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CHAPTER1
Introduction

1.1 Cooperative wireless communications

In recent years, an intensive emergence of wireless applications is bring-
ing great challenges to the design of smart and efficient wireless commu-
nication systems. To support faster and more robust data transmission
under intricate demands by these applications and in various networks,
wireless systems must overcome the decaying and fading radio channels
in order to improve the link quality in terms of the trade-off between
data rate and outage/throughput, and spectrum efficiency. The complex
contexts of the applications further require the systems to be context-
aware and adaptive to the environments. Although wireless technologies
have experienced a revolutionary development to meet these challenges,
conventional point-to-point (single-link) communications are fundamen-
tally restricted by the resource limitation, signal interference, and chan-
nel impairment. This urges advanced communication paradigms to ex-
ceed the single-link limitations to further improve the communication
performance in future wireless systems.

Under this background, cooperative communications are receiving
increasing interest for their potentials to exploit the channel spatial spec-
trum. The concept of cooperative communication was first described
in relay networks by Cover and El Gamal in [CG79] and other classic
studies in [LTW04,NBK04,KMY07,NG06], showing significant diversity
gains achieved in cooperative relays. Later, this concept was generalized
into multi-link communications and was described based on the physics
of radio channels.

The basic idea of cooperative communications is to coordinate termi-
nals across multiple links to form virtual antenna arrays and distributed
Multi-Input Multi-Output (MIMO) systems. Such coordination can be
realized asynchronously as in relay networks, or synchronously as in gen-
eral multi-link communications. The advantages of MIMO systems on
the spectrum efficiency have already been widely acknowledged in point-
to-point communications. Based on coordination among the antennas
in collocated antenna arrays, MIMO systems benefit from the exploita-
tion of the channel spatial spectrum by the well-known spatial diversity
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and/or spatial multiplexing [ZT03, GJJV03]. Because of the broadcast
and stochastic nature of wireless channels, such channel spatial spec-
trum can also be exploited more widely in the environment with great
potential. This allows cooperative communications in multiple links to
achieve diversity and capacity gains analogue to collocated MIMO sys-
tems.

There are three basic types of cooperation over time and space:

1. Cooperative relay

2. Transmitter cooperation

3. Receiver cooperation

where type 1 refers to relay networks, and type 2 and 3 refer to cooper-
ation in general multi-link communications.

Cooperative multi-link communications bring two attractive advan-
tages over single-link MIMO systems: 1) deploying multiple antenna
arrays in collocated MIMO systems is costly in most wireless networks
especially at the user terminals, while distributed MIMO systems of-
fer a more flexible solution to achieve the spatial diversity and capac-
ity gains; 2) user-cooperation [NHH04] and COordinated Multi-Point
(CoMP) transmission [KFV06] can group individual MIMO systems to
further enhance the data transmission. The second issue has been con-
sidered in the LTE-Advanced as the future solutions to improve the
mobile communications in LTE/3GPP. In short, cooperative communi-
cations generalize the approach applied in collocated MIMO systems to
exploit the huge potential of channel spatial spectrum beyond single-link
communications.

1.2 Cooperative multi-link channels

One of the primary parameters of radio channels in cooperative multi-
link communications is the spatial channel correlation or cross-channel
correlation on different links. Moreover, the spatial dependence of the
channel properties, such as the pathloss and fading, is also important
to affect the cooperation performance. These aspects are not covered in
single-link channel models and it essentially requires a more fundamental
understanding on the physical mechanisms of radio propagation in space.
Our study concerns two important features of multi-link channels in
future wireless networks as stated below.
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First, describing multi-link channels will heavily resort to spatial
channel characterization and geometry-based modeling approaches. De-
scribing radio propagation in spatial and angular domains is much more
complex than in time and frequency domains, because the exact physical
interactions of radio waves with the environment have to be explained.
Modeling multi-link channel models require a more global description
of such interactions to cover distributed terminals. Meanwhile, keeping
the consistency between single-link channel and multi-link channel de-
scriptions will be important to make the models backward compatible.
These bring many challenges to the estimation and complexity control
of multi-link channel modeling.

Second, future wireless systems will be intensively related to the ap-
plication contexts and environments. The systems will have distinct
emphases, e.g. on the terminal mobility as in Vehicle-to-Vehicle (V2V)
communications [MTKM09, WCL09], or on the communication ranges
as in Femtocell [CAG08] and Body Area Networks (BANs) [ZLK07].
Communications in specific contexts do not only differ in performance
requirements, but also differ in the physical mechanisms of radio propa-
gation. Therefore, the physical differences of radio propagation in differ-
ent contexts should be well understood to correctly model the channels.

1.3 Motivation and dissertation outline

This dissertation presents the research results of multi-link channel char-
acterization and modeling in various networks. The research has been
involved in several scientific activities, including the WALIBI (Wireless
Acquisition and LInk for Body Information) project founded by the Wal-
lon, Belgium, the COST 2100 action, and the NEWCOM++ network
of excellence. The primary goals of the study are: 1) to characterize
and model the spatial cross-channel correlations in multi-link communi-
cations; 2) to characterize and model the spatial dependence of channel
properties. Two types of networks have been investigated in the study:
body area and cellular mobile networks. On the one hand, the study has
focused on different aspects in both networks because of their distinct
propagation mechanisms. On the other hand, in both networks, we have
resorted to geometry-based channel modeling methods and described the
spatial channel correlation by the so-called scattering commonness. In
doing so, we will highlight the common problems, solutions, and system
benefits of cooperative multi-link channel modeling in different networks.



4 Introduction

1.3.1 Cooperative channel modeling in body area net-
works

The study in BANs focuses on the radio channels on the body surface.
As BANs are featured as small-scale and body-centric networks, the
physical mechanisms of BAN propagation are expected to be distinct
from conventional large-scale propagation. Therefore extensive on-body
measurements were conducted, serving as both preliminary understand-
ing of the physical propagation mechanisms and advanced spatial char-
acterization of radio channels in BANs. The study puts a particular
emphasis on the aspects of near-field propagation and dynamic body
scattering, which are typically observed in BANs. The dissertation in
this part is organized as follows.

Chapter 2 introduces the backgrounds of BANs and the radio prop-
agation in the body area.

Chapter 3 and Chapter 4 present measurement results and statistical
modeling of time-varying on-body channels, including canonical on-body
channel measurements in anechoic environments and scenario-based on-
body channel measurements in realistic environments.

Chapter 5 presents a closed-form analytical model to describe the
static and dynamic body scattering. The model is validated through
deterministic and statistical comparisons to the measurement results.
Later, the model is applied to characterize the modification of on-body
antenna radiation pattern in off-body communication by the body scat-
tering.

Chapter 6 evaluates the channel impacts to simple cooperative pro-
tocols deployed in on-body communications based on the measurements
made in realistic environments. Relay networks and distributed MIMO
communications are evaluated by the capacity and diversity gains achieved
in the cooperation.

1.3.2 Multi-link MIMO channel modeling

The study on multi-link MIMO channel modeling in cellular mobile net-
works is based on the single-link and multi-link COST 2100 MIMO chan-
nel model. Our work was a joint study carried out under the framework
of the COST 2100 action, with participants from Aalto University, Fin-
land, Lund University, Sweden, UCL, and ULB. The major part of the
study includes: 1) supplementary modeling, complete parameterization
and implementation of the single-link COST 2100 model; 2) modeling
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of multi-link MIMO channels based on the structure of the COST 2100
model. The dissertation in this part is organized as follows.

Chapter 7 gives a short introduction to MIMO channel modeling
methods.

Chapter 8 presents the basic structure, concepts, and parameters of
the single-link COST 2100 model.

Chapter 9 presents the multi-link extension of the COST 2100 model
by introducing the concept of cluster link-commonness.

Chapter 10 presents the implementation details of the COST 2100
model. An implementation example is presented at the end of this chap-
ter.

Chapter 11 evaluates the influence of cluster link-commonness to
multi-link communications by comparing the sum-rate capacities of dis-
tributed MIMO systems under different cluster link-commonness ratios.





Part I

Cooperative channels in
body area networks





CHAPTER2
Introduction to body area

networks

2.1 Backgrounds

BANs are body-centric wireless networks deployed in a close range of the
human body [XZ09]. Technically, BAN is a general concept to enable
body-centric data transmissions as proposed by early work in [DPB01].
In 2007, the IEEE established a standardization group, known as IEEE
802.15 TG6 [IEE], to develop BAN communication standards that opti-
mize the performance in low-power devices. A formal definition of BAN
given by IEEE 802.15.6 is “communications for low-power devices and
operation on, in or around the human body (but not limited to humans)
to serve a variety of applications including medical, consumer electronics
/ personal entertainment and others”. The emphases on the transmis-
sion scale, power consumption, and operating environment make BAN
distinct from the other networks.

In the fast growth of personal wireless voice and data communica-
tions, BANs offer local-body data transmissions that are particularly
suitable to convey physiological signals. This makes BAN a promising
and key technology to realize wireless medical services as intensively
studied in [LhH09, SAF+08]. Future medical applications like remote
diagnosis and monitoring expect BANs to free the patients from the ca-
bles and transmit the medical data in a more economic, flexible, and
comfortable way. The potentials of BANs have also attracted applica-
tions on a more general background. Some of the most interesting ones
are:

1. Wireless healthcare

2. Sports and body motion monitoring

3. Personal multimedia transmission

4. Secured personal data exchange
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BANs cover a wide range of frequencies. In [Rei09], it is shown that
the following frequency bands are considered by IEEE 802.15.6 and other
studies:

1. Industrial, Scientific and Medical (ISM) bands at 400, 600, 900
MHz

2. ISM bands at 2.4 GHz

3. Ultra Wideband (UWB) at 3-10 GHz

Among these frequency bands, the 400, 600, and 900 MHz bands are
typical medical radio bands. UWB is attractive to meet the BAN re-
quirements because of its short communication range and power-efficient
technique developed, as studied in [AHH+06,vROHDD10]. The 2.4 GHz
band is widely applied in the design of BANs because it has a larger
bandwidth than the 400, 600, and 900 MHz bands to support higher
data rates. Moreover, the functions of BANs can be partially realized
by the existing short-range wireless standards operating at 2.4 GHz, such
as the Bluetooth Low Energy (BLE), Zigbee [Zig], and ANT+ [ANT],
which offer alternative solutions of BANs.

1000 500 100 50 10 
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10 Mbps

100 Mbps
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IEEE 802.11 a/b/g

Bluetooth
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Figure 2.1: Comparison of BAN and other wireless standards at 2.4 GHz

Fig. 2.1 compares the requirements on the power consumption and
data rate of BANs to various wireless standards at 2.4 GHz. Ideal BANs
are expected to operate in ultra-low power and support a large dynamic
range of data rate because the communication range is quite limited.
Low-power standards such as the BLE are likely to meet these require-
ments, but the trade-off between the power consumption and data rate
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in these standards need to be further optimized to support generic BAN
communications. In addition, designers should also handle the inter-
ference [HMRG09] as well as the security [LLR10] problems in both
physical and network layers.

Figure 2.2: Two parctical topologies of BANs, star (left) and mesh
(right) topology. Both topologies are supported by a central coordi-
nator (square) as the master node, and distributed sensors (circles) as
the slave nodes

Practical BANs are usually deployed by battery-powered devices or
sensors. To guarantee the data transmission under strict power con-
sumption, the networks usually consist of one master node that coor-
dinates, collects, and proceeds the data from the sensors (slave nodes).
This configuration can be realized in a star or mesh topology as described
in Fig. 2.2. The mesh topology can play a relaying role to alleviate the
signal loss in long distance transmissions, e.g. from the foot to the chest.
The topologies should support transmissions from both single sensor and
multiple sensors depending on the signals, e.g. the simple pulse rate
or the complex electrocardiography (ECG) / electroencephalography
(EEG) signals. Considering the above requirements, BANs should be
designed as scalable, context-aware, and capable to connect to outer
networks to extend the range of BAN services.
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2.2 Radio propagation in BAN

BANs usually operate under low Signal-to-Noise Ratios (SNRs) because
of the power limitation. Therefore, links are sensitive to the influences
of decaying (pathloss) and fluctuation (fading) from the radio channels.
Radio propagation in the range of body area is different from the radio
propagation in large-scale networks. The difficulties to describe BAN
propagation can be found in the following aspects:

1. Radio propagation in BAN usually occurs in a distance compara-
ble to the wavelength. It belongs to near-field propagation with
a more complex electromagnetic description than the plane-wave
assumption in far-field propagation.

2. Links in BANs are formed with the presence of a strong and com-
plex interference from the body scattering. Because of various
compositions, shapes, and motions of the body, such scattering
effects show large variation in time and space.

3. The deterministic and stochastic properties of BAN channels are
highly scenario-dependent with respect to the link geometries, po-
larizations, body motion modes, and off-body environments. A
proper scenario classification will be critical to develop efficient
BAN channel models.

4. The implanted and on-body communication nodes are heavily cou-
pled with the body. In practice, it is difficult to separate the
impacts of the devices from the physical channels, which further
increases the analysis difficulty.

2.2.1 Classification of BAN communication scenarios

IEEE 802.15.6 introduces a four-layer cascaded classification of the com-
munication scenarios in BAN, covering different emplacements of the
communication nodes: implanted, on-body, and off-body. Fig. 2.3
depicts this classification, where different layers are labeled as CMi

i = 1, 2, 3, 4.

CM1 refers to the wireless communication between two implanted nodes,
named in-body communication. CM1 primarily serves medical ap-
plications. The bio-tissues constitute a highly lossy environment
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Figure 2.3: Four-layer classification of BAN communication scenarios
by IEEE 802.15.6. CM1 represents in-body communications, CM2 rep-
resents in-body-to-on-body communications, CM3 represents on-body
communications, and CM4 represents off-body communications

to the implanted nodes. Therefore low frequency bands at e.g.
400, 600, 900 MHz are suggested for CM1 [YK07].

CM2 refers to the wireless communication between an implanted nodes
and an on-body nodes, named in-body-to-on-body communication.
It can also serve medical applications e.g. to send out the data from
implanted devices and to send back control signals. Similarly to
CM1, large in-body signal loss is anticipated in CM2 as the radio
waves must travel across the bio-tissues and the air [CNHM10].

CM3 refers to the wireless communication between two on-body nodes,
named on-body communication. On-body communications consti-
tute the primary part of local-body wireless transmission. Signals
in CM3 receive significant impacts from both the body and the
environment, which are much more complicated than in CM1 and
CM2. This is the major communication scenario studied in our
work.
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CM4 refers to the wireless communication between an on-body node
and an off-body nodes, named off-body communication. Off-body
communications offer connections of BANs to outer networks. The
communications are more impacted by the environment while the
body scattering effect is still significant.

2.2.2 Body propagation modes

Depending on the regions where the propagation occurs, there are three
basic types of BAN propagation: in-body, on-body, and off-body.

2.2.2.1 In-body propagation

In-body propagation is the radio propagation inside the body in CM1

and CM2. The bio-tissues of the body constitute a stationary and lossy
environment with little influences from the outside. Consequently, stud-
ies of in-body channels mainly focus on the pathloss, as in [SPYH+09].

2.2.2.2 On-body propagation

On-body propagation in CM3 is the radio propagation on the surface of
the body. Due to the lossy properties of the body, radio waves, partic-
ularly at 2.4 GHz and UWB, will decay fast when they are penetrating
the body [MBea04]. Therefore, the interaction between the waves and
the body is restricted on the body surface.

On-body propagation is formed with a strong influence from the
body scattering, which is usually represented by surface waves (creeping
waves) [AANH10,APL11]. In Line-Of-Sight (LOS) conditions, the body
scattering leads to high pathloss levels in short distance [vROHDD10].
In Non Line-Of-Sight (NLOS) conditions where the nodes are shadowed
by the body, the signals are guided by the surface waves (creeping waves)
to travel around the body [APL11]. For the above reasons, the effective
propagation distances of on-body channels are usually measured on the
body surface instead of in free-space.

Human body is a complex propagation environment. It contains dif-
ferent compositions and shapes, e.g. in legs, arms, trunk, and head.
It also takes various postures and motions in distinct spatial and tem-
poral patterns. Making a generic channel description covering different
body parts and motion modes is usually impractical, while propagation
scenarios should be well specified to describe the scattering differences.
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Body scattering impacts the on-body channel fading in both spatial
and temporal domains.

In the spatial domain, the shape and composition variety of differ-
ent bodies can cause the variation of on-body pathloss in different link
geometries.

In the temporal domain, different body motions, such as the ac-
tive motions (walking, running, etc.) and passive motions (breathing,
etc.), will lead to different dynamics that affect the temporal variation
of on-body channels [LDDO09, DO09]. On-body channels in dynamic
scenarios can be further classified by the mobility of the nodes based on
their emplacements on the body. In general, there are three types:

1. A fixed-fixed on-body channel has both nodes placed on static parts
of the body without relative movements. The moving parts of the
body form dynamic scatterers to the channel.

2. A fixed-mobile on-body channel has one node placed on a mov-
ing part and the other one placed on a static part of the body.
Consequently, the propagation distance between the nodes varies
along with the movement of the body. Therefore, the temporal
variation of the channel is caused by: 1) the pathloss variation
due to the varying of propagation distance; and 2) the dynamic
body scattering.

