

A. HAP and satellite networks

With an ever increasing demand for capacity for next
generation multimedia applications, service providers are
looking for novel, reliable and cost efficient ways to deliver
wireless communications services. In developed countries we
are familiar today with seeing Base Stations for mobile phone
services dotted around the countryside, but these can be
expensive to deploy and maintain for continual provision of
service. This patchwork of coverage delivers cellular
communications, an efficient way of delivering through
spectrum reuse.. This concept is widely adopted with a
number of technologies, including the 2G and 3G mobile
systems, but also new technologies such as WiMAX, LTE and
also Wi-Fi, where in this latter case islands of coverage (hot-
spots) are provided.

An alternative for sparsely populated rural environment or
less developed areas is to use satellite communications.
Satellites today are increasingly sophisticated, and capable of
delivering spot beam coverage, with minimal ground
infrastructure. However, they are incapable of matching the
high-capacity densities seen with terrestrial infrastructure.

A possible third alternative way of delivering
communications and other services is to use high altitude
platforms (HAPs). HAPs are either airships or planes, which
operate in the stratosphere, 17-22 km above the ground [4, 5].
Such platforms will have a rapid roll-out capability and the
ability to serve a large number of users, using considerably
less communications infrastructure than required by a
terrestrial network [6]. Thus, the nearness of HAPs to the
ground, while still maintaining wide area coverage, means that
they exhibit the most promising features of terrestrial and
satellite communications. We will explore these benefits in
more detail in later sections.

The main aim of HAPs is to provide quasi-permanent high
data rate, high capacity-density communications provision
over a wide coverage area, ideally from a fixed point in the



MIMO Channel Modeling for Integrated High Altitude Platforms, Geostationary Satellite/Land Mobile Satellite and Wireless
Terrestrial Networks

sky. In practice due to aeronautical constraints all HAPs
present compromises. It is helpful to specify the following
HAP ‘vital’ statistics, and as we shall see, these may radically
affect the communications system design and ultimate
capabilities:

1) Volume, payload power and mass
2) Attitude control and station keeping
3) Endurance

HAPs can be divided into four categories namely,

1) Manned plane, e.g. Grob G520 Egrett [9]

2) Unmanned plane (fuel), e.g. AV Global Observer [10]

3) Unmanned plane (solar), e.g. AV/NASA Pathfinder [11]
4) Unmanned airship (solar), e.g. Lockheed Martin HAA [12]

B. MIMO in High Altitude Platform (HAP)

The traditional MIMO method in HAP broadband
communication systems has partial applicability due to
channel being mainly Line Of Sight (LOS) channel
conditions, weakly spread communication channel, directional
antennas, allocated frequency bands and relatively small size
of the platform. However, two or more platforms can be
placed in an arrangement and organized by inter-platform
links can communicate to a multi-antenna system on the
ground, thus forming a virtual MIMO system.

The study in [7] investigates a virtual MIMO (V-MIMO)
approach, based on an assemblage of multiple HAPs,
providing broadband wireless access to a combined terminal
with multiple antennas which are placed on fast moving trains
under principally LOS propagation surroundings. Due to the
effect of random blocking or shadowing of the platforms
caused by train operating environment, the channels toward
individual HAP are statistically independent, yielding some
diversity or multiplexing gain. In particular, Alamouti and
extended Alamouti schemes are investigated, using fixed
wide-lobe receive antennas, and compared with the reference
receive diversity design relying on selecting best HAP that
needs highly directional and moveable antennas. The
conceptual system architecture making use of the V-MIMO
approach in the HAP system is depicted in Fig. 1. The system
architecture in Fig. 1. comprises of,

1) A set-up of HAPs, positioned above the main railway lines
and linked by error free inter-platform links

2) One or more ground stations connected with HAPs by fixed
backhaul links and hosting gateways to external networks
and/or application servers

3)Cooperative terminals mounted on the train and acting as
intermediary nodes to the local wired or wireless system
and HAP communication system