3. A mobile-mobile on-body channel has both nodes placed on moving
parts of the body. The dynamic range of the distance between the
nodes will further increase and create larger temporal variation of
the channel than fixed-mobile on-body channels.

2.2.2.3 Off-body propagation

Off-body propagation is the propagation between the body and the off-
body environment. Off-body propagation can be found in CM4 between
an on-body node and an off-body device. On-body communications in
realistic environment also receive off-body propagation components like
the ground reflection. In realistic applications, scattering from the off-
body environment may improve the gain of an on-body link, since it
brings extra power to the link, as observed in [DO09]. Due to the lossy
behavior of the body, multiple scattering between the environment and
the body is usually negligible, and is ignored in our study.

Off-body propagation usually occurs over distance long enough to
be described as far-field propagation by plane-waves. It can then be
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described by the channel characterization and modeling methods in
conventional large-scale networks, such as the Multi-Path Component
(MPC) effects. The influence of body scattering to off-body propagation
should be considered at the body side [LVRDDO09], which is usually
independent from the off-body scattering.

2.3 Overview of channel characterization issues

2.3.1 On-body pathloss

Compared with the pathloss of radio propagation through space, pathloss
on the body surface is featured by the near-field propagation, body
coupling, and surface waves. The difficulties to characterize on-body
pathloss can be found in the following aspects:

1. On-body pathloss differs largely under different link geometries
and polarizations.

2. Defining the pathloss for fixed-mobile and mobile-mobile on-body
channels is difficult, because the propagation distances will fluctu-
ate along with the body motions.

3. Large spatial variation of on-body pathloss is expected in realistic
applications due to subject differences and device displacements.

There are two statistical on-body pathloss models that are dependent
on the on-body propagation distances. The first one is an exponential
model, expressed in dB as:

LdB = L0 + 10nL lg(d/d0), (2.1)

where L0 is the reference pathloss at distance d0. Eq. 2.1 is found
effective when the communication nodes are in LOS condition [MBea04,
FDR+05].

Other studies like in [RDDM+04, LDDO09] suggest linear pathloss
model in dB as:

LdB = L0 + nL(d− d0), (2.2)

which is found effective when the communication nodes are in NLOS
condition.

Eq. 2.1 and Eq. 2.2 are primarily applied to describe the fixed-
fixed on-body pathloss on the trunk and other individual body parts
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with simple shapes. The pathloss levels of links distributed on the parts
with complex shapes, e.g. head and hands, are expected to receive large
spatial variation. For links distributed across different body parts, radio
waves will have to travel both in the air and on the body. Although these
particular link geometries can be covered by specific scenarios, pathloss
in realistic on-body links are usually less dependent on the propagation
distances. In practice, the on-body pathloss is also characterized by its
average value and the distribution of its spatial variation in a specific
scenario, as studied in [DO09].

2.3.2 Accounting for the impact of antennas

Radio propagation in BAN is a mutual coupling result between the
antennas and the body. The body coupling effects change the input
impedance, the current distribution, and the radiation gain of on-body
antennas. Consequently, the design of on-body antennas should ideally
consider the presence of the human body [IXTS09,YK06,KC10] instead
of designing the antennas in free-space.

In reverse, the antennas have three significant impacts to the on-
body channels. First, on-body antenna return-loss is sensitive to the
change of the antenna-skin distance, which will change the input power
levels of on-body channels. Second, the radiation pattern of on-body
antenna will be modified in off-body communications, which will be
superimposed to the radio channels. Third, the antenna polarization-
mismatch is expected in static body due to antenna displacements, and
in dynamic body due to the body motions, as demonstrated in [YH10].

In practical on-body channel scenarios, the antenna impacts show
stochastic behaviors and are deeply mixed with the channels. Separating
the antenna impacts from the channel measurements is difficult, thus
most BAN measurements consider the antenna impacts as a part of the
channels. The drawback of this consideration is that the measurement
results are usually antenna dependent and incompatible to other antenna
systems. Therefore, characterizing the antenna impacts helps to better
estimate the physical channels.





CHAPTER3
Canonical channel

characterization

In this chapter, we present statistical models extracted from canonical
on-body channel measurements. The goal of canonical measurements is
to investigate the spatial dependence of on-body channel statistics under
specific body motions. To have an explicit geometric description of the
channel statistics, simple on-body scenarios are defined. The scenarios
contain a single and regular body motion mode, explicit channel po-
larizations, and simple link geometries that are measurable with finite
parameters. Statistical characterization and modeling are then made
on the pathloss, temporal fading, Doppler spectrum, and the spatial
channel correlation

3.1 General context

The on-body measurements were conducted in anechoic environments,
hence off-body scattering is ignored. In the measurements, we placed
compact and linearly polarized antennas on the front trunk of a male
subject, as shown in Fig. 3.1(a). The antennas were fixed on the trunk
without significant displacements during each measurement. We then
assume that the properties of the antennas remain invariant in the mea-
surements and have trivial impacts to the channel temporal variation.

On-body propagation occurring on the trunk surface are mainly af-
fected by the scattering from the trunk and the arms. The propagation
distance is then measured on the trunk surface. The positions of the
nodes can be described by their relative positions to the trunk center,
i.e. the navel, as depicted in Fig. 3.1(a). The link geometry of a channel
distributed along a single direction, e.g. horizontal or vertical direction
on the trunk, is described by the position of the Transmitter (Tx), de-
noted as dy0, and the propagation distance, denoted as dxy, where x and
y stand for the index of the Receiver (Rx) and Tx.

During the measurements, the subject kept a standing posture, and
swung his arms analogue to a typical walking movement, as depicted
in Fig. 3.1(b). The arm swing is a small-scale, regular, and quasi-
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Figure 3.1: General description of link geometry, body shape, body
posture, and body motions in canonical on-body channel measurements.
(a) Link geometries of on-body channels on the front trunk. The light
points represent the possible positions of the antennas. The dash lines
represent the channels. The dark point, denoted as 0, represents the
trunk center to determine the relative positions of the antennas. (b)
Body motion mode and coordinate system.

periodic motion mode. A typical cycle of the arm swing is around 1
s. We excluded other active body motions, therefore the arm swing
consituted the principle dynamic body scattering in the measurements.
Naturally, the measured channels belong to fixed-fixed on-body channels
as described in Chapter 2.

Considering the link geometry and the single body motion, a simple
body geometry is applied by a few parameters to describe the sizes and
the positions of the trunk and the arms: perimeter of the arms, denoted
as darm, perimeter of the trunk, denoted as dbody), and space between
the arms and the trunk to determine their relative positions, denoted as
dab.

We define a z-polar coordinate system to describe the direction on
the trunk, as shown in Fig. 3.1(b). The direction ~z represents the
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vertical direction tangential to the skin; the direction ~φ represents the
horizontal direction tangential to the skin; the direction ~ρ represents the
direction normal to the skin. This coordinate system can fully describe
the direction of the link geometries and channel polarizations.

Narrowband channel measurements were made at 2.45 GHz in the
temporal domain. The duration of each measurement is 10 seconds or
20 seconds to cover several cycles of the arm swing. The channels were
measured through Vector Network Analyzers (VNAs) by the transmis-
sion S-parameters between the antennas. We then denoted the on-body
channels as Sxy. The antennas were connected to the VNAs through
stable coaxial cables. The current influence from the cables was found
negligible to the measurements.

The measurements cover two channel polarizations: tangential and
normal polarization to the trunk. Both polarizations were investigated
in two sets of measurements that differ in test-beds, environments, and
subjects. The measurements share common settings on link geometries,
body motions, antenna emplacements, and VNA configurations, to guar-
antee the consistency between different measurements.

3.2 Canonical scenario description

3.2.1 Tangentially polarized scenarios

The tangentially polarized on-body channels are channels with both Tx
and Rx in tangential polarization to the skin and along the ~z direction
of the trunk. We denote this polarization as the ~z polarization. The
~z-polarized channel measurements were conducted in the high-voltage
laboratory of ULB. The environment was considered as quasi-anechoic
since the surrounding objects were far away from the subject. Scattering
from the surround objects was then ignored. Furthermore, the ground
reflection had trivial influence to the channels considering the height of
the antennas.

3.2.1.1 Test-bed

A four-port R&S ZVA VNA was used. The VNA has a dynamic range of
110 dB and can simultaneously measure the S-parameters between any
two ports. By the reciprocity theorem [R.02], channels Sxy and Syx in
one measurement describe the same on-body propagation. Therefore we
only investigated one of them. Table 3.1 summarizes the VNA settings.



22 Canonical channel characterization

Input power 0 dBm
Sweep mode Continuous Wave (CW)
Frequency 2.45 GHz
Sampling rate 1 ms
IF bandwidth 10 KHz
Measurement length 20 s

Table 3.1: VNA settings in ~z-polarized scenarios

(a)

connector

0.5 cm

dialetric block

trunk surface

antenna

(b)

Figure 3.2: Skycross antennas used in ~z-polarized scenarios. (a) Antenna
structure. The arrow points the direction of the antenna polarization.
(b) Antenna emplacement on the trunk surface, with a fixed distance to
the skin dielectric blocks

The Skycross SMT-3TO10M antennas were used, as shown in Fig.
3.2(a). The antennas are linearly polarized along the direction described
in the figure. The Skycross antennas are originally designed to work in
UWB in free-space. At 2.45 GHz, the antenna return-loss, i.e. the S11,
is -6 dB in free-space. When the antennas are tangentially attached to
the skin, the body coupling effects will significantly change the antenna
return-loss. This change is sensitive to the antenna-skin distance. We
found that when the antenna-skin distance is between 0.5 and 1 cm, the
antenna return-loss wil become sufficiently small, varying between -8 dB
and -11 dB. In the measurements, we used dielectric blocks to fix the
antenna-skin distance at 0.5 cm, as shown in Fig. 3.2(b). Thanks to the
large dynamic range of the VNA and the improvement of the antenna
return-loss, the reliability of the measurements was guaranteed.
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3.2.1.2 Body and link geometries

Table 3.2 presents the essential geometry and other information of the
subject in ~z-polarized scenarios.

Height/Weight 183 cm/78 kg
Arm perimeter 26.3 cm
Trunk perimeter 91 cm
Arm-Trunk space 3 cm
Leg length ≥115 cm

Table 3.2: Body geometry and other information of the subject in ~z-
polarized scenarios

There are two different link geometries investigated in the ~z-polarizted
measurements.

1, Horizontal links (~z −H scenario)
Fig. 3.3(a) describes the horizontal links in ~z polarization. Three
antennas were placed at the same height to form horizontal on-
body transmissions around the trunk. In this scenario, the geome-
try of a channel is fully described by the relative position of its Tx
and its propagation distance. The quantization of the link geome-
try is given in Fig. 3.3(b). To control the scenario complexity, only
three channels are investigated, S21, S31 and S32. The canonical
measurements were made as follows: distance d12 was fixed at 12
cm and 14 cm to form the propagation distance of S21; position of
antenna 1, d10, changed to form different channel positions; dis-
tance d23 changed to form different propagation distances of S31

and S32. By default, in this scenario the radio waves propagate
from the left side to the right side of the trunk.

2, Vertical links (~z − V scenario)
The measurements of vertical links in ~z polarization were made
as a supplementary investigation of various link geometries. Fig.
3.4(a) describes the links geometry. Four antennas are placed on
the trunk to form a rectangular geometry. Antennas 1 and 2 are at
the same height of the trunk center. In this configuration, we only
investigated the vertical channels S42 and S31, and the tilted chan-
nels S41 and S32 that contain vertical propagation components.
The link geometry in Fig. 3.4(a) can be described by the following
parameters: the position of antenna 2 d20 as the position of the
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Figure 3.3: Geometric description of horizontal on-body channels in ~z-
polarized scenarios. 1, 2, 3 designate the antenna positions and 0 is the
trunk center

rectangle, the distances d12 and d24 as the sizes of the rectangle.
Fig. 3.4(b) presents the quantization of the link geometry. The
canonical measurements were made as follows: d24 and d13 were
fixed at 12 cm; d20 changed to form different channel positions;
d12 changed to form different vertical propagation distances.
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Figure 3.4: Geometric description of vertical on-body channels in ~z-
polarized scenarios. 1, 2, 3, 4 designate the antenna positions and 0 is
the trunk center

3.2.2 Normally polarized scenarios

The normally polarized on-body channels are channels with both Tx
and Rx in normal polarization to the skin, i.e. along the ~ρ direction in
Fig. 3.1(b). We denote this polarization also as ~ρ polarization. The ~ρ-
polarized channel measurements were conducted in an anechoic chamber
in the WELCOME laboratory, UCL. Hence, the interference from the
off-body environment was excluded, and the on-body channels were only
impacted by the body scattering.
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3.2.2.1 Test-bed

A four-port Agilent N5242A VNA was used to measure the S-parameters
of the antennas. It has a system dynamic range of 132 dB and re-
ceiver dynamic range of 130 dB. This VNA simultaneously measures
S-parameters sharing the same Tx port. We then conducted the mea-
surements with port 1 as the Tx and the remaining ports as the Rxs.
Table 3.3 gives the details of the VNA settings.

Input power 5 dBm
Sweep mode CW
Frequency 2.45 GHz
Sampling rate 1 ms
IF bandwidth 10 KHz
Measurement length 10 s

Table 3.3: VNA settings in ~ρ-polarized scenarios

An innovative type of folded dipole antennas were designed for the
~ρ-polarized scenarios. The folded dipole antennas maintain a linear po-
larization despite their compact size, as shown in Fig. 3.5(a). The
antennas are designed to work in the 2.4 GHz band and are optimized
when the antennas are placed on the skin in normal orientation. Fig.
3.5(b) presents the S11 of a folded dipole antenna when it is placed on
the skin in normal polarization. It shows that the antenna return-loss is
much lower than -10 dB at 2.4 GHz band, i.e. less than 10% energy is
reflected back by the antenna. The lowest value of S11 is found at 2.45
GHz, which satisfies the needs in our measurements.

(a) Structure and packaging of a
folded dipole antenna
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−30

−20

−10

0

f [GHz]

|S
11

| [
dB
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(b) Antenna return loss (S11) measured
at trunk surface

Figure 3.5: Structure and performance of folded dipole antennas in ~ρ-
polarized scenarios

In the measurements, the antennas were fixed by foam blocks to keep
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the normal orientation, as shown in Fig. 3.6.

Figure 3.6: Position and polarization of the folded dipole antennas on
the trunk in ~ρ-polarized scenarios. The antennas were fixed by green
foam blocks.

3.2.2.2 Body and link geometry

Table 3.4 provides the geometric parameters of the body in ~ρ-polarized
scenarios.

There are also two different link geometries investigated in the ~ρ-
polarized scenarios.

Horizontal links (~ρ−H scenario)
Fig. 3.7(a) describes the horizontal link geometry in ~ρ-polarized
scenario. This geometry is analogue to ~z −H scenario by putting
three antennas on a horizontal plane on the front trunk. The dif-
ference is that in Fig. 3.7(a) the channels propagate from the right
side to the left side of the trunk. Therefore a similar quantization
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Height/Weight 183 cm/75 kg
Arm perimeter 28 cm
Trunk perimeter 89 cm
Arm-Trunk space 3 cm
Leg length ≥110 cm

Table 3.4: Body geometry and other information of the subject in ~ρ-
polarized scenarios

of the link geometry is made in Fig. 3.7(b). The canonical mea-
surements were made as follows: distance d12 was fixed at 12 cm
and 14 cm to form the propagation distance of S21; d10 changed
to form different channel positions; d23 changed to form different
propagation distances of S31 and S32.

321
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(a) Horizontal channel
distribution

S31

S32

d23

d20

d13

d12

d10

3021
LEFTRIGHT

S21

(b) Geometric quantization

Figure 3.7: Geometric description of horizontal on-body channels in ~ρ-
polarized scenarios. 1, 2, 3 designate the antenna allocations and 0 is
the trunk center

Vertical links (~ρ− V scenario)
Fig. 3.8(a) describes the vertical link geometry in ~ρ-polarized sce-
narios. Three antennas were located along the trunk in the vertical
direction. The antenna 1 was at the same height of the trunk cen-
ter. The positions of the channels are described by d10, i.e. the
horizontal distance between antenna 1 and the trunk center 0. Fig.
3.8(b) presents the quantization of the link geometry. The canon-
ical measurements were made as follows: distance d12 was fixed at
7 cm and 12 cm to form the propagation distance of S21; position
of antenna 1, d10 changed to form different channel locations; dis-
tance d23 changed to form different propagation distances of S31

and S32.
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Figure 3.8: Geometric description of on-body vertical channels in ~ρ-
ploarized scenarios. 1, 2, 3 designate the antenna allocations and 0 is
the trunk center

3.2.3 Summary of canonical scenarios

Table 3.5 summarizes the scenarios in the canonical on-body measure-
ments, and the geometric identification of the measurements in each
scenario.