The constellation can be used to investigate the possibility
of using V-MIMO with comprehensive Alamouti code for
alleviation of shadowing effects in a predominantly LOS
mobile environment [7], however considering the switched 3-
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state channel model. The performance of the following three
diversity schemes has been evaluated and compared:

1) Selection diversity approach, where the user terminal
chooses the best accessible HAP

2) V-MIMO approach based on the Alamouti code transmitted
from two HAPs

3) V-MIMO approach based on the extended Alamouti code
transmitted from four operating HAPs

The performance evaluation shows that the use of Space
Time Block Coding (STBC) diversity schemes in HAP
communication systems can be applied with an objective to
mitigate shadowing and blocking in a LOS propagation
environment [7]. Applying two and four transmit antennas
(HAPs) considerably outperforms a scheme based on the
selection of a single HAP. Nevertheless, even though link
outage probability is reduced considerably, it cannot be
eliminated entirely due to high rise structures, tunnels, and/or
the potential presence of a large rain cell with heavy rainfall in
the case of using higher frequency bands.

In satellite communication systems with similar propagation
environment as in a HAP communication system, the MIMO
approach seems to be applicable by applying two MIMO
concepts. These are: the concept of cooperative diversity and
the notion of polarization space-time coded diversity (PCT)
[8]. The idea of polarization coded diversity is making use of
the differences of orthogonally polarized radio waves at
reflection, refraction and diffraction. It promises fourfold
diversity gain and twofold increase in the capacity by
applying double polarized transmission and reception, and six
fold diversity gain and twofold increase in the capacity by
applying 3D polarized receive antennas [8]. The results
published in [8] assume the omnidirectional antenna is applied
at the user terminal and directional patch antenna at the
satellite. Moreover, the surroundings at the user terminal is
highly scattering with poor LOS component. Such a scenario
may occur if the user terminal is located indoors or shadowed
by trees and moving at high speed. However, the allocated
frequency bands for broadband HAP communications are in
the millimeter frequency band, which forces the use of mostly
outdoors mounted directional antennas, resulting in a low
scattering propagation environment. Thus, cooperative
diversity seems the only possible solution to use in the MIMO
approach in the broadband HAP communication system.

II. MIMO CHANNEL MODEL

A system of multiple platforms forming a network of
cooperating nodes, each of them equipped with a single
antenna, can be viewed as a single Base Station (BS) equipped
with multiple antennas. Provided the platforms are spaced
sufficiently apart from each other, such a HAP network
guarantees independent propagation paths, even in a pure LOS
channel. A system formed in this manner is referred to as a
Virtual MIMO (V- MIMO) system and enables the
exploitation of all the benefits offered by conventional MIMO
systems. We analyze the channels for various scenarios and
arrangement with different architectures.
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Fig. 1. Theoretical structure for future communication infrastructure based
on terrestrial/HAPs/satellites integration

HAPs can be arranged in various different configurations.
The advantages and issues would directly depend upon the
overall system architecture. We have divided the scenarios in
six different architectures. Application of MIMO and V-
MIMO are discussed with emphasis on the type of channel
model encountered,

1) Standalone HAP system

2) Multiple HAPs design

3) Integrated terrestrial HAPs design

4) Integrated satellite/HAPs design

5) Integrated terrestrial/HAPs/satellites configuration
6) Multilayer approach for integrated scenarios

1) Sandalone HAP Configuration

The major applications of standalone HAP configuration,
depicted in Fig. 2., include emergency communications,
disaster relief management system, short-term events, and
large-scale high-demand speckled events such as Olympic
Games or World Cups. The platforms can assist users directly,
but usually they will be connected to an external network
system through a access [13].

4

e

—

¥ p VD

Fig. 2. The standalone HAP configuration for a specific
coverage area.

This is the simplest of scenarios that can be used for
communications. Application of MIMO would not enhance
any performance due to mainly line of sight communications.
Independent paths are difficult to be generated leading to a
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rank deficiency of the MIMO channel matrix. Even if we are
able to put multiple antennas at the HAP's, the distance
between the antennas would be such (low) that it will not give
any worthwhile performance gains. Spatial diversity may not
be able to be achieved.