Scenarios Notation Geometric identification
~z-polarized, horizontal links ~z −H d12 − d10 − d23

~z-polarized, vertical links ~z − V d20 − d12 − d24

~ρ-polarized, horizontal links ~ρ−H d12 − d10 − d23

~ρ-polarized, vertical links ~ρ− V d12 − d10 − d23

Table 3.5: Summary of canonical on-body scenarios

3.3 Statistical characterization and modeling

3.3.1 Channel estimation

We did not apply additional estimations to extract the channels from
the measurements based on several facts: 1) the narrowband on-body
channels were directly measured through the S-parameters; 2) the mea-
surements were made in anechoic environment without off-body interfer-
ence to be canceled; 3) the antennas were firmly fixed without significant
dynamic impact to the measurements. Consequently, the measured S-
parameters were treated as the direct complex channel measurements.
In ~z−H and ~z−V scenarios, we applied a moving average by a rectangle
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window of 50 ms to suppress the noise in the measurements as:

S̄xy(n) =
1
N

n+N/2∑
m=n−N/2

Sxy(m) N = 50. (3.1)

The channel fading is the channel variation observed in various do-
mains. We define both temporal fading and spatial fading of narrowband
on-body channels. The temporal fading is the time-variation of the chan-
nels under the dynamic body scattering in a single measurement. The
spatial fading is the variation of the channel statistics observed in mul-
tiple measurements, also referred as the spatial variation. However, the
conventional definitions of slow fading (shadowing) and fast fading in
large-scale propagation are not applicable for on-body channels. This is
because the limited scattering components resulting from the body are
insufficient to cause significant multipath effects. Therefore the fading
on the temporal domain is a single description of the time-variation of
the channels.

The statistics of the on-body channels are characterized per mea-
surement lasting for 20 seconds in ~z-polarized scenarios and 10 seconds
in ~ρ-polarized scenarios. The statistical results are collected and related
to the link geometries to enable canonical spatial descriptions.

3.3.2 Pathloss

The narrowband on-body pathloss is the inverse of the average of the
channel amplitudes in temporal domain, which is calculated in dB:

LdB = −E[|S|dB(t)] (3.2)

where E[•] is the expectation operator applied in the temporal domain.
Fig. 3.9 presents the on-body pathloss in different scenarios. The

results in ~z−V scenario cover only the vertical channels S43 and S31. In
the figures, each point represents a single measurement of an on-body
channel given specific position and propagation distance. Such notation
is used throughout this chapter.

The results are related to the propagation distances of the consid-
ered channels. We observe high pathloss levels within short propagation
distances. The pathloss levels show quasi-linear increase along with the
increase of the propagation distance in all the scenarios. Linear models
are applied to describe the average increasing rates of the pathloss levels,
which is also plotted in the figures.
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Figure 3.9: On-body pathloss in dB in different scenarios

Spatial variation of the pathloss is observed in Fig. 3.9, which is the
fluctuation of the pathloss levels around their local means at a certain
propagation distance. Such variation is brought by measuring the chan-
nels at different positions. The variation levels are stable at different
propagation distances. Therefore we model the overall spatial variation
of the pathloss by a zero-mean normal distribution, which matches the
measurements well as shown in Fig. 3.10. The spatial variation of the
pathloss is then characterized by its Standard Deviation (STD), denoted
as σL.

We then propose an empirical model to describe both the linear
increasing rate and and the spatial variation of the on-body pathloss in
our measurements:

L(d)dB = µL(d) + σLW

µL(d) = L0 + nL(d− d0), (3.3)

where µL is the linear model of the average pathloss increasing rate de-
scribed by nL, d is the propagation distance on the trunk, L0 and d0 are
the reference pathloss level and propagation distance, σL is the STD of
the pathloss spatial variation, W ∼ N (0, 1) is a random variable follow-
ing a normal distribution. All the distances in Eq. 3.3 are measured in
centimeters. The estimation by the model in each scenario is presented
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Figure 3.10: Distribution of on-body pathloss spatial variation in dB

as follows:

1. For ~z −H links:

LdB = 36.1 + 1.53(d− 2) + 3.25W (3.4)

2. For ~z − V links:

LdB = 45 + 1.27(d− 7) + 5.99W (3.5)

3. For ~ρ−H links:

LdB = 18.4 + 1.06(d− 7) + 1.21W (3.6)

4. For ~ρ− V links:

LdB = 17.3 + 0.64(d− 7) + 0.89W (3.7)

The comparison on the pathloss increasing rates brings two conclu-
sions. First, the pathloss levels in ~ρ-polarized scenarios are much lower
than in ~z-polarized scenarios. The better link quality in normal polar-
ization can be explained by several reasons: 1) the normally polarized
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antennas are closer to LOS conditions, therefore they are less shadowed
by the body; 2) the body scattering influence is also smaller to the nor-
mally polarized antennas; 3) creeping waves are formed are formed on
the trunk for normal polarization [KC10], which helps to alleviate the
body shadowing effect. Second, in both polarizations, vertical channels
along the trunk have lower pathloss increasing rate than horizontal chan-
nels around the trunk. Such difference is because horizontal propagation
around the cylindrical trunk is closer to NLOS condition and receives
larger shadowing from the body than the vertical propagation.

The results also show that the pathloss spatial variation in the ~ρ-
polarized scenarios are lower than in the ~z-polarized scenarios. First,
this is because the LOS propagation condition in the ~ρ-polarized sce-
narios alleviates the influence of body scattering variety to the pathloss
levels in different positions. Second, this is also because antennas in
normal orientation are less sensitive to the antenna displacement than
the antennas tangentially attached to the skin, which further weakens
the pathloss spatial variation in the measurements.

3.3.3 Temporal fading

Temporal fading describes the time-variation of each individual channel.
We estimated the Cumulative Density Function (CDF) and Probability
Density Function (PDF) of the temporal fading amplitudes on linear
scale in each measurement, i.e. |Sxy|lin. Different distribution models
are investigated to estimate the fading distribution by Maximum Like-
lihood Estimator (MLE) [Ibe05], including the Lognormal, Normal, Ex-
ponential, Weibull, Gamma, Nakagami, Rayleigh, and Rice distribution
models. The estimation results are evaluated through the Mean Square
Error (MSE) as:

MSE = E[(xn − x̂n)2], (3.8)

where xn and x̂n correspond to the observed and estimated PDF of the
random variables, n is the index of the intervals.

To make a fair comparison, we estimated the fading distribution of
the normalized channels, i.e. the fading amplitudes are normalized so
that the average energy is one. Fig. 3.11 compares the average MSE
of the estimation results in each scenario. The comparison shows close
and good estimation performances of the Lognormal, Nakagami, and
Gamma distribution models in ~z −H, ~ρ−H and ~ρ− V scenarios.

Fig. 3.12 presents the Lognormal estimation of the average fading
distribution, which fits well the measurements. A χ2 goodness-of-fit test
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Figure 3.11: Average MSE of estimation results of fading amplitude
distribution on linear scale in canonical measurements
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Figure 3.12: Lognormal estimation of the average fading amplitude on
linear scale

has also successfully confirmed the adequacy of the Lognormal distri-
bution. We then adopt the Lognormal model to describe the temporal
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fading distribution based on its estimation performance and simple rep-
resentation, i.e. normal distribution in dB. Hence, the temporal fading
is characterized by its STD in dB as:

σF = E[
√

(|S|dB − E[|S|dB])2], (3.9)

Fig. 3.13 presents the results of σF in each scenario, which are also
related to the propagation distance of the considered channels. Similarly
to the pathloss L results in Sec. 3.3.2, σF shows quasi-linear increase
along with the increase of the propagation distance and spatial variation
in all the scenarios. The spatial variation of σF is caused by two reasons:
the different locations of the channels, and the motion variation of the
arm swing in different measurements.
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Figure 3.13: Temporal fading STD in dB in different scenarios

Therefore, as analogue to Eq. 3.3, we propose an empirical model to
describe the linear increasing rate and spatial variation of σF in dB as:

σF = µσF + σσFW

µσF = σF0 + nσF (d− d0) (3.10)

where d is also measured in centimeters. The estimation results of µσF
match the increasing rates in measurements as shown in Fig. 3.13. Table
3.6 summarizes the parameter estimation of the model in each scenario.
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Scenarios σF0 d0 nσF σσF
~z −H 0.29 2 0.069 0.51
~z − V 0.87 7 0.096 1.3
~ρ−H 0.46 7 0.028 0.3
~ρ− V 0.5 7 0.021 0.32

Table 3.6: Statistical summaries of the temporal fading in canonical
on-body channel measurements

Results in Table 3.6 show higher increasing rates of σF in ~z-polarized
scenarios than in ~ρ-polarized scenarios. This is because ~z-polarized on-
body channels receive larger attenuation than the ~ρ-polarized channels,
therefore the dynamic interference from the arms is relatively amplified
to the ~z-polarized channels.

The increasing rates of σF are close between horizontal and vertical
links in ~ρ-polarized scenarios. It means that the normally polarized
antennas are insensitive to the dynamic arm scattering, which thereby
causes close dynamic scattering interference in both directions.

The results also show smaller spatial variation of σF in ~ρ-polarized
scenarios than in ~z-polarized scenarios. First, it is because the lower
pathloss levels in ~ρ-polarized scenarios mitigate the variation from the
dynamic arm scattering. Second, it is also because the normally polar-
ized antennas are less sensitive to the arm scattering.

3.3.4 Doppler spectrum

The Doppler spectrum of a propagation channel models the mobility of
Tx, Rx, or the surrounding scatterers. In the canonical measurements,
we measured fixed-fixed on-body channels. The swinging arms then
become the local moving scatterers that form the Doppler spectra of the
on-body channels. We estimated the Doppler Power Spectrum Density
(PSD) in the measurements by the periodogram method.

Body motions like walk and arm swing are typically local and repet-
itive movements. It means that in a certain posture, the dynamic body
scattering will show temporal variation around an average value. Con-
sequently, the Doppler spectrum of an on-body channel will be centered
at 0 Hz Doppler frequency shift and has certain spread corresponding to
the motions. The arm swing is a periodic motion. Therefore the scatter-
ing from the swinging arms will also contain strong periodic components
that bring periodic temporal fading of the on-body channels.
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Figure 3.14: An example of a periodic on-body channel and its Doppler
PSD, selected from S21 in a ~z−H measurement identified by d12−d10−
d23 = 14− 19− 23 [cm]

An example of periodic on-body channel is shown in Fig. 3.14. A
measurement sample of channel S21 is selected from a measurement in
~z −H scenario, identified by d12 − d10 − d23 = 14− 19− 23 [cm]. Both
the amplitude and phase of the channel show cycles as marked in Fig.
3.14(a) and Fig. 3.14(b). The cycle of the channel’s time-variation cor-
responds to the cycle of the arm swing, which is around 1.2 seconds.
We further observe periodic and symmetric patterns of the channel in
the first half and second half of one cycle, which is consistent with the
regular forward-and-backward pattern of the arm swing. The phase of
the channel varies in a smaller range (< 30◦) in Fig. 3.14(b) compared
to the range of the arm swing (> 20 cm). It means that the interfer-
ence from the dynamic arm scattering is much smaller than the trunk
scattering to the channel, where the latter determines the pathloss level.

Fig. 3.14(c) presents the Doppler PSD of the channel taken as an
example. The strong peaks at the frequency harmonics in the spectrum
correspond to the cycles of the channel. Because the phase of the channel
has small variation, the spectrum spread of the channel amplitude in Fig.
3.14(d) is close to the Doppler spread of the channel.
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Fig. 3.15 presents the average normalized Doppler PSD in each
scenario. The normalization of the Doppler PSD is made by normalizing
the channel gains to 0 dB. The averaging on the normalized Doppler
PSD covers all the measured channels in one scenario. The results show
that in all the scenarios, the Doppler spread is concentrated within 10
Hz, which is consistent with the slow body motions. In all the scenarios,
peaks are found in the Doppler PSDs at fundamental frequencies around
1 Hz and the harmonics, which correspond to the cycle of the arm swing.
Because of a larger temporal fading in ~z-polarized scenarios, the PSD
distributions at the frequency harmonics in ~z-polarized scenarios are
larger than in ~ρ-polarized scenarios.
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(a) ~z −H scenario
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(b) ~z − V scenario
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(c) ~ρ−H scenario
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(d) ~ρ− V scenario

Figure 3.15: Doppler PSD and empirical model estimation in different
scenarios

An experimental model of the Doppler spread is proposed in [ANP+09]
by assuming uniform moving scattering environment, expressed as:

PSD(fD) =
1

sD + f2
D

, (3.11)

where fD is the Doppler frequency, and sD is the spread parameter which
is inversely proportional to the Doppler spread. This model is found to
well fit the Doppler PSDs of on-body channels measured in an indoor
environment as in [DO11]. For the scenarios under periodic arm swing,
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we modify Eq. 3.11 to fit both the overall spectrum spread and the local
spectrum spreads at the frequency harmonics, expressed as:

PSD(fD) =
∞∑
m=0

1
1 +maD + sD(fD −mf0)2

1
xD2m

, (3.12)

where f0 is the fundamental frequency, sD describes the overall Doppler
PSD spread, aD describes the extra local spectrum spread the frequency
harmonics, xD is a the decaying of the Doppler PSD at the fundamen-
tal frequency compared with fD = 0 Hz, and 2m is an extra fitting of
the spectrum decrease between adjacent frequency harmonics. The pa-
rameters aD, sD, and xD describe three independent properties of the
Doppler PSDs of periodic on-body channels. They are then estimated
sequentially. Fig. 3.15 also presents the estimation results, which match
the measurements well. In Table 3.7, the parameter estimations of the
model in each scenario are summarized.

scenario f0 [Hz] sD [W−1Hz−2] xD aD
~z −H 0.85 6740 23 5.4
~z − V 0.85 8340 29 7.5
~ρ−H 0.91 3030 51 7.2
~ρ− V 0.95 2950 56 8.3

Table 3.7: Model estimation of the Doppler PSD in each scenario by Eq.
3.12

3.3.5 Spatial channel correlation

The spatial channel correlation, or inter-channel correlation, is usu-
ally explained by the scattering commonness in large-scale propagation.
Studies on shadowing correlation in large-scale propagation use mobile
networks use geometry-based approaches to describe such common scat-
tering effect, like models in [WTN06, Sør99, AP09, Gud91]. In these
models, the distance or angle difference is an important parameter to
describe the shadowing cross-correlation.

The canonical on-body channels have shown strong spatial depen-
dence on their statistics. Fixed-fixed on-body channels distributed in
a small area are expected to receive geometry-dependent body scatter-
ing interferences that bring common scattering effect to the channels.
Therefore, we also resort to geometry-based investigations and the ge-
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ometry difference to characterize and model the spatial on-body channel
correlation.

By the conclusion that on-body channel fading follows Lognormal
distribution as in Sec. 3.3.3, the correlation coefficient between two
on-body channels is defined as:

ρ1,2 =
E[(|S1|dB − E[|S2|dB])(|S2|dB − E[|S2|dB])]

σ|S1|dBσ|S2|dB
(3.13)

Similarly to the investigations on the pathloss and temporal fading
in Sec. 3.3.2 and Sec. 3.3.3, we propose an empirical model trying to
cover both the average and spatial variation of ρ1,2, as:

ρ1,2 = µρ1,2 + σρ1,2U, (3.14)

where U ∼ N (0, 1) is a random variable following a truncated normal
distribution, which should guarantee that |ρ1,2| ≤ 1. µρ1,2 is expected
to be modeled in geometric way.

3.3.5.1 ~z −H scenario

In the ~z − H scenario described in Fig. 3.3, the correlation coefficient
between channels S21 and S31 is investigated. The overlapping channels
share a common Tx (antenna 1) and differ in the locations of their Rxs,
which is described by the distance difference between antennas 2 and 3,
denoted as d23.

Fig. 3.16 presents two examples of ρ21,31 as a function of d23 from
measurements with d12 = 12 cm and d12 = 14 cm. Decreasing trends can
be observed in both examples. It means that overlapping channels in the
~z −H scenario will lose their correlation when their distance difference
increases. This conclusion is valid when the channels are distributed on
the front trunk.

The average decreasing trend of ρ21,31, µρ21,31 , is then described by
a linear model. A natural boundary condition should hold in the model
that µρ21,31 = 1 when d23 = 0 cm, representing a total overlapping of
S21 and S31. Finally, ρ21,31 in ~z −H scenario is modeled as:

ρ21,31(d23[cm]) =
{

1− 0.043d23 + 0.19U 0 6 d23 < 23cm
0 d23 > 23cm

, (3.15)

The estimation of µρ21,31 by the model well matches the average
decreasing rate of the overall results, as shown in Fig. 3.17.
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Figure 3.16: Two examples of ρ21,31 in ~z−H scenario with different d12
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Figure 3.17: Overall results and the linear model of ρ21,31 in ~z − H
scenario

3.3.5.2 ~z − V scenario

In the ~z − V scenario described in Fig. 3.4, we investigate the corre-
lation coefficient between channels S21 and S41, denoted as ρ21,41. The
geometric difference between S41 and S21 is described by the angle as
shown in Fig. 3.18, denoted as θ24, θ24 = arctan(d24/d21). Fig. 3.19(a)
presents the results of ρ21,41 as a function of θ24.

The results do not show any trend of ρ21,41 when θ24 varies. It
means that the vertical channels receive a more complicated dynamic
arm scattering. In reality, both horizontal and vertical arm swing will
impact the vertical channels. The arm swing also includes complex small
movements like the bending of the forearm, which will also complicate
the time-variation of the arm scattering. In the absence of any significant
trend, ρ21,41 is modeled as following a truncated normal distribution, as
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shown in Fig. 3.19(b), and is expressed as:

ρ21,41 = 0.14 + 0.35U (3.16)

The absolute value of ρ21,41 is characterized in Fig. 3.19(c). Fig.
3.19(d) presents a MSE comparison of the estimations by different dis-
tribution models on |ρ21,41|, which suggests that |ρ21,41| follows the Beta
distribution:

PDF(ρ) =
1

B(aB, bB)
(1− x)bB−1 (3.17)

where B(aB, bB) is the Beta function with parameters aB and bB. The
estimation results of |ρ21,41| is summarized in Table 3.4.

3.3.5.3 ~ρ−H scenario

In the ~ρ−H scenario described in Fig. 3.7, we investigate the correlation
coefficient between overlapping channels S21 and S31 similarly to the
investigation in the ~z−H scenario. ρ21,31 is then described as a function
of d23. Fig. 3.20(a) presents the collection of ρ21,31. The results show
a large variation of ρ21,31 especially at small d23. The overall ρ21,31 is
then modeled to follow a truncated Guassian distribution as shown in
Fig. 3.20(b), expressed as:

ρ21,31 = 0.51 + 0.31U (3.18)

Furthermore, Fig. 3.20(c) presents the distribution of |ρ21,31|. Using
similar estimation approach as in ~z − V scenario, the MSE comparison
results shown in Fig. 3.20(d) |ρ21,31| suggest that |ρ21,31| follows a Beta
distribution. The statistics of |ρ21,31| are summarized in Table 3.4.

RIGHT LEFT
0 1

d42
S41

θ24

d12

S21

2

4

Figure 3.18: Angle difference between S41 and S21 in ~z − V scenario
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Figure 3.19: ρ21,41 in ~z − V scenarios
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Figure 3.20: ρ21,31 in ~ρ−H scenario
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Figure 3.21: ρ21,31 when d20 > 0 cm in ~ρ−H scenario

A decreasing trend of ρ21,31 is observed when the position of antenna
2 is located on the right side of the trunk (d20 > 0), as shown in Fig.
3.21. Therefore, similarly the ~z −H scenario by Eq. 3.15, an empirical
model is proposed to describe the average decreasing rate and spatial
variation of ρ21,31 in this condition:

ρ21,31(d23[cm]) =
{

1− 0.027d23 + 0.20U 0 6 d23 < 30cm
0 d23 > 30cm

, (3.19)

where the linear part of this model matches the average decreasing rate
of the measurement results well as shown in Fig. 3.17.

The decreasing rate of ρ21,31 in Eq. 3.19 is smaller than the de-
creasing rate of ρ21,31 in Eq. 3.15 in ~z − H scenario. It means that
the horizontal channels in ~ρ polarization receive less changes of dynamic
arm scattering at different positions.

3.3.5.4 ~ρ− V scenario

In the ~ρ − V scenario described in Fig. 3.8, the correlation coefficient
between overlapping channels S21 and S31 is investigated. The ρ21,31 is
still related to d23 as in the ~z − H and ~ρ − H scenarios. Fig. 3.22(a)
presents the results of ρ21,31 versus d23. The results show a random
variation of ρ21,31 that is unrelated to d23. ρ21,31 is also modeled as
following a normal distribution as in Fig. 3.22(b), which is expressed as:

ρ21,31 = −0.036 + 0.35U (3.20)
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Figure 3.22: ρ21,31 and |ρ21,31| in ~ρ− V scenario

Fig. 3.22(c) presents the distribution of |ρ21,31|. By similar compar-
ison approach, |ρ21,31| is modeled as following a Beta distribution, as in
Fig. 3.22(d). The statistics of ρ21,31 are summarized in Table 3.4.

3.4 Conclusion on spatial on-body channel cor-
relation

Table 3.4 summarizes the modeling of the spatial on-body channel cor-
relation in each scenario.

scenarios ρ1,2 Beta distr. of |ρ1,2|
~z −H, ρ21,31 1− 0.043d+ 0.19U n.a.
~z − V , ρ21,41 0.14 + 0.35U aB/bB=0.94/2.15
~ρ−H, ρ21,31 (overall) 0.51 + 0.31U aB/bB=1.62/1.46
~ρ−H, ρ21,31 (d20 > 0) 1− 0.027d+ 0.20U n.a.
~ρ− V , ρ21,31 −0.036 + 0.35U aB/bB=1.14/2.79

Table 3.8: Statistical summaries of spatial channel correlation in canon-
ical on-body measurements

The results show large spatial variation of the correlation coefficients
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in all the scenarios. In addition to the complexity of the dynamic body
scattering and the varying of channel locations, the limited duration of
each measurement also raises such spatial variation.

The horizontal overlapping channels in both ~z- and ~ρ-polarized sce-
narios have shown significant decreasing trends as the geometric dif-
ference, i.e. the distance differences between the channels increase. It
shows a clear spatial dependence of the arm scattering along the hor-
izontal direction. Therefore the correlations of horizontal channels are
described in geometry as a function of their distance difference.

On the contrary, vertical channels in both polarization scenarios re-
ceive more complicated arm scattering in both temporal and spatial
domains. The spatial dependence of the arm scattering is then weak.
As a result, the correlation of vertical channels shows random distribu-
tion. The correlation coefficients are then modeled as following normal
distributions, and their absolute values are modeled as following Beta
distributions.





CHAPTER4
Scenario-based channel

characterization

The canonical measurements in Ch. 3 have shown a strong influence of
the scenario specification to on-body channel properties. The scenarios
in realistic applications are much more complicated than the simple
scenarios defined in the canonical measurements. The complexity of
realistic scenarios can be found in the following aspects:

1. The on-body communications will cover a large area across dif-
ferent body parts, which are difficult to describe with quantized
geometry.

2. Various body motion modes will bring distinct dynamic body scat-
tering effects as far as temporal channel fading is concerned.

3. On-body antennas may have significant displacements in both po-
sitions and orientations, which will increase the antenna interfer-
ence to the channels.

4. Scattering from off-body environment will also impact on-body
propagations.

In scenario-based on-body channel measurements, less emphasis is
put on the geometric description. Instead, on-body channels are de-
scribed by the concerned body parts, e.g. from head to chest. This
allows the measurements to investigate on-body links in a larger area
and offer a more general channel description aimed at specific but prac-
tical BAN systems.

In this chapter, we present two kinds of scenario-based dynamic
narrowband on-body measurements conducted in indoor environments:
dual-link measurements at 2.47 GHz and multi-link measurements at
4.2 GHz. The measurements differ by their test-beds, environments,
subjects, and body motion modes. We resort to similar characteriza-
tion and modeling methods as in the canonical measurements to keep
a consistent study. The results provide a preliminary knowledge of the
dynamic on-body channels in realistic environments.
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4.1 2.47 GHz dual-link measurements

4.1.1 Measurement context

The measurements were conducted in narrowband at 2.47 GHz in the
temporal domain. On-body channels in a dual-link topology with one Tx
and two Rxs were recorded on a female subject (height 170 cm, weight
65 kg) as shown in Fig. 4.1.

Figure 4.1: Test-bed and female subject in scenario-based 2.47 GHz
dual-link measurements, viewed from front and back sides.

We used the Agilent PNA-X N5242A [Agi] to measure the transmis-
sion S-parameters between the antennas. Analogue to canonical mea-
surements, the Skycross SMT-3TO10M antennas as shown in Fig. 3.2
were used. The antennas were directly attached to the skin in tangential
polarization along the vertical direction, as shown in Fig. 4.1. This was
found to provide small antenna return-loss on the subject. We used 4
meters and 8 meters coaxial cables to connect the antennas to the VNA.
The loss from the cables is 0.45 dB per meter at 2.47 GHz, which is
negligible. Table 4.1 presents the detailed informations of the VNA and
the subject.

We investigated five scenarios as depicted in Fig. 4.2. The loca-
tions of the antennas in these scenarios correspond to critical regions
in medical applications, such as the chest, arms, etc. The different link
geometries in the scenarios are only identified by the indexes of the sce-
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Input power 5 dBm IF bandwidth 1 kHz
Frequency 2.47 GHz Subject’s height 170 cm
Polarization tangential Subject’s weight 65 kg
Sampling rate 1 ms Waist perimeter 77 cm
Measurement length 10 s Hip perimeter 87 cm
Sweeping mode CW

Table 4.1: Contexts and subject’s information in scenario-based 2.47
GHz dual-link measurements

narios.

Figure 4.2: On-body link geometries in dual-link measurements, labeled
as scenario 1, 2, 3, 4, and 5 from the left to the right. R1 and R2

represent the Rxs of channel 1 and 2. Distances marked in the figure
are measured in centimeters.

Three motion modes were investigated in each scenario: sleep, sit-
stand, and walk. In the sleep mode, the subject was laying on a table in
a small meeting room to simulate a patient in the hospital environment,
as in Fig. 4.3(a). The meeting room was an enclosed and quiet space
without persons passing by. The subject was in a static posture and
made natural breathing. In the sit-stand motion mode, the subject
performed sequential movements of sitting down and standing up in
a laboratory as shown in Fig. 4.3(b). The laboratory was less quiet
than the meeting room with more objects surrounding the subject and
occasional persons passing. In the walk mode, the subject walked in
straight line in the same laboratory, as shown in Fig. 4.3(c). These two
motion modes simulate the daily scenarios in offices and at home.

The measurement configuration is similar to the canonical measure-
ment configuration presented in Chapter 3. Therefore, the channels are
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(a) Sleep

(b) Sit-stand

(c) Walk

Figure 4.3: Three motion modes investigated in scenario-based 2.47 GHz
dual-link measurements
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directly extracted from the measured S-parameters. Definitions on the
pathloss, temporal fading, Doppler spectrum, and spatial channel cor-
relation are then also similar to those in canonical measurements.

The interference by the antenna displacements was considered as a
part of the channels. The average antenna return-loss, S11 is -9 dB in
sleep, -10.2 dB in sit-stand, and -16.4 dB in walk mode, as shown in Fig.
4.4, which are sufficiently low values for the measurements.
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Figure 4.4: Average antenna return-loss in difference motion modes in
dual-link measurements

4.1.2 Statistical characterization

4.1.2.1 Pathloss

There are both fixed-fixed and fixed-mobile on-body channels in the
scenarios depicted in Fig. 4.2. Conventionally, the pathloss is defined
given a deterministic propagation distance, which is not applicable to
fixed-mobile on-body channels with time-varying propagation distances.
However, under repetitive body motions like walking, the channel gains
will vary around an average value. Therefore for fixed-mobile or mobile-
mobile on-body channels, the average pathloss levels L can be estimated
from the channels, and all temporal variation are covered by fading.

Fig. 4.5(a) presents the results of the pathloss in dB of both channels.
In general, we observed a weak relation between the pathloss lev-

els and the propagation distance in the measurements. The antenna
displacement, polarization mismatch, body shape variety, and off-body
scattering will all increase the variation of the pathloss. Fig. 4.5(b)
further compares the pathloss of the horizontal links in scenarios 3 to 5
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Figure 4.5: Pathloss in dB of dual-link measurements at 2.4 GHz

in Fig. 4.2, to the pathloss of corresponding links in anechoic measure-
ments as presented in Chapter 3. A significant larger spatial variation
of the pathloss in indoor environment is well observed in the figure.

The largest pathloss difference between the two links is 37.6 dB found
in scenario 1, sit-stand mode. On the contrary, channels with close
pathloss levels are found in scenarios 2 and 3, in sit-stand and walk
modes. The pathloss changes significantly when the posture and mo-
tion mode change. An example can be found in the pathloss change of
channel 1 in scenario 1 between the sleep and sit-stand modes. Table 4.2
presents a statistical summary on the mean and variation of the pathloss
levels across various motion modes in each scenario.
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Scenario µL1 σL1 µL2 σL2

1 51.05 21.53 72.24 1.90
2 71.45 5.13 72.83 5.17
3 66.09 2.64 72.29 12.57
4 66.22 3.08 73.39 8.22
5 69.89 15.09 72.60 6.40

Table 4.2: Statistical summary of pathloss (dB) in each scenario across
various motion modes in dual-link measurements

4.1.2.2 Temporal fading

The temporal channel fading results from the dynamic body scatter-
ing and the MPCs off the environment. We estimate the distribution
of temporal fading amplitude on linear scale using the methods as we
have applied in the canonical measurements. The following distribution
models are evaluated: Lognormal, Gamma, Nakagami, Rayleigh, Nor-
mal, Weibull, and Exponential. Fig. 4.6(a) compares the average MSE
of the estimation results in all scenarios. The Lognormal, Gamma, and
Weibull distribution models have achieved low MSEs. An example of the
Lognormal estimation of the fading distribution is given in Fig. 4.6(b),
which matches well with the measurements. Therefore similarly to the
canonical measurements, the temporal fading is modeled as following a
Lognormal distribution, which is characterized by its STD in dB by Eq.
3.9.

Fig. 4.7(a) presents the results of σF in each scenario. The results
show in general no geometric dependence and have larger spatial vari-
ation compared with the anechoic measurements presented in Chapter
2 under similar walk motion, as presented in Fig. 4.7(b). A small fad-
ing variance is observed in sleep mode, since the body was static and
the environment was quiet. It is interesting to observe a larger fading
variance in sit-stand mode than in walk mode. This is because the pos-
ture change from sit to stand is larger than the posture change in walk,
therefore a larger dynamic variation of the body scattering is expected in
the sit-stand mode. Moreover the different values of σF in different sce-
narios show the sensitivity of the dynamic body scattering to the link
geometries. Table 4.3 summarizes the statistics of σF in each motion
mode.
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Figure 4.6: Temporal fading amplitude distribution on linear scale in
dual-link measurements

4.1.2.3 Doppler spectrum

To evaluate the motion influences to the on-body fading, Fig. 4.8 com-
pares the normalized average Doppler PSD of the channels in different
motion modes. Similar to the canonical measurements, the Doppler
PSDs are centered at fD = 0 because of the local body movements.
Moreover, the Doppler spreads are concentrated within 10 Hz, which
correspond to the slow body motions.

The overall Doppler spreads are modeled by Eq. 3.11 using the pa-
rameter sD, which is inversely proportional to the spreads. The estima-
tion results are also presented in Fig. 4.8 with a single estimation to the
mobile modes (sit-stand and walk modes) as presented in Fig. 4.8(b).
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Figure 4.7: Temporal fading STD in dB in dual-link measurements

Motion modes µσF σσF
Sleep 0.88 0.49

Sit-stand 5.98 1.94
Walk 4.61 1.79

Table 4.3: Statistical summary of temporal fading STD in each motion
mode in dual-link measurements
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(a) Sleep,ŝ = 937W−1Hz−2
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(b) Sit-stand and walk, ŝ = 417W−1Hz−2

Figure 4.8: Normalized average Doppler PSD in different motion modes
in dual-link measurements

The estimations show good matching to the measurements, where the
estimated ŝD, is 937 W−1Hz−2 in sleep mode and 417 W−1Hz−2 in
mobile modes. The motion effect is significant that measurements in
sleep mode have much smaller Doppler spreads than in sit-stand and
walk modes.

A strong PSD component is observed in the walking mode for the
positive Doppler frequency shift, which is a result of a phase shift of the
channels when walking. An example is shown in Fig. 4.9, selected from
scenario 1, channel 2. A continuous increase of the phase is observed
in Fig. 4.9(a), which cause a higher Doppler spectrum on the positive
frequency shift, as shown in Fig. 4.9(b).
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(b) Normalized Doppler spectrum

Figure 4.9: Example of phase shift of channels in walk motion, measure-
ment selected from scenario 1, channel 2

4.1.2.4 Spatial channel correlation

By the conclusion of Lognormally distributed fading, the spatial channel
correlation in the dual-link measurements is again defined by Eq. 3.13,
denoted as ρ1,2. Fig. 4.10 presents the channel correlation in each
scenario. The channels are generally uncorrelated in sit-stand and walk
motion modes. It means a large spatial variation of the body scattering
on different body parts.

The major observations from the results are:

• Channels in sleep mode are close to flat channels as illustrated in
Fig. 4.7(a). Therefore the channel correlation in sleep mode is
negligible.
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Figure 4.10: Spatial channel correlation in dual-link measurements

• A high channel correlation is found in scenario 5, sit-stand mode.
In this scenario, the links have symmetric geometries on the trunk,
therefore the significant posture change between sit and stand
causes a synchronized dynamic fading to the channels.

• Anti-correlation, i.e. ρ12 < 0, is observed in scenario 2, walk mode.
This is because that both Rxs are located on the right arm and
right leg. During the walk people tends to alternate the movements
of the leg and arm on the same side, which make the time-variation
of the fading on the arm opposite to the fading on the leg. Similar
observations were also found in [DO09].