The method we follow to model the propagation from the
HAP to the terminal considers the multipath and the
shadowing effects, being the resulting channel as narrowband.
Considering these assumptions in mind and considering dual-
polarized HAP and dual-polarized antennas at the terminal,
the most easily apprehended scenario results in a 2 X 2 MIMO
channel given below as

11

— hll
11

h21
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h),
11
hy,
where h:(l denotes the channel gain between the i th

polarization of the kth receiver antenna and the jth
polarization of the | th satellite antenna [16][17]. The dual
polarized system can be achieved by deploying Left Hand
Circularly Polarized (LHCP) and Right Hand Circularly
Polarized (RHCP) antennas. The channel can be further
divided into two parts as follows

H=H+H

K _|ipK —K\, |FK ~K

j :‘hi ‘eXP(Qj )+‘hj ‘GXP(%' )
where His used for shadowing and Hfor the multipath
effect. The phases given by ijl and ﬂjkl are uniformly

distributed over the interval [0,2x]. The envelope ‘ﬁjkl‘ is log-

normally distributed with mean & and standard deviation i

and the envelope ‘ﬁjkl is Rayleigh distributed with average

power MP.

2) Constellation of Multiple Interconnected HAPS

To expand the coverage and/or capacity of a HAP-based
communication system, a network of multiple HAPs can be
deployed, where HAPs are joined together via ground stations
or, in case of HAPs with switching payload capabilities, by
inter-platform links (IPLs). The latter brings in the new
element for investigation compared to the previous
architecture, which due to the operating environment can
make use of either microwave or optical links. While IPLs
notably increase the complexity of the payload, they
significantly reduce the system requirements for the ground
segment by providing system support independent of
terrestrial networks, and provide flexibility in system
requirements and improved coverage especially in remote
areas [14]. However, they are limited by onboard processing
systems and power constraints. (Refer to Fig. 3.).

As an example we consider three HAP stations installed
with dual polarized antenna each. Communication is done
only between HAPs and ground station. The ground stations
are equipped with also two antennas. The MIMO channel
formed would then be a 6 X 2 MIMO. Polarization diversity
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can be used in this scenario. Both Non Line Of Sight (NLOS)
and LOS channel can be modeled or a combination of both.
As we are using polarized antennas the effect of antenna XPD
and channel XPD would be an important parameter to
consider. HAPs are also separated by some distance. Another
situation could be three HAPs installed with single antenna
element each. Ground station is equipped with two antennas.
MIMO channel formed is as a Virtual MIMO due to
separation by some distance, which is important for V-MIMO.
A 3 X 2 MIMO Channel model is formed.

Fig. 3.

A constellation of multiple interconnected HAPs

An example for this system is given for high speed
communication in trains as shown in Fig. 4. For the Fig. 4. we
construct the channel model as an example taking into account
all the channel parameters. We consider a single antenna at
each HAP and same number of antennas on the train as on
each HAP. The inter HAP link is established through separate
directional antennas on each HAP. The channel between HAP
can itself become a LOS MIMO channel. In another
configuration one of the HAPs can become central unit and all
other can communicate with it through an antenna network.
This central HAP is made responsible to communicate with
ground station. The Virtual MIMO channel model for
downlink from HAP to train would be,

h, h, hy
H=h, h, hy
h, h, h;

Now if we assume that the antennas at each HAP and ground
terminal at the train are equipped with dual polarized antennas
then XPDs have to be taken into consideration. XPD of
antennas are defined as follows

XPD,,, =10log
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Fig. 4. Virtual MIMO System