4.2 4.2 GHz multi-link measurements

4.2.1 Measurement context

The measurements were conducted in a meeting room of approximately
5×10 meters, and were repeated on two male subjects with close sizes
(180 cm) and weights (80 kg). Multi-link on-body channels were mea-
sured at 4.2 GHz in temporal domain. In the measurements, the subjects
walked in the room to create dynamic body scattering.

We used the same Skycross UWB antennas as in Fig. 3.2. The sub-
jects wore the antennas by fixing them on the clothes as in Fig. 4.11(a).
The antenna-skin distances were kept as small as possible but the an-
tennas return-loss is not addressed in the analysis. The measurements
also take the antenna impacts as a part of the channels.
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Figure 4.11: Measurement context in scenario-based 4.2 GHz multi-link
measurements

We measured the Channel Impulse Response (CIR) of the on-body
channels by the Elektrobit channel sounder. The antennas were con-
nected to the sounder through 6 meters coaxial cables. The Tx and
Rx units of the sounder share a common clock to avoid synchronization
problem. The sounder records the CIR over a bandwidth of 100 MHz.
The on-body channels were estimated by trying to separate the CIRs
of the on-body propagation (smaller delays) from the off-body reflec-
tion (larger delays). The final channel measurements are synthesized as
narrowband on-body channels in temporal domain. Table 4.4 lists the
detailed settings of the channel sounder.

Central frequency 4.2 GHz
Bandwidth 100 MHz
Input power 6 dBm
Channel sampling rate 169.7 Hz
Channel samplings/burst 4
Channel burst rate 20 Hz
Measurement length 35 s

Table 4.4: Sounder settings in scenario-based 4.2 GHz multi-link mea-
surements
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The multi-link on-body topology covers 12 positions as in Fig. 4.11(b).
To meet the equipment limitation and to control the measurement com-
plexity, in a single measurement, we only connected 8 nodes in the 12
positions to the sounder, with one node as the Tx and the rest as the
Rxs.

Two channel polarizations were measured: antennas in tangential
polarization to the skin in vertical direction, and antennas in normal
polarization to the skin. The polarizations are described in the same z-
polar coordinate system defined in the canonical measurements in Fig.
3.1(b).

4.2.2 Statistical characterization

4.2.2.1 Pathloss

The measurements contain fixed-fixed, fixed-mobile, and mobile-mobile
channels. Therefore in general we estimate the average pathloss levels in
the measurements. During the walk, the subjects made small local body
movements, therefore the propagation distances of the fixed-mobile and
mobile-mobile channels varied in a small range. We then relate the aver-
age pathloss levels to the average propagation distances to describe the
general spatial dependence of the on-body pathloss. The average prop-
agation distances were measured when the subjects were in a standing
posture.

Fig. 4.12 and Fig. 4.13 present the on-body pathloss in tangential
and in normal polarizations. Similar to the canonical measurements in
Chapter 3, each point in the figures represents a single measurement
given specific geometry, and such notation is applied to the rest of this
chapter. Significant pathloss spatial variations are observed due to the
complex body scattering and the antenna displacements. The measure-
ments in tangential polarization are more sensitive to the above factors.
Hence, the pathloss distribution in tangential polarization is close to a
random distribution, which can be fitted as:

LdB = 46.2 + 8.87W (4.1)

On the contrary, pathloss levels in normal polarization in Fig. 4.13
show a clear increasing trend, which is proportional to the logarithm
of the propagation distance. This is because the antennas in normal
orientation to the skin are closer to LOS propagation condition.
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Figure 4.12: On-body pathloss in normal polarization in multi-link mea-
surements

We therefore model the pathloss increasing rate and spatial variation
as:

LdB = L0 + 10nL lg
(
d

d0

)
+ σLW (4.2)

where d0 = 18 cm.
The estimation by the model in ~z-polarization is:

LdB = 42.11 + 9.31 lg
(
d

18

)
+ 8.67W (4.3)

which has large spatial variation as in Fig. 4.12(a).
The estimation by the model in ~ρ-polarization is:

LdB = 23.36 + 14.68 log
(
d

18

)
+ 5.70W (4.4)
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Figure 4.13: On-body pathloss in ~ρ-polarization in multi-link measure-
ments

which shows good fitting as in Fig. 4.13(a).

4.2.2.2 Temporal fading

We applied the same approaches as in dual-link measurements to in-
vestigate the temporal fading amplitude on linear scale. By comparing
the average MSE of the estimation results as shown in Fig. 4.14, the
temporal fading is again modeled as following a Lognormal distribution,
characterized by its STD in dB, i.e. σF by Eq. 3.9. Examples of the Log-
normal estimation to channels in different polarizations are given in Fig.
4.15, which pass the Kolmogorov-Smirnov test [Pap91] at significance
level of 5% and match the measurements well.

Fig. 4.16 presents the results of σF in both polarizations. Increasing
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Figure 4.14: Average MSE comparison of estimation results of fading
amplitude distribution on linear scale in multi-link measurements

trends and significant spatial variation of σF are observed, which are
modeled as:

σF = σF0 + nF lg
(
d

d0

)
+ σσFW (4.5)

where d is measured in centimeters and d0 = 18 cm.
The estimation by the model in tangential polarization is:

σF = 4.06 + 2.53 lg
(
d

18

)
+ 1.43W, (4.6)

and as for the normal polarization:

σF = 2.80 + 4.32 lg
(
d

18

)
+ 1.29W. (4.7)
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Figure 4.15: Examples of Lognormal estimation of the fading distribu-
tion in different polarizations

The estimation results are depicted in Fig. 4.16. Again the model
matches the measurements better in ~ρ-polarizations due to LOS propa-
gation.

4.2.2.3 Doppler spectrum

The normalized average Doppler PSDs of the overall, fixed-fixed, fixed-
mobile, and mobile-mobile channel measurements are estimated respec-
tively. Fig. 4.17 compares the results in two polarizations. The first
observation is that the Doppler spreads increase as the mobility of the
channel increases from fixed-fixed to mobile-mobile. The second obser-
vation is that peaks are found on the spectra at frequency harmonics,
which correspond to the cycle of the walk (around 1.5 seconds).
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Figure 4.16: Temporal fading STD in dB in multi-link measurements

The Doppler model in Eq. 3.12 is not applied, because the measure-
ments from the sounder contain significant noise and residual off-body
scattering components.

4.2.2.4 Spatial channel correlation

The investigated channels are generally uncorrelated, hence there is weak
relationship between the link geometries and the channel correlations.
Fig. 4.18 presents the overall distribution of the channel correlation
coefficients by Eq. 3.13 in two polarizations, which follow a truncated
normal distribution. Table 4.5 summarizes the statistics of the channel
correlation.

Correlated channels, as referred to channels having correlation co-
efficient larger than 0.5, are listed in Table 4.6 and Table 4.7 in both
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Figure 4.17: Comparisons of Doppler PSD in different link mobilities in
multi-link measurements

polarizations. These correlations are found generally in two particular
link configurations. The first one is when the Rx nodes are placed on the
left arm and left hand respectively. The movement of the left arm during
the walk will move both Rxs in the same direction, hence it generates
synchronized fading. The second one is when the Rx nodes are placed
on the center hip and right hip respectively. In the second configuration,
both nodes are closely placed, therefore the channels will receive similar
dynamic body scattering and exhibit similar temporal fading.

The correlation results are further compared to the dual-link mea-
surements at 2.47 GHz. The channel correlation in scenario 1 of the
dual-link measurements in Fig. 4.2 is selected, which is compared to
the link correlation between link rightHip/centerHip-rightHand and link
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Figure 4.18: Distribution of spatial channel correlation in multi-link
measurements

Scenario µρ1,2 σρ1,2
Tangential polarization 0.0456 0.1673
Normal polarization 0.06 0.1957

Table 4.5: Statistical summaries of spatial channels correlation in multi-
link measurements

Tx R1 R2 ρ1,2

right leg center hip right hip 0.56
head left arm left hand 0.66
right hand center hip right hip 0.60
left arm left hand chest 0.62
right foot center hip right hip 0.53
right foot right hip right leg 0.50

Table 4.6: Correlated on-body channels observed in ~z polarization in
multi-link measurements

Tx R1 R2 ρ1,2

right leg left arm left hand 0.59
left arm center hip right hip 0.79
left hand center hip right hip 0.55
chest left arm left hand 0.62
right hand center hip right hip 0.72
left hand center hip right hip 0.75

Table 4.7: Correlated channels observed in ~ρ polarization in multi-link
measurements
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rightHip/centerHip-chest at 4.2 GHz, as shown in Fig. 4.19. Under such
link geometry, the links are in general uncorrelated at both frequencies.
This means that the links do not receive either the common body scat-
tering or synchronized node motion for their correlation.
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Figure 4.19: Comparison of channel correlation in tangential polariza-
tion at 4.2 GHz and 2.47 GHz

4.3 Conclusion of spatial channel correlation

Because of a large variation of link geometries, the on-body channels
are generally uncorrelated in the scenario-based measurements. The
correlated channels in the measurements are strongly related to the mo-
tion modes. Similar to the canonical measurements, fixed-fixed on-body
channels are correlated because they receive common scattering from the
body within a limited area. Mobile channels are formed by nodes that
move along with the body, hence the channel correlation is explained
by the pattern of the body motions. The two mechanisms explain most
of the correlated on-body channels observed in the scenario-based mea-
surements.



CHAPTER5
Analytical on-body channel

modeling

In Chapter 3 and Chapter 4, empirical models have been widely applied
to describe the on-body channel statistics based on measurements, which
are efficient to reflect the reality as also studied in [FDR+05,MCC+06,
HAZ+06, LDDO09]. To further understand the physical mechanisms
of on-body propagation, analytical modeling is presented in this chap-
ter. Although sophisticated simulations such as Finite-Difference Time-
Domain (FDTD) and ray-tracing [ZHAP06,RJV+07,ZSH+09] can pro-
vide high-resolution field description on static bodies, extending these
simulations into dynamic scenarios is too costly. Analytical models, as
studied in [FKC+10,GA08,MZ09], are usually developed on a simplified
geometric description of the human body. It is a compromise between
precision and efficiency to describe the essential properties of on-body
channels in different domains. Analytical models are efficient to syn-
thesize the channel statistics like the pathloss and spatial channel cor-
relation. They also support canonical channel description to describe
the spatial dependence of the channel properties, serving as essential
knowledge in the design of BAN communications.

The analytical model developed in this chapter describes the dy-
namic body scattering based on a simplified body geometry consisting
of multiple parts. It is an extension from earlier work in [FKC+10]. The
model is validated by deterministic and statistical comparison with the
canonical on-body channel measurements in Chapter 3.

5.1 Modeling principles

The analytical model consists of two parts: a full-wave closed-form static
field solution of the body scattering in near-field, and a modeling of the
body motions that extends the field solution into dynamic scenarios. A
basic principle to obtain a closed-form field solution of the body scatter-
ing is to simplify the shapes of the body parts, e.g. the trunk, arms, and
legs, into cylinders of infinite length, and to simplify the transmitting
node as a line or point source. An explicit field solution can be derived
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at the interested position, which is treated as the channel between the
nodes. To guarantee the validity the body modeling by infinite cylin-
ders, the on-body channels should be located in the region away from
the edges of the body, such as the shoulders and the hands.

The scenario should be specified in the model. We consider the
scenarios in the canonical on-body channel measurements with the par-
ticular arm swing motion. The general field solution is developed based
on these scenarios but is flexible to be extended to other link geometries
and body motions.

5.2 Body and antenna modeling

With respect to the scenarios investigated in the canonical on-body chan-
nel measurement in Chapter 3, we consider a walking human with a
natural posture as depicted in Fig. 5.1(a). The typical body motions
during the walk include the footwork and the arm swing, both of which
are rhythmic and quasi-periodic. In this scenario, the Tx and the Rx
of an on-body channel are both located on the trunk, as marked in
Fig. 5.1(b). It is assumed that on-body propagation on the trunk is
less affected by the scattering from the legs, so that the dominant body
scattering effects come from the trunk and arms. Both Tx and Rx are
assumed to be small-sized sensors that are fixed on the trunk with in-
variant positions and constant distances to the skin. We then adopt the
same z-polar coordinate system as in the measurements in Fig. 3.1(b)
to describe the geometry of the scenario.

In the described scenario, we use three infinite, homogeneous, and
lossy cylinders to model the trunk and the arms as in Fig. 5.2(a). Al-
though the elliptic cylinder is closer to the actual shape of the trunk as
studied in [MZ09], the complexity to solve the analytical fields of ellip-
tic cylinder scattering will be dramatically high, yet the improvement
brought to the model is limited. The cylinders are vertically placed and
are allowed to have parallel movements on the azimuth plane. The con-
ductivity of the cylinders is determined by the cole-cole model [HH06].
The cylinders are assumed to be composed by dry skin with respect to
the subjects in the canonical measurements. The permeability, permit-
tivity and wavenumber in free-space and in the cylinders are denoted by
(µ0, ε0, k0) and (µc, εc, k).

The Tx and Rx antennas are modeled by points. The Tx antenna
is modeled by a polarized point source with constant electric current
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(a) A walking scenario in nor-
mal posture and movements

(b) Channel distribution. The Tx
and Rx are both located on the
trunk surface

Figure 5.1: On-body propagation scenario on a walking human

intensity, I. The polarization of the point source is described in the
z-polar coordinate, as in Fig. 5.2(b). Similarly, the Rx antenna is also
modeled as a polarized point described in Fig. 5.2(b). In view of the
regular geometry of the body, the source is fixed at height z = 0, and
the fields is symmetric along the ~z direction.

The sizes and positions of the cylinders and the source in the azimuth
plane are described in the global polar coordinate system as in Fig.
5.2(c). For simplicity, the trunk cylinder is located at the global origin.

The scenario can be generalized by a number of P cylinders vertically
placed and a polarized point source located in the azimuth plane z = 0.
The radii of different cylinders are denoted as rp, p being the index of
the cylinder. We attribute a local coordinate (φp, ρp) to each cylinder
that the center of the cylinder is located at its local origin, denoted as
Op. The position of the source in azimuth is denoted as (φs, rs) in the
global coordinate system, and (φps, rps) in each local coordinate systems.
In the following, the field solution is derived based on the generalized
scenario.

The essential symbols that will be used in the field solution are listed
in Table 5.1,
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(a) Modeling of body and current source
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(c) Geometric quantization of the body and the source in azimuth
plane. rbody is the trunk radius, rarm is the arm radius, dab is the
distance between the arm and the trunk, and ds is the distance from
the source to the trunk surface. The dl0 = (rbody + ds)φs is the
corresponding surface distance from the source to the trunk central.

Figure 5.2: Modeling of the human body and Tx by three lossy cylinders
and one polarized point source
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Number of cylinders P
Index of cylinders p
Cylinder radius rp
Source position (global) (rs, φs)
Source position (local) (rps, φps)
Permittivity (free-space) ε0
Permeability (free-space) µ0

Permittivity (cylinder) εc
Permeability (cylinder) µc
Wavenumber (free-space) k0 = ω

√
ε0µ0

Wavenumber (cylinder ) k = ω
√
εcµc

Current intensity I
Frequency f
Rad ω = 2πf

Table 5.1: Symbols used in field solution of analytical on-body channel
model

5.3 Static field solution

5.3.1 General structure

The scattering problem in the model contains two parts, the representa-
tion of point source field and the full-wave solution of multiple cylinder
scattering.

In [FKC+10], an integration method was introduced to represent
a point current source by inverse Fourier transform from line current
source along the vertical spectral coordinate using this relationship:

δ(z) =
1

2π

∫ ∞
−∞

e−jkzzdkz (5.1)

where kz =
√
k2 − k2

ρ is the wavenumber along the ~z direction, and kρ

is the wavenumber along the ~ρ direction,.
Then the line source located at (rs, φs, kz) is expressed as:

J line =
∞∑

n=−∞

Ie−jkzz

ρs
δ(ρ− rs)δ(φ− φs − n2π)~z

=
Ie−jkzz

ρs
δ(ρ− rs)

∞∑
m=−∞

ejmφs~z (5.2)
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By taking Eq. 5.2 into Eq. 5.1, the point current source is finally
expressed as:

J =
I

2πρs
δ(ρ− ρs)

∫ +∞∑
m=−∞

ejm(φ−φs)e−jkzzudkz, (5.3)

where u is the direction vector of the source polarization. The sum of
complex exponentials in Eq. 5.3 denotes the decomposition of the line
source into cylindrical current sheets.

According to Eq. 5.3, the point source scattering is equivalently
expressed by the integration of line source scattering along kz, as:

Epoint(ρ, φ, z) =
1

2π

∫ +∞

−∞
Eline(ρ, φ, kρ)e−jkzzdkz

Hpoint(ρ, φ, z) =
1

2π

∫ +∞

−∞
H line(ρ, φ, kρ)e−jkzzdkz. (5.4)

The singularity problem during in the integration is well described
in [FKC+10]. In our solution, we use the following contour as the inte-
gration path of the kz:

kz =

{
ak |ak| > k0

ak + j

√
k2
0−a2

k
lk

|ak| < k0

, (5.5)

where lk is the scaling factor of the contour. With respect to the inves-
tigated scenario, we choose lk = 200.