Now the MIMO matrix with polarization and small scale
fading effects would be given by,

elfr) efir) ) effer) efir) <)
E{‘N111‘} E{‘lel‘} E{‘Nl;‘} E{‘Nllz‘} E{‘lez‘} E{‘N];‘}
elif) elfer] efir} elir) efr) e
eluf} elfer] efff} elur e} e
elif) elfer] efir} elur) efr) efr]
Efur) efpr} efer} ey elfer) efRry)
(=g 1= 1= B B B|l-v 1=y 1=y v v 7]
1-g 1-p 1-g B B B|l-yv 1=y 1=y v v 7
_vp B =B =B BB By 1y 1=y v vy
1-g 1-p 1-g B B B|l-v 1=y 1=y v v 7
1-g 1-g 1-g B B B|l-v 1I-y 1=y v v 7
|- 1-B 1-8 B B Bll-v l-y 1=y v v v]

where MP (dB relative to LOS), be the average power of the
small-scale fading and y and P are the cross-polarization
discriminator factors. Specific values can be found as,

XPD,, = IOIOg(ﬂ]
B

XPD,, = IOIOg(l_—yj
A

The parameter y takes into account the mutual coupling
between orthogonal polarizations due to the scatters and is
given by the antenna cross-polarization discriminator factor
XPD,y whereas the parameter  accounts for the antenna's
ability to discriminate orthogonal polarization that is
characterized by environment cross-polarization discriminator
factor XPDg,. We assume here and in the subsequent
discussions that the correlation matrices are negligible to be
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included in channel modeling. This assumption is quite valid
as the separations between the HAPs and the antennas at the
train are enough to de-correlate the signals. In the above
matrices we extend the case of 2 X 2 MIMO to 6 X 6 MIMO
by consider three 2 X 2 spatially separated dual polarized
MIMO channels [18]. Now we consider the multiple antenna
scenario between the inter-satellite links. If we consider one of
the satellites as the one which has to eventually communicate
with the ground station then a Virtual MIMO channel of size 4
X 1 will be formed as shown below,

Hy, =i mi niel

To handle issues of inter-satellite link is relatively straight
forward but for downlink communication complexity arises
as we increase the number of HAP's. All the data routing from
central station and the train for downlink communication is
routed first to the central HAP and then distributed to HAPs
with inter-satellite link and subsequently to the train and
similarly for the uplink. The critical path are as follows:

a) Distance between ground station and the central HAP

b) Distances between HAP's and the train.

c) Average spacing between the central HAP and the other
HAPs

3) Integration of HAPs and Terrestrial Infrastructure

In the case of possible integration of HAPs and terrestrial
infrastructure most efforts have been concentrated on the
investigation of coexistence of 3G/4G services via HAPs and
terrestrial networks. The main focal issue has been on coping
up with the capacity or interference related impairments,
resource allocation strategies, and the average performance in
different areas of the integrated network. All these are critical
topics to study for an efficient integration scheme. A typical
investigated configuration is depicted in Fig. 5. The capacity
of integrated HAP-terrestrial CDMA system with sharing
band overlay configuration has been investigated in [15].

Fig. 5.

HAP as an integrated element in the terrestrial infrastructure

Antennas at the HAP platform are normally directional
antennas. They can be multiple antennas or single antennas
depending upon the application. Many possibilities exist for
the antenna combinations. We consider three combinations.

a) MIMO channel between HAP and Users (static/mobile)
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b)MIMO channel between HAP and terrestrial Base
Station(BS)
¢) MIMO channel between HAP and Ground Station

d) Conventional MIMO between users and BS

MIMO channel between HAP and Users (static/mobile)
Assuming three antennas at the HAP spatially separated to

avoid correlation and three users in the cell each with a single

antenna. The Virtual MIMO matrix would be for this channel

as follows,
h, h, h;
Hyy={h, h, hy|
h, h, hy

MIMO channel between HAP and terrestrial Base Station.
Assuming three antennas at the HAP spatially separated to

avoid correlation and the BS is also equipped with three

antennas. The MIMO channel model would be as follows,

h, hs; h

44 45 46

Hyp =|hy hy hy
hy he g

MIMO channel between HAP and ground station
For this channel the model would be same as previously
described assuming same antenna parameters.

hy By
Hyo = hy, hy hy
h, hyg hy

Conventional MIMO between users and BS

Assuming same number of parameters as in previous case
the MIMO channel would be as follows,

h{IOHIO} h{lO}{ll} h{lo}{12}
Hyp = h{u}{m} h{ll}{ll} h{ll}{lZ}
Moo, Moy Mooy

The combined virtual channel taking into account all the
individual models would be given as follows

H:[HHU Hyp Hyg HUB]‘

A similar treatment can be used as described in previous
sections for modeling channels if dual polarized antennas are
used at both the transmitting and receiving ends of
communications.