The multiple cylinder scattering has been investigated by earlier
studies as in [Els94, Sch92] for plane wave propagation. We focused on
the full-wave solution of a polarized line source with multiple-cylinder
scattering. Conventionally, the total field is composed of the incident
field from the line source and the scattered fields from the cylinders.

In principle, both the incident field of a line source and the scat-
tered field of an infinite cylinder can be numerically decomposed into
the summation of cylindrical harmonics [FKC+10]. In a z-polar coordi-
nate system (z, ρ, φ) the decomposition of the fields at order m has a
uniform expression along the z direction:

Em,z(ρ, φ) =

{
Xe
mJm(kρρ)ejm(φ−φs) ρ ≤ r

Y e
mH

(2)
m (kρ0ρp)ejm(φ−φs) ρ > r

Hm,z(ρ, φ) =

{
Xh
mJm(kρρ)ejm(φ−φs) ρ ≤ r

Y h
mH

(2)
m (kρ0ρ)ejm(φ−φs) ρ > r

, (5.6)
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where where Jm is the Bessel function of the first kind, and H
(2)
m is

the Hankel function of the second kind. Xe
m, Y e

m, Xh
m, and Y h

m are the
parameters of the fields at order m.

The components along the φ and ρ can be derived from Eq. 5.6
by [FKC+10,Che95], expressed as:

Em,φ =

{ 1
k2
1
(Xe

m
mkz
ρ Jm(k1ρ) + jωµ1k1X

h
mJ
′
m(k1ρ))ejm(φ−φs) ρ ≤ r

1
k2
2
(Y e
m
mkz
ρ H

(2)
m (k2ρ) + jωµ2k2Y

h
mH

′(2)
m (k2ρ))ejm(φ−φs) ρ > r

Hm,φ =

{ 1
k2
1
(Xh

m
mkz
ρ Jm(k1ρ)− jωε1k1X

h
mJ
′
m(k1ρ))ejm(φ−φs) ρ ≤ r

1
k2
2
(Y e
m
mkz
ρ H

(2)
m (k2ρ)− jωε2k2Y

h
mH

′(2)
m (k2ρ))ejm(φ−φs) ρ > r

Em,ρ =

{ 1
k2
1
(−jkzk1X

e
mJ
′
m(k1ρ) + ωµ1m

ρ Xh
mJm(k1ρ))ejm(φ−φs) ρ ≤ r

1
k2
2
(−jkzk2Y

e
mH

′(2)
m (k2ρ) + ωµ2m

ρ k2Y
h
mH

(2)
m (k2ρ))ejm(φ−φs) ρ > r

Hm,φ =

{ 1
k2
1
(−jkzk1X

e
mJ
′
m(k1ρ)− ωε1m

ρ k1X
h
mJ
′
m(k1ρ))ejm(φ−φs) ρ ≤ r

1
k2
2
(−jkzk2Y

e
mH

(2)
m (k2ρ)− ωε2m

ρ k2Y
h
mH

′(2)
m (k2ρ))ejm(φ−φs) ρ > r

,

(5.7)

where (k1, µ1, ε1) and (k2, µ2, ε2) represent the conductivity parameters
inside and outside the boundary r. For the incident field, r = rs is the
position of line source. For the scattered fields, r = rp is the surface
of the cylinder. In Eq. 5.7, the H

′(2)
m and J ′m are the derivatives of

the Hankel and Bessel functions. The above field representation can be
applied in both global coordinate and local coordinates.

In Eq. 5.3, the line source inherits the polarization of the point
source. The source current is then decomposed into polarization com-
ponents along ~z, ~φ, and ~ρ directions, as in Fig. 5.2(b). The current in-
tensities of the polarization components fulfill I =

√
|Iρ|2 + |Iφ|2 + |Iz|2.

The total incident field is then the summation of the incident field from
each polarization component. With the principles in [FKC+10, Che95],
the incident fields from each polarization component along each direction
can be expressed as a summation of cylindrical harmonics over different
orders m, as:

Eim,α = Eizm,α + Eiφm,α + Eiρm,α

H i
m,α = H iz

m,α +H iφ
m,α +H iρ

m,α, (5.8)

where Eiβm,α and H iβ
m,α, α = z/φ/ρ, β = z/φ/ρ, denote the incident

E and H fields from the ~β polarization component along the ~α direction
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at order m. Eq. 5.8 provides a complete structure of the incident field
of a current source in arbitrary direction of polarization.

The total scattered fields can be viewed as the summation of the indi-
vidual scattered field from each cylinder. The individual scattered field
from each cylinder is expressed at its local coordinate (ρp,φp), where the
local coordinate of the line source is denoted as (ρps, φps). Normally, at
order m, the scattered field from cylinder p along z direction is expressed
as:

Es,pm,z(ρp, φp) =

{
ApmJm(kρρp)ejm(φp−φps) ρp ≤ rp
Bp
mH

(2)
m (kρ0ρp)ejm(φp−φps) ρp > rp

Hs,p
m,z(ρp, φp) =

{
CpmJm(kρρp)ejm(φp−φps) ρp ≤ rp
Dp
mH

(2)
m (kρ0ρp)ejm(φp−φps) ρp > rp

, (5.9)

The scattered field along the other directions φ and ρ can be directly
derived via Eq. 5.7.

The parameters (Apm, Bp
m, Cpm, Dp

m) can be solved by satisfying the
following boundary conditions on each cylinder surface.

Et,pz1 = Et,pz2 Et,pφ1 = Et,pφ2 ρp = rp

Ht,p
z1 = Ht,p

z2 Ht,p
φ1 = Ht,p

φ2 ρp = rp, (5.10)

where e.g. Et,pz1 and Et,pz2 represent the total E fields along the ~z
direction just inside and outside the surface of cylinder p. The total
fields outside cylinder p include the incident field from the line source
expressed at local coordinate p and with a local decomposition of Iz,
Iρp , and Iφp by Eq. 5.8. In the presence of multiple cylinders, the total
field outside cylinder p should also include the scattered fields from the
other cylinders q, which are originally expressed in local coordinates q.
As a result, the boundary condition Et,pz1 = Et,pz2 in Eq. 5.10 is further
expanded as:

+∞∑
m=−∞

Es,pm,z,1(ρp, φp) =
+∞∑

m=−∞
Ei,pm,z,2(ρp, φp) +

+∞∑
m=−∞

Es,pm,z(ρp, φp) +
P∑
q 6=p

+∞∑
n=−∞

Es,qn,z(ρq, φq) ρp = rp, (5.11)
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where Ei,pm,z(ρp, φp) is the local incident field at order m along z direction,
and P is the total number of the cylinders. The same expansion should
also be applied to the boundary condition Ht,p

z1 = Ht,p
z2 , while the other

two in Eq. 5.10 can be derived through Eq. 5.7. This forms the basic
structure of the multiple cylinder scattering.

5.3.2 Incident field

The incident field of a line source by Eq. 5.8 in a z-polar coordinate
system can be expressed as a summation of cylindrical harmonics. The
incident field at order m along z direction is expressed as:

Eim,z(ρ, φ) =

{
U emJm(kρρ)ejm(φ−φs) ρ ≤ rs
V e
mH

(2)
m (kρ0ρp)ejm(φ−φs) ρ > rs

H i
m,z(ρ, φ) =

{
UhmJm(kρρ)ejm(φ−φs) ρ ≤ rs
V h
mH

(2)
m (kρ0ρ)ejm(φ−φs) ρ > rs

. (5.12)

The incident field component along φ and ρ direction can be derived by
Eq. 5.7.

For Iz and Iφ polarization components, the parameters in Eq. 5.15
can be derived directly as in [FKC+10]. For Iρ polarization component,
an alternative solution of the incident field along φ and ρ directions is
derived in [KC10].

Solution of the incident field of each polarization component is sum-
marized in the following.

1. For ~z polarization [FKC+10]:

U em = −Iz
k2
ρ0

4ωε0r
H(2)
m (kρ0r)

V e
m = −Iz

k2
ρ0

4ωε0r
Jm(kρ0r)

Uhm = 0

V h
m = 0 (5.13)
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2. For ~φ polarization [FKC+10]:

U em = −Iφ
mkz

4ωε0r
H(2)
m (kρ0r)

V e
m = −Iφ

mkz
4ωε0r

Jm(kρ0r)

Uhm = −Iφ
kρ0

4j
H ′(2)
m (kρ0r)

V h
m = −Iφ

kρ0

4j
J ′m(kρ0r) (5.14)

3. For ~ρ polarization [KC10]:

By taking J = Iρ~ρ into Eq. 5.3, a modified addition theorem
of Bessel functions should be used to produce a cylindrical wave
decomposition of the incident field [KC10,FLK+09].

The vector potential, Aline, is calculated in a first instance, and
the electric field is derived from it. For simplicity, we suppose that
the source is located at φs = 0, hence the ~ρ direction equals to the
~x direction. Knowing the normal polarized current source (u = ~ρ
in Eq. 5.3), the vector potential can then be written as in Eq.
5.15 [KC10].

Aline =
~x

4j
H

(2)
0 (kρ0|ρ− rs|)e−jkzz, (5.15)

where ~x is the x direction vector.

After applying the addition theorem, the vector potential has the
same φ-dependence as the current source, as in Eq. 5.16.

Aline =
~x

4j

+∞∑
m=−∞

H(2)
m (kρ0rs)Jm(kρ0ρ)ej(mφ−kzz), (5.16)

where the Hankel functions of the second kind has been used to
represent outward-traveling waves from the line source.

By projecting the Aline along ~x direction, its ρ and φ components
can be obtained by:
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Alineρ =
1
8j

+∞∑
m=−∞

H(2)
m (kρ0rs)Jm(kρ0ρ)(ejφ + e−jφ)ej(mφ−kzz)

Alineφ =
−1
8

+∞∑
m=−∞

H(2)
m (kρ0rs)Jm(kρ0ρ)(ejφ − e−jφ)ej(mφ−kzz)

(5.17)

The incident field of the source located at φs is given by replacing φ
in Eq. 5.17 with φ− φs. The electric and magnetic incident fields
are then derived from the vector potentials in Eq. 5.17, which
are replaced in Eq. 5.8 to obtain the numerical expression of the
incident field from the ρ polarization component.

The total incident field of an arbitrarily polarized source at order m
is obtained through Eq. 5.8 given the field.

5.3.3 Scattered field

To find the explicit boundary condition of cylinder p at order m in Eq.
5.10, the representation of the scattered fields from cylinder q have to
be transformed from local coordinate q to local coordinate p in Eq. 5.9.
For the Es,qz scattered field of cylinder q at the surface of cylinder p, the
field is expressed as:

Es,qz =
∞∑

m=−∞
Bp
mH

(2)
m (kρ0ρq)ejm(φq−φqs) (5.18)

By Graf’s addition theorem in [ASM64,G.N22], we have:

H(2)
m (k0ρq)ejm(φq−φpq) =

∞∑
n=−∞

H
(2)
m+n(kdpq)Jn(kρp)ejn(π−φp+φpq),

(5.19)
where (dpq, φpq) is the position of local origin Op in local coordinate q.

By taking Eq. 5.19 into Eq. 5.18, we convert the scattered from
local coordinate q to p. The same principle is also made on the Hs,q

z

scattered field in Eq. 5.9. Finally, the scattered fields of cylinder q at
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the surface of cylinder p is expressed as:

Es,qz (ρq, φq) =
+∞∑

n=−∞
Bq
nH

(2)
n (kρ0ρq)ejn(φq−φqs)

=
+∞∑

m,n=−∞
Bq
nH

(2)
n−m(kρ0dpq)Jm(kρ0ρp)Φnq

mpe
jm(φp−φps),

(5.20)

Hs,q
z (ρq, φq) =

+∞∑
n=−∞

Dq
nH

(2)
n (kρ0ρq)ejn(φq−φqs)

=
+∞∑

m,n=−∞
Dq
nH

(2)
n−m(kρ0dpq)Jm(kρ0ρp)Φnq

mpe
jm(φp−φps),

(5.21)

where Φnq
mp = ejm(φps−φpq)ejn(φpq−φqs).

Replacing Eq. 5.11 by Eq. 5.21, solving the incident field at order m
by Eq. 5.8, Eq. 5.13, Eq. 5.14, and Eq. 5.17, and deriving the boundary
condition on the φ direction by Eq. 5.7, the final boundary condition
on the surface of cylinder p is derived as:


Jm −H(2)

m 0 0
mkz
k2
ρrp
Jm − mkz

k2
ρ0
ρp
H

(2)
m

jωµc
kρ

J ′m − jωµ0

kρ0
H
′(2)
m

0 0 Jm H
(2)
m

− jωεc
kρ
J ′m

jωε0
kρ0

H
′(2)
m

mkz
k2
ρρp

Jm − mkz
k2
ρ0
ρp
H

(2)
m



Apm
Bp
m

Cpm
Dp
m

 =


Ei,pm,z(rp)
Ei,pm,φ(rp)
H i,p
m,z(rp)

H i,p
m,φ(rp)

+

P∑
q 6=p

+∞∑
n=−∞


0 H

(2)
n−mJmΦnq

mp 0 0
0 mkz

k2
ρ0
rp
H

(2)
n−mJmΦnq

mp 0 jωµ0

kρ0
H

(2)
n−mJ

′
mΦnq

mp

0 0 0 H
(2)
n−mJmΦnq

mp

0 − jωε0
kρ0

H
(2)
n−mJ

′
mΦnq

mp 0 mkz
k2
ρ0
rp
H

(2)
n−mJmΦnq

mp



Aqn
Bq
n

Cqn
Dq
n

 .
(5.22)

We use the notations in Eq. 5.23 to simplify Eq. 5.22:

Jm = Jm(kρrp)

H(2)
m = H(2)

m (kρ0rp)

H
(2)
n−m = H

(2)
n−m(kρ0dpq) (5.23)
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And the notations Ei,pm,z(rp), E
i,p
m,φ(rp), and H i,p

m,z(rp) in Eq. 5.22
represent the total incident fields of the source on the surface of cylinder
p at the local coordinate p.

5.3.4 Solution of boundary conditions

Eq. 5.22 describes an iterative scattering process among the multiple
cylinders. We structure Eq. 5.22 by the following expression:

Λm,pΓm,p = Gm,p +
P∑
q 6=p

+∞∑
n=−∞

F nq
mpΓn,q (5.24)

Γm,p = Λ−1
m,pGm,p +

P∑
q 6=p

+∞∑
n=−∞

Λ−1
m,pF

nq
mpΓn,q, (5.25)

The symbols in Eq. 5.25 correspond to the elements in Eq. 5.22 as:

Λm,p =


Jm −H(2)

m 0 0
mkz
k2
ρrp
Jm − mkz

k2
ρ0
ρp
H

(2)
m

jωµc
kρ

J ′m − jωµ0

kρ0
H
′(2)
m

0 0 Jm H
(2)
m

− jωεc
kρ
J ′m

jωε0
kρ0

H
′(2)
m

mkz
k2
ρρp

Jm − mkz
k2
ρ0
ρp
H

(2)
m



Γm,p =


Apm
Bp
m

Cpm
Dp
m

 Gm,p =


Ei,pm,z(rp)
Ei,pm,φ(rp)
H i,p
m,z(rp)

H i,p
m,φ(rp)



F nq
mp =


0 H

(2)
n−mJmΦnq

mp 0 0
0 mkz

k2
ρ0
rp
H

(2)
n−mJmΦnq

mp 0 jωµ0

kρ0
H

(2)
n−mJ

′
mΦnq

mp

0 0 0 H
(2)
n−mJmΦnq

mp

0 − jωε0
kρ0

H
(2)
n−mJ

′
mΦnq

mp 0 mkz
k2
ρ0
rp
H

(2)
n−mJmΦnq

mp

 . (5.26)

In Eq. 5.25, Λm,p is the scattering matrix of cylinder p at order
m, Γm,p is the scattered field parameter vector of cylinder p at order
m, Gm,p is the incident field vector in local coordinate p at order m,
and F nq

mp is the mutual scattering matrix of cylinder q at order n to the
scattered field of cylinder p at order m.

Eq. 5.25 describes two mechanisms resulting the scattered field of
cylinder p: Λ−1

m,pGm,p is the scattered field of the first order directly ex-
cited by the incident field from the source;

∑P
q 6=p
∑+∞

n=−∞Λ−1
m,pF

nq
mpΓn,q
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is the summation of the scattered fields of higher orders excited by the
scattered fields from the other cylinders. This mutual scattering process
can be understood as that in addition to the response to the direct inci-
dent field, the scattered field of one cylinder also reacts to the scattered
fields from the other cylinders, which leads to a re-excitation of higher
order scattered fields. Such mutual scattering is expected to reach a con-
vergence when the order of the re-scattered fields increases. Therefore,
we propose an iterative algorithm to approximate the final scattered
fields based on the mutual scattering:

1. Let Γp|(i)m be the parameters of the scattered field at iteration i,
i = 0, 1, 2, .... At the initialization stage (i = 0), all scattered fields
are 0.