4) Integrated Satellite/HAPS System

This first system design which involves HAPs and which
are capable of providing accurate global connectivity is the
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one which is an integrated satellites and HAPs network.
Fundamentally the HAP system acts as a wireless access loop
to the global network. A typical configuration of integrated
satellite/HAP system is illustrated in Fig. 6. The
communication starts from the core network and data is routed
to the satellite network through a ground station. The satellite
network could be LMS or geostationary satellite system. The
satellite network routes traffic through HAP platform which
act as relay for communications to the users. Effectively the
MIMO channel would be a three tier model.

o

Fig. 6. HAP as the first/last mile of the satellite network in integrated
satellite/HAP system.

The channel model would be quite similar to the one
defined in the previous section. The main difference would be
the channel added due to the direct link between the satellite
and the ground station. Also as clear from the Fig. 6., as there
are no links between the HAP and a base station, the overall
model would be slightly simpler as given below,

H:[HHU Hy HSG]’

where
h, h, h, h, hs hy
Hy=|hy h, hy | Hus=[Ny Ny hylo
h, hy, hy he,  hes Ny
h, hg hy
Hyo =|h, hg hy

h, hy Ry

is the MIMO channel between HAP and users (static/mobile),
the MIMO channel between HAP and Satellite(LMS/GEO)
and the MIMO channel between Satellite and Ground Station
respectively. We have assumed three users in the cell, each
equipped with one antenna. The HAP also consists of three
antennas well separated to avoid any correlation between
MIMO channels and the satellite and ground station with three
antennas each. As it is evident from the Fig. 6. and from the
number of antennas we have used, increase in the number of
users can introduce correlation among antenna elements. This
can also happen if the users are not well separated
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geographically. A virtual channel model is not possible here
as we have only one HAP available.

5) Integrated Terrestrial/HAPS/Satellites System

The progress of systems and services towards 4G and B4G
wireless communications is to provide flawless delivery of
broadband multimedia applications over mixed networks.
While HAPs have many returns over terrestrial and satellite
networks, the amalgamation of accessible and emerging HAPs
technologies with terrestrial and satellite networks is
imperative for lucrative long-term business. The equivalent
system architecture that is used and essential for the integrated
terrestrial/HAPs/satellites system is shown in Fig. 7. The
MIMO channel model for this typical scenario can be easily
deduced from scenario 3 mentioned in previous sections. The
model is presented below,

H= [HHU HHB HHG HUB HSG ] >
where additional we have the channel matrix,

h, by
Hg = hy,  hy
hy,  hy

B
g

N

&

h
hy |,
hy

—

Fig. 7.  Integrated terrestrial/ HAPs/satellites system for global connectivity.

6) Multilayer Approach for Integrated Scenarios.

In [16], a layered system and services model has been
anticipated and is shown in Fig. 8. This complete architecture
consists of comprises five layers for provision of different
services: global satellites including HAPs, global cellular
communications, global wireless local area network (WLAN),
global wireless personal area network (WPAN), and global
broadband personal area network (B-PAN). Every layer of the
system design is based on diverse hardware and software
levels and different frequency ranges to giving services and
other features by communicating among various layers and
inside each layer. In addition to giving services to new areas,
the space segment of the architecture in incorporated scenario
can be used for providing of multimedia applications,
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localization and navigation services, internet, and
communications in disaster relief scenarios. The user
terminals design and condition of both uplink and downlink
services depend upon commercial and technological tradeoffs
[16]. The uplink and downlink services provided to user
terminals can be given by means of HAPs or uplink services
by means of HAPs and downlink services directly by
satellites. Channel modeling for multi-layer method can
become very multifaceted depending upon the number of
layers of satellite used. If we only consider the HAP layer and
a single GEO satellite then the MIMO channel model would
be same as described in previous scenarios 2, 3 and 5
combined. As evident from the Fig. 8., various links can be
formed between entities of the entire network. These are
namely,