2. At iteration i, the scattered fields are updated following Eq. 5.25
until it reaches convergence.

Γp|(i)m = Λ−1
mpGmp +

P∑
q 6=p

+∞∑
n=−∞

Λ−1
mpF

nq
mpΓ

q|(i−1)
n (5.27)

This algorithm provides a consistent structure of the scattered fields
over iterations, expressed as:

Γp|(i)m = Λ−1
mpGmp +

i∑
u=1

Θu (5.28)

Θu =
∑

1

Λ−1
mpF

nq
mp...

∑
i

Λ−1
nu−2qu−2

F nu−1qu−1
nu−2qu−2

Γq|(1)
n

and:
∑
u

=
∞∑

nu−1=−∞

P∑
qu−1 6=qu−2

. (5.29)

The convergence of the iterative algorithm is validated in a simu-
lation example at 2.45 GHz, considering a z-polarized line source with
kz = 0, Iz = 1 × 10−10A, ρs = 15cm, φs = 90◦, located on the trunk
(rbody = 14.5cm, rarm = 3.8cm, dab = 3cm). The convergence of the
total field power in dB at the observation point, φs = 270◦, ρ = 15cm,
is presented in Fig. 5.3, which reaches a stable level after 15 iterations.
In practice, the number of iterations should be sufficiently large (≥ 10)
so that all the interested fields can converge to a stable level.

An example of the iterative field solution on the horizontal plane of
a line source given kz = 0, 2.45 GHz, is presented in Fig. 5.3.4. The
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Figure 5.3: Convergence of the iterative approximation of line source in
z polarization with kz = 0, Iz = 1 × 10−10A at 2.45 GHz, the source
position: ρs = 15cm, φs = 90◦, and the observation position: ρ = 15cm,
φ = 270◦)

simulation results show two resaonable impacts from the body scatter-
ing, the trunk shadowing and the extra arm shadowing at the back of
the body, and the interference from the arm scattering.

Fig. 5.5 further compares the final field solutions in the azimuth
plane around the trunk in single cylinder (only trunk) and multiple
cylinder scattering (with arms pending down along the sides of the trunk
as in Fig. 5.2(a)) in ~z- and ~ρ-polarizations respectively. The results
show that for on-body channels on the trunk, the primary part of the
total field is determined by the incident field from the source and the
scattering from the trunk, while the arm scattering causes a fluctuation
of the fields. Such fluctuation varies with respect to different positions
of the arms, allowing a dynamic description of the arm scattering by
the model, which will be discussed later. The field difference between
the two polarizations is clear: on-body channels receive lower pathloss
in ~ρ than in ~z polarization because of the existence of creeping waves.
Such observation is similar as found in the canonical measurements in
Chapter 3.

5.4 Dynamic field solution

The dynamic field solution is easily obtained as an extension of the above
static field solution by incorporating a time evolution of the positions
of the cylinders on the azimuth plane to simulate the arm swing during
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(a) Single trunk scattering (b) Multiple cylinder scattering

Figure 5.4: Simulations of single and multiple cylinder scattering by
line source in tangential polarization on the horizontal plane, 2.45 GHz,
source placed in front of the trunk (φs = 90◦), antenna-skin distance
ds = 0.5 cm, normalized field
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Figure 5.5: Simulations of single and multiple cylinder scattering by
point source in ~z and ~ρ polarizations around the trunk, 2.45 GHz, I =
10−10A, body geometry: (rbody = 15.4cm, rarm = 3.5cm, dab = 3.5cm,
ds = 1cm), source placed at ρs = 15cm, φs = 90◦, fields computed at
ρ = 15cm, φ = [0− 360]◦
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walking. We consider simple periodic trace functions Tl(t) and Tr(t)
along the ~y direction to describe the swinging of the left and right arms.
The positions of the arm cylinders are described on xy plane as:

[xl(t), yl(t)] = [−(rarm + rbody + dab) Tl(t)]
[xr(t), yr(t)] = [(rarm + rbody + dab) Tr(t)], (5.30)

where [xl, yl] and [xr, yr] are the centers of the left and right arms.
In our study, Tl(t) and Tr(t) are sampled by tracing a marker at-

tached on the swinging arms of a male subject as in Fig. 5.6(a). A
digital camera recorded the arm swing at 30 frames per second. The av-
eraged arm trace over one cycle is normalized into 1 s. Selecting proper
trace measurements is critical to obtain the desired time-variation the
channels. The simulations by the model use the trace measurements as
shown in Fig. 5.6(b). Usually, the synthesized time-variant fields have
to be synchronized with realistic measurement observations so that the
local peaks along the time-variation of the fields are matched with the
corresponding local peaks in measurements.
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T
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(a) Arm swing recording scenario
by tracing a black marker on the
arms
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(b) Normalized trace functions over one cycle

Figure 5.6: Modeling of arm swing

5.5 Model validation

The model is evaluated by comparing the simulation results with the
canonical on-body channel measurement conducted in anechoic environ-
ment. Simulations repeat the scenarios in the measurements described
in Sec. 3.2, in both ~z- and ~ρ-polarizations, and in horizontal and ver-
tical directions. Table 5.2 gives the settings of the parameters in the
simulations.
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Frequency 2.45 GHz
Tissue composition Dry skin
εc 3.37× 10−10 − 9.5× 10−11j
I 1e-10 A
Max. harmonic order 80
Max. kz 4k0

Integration step of kz 0.02k0

Scaling factor η in Eq. 5.5 200
Number of iteration in Eq. 5.27 10

Table 5.2: Simuation setup in the validation of analytical model of on-
body propagation

The simulated channels are calculated by normalizing the field solu-
tion as:

Sxy = Et(rx, φx)/Et(ry, φy), (5.31)

where Et(rx, φx) is the total E-field at the Rx and Et(ry, φy) is the total
E-field at a position quite close to the source.

The deterministic and statistical comparisons are made in ~z − H,
~ρ−H, and ~ρ−V scenarios. Measurements in ~z−V scenario are limited
and contain large displacements of the antenna, therefore we skip the
model validation in this scenario.

5.5.1 ~z −H scenario

A deterministic comparison is made on the time-variation of the on-body
channel. An example of channel S21 in the measurement identified by
d12 − d10 − d23 = 14− 19− 23 [cm] is compared with the corresponding
simulation in Fig. 5.7(a). The simulation successfully matches the local
peaks of the fading amplitude in one cycle and maintains a small MSE of
1.21 dB with respect to the measurement. Both measurement and sim-
ulation show a symmetric waveform in the first and in the second half
period, which is consistent with the regular arm swing. The simulation
has a larger dynamic variance. A possible explanation is that, given the
elliptical shape of the trunk in actual measurements, simulations based
on cylinders underestimate the invariant part of the channel from the
combination of the incident field and the trunk scattering. Therefore the
dynamic range of the channel resulting from arm scattering is relatively
increased in dB in the simulation. Such increase impacts both the am-
plitude and the phase of the channel. As a result, the Doppler PSD in
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the simulation shows higher levels at the frequency harmonics as in Fig.
5.7(b), while the relative power distributions among the frequency har-
monics are close between the measurements and the simulations. The
PSD of the amplitude in the simulation is much closer to the measure-
ment, which is consistent to the matching of the time-variation of fading
amplitude shown in Fig. 5.7(a).

On-body fading statistics extracted from simulations and measure-
ments are compared. Since the simulations also cover different channel
positions, spatial variation on the channel statistics is repeated in the
simulations. For clarity, we only plot the local means of the channel
statistics in the simulations. Because of the limited number of scenar-
ios repeated in the simulations, the simulated local means are irregular
curves along the propagation distance, as similarly observed in the mea-
surements.

Fig. 5.8 compares the pathloss levels L in dB. The model well pre-
dicts the increasing rate of the pathloss as by the linear empirical model
in Fig. 3.10(a)

Fig. 5.9 compares the temporal fading STD in dB (σF ). The simula-
tion results also successfully predict the increasing rate of σF as observed
in the measurements when the propagation distance is smaller than 15
cm. The σF in the simulations increases faster in a larger propagation
distance, which is again explained by the trunk shape mismatch in the
simulations to overestimate the interference from the arm scattering.

The spatial channel correlation between S21 and S31 is compared
in Fig. 5.10 on two examples of measurement results with d12=12 cm
and d12=14 cm respectively. The simulation results predicts a close
decreasing trend of the ρ21,31 along the d23, as experimentally observed.

5.5.2 ~ρ−H scenario

The time-variations of the arm scattering to the on-body channels in ~ρ-
polarized scenarios are expected to deviate from the simulations because
of two reasons. First, the dipole antennas applied in ~ρ-polarized scenar-
ios contain current distribution along the normal direction as shown in
Fig. 3.6. The size of the antennas impacts the channels in a more com-
plicated way, which cannot be well matched by a point source scattering
assumption. Second, the vertical on-body propagations are closer to the
edges of the body (head and hands) which will violate the infinite cylin-
der modeling of the body. Therefore, in both ~ρ−H and ~ρ−V scenarios,
we only compares the statistics of the channels.



88 Analytical on-body channel modeling

0 0.2 0.4 0.6 0.8 1
−5

0

5

Time [s]

A
m

pl
itu

de
 [d

B
]

 

 

Measurement
Model

(a) Time-variation in one cycle

−10 −5 0 5 10

−60

−40

−20

0

f
D

 [Hz]

P
S

D
 [d

B
]

 

 

Measurement
Model

(b) Doppler PSD in one cycle

−10 −5 0 5 10

−60

−40

−20

0

f
D

 [Hz]

P
S

D
 [d

B
]

 

 

Measurement
Model

(c) PSD of channel amplitude in one cycle

Figure 5.7: Comparison of deterministic time-variation of an on-body
channel in one cycle and its Doppler PSD in ~z − H scenario, channel
sample selected from S12 in a measurement identified by d12−d10−d23 =
14− 19− 23
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Figure 5.8: Comparisons of on-body pathloss (dB) for ~z −H scenario
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Figure 5.9: Comparison of temporal fading STD (dB) for ~z−H scenario

Fig. 5.11 compares the pathloss levels in dB. The increasing rate of
the pathloss in the measurement results is well predicted by the simula-
tions.

Fig. 5.12 compares the temporal fading STD in dB. The measure-
ments with link geometries d12=12 cm are selected. The corresponding
simulations show close increasing rate along the propagation distance as
observed in measurements.

The pathloss differences in Fig. 5.8 and Fig. 5.11, and the temporal
fading STD differences in Fig. 5.9 and Fig. 5.12, highlight the impact
of different polarizations on the fading statistics.

The spatial channel correlation between S21 and S31 is compared in
Fig. 5.13 between the measurements with link geometries d12 − d10 −
d23 = 7−12−d23 [cm], and the corresponding simulations. The compar-
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(b) d12 = 14cm

Figure 5.10: Comparison of spatial channel correlation for ~z−H scenario

ison shows a consistent decreasing trend of ρ21,31 along d23. The results
in Fig. 5.10 and Fig. 5.13 validate the model’s performance on describ-
ing the scattering similarity of horizontal on-body channels in both ~z
and ~ρ polarizations.

5.5.3 ~ρ− V scenario

Fig. 5.5.3 compares the pathloss levels in dB. Again, the simulations
predict well the increasing rate of the pathloss in the ~ρ− V scenario.

Fig. 5.15 compares the STD of the temporal channel fading in dB.
The measurements are selected with link geometries d10 = 12 cm and
d20 = 4 cm. The overall levels of σF in the measurements is higher than
the σF levels in the simulations when the propagation distance is above
20 cm. Considering the actual arm swing is a rotation of the arms, the
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Figure 5.11: Comparison of on-body pathloss (dB) for ~ρ−H scenario
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Figure 5.12: Comparison of temporal fading STD (dB) for ~ρ−H scenario
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Figure 5.13: Comparisons of spatial channel correlation for ~ρ −H sce-
nario, d10=12 cm and d12= 7 cm
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Figure 5.14: Comparison of on-body pathloss (dB) for ~ρ− V scenario

vertical channels in the measurements then receive a larger scattering
interference than in the simulation by assuming horizontal movements
of the arms. Yet, the agreement is better when the propagation distance
is below 20 cm.

10 15 20 25
0

0.5

1

1.5

2

Propagation distance [cm]

σ F
 [d

B
]

 

 

Measurement
Model

Figure 5.15: Comparison of temporal fading STD (dB) for ~ρ−V scenario

The comparison of the channel correlation is not made since the mea-
sured range along the vertical direction is too limited to obtain relevant
results.
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5.6 Model application on antenna radiation pat-
tern

In this section, the analytical model is applied to describe the modifica-
tion of on-body antenna radiation pattern in off-body communications.
As described in Chapter 2, off-body channels can be described in far-field
propagation by the conventional plane-wave assumption as:

h(t, τ) =
∫ ∫

a(t, τ,ΩTx,ΩRx)sTx(ΩTx)sRx(ΩRx)dΩTxΩRx, (5.32)

where h is the complex CIR, a is the complex MPC, sTx/Rx are the
radiation patterns of the Tx and Rx, τ is the delay, ΩTx is the Direction-
of-Departure (DoD), and ΩRx is the Direction-of-Arrival (DoA).

In conventional networks, the antenna radiation pattern is usually
a deterministic parameter described in free-space. The knowledge on
the antenna radiation pattern allows the systems to distinguish physical
channels from the antenna impacts. The on-body node in an off-body
communications receive strong body scattering effects, which means that
the on-body antenna radiation pattern will be altered when viewed from
off-body node. Such modification should be included in Eq. 5.32.

Describing the modification of on-body antenna radiation pattern is
an abstraction of the body scattering effects in off-body communications.
Without considering multiple interactions (reflections, diffractions, etc.)
between the body and the environment, the environmental scattering
and the body scattering are usually independently described. This ap-
proach can also help to describe the off-body scattering effect to on-body
channels in realistic environments.

A comparative study was then made by both measurements and the
analytical model. The results are compared to evaluate and explain the
physical impacts of body scattering to the on-body antenna radiation
pattern.

5.6.1 Measurement context

We conducted measurements in anechoic environment to measure the
horizontal directivity of an azimuth-omnidirectional antenna close to a
static human body. A SkyCross antenna in Fig. 3.2(a) was taken as
the test antenna placed at the Rx side as shown in Fig. 5.16(a). A
double ridged broadband horn antenna BBHA9120D was used as the
reference antenna at the Tx side. The Tx and Rx were fixed at a height
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of 122 cm. A male subject was standing in a static posture facing the
Rx at a certain distance, denoted as ds, as shown in Fig. 5.16(b). Both
the subject and the Rx were fixed on a turning table allowing a step-
controlled rotation to the Tx. The Rx was located at the center of the
table, and the subject stood aside as described in Fig. 5.16(b). The
distance between the Rx and Tx was fixed at 3.42 m.

The transmission S-parameter between the two antennas was mea-
sured from 2 GHz to 10 GHz by the VNA. The directivity of the test
antenna is calculated as:

D(φ) =
|Sbody

12 |2
|Sfree space

12 |2
(5.33)

where Sfree space
12 is the measurement without the body, and Sbody

12 is the
measurement with the body.

The antenna directivity was measured at different ds to evaluate the
effect of the body-antenna distance. At each distance, two body pos-
tures were measured, arms raising up and arms pending down, as shown
in Fig. 5.6.1. Comparing between the two measurement results will
show the interference from the arm scattering to the antenna directiv-
ity. Because of horizontal propagation, the body geometry is described
analogue to the body geometry described in the canonical horizontal
on-body measurements in Chapter 3. Table 5.3 gives the information of
the subject.

Heigh/Weight 187 cm/86 kg
Trunk perimeter 93 cm
Arm perimeter 23.8 cm
Arm-trunk space 3.2 cm
Antenna height 122 cm

Table 5.3: Geometry description of the subject investigated in the mea-
surements of on-body antenna directivity

5.6.2 Analytical modeling

The azimuth propagation between between the tested antenna and the
reference antenna can be approximated by the simplified field solution of
a line source given kz = 0, because the fields incited by the small tested
antenna along the vertical direction are symmetric and are canceled
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Figure 5.16: Measurement context of on-body antenna directivity

at z = 0. Simulations were then made based on the body geometry
described in Table 5.3. Examples of the simulations can be found in Fig.
5.3.4, where the trunk shadowing at the back of the body is significant
and the arm scattering increases the shadowing region when in presence.
Such body scattering effect is also expected in the measurements at
different frequencies.

Based on the field solution given by the model, the modified direc-
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Figure 5.17: Two postures investigated in the measurements: arms rais-
ing up and arms pending down

tivity of the omni-directional line source is computed as:

D(φ) =
|Et(φ)|2
|Ei(φ)|2 , (5.34)

where Et and Ei are the total and incident field at the observation point.

5.6.3 Evaluation results

The simulation settings are given in Table 5.4.