a) Inter-satellite link at GEO layer

b) Inter-satellite link at MEO layer

c) Inter-satellite link at LEO layer

d) Inter-HAP link at HAP layer

¢) Cross-layer links between Satellite layers

f) Cross-layer links between Satellite and HAP layer

g) Mulithop communication between Satellite layer
and HAP layer

GEO Layer

MEO Layer

Fig. 8.

Multilayer approach for integrated scenarios

Depending on the application various channel models can
be constructed and discussed. We consider the case in which
we have 2 GEO (Geostationary Earth Orbit) satellites, 3 MEO
(Medium Earth Orbit) satellites, 4 LEO (Low Earth Orbit)
satellites and 4 HAP's at the HAP layer for communication
with the terrestrial network. We also assume here that the
satellites and HAPs are all equipped with at least two antenna
elements to communicate with satellites at own layer and with
lower layers. The results can be generalized to more antennas
very easily. We consider uplink data arriving from core
network and through the ground station linked to the GEO
satellite. From this GEO satellite responsible for global
coverage sends the data to the users at the ground through
various layers of networks. Now we consider Inter-satellite
link at GEO layer. If there is a direct link between inter-
satellite link and users then a Virtual MIMO would be
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constructed here. One of the satellites at the GEO layer is
assigned to communicate with the lower layer of MEO
satellites rendering the MIMO model to be a simple Single-
Input Single Output (SISO) link. Now for the one GEO
satellite to communicate with the MEO satellite network a
SISO model would be assumed as one link would be
established. This procedure follows for the rest of the layers as
well namely for LEO layer and the HAP layer. The inter GEO
link is given by,

HimerGEO = [hn hlz]s

assuming here 2 antennas for a single GEO satellite which is
communicating with the other GEO satellite and with the
satellite in the MEO layer. The GEO and MEO V-MIMO link

is given by,

The remaining MIMO channels are as follows,

|:h55 hsﬂ’ HueoLeo :|:

h,
h43

h,,

HGEO/MEO = { h
Ly

B

h,
h

hyg
hys

interMEO —

hes N

|

h{9}{9} h{9}{10} h{9}{11}
HinterLEO: h{10}{9} (10} {10} h{m}m} )
h{ll}{‘)} h{ll}{lo} h{ll}{ll}
H _ h{12}{12} h{12}{13}
LEO/HAP ~ | ) h )
u3p{12} 133 {13}
h{14}{14} h{14}{15} h{14}{16}
HinterHAP: h{ls}{14} h{lS}{lS} h{lS}{16} ,
h h h

(16} {14} (16} {15} (16} {16}
The combined representation for downlink would then

becomes,

H=[HnerGEO HGEG]VIEO |_ln‘erMEO HME(ZLEO HnerLEO I_|I_EQ)HAP |_ln‘erHAl’

We observe from the channel matrices above that model
entities become complex as satellites or HAP grow in numbers
and also available antennas on each platform.

1L

In this work we identified the potential applications and use
of integrated three tier network of Satellite, HAP and
terrestrial networks. Moreover we identified different variants

CONCLUSION
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of the network and significant usage. For each type of
networks we analyzed the effects of various channel
parameters namely XPD, number of antennas and number of
entities used in the network to model the associated MIMO
channel. We also discussed the impact of delay and
synchronization by varying the system parameters. We
conclude from our work that the arrangement of such
networks depends heavily on the type of application, coverage
area and delay requirements. Moreover we also conclude that
although applying multilayer approach can help global
coverage but the underlying MIMO channel model increases
the complexity and synchronization issues, for both uplink
and downlink channel models.
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