Frequency 3 & 5 GHz
Tissue composition Dry skin
εc (3 GHz) 3.32× 10−10 − 9.23× 10−11j
εc (5 GHz) 3.17× 10−10 − 9.74× 10−11j
I 1e-10 A
Max. harmonic order 120
Number of iteration in Eq. 5.27 10

Table 5.4: Simuation settings of on-body antenna directivity in UWB

Fig. 5.18 and Fig. 5.19 present the measurement results at 3 GHz
and 5 GHz, when ds=5 cm and ds=15 cm respectively. The results show
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Figure 5.18: Comparison of on-body antenna directivity between mea-
surement results and simulations at 3 GHz. (a) ds=5 cm, and (b) ds=15
cm

a clear shadowing effect at the back side of the body, which matches the
corresponding simulations. On the contrary, larger mismatches of the
model are found on the front side of the trunk, which is due to the shape
mismatch between the actual trunk and the cylinder in the model.

Comparison in Fig. 5.18(a) misses the front central of the body, i.e.
φ = 0, but it shows a general mismatch between the simulations and
measurements on the front side of the body. Comparing Fig. 5.18(a)
and Fig. 5.18(b), we found that increasing the antenna-body distance
will alleviate the model mismatch in the front side, meaning that the
effect of shape mismatch decrease. Similar observation is also found at
5 GHz in Fig. 5.19.

Also, in Fig. 5.18(b) and Fig. 5.19(b), the comparison between
the single trunk scattering and the joint trunk-arm scattering shows a
significant descrease of the antenna directivity by the arm scattering
at the back side of the body from azimuth 120◦ to 240◦, which are
consistent with the simulation results. The results in Fig. 5.18(b) show
a maximum 5 dB increase of the body shadowing in this region at 3
GHz because of the arm scattering. The maximum increase of the body
shadowing at 5 GHz in Fig. 5.19(b) is 8 dB. The observations validate
the analytical model on describing the on-body radiation pattern in the
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Figure 5.19: Comparison of on-body antenna directivity between mea-
surement results and simulations at 5 GHz. (a) ds=5 cm, (b) ds=15
cm

off-body propagation.

5.7 Conclusions

In this chapter, we have developed a dynamic closed-form analytical
model of on-body channels and have validated the model in the canoni-
cal measurements. The body is modeled by multiple cylinders of infini-
tive length, while the antennas are modeled by polarized points. The
full-wave field solution is derived regarding to the multiple cylinder scat-
tering by point source. An efficient iterative approximation of the field
solution has been proposed. The dynamic body scattering is modeled
by a simple description of the arm swing during walk as investigated
in the canonical measurements. By comparison between the measure-
ments and model simulations at 2.47 GHz, the model has successfully
predicted the deterministic and stochastic aspects of the dynamic fading
behaviors in ~z −H channels. Statistical comparisons have been carried
out in the ~ρ-polarized scenarios. For the vertical on-body channels in ~ρ
polarizaion, validation of the model is limited to propagation distances
below 20 cm, owing to the infinite cylinder assumption. These com-
parisons show statistical consistency of the model to the measurement
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results. Particularly, the good predictions on the pathloss increasing
rates in the scenarios confirm the assumption that the attenuation of
on-body propagation on the trunk can be described on the surface of
simple shapes like cylinders. The deviations on the other statistics show
the geometry modeling mismatch of the body.

The results highlight the importance of a proper description of the
arm motion, and the significant impact of the antenna polarization. The
performance of the model is restricted by the infinite cylinder approxi-
mation, and a small scale of the arm swinging to keep the parallel mo-
tion assumption in the azimuth plane. Moreover, the antennas should
be small enough to be well approximated by a point source. The model
was also validated at other frequencies in [LVRDDO09,VLODD09].

The analytical model is latter applied to characterize the on-body
antenna radiation pattern in off-body communications. By compara-
tive studies between anechoic-chamber measurements and model sim-
ulations, we have evaluated the horizontal directivity of an azimuth-
omnidirectional antenna placed close to the body in UWB frequencies.
The analytical model has predicted close shadowing and interference ef-
fects of the body to the on-body antenna directivity observed in different
directions.

Showing the valid of the model to describe the antenna radiation
pattern on static body, a further extension can be made by applying
the dynamic model to describe the antenna radiation pattern on moving
bodies. It will then offer a statistical description of the antenna influence
in dynamic scenarios, as demonstrated in [OC10].

The on-body antenna radiation pattern is an important knowledge to
correctly characterize the physical off-body propagation from the mea-
surements. It allows an independent description of the physical BAN
channels compatible to different antenna systems. The model has also
been applied in [VLODD09] to improve the precision of MPC estimation
in on-body MIMO systems.





CHAPTER6
Cooperative body area

communication analysis

In this chapter, we analyze and evaluate simple cooperative protocols
based on our on-body channel measurements in realistic environments.
Using reasonable assumptions, performance of the cooperative protocols
are evaluated through the capacity and diversity gains. Since on-body
channels are generally uncorrelated as observed in the measurements,
we focus on the effects of channel pathloss levels and fading variances to
the cooperation performance.

6.1 System structure

In Ch. 3 and Ch. 4, we have presented the canonical and scenario-based
on-body channel measurements conducted in a common topology formed
by a single transmitter and multiple receivers. By the reciprocity the-
orem [R.02], such topology can correspond to either distributed Single-
Input Multi-Output (SIMO) or Multi-Input Single-Output (MISO) sys-
tems. Therefore, based on the link topologies, we evaluate three simple
cooperative protocols as shown in Fig. 6.1: single-relay, two-hop multi-
relay, and distributed MISO.

For simplicity, we consider single antenna units at each node in the
multi-links in Fig. 6.1. To limit the protocol complexity in Fig. 6.1,
the design and evaluation of the protocol are based on a dual-link trans-
mission. We then select the scenario-based 2.47 GHz dual-link on-body
channel measurements presented in Sec. 4.1, as realizations of on-body
channels in realistic applications.

6.2 Single-relay networks

A single-relay network consists of three nodes depicted in Fig. 6.2, the
source node S, the destination node D, and the relay node R. We
consider Decode-and-Forward (DF) working mode for node R, which
means that node R decodes the incoming signals from node S, re-encodes
and forwards it to node D. We further assume half-duplex working
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Figure 6.1: Cooperative protocols: (a) single-relay (b) two-hop multi-
relay (c) distributed MISO

mode of all the nodes, i.e. they can either transmit or receive at the
same time slot. There are three radio channels in the relay network: the
source-relay channel hSR, the source-destination channel hSD, and the
relay-destination channel hRD. By the above configurations, we consider
the relay strategy proposed by Nabar in [NBK04, dCI05] to maximize
the capacity performance of the relay network. The strategy is stated
as follows:

hRD

hSD

hSR

R

S D

Figure 6.2: Topology of single-relay network

1. The transmission is divided into two time slots, each one having a
duration of ti. We assume equal time allocation in the two slots,
therefore, t1 = t2 = t.

2. We assume that the channels in the relay network stay invariant
between the two time slots.
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3. In the first time slot, S transmits signal s1 to R and D. We assume
that the source-relay channel hSR is good enough so that R always
correctly decodes signal s1.

4. In the second time slot, S transmits another signal s2 to D, while
R re-encodes the signal s1 and relays it to D.

5. The total transmit power for nodes S and R should be maintained
below 2Es in the two time slots, where Es is the maximum transmit
power of the network. Since we presume that the gain of hSR is
always above hSD and hRD, equal power allocation is suggested to
nodes S and R. By the above relay scheme, the transmit power of
S and R are both 2/3Es.

The signal model is expressed as:[
y1

y2

]
=

√
2
3
Es

[
hSD 0
hRD hSD

] [
s1

s2

]
+
[
n1

n2

]
, (6.1)

where y1 and y2 are the received signals at the first and second time
slots, n1 and n2 are the independent and identically distributed (iid)
white Gaussian noises.

We denote the effective channel as:

H =
[
hSD 0
hRD hSD

]
which represents the channel matrix of the relay network. The capacity
is then calculated as [NBK04]:

C = log2

(
det|I +

2
3
γHHH |

)
/2

=
2∑
i=1

log2(1 +
2
3
γΛi)/2, (6.2)

where I is the identity matrix, det|•| is the matrix determinant operator,
Λi is the eigenvalues of HHH , •H being the Hermitian transpose, and
γ is the transmit SNR of the network γ = Es/N0. The division by 2 in
Eq. 6.2 is because that the relay occupies two time slots.

For a fading channel whose H is a random matrix, the ergodic (mean)
channel capacity is computed by [CH01]:

Cerg = E[C]. (6.3)
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And the outage channel capacity is computed by [CH01]:

Pr(C < Cout) = Pout, (6.4)

where Pout is the pre-defined outage probability, which is set to be 10%
in our evaluation.

The performance of a single-relay network is evaluated by comparing
it to the direct source-destination communication, i.e. in both time slots
only the node S transmit signals to node D with transmit power of Es.
The capacity of direct source-destination transmission is computed by:

C = log2(1 + γh2
SD), (6.5)

while the ergodic and outage capacity are computed by Eq. 6.3 and Eq.
6.4 as well, given Pout = 10%.

The capacity is compared based on the effective receiving SNR in
the direct source-destination communication, i.e. γRx = γ|hSD|2.

There are four possible conditions for channels hSD and hRD in on-
body communications.

1. hSD is inferior than hRD

In the case where the pathloss level of hSD is much lower than the
pathloss level of hRD, adding the relay node R will increase the
end-to-end channel capacity. An example is given in Fig. 6.3(a),
where the channels are selected from scenario 4, sit-stand mode.
It shows that both the ergodic and outage capacity is increased at
low SNRs when the relay node is added.

2. hSD is superior than hRD

In the case where the pathloss level of hSD is much higher than
the pathloss level of hRD, the power allocated to the relay node
R will be wasted, therefore the end-to-end channel capacity de-
creases. We take the same example in Fig. 6.3 by exchanging the
representations of hSD and hRD. The result is shown in Fig. 6.4

3. hSD and hRD have close pathloss levels and small fading
variances

In the case when hSD and hRD have close pathloss levels and
small fading variances, the relaying will not bring significant im-
provement of the end-to-end channel capacity. The performance
is then close to the direct source-destination communication. An
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Figure 6.3: Channel capacity evaluation of single-relay network when
hSD is inferior than hRD, channels selected from dual-link measure-
ments, scenario 4, sit-stand mode
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Figure 6.4: Channel capacity evaluation of channel capacity in a single-
relay network when hSD is superior than hRD, channels selected from
dual-link measurement, scenario 4, sit-stand mode
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example is given in Fig. 6.5, from scenario 4 in sleep mode. The
selected channels show flat fading over time, hence the relay will
not improve neither the ergodic nor outage capacity.
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Figure 6.5: Channel capacity evaluation of a single-relay network when
hSD and hRD have close pathloss levels and small fading variances, chan-
nels selected from dual-link scenario 4, sleep mode

4. hSD and hRD have close pathloss levels and large fading
variances

In the case when hSD and hRD have close pathloss levels and
large fading variances, the cooperation between the source and the
relay nodes will mitigate the end-to-end fading effect. Since hSD
and hRD have close pathloss levels, the ergodic channel capacity
will not get improved. However, the mitigation on the end-to-
end fading variance will increase the outage channel capacity at
small SNR. An example is given in Fig. 6.6(a), from scenario 2 in
walk mode. Because of the channel fading, the outage capacity is
generally worse than the outage capacity in the flat channels as in
Fig. 6.5. The comparison in Fig. 6.6(c) shows an improvement of
the end-to-end outage capacity at small SNR in the relay channel.
This shows that the uncorrelation and significant fading variances
of hSD and hRD are the two prerequisites to increase the outage
channel capacity by cooperative relaying.
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Figure 6.6: Channel capacity evaluation of single-relay network when
hSD and hRD have close pathloss levels and large fading variances, chan-
nels selected from dual-link measurements, scenario 2, walk mode

6.3 Two-hop multi-relay network

A two-hop multi-relay network is composed of one source node S, one
destination node D, and multiple relay nodes Ri as illustrated in Fig.
6.3. Regarding the dual-link measurements, we consider only two relay
nodes in the topology. Similarly to single-relay network, we assume DF
relay nodes and half-duplex working modes in all nodes. To simplify the
evaluation of multi-relay cooperation, we consider a simple opportunistic
relaying strategy by [BKRL06] as described in the following:

1. The relay uses two time slots with equal duration of t

2. In the first time slot, the source node S transmits signal s to all
relay nodes Ri. We assume all source-relay channels are good
enough so that the relay nodes always correctly decode the sig-
nal. We further assume that the source-destination channel has
a high pathloss levels so that the destination node D fails to re-
ceive the signal during the first time slot. The destination node D
then broadcasts a certain message that all the relay nodes listen
and estimate the Channel State Information (CSI) of their relay-
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Figure 6.7: Topology of two-hop multi-relay network

destination channels hRiD.

3. In the second time slot, the relay nodes weight quality of their own
relay-destination channels. The one with the largest channel gain
re-encodes the signal and transmit to the destination node first,
while the rest waits following the principles in [BKRL06].

The principle of opportunistic relaying is to try to transmit the sig-
nal on the best relay-destination channels. We ignore the cost on the
listening and coordination among the nodes, therefore the effective relay
channel is defined as:

hRD,opt = max{hRiD} (6.6)

The channel capacity of the opportunistic multi-relay network is ex-
pressed as:

C = min{CSR, CRD,opt}/2, (6.7)

which means that the end-to-end capacity in a two-hop relay is bounded
by the smallest channel capacity of the hops. The division 2 is again due
to the reason that the strategy occupies two time slots. The capacity in
each hop is calculated by Eq. 6.5.

By assuming that the source-relay channel is always better than the
relay-destination channels, Eq. 6.8 is given as:

C = CRD,opt/2, (6.8)
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The performance of opportunistic multi-relaying is compared with
single relay, where the capacity in a single relay-destination link is com-
puted as:

C = log2(1 + γh2
R1/2D

)/2. (6.9)

The ergodic and outage capacities over fading channels follow Eq.
6.3 and Eq. 6.4, given Pout = 10%.

We consider three conditions of hR1D and hR2D:

1. hR1D and hR2D have different pathloss levels

In this case, by Eq. 6.6, the opportunistic relaying will always
select the one lower pathloss level to transmit the signal, which
turns the transmission into two-hop single relaying.

2. hR1D and hR2D have close pathloss levels and small fading
variances

When hR1D and hR2D have close pathloss levels but flat fading, the
opportunistic relaying will not bring to any gains on the channel
capacity. Instead, extra cost on the coordination between the relay
nodes is wasted.

3. hR1D and hR2D have close pathloss levels and large fading
variances

In this case, the effective relay channel by Eq. 6.6 will have better
link quality than h1 and h2. An example is selected from scenario
2, walk mode as in Fig. 6.6. The capacities of the opportunistic
relaying are compared with the capacities of the single-relay based
on the receiving SNR in the single relay-destination channels. The
results in Fig. 6.8(b) and Fig. 6.8(c) show that the opportunistic
relaying raises the channel gain and decreases the effective fading
variance, which in return increases the end-to-end channel ergodic
and outage capacities.

6.4 Distributed dual-link MISO

Cooperative multi-link communication is an effective technique to mit-
igate the significant dynamic on-body fading as studied in [GGV+09,
CTea09]. Similarly to collocated MIMO systems, the spatial diversity
in a distributed MIMO system can be achieved through the Space Time
Block Coding (STBC). In this section, we consider a distributed dual-
link MISO configuration as in Fig. 6.4, which consists of two source
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Figure 6.8: Channel capacity evaluation of opportunistic multi-relay
network when hSD and hRD have close pathloss levels and large fad-
ing variance, channels selected from dual-link measurements, scenario 2,
walk mode

nodes S1, S2, and one destination node D. We apply the Alamouti code
as described in [Ala98]. The cooperation scheme is described as follows:

1. The Alamouti coding for a 2× 1 MISO consists of two time slots
(t1, t2) with equal duration. We assume that the channels between
the source and the destination nodes are invariant during the two
time slots.

2. The coding matrix is expressed in Table 6.1:

t1 t2
S1 s1 −s∗2
S2 s2 s∗1

Table 6.1: Alamouti code in 2× 1 MISO

3. By [Ala98], the estimation of the received s1 and s2 is expressed
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Figure 6.9: Topology of distributed dual-link MISO

as:

ŝ1 = (|h1|2 + |h2|2)
√
Es1s1 + h∗1n1 + h2n

∗
2

ŝ2 = (|h1|2 + |h2|2)
√
Es2s2 − h1n

∗
2 + h∗2n1 (6.10)

where Es1 and Es2 are the transmit power of the signals. We
consider an equal-power allocation scheme, which is realistic for
most power-limited sensor communications.

The diversity gain of the dual-link MISO is compared with the diver-
sity gain of single link on-body communication. By [CH01], we define
the diversity gain as:

gdiv = lim
γ→∞

log(errMISO)
log(errSISO)

(6.11)

where errMISO and errSISO are the Bit Error Rate (BER) of the MISO
and Single-Input Single-Output (SISO) system when the SNR is suffi-
ciently high.

The BER of Alamouti STBC is synthesized through Monte-Carlo
simulations. We consider a Quadrature Phase Shift Keying (QPSK)
modulation scheme as adopted in the ZigBee standard. The BER achieved
in the dual-link is compared with the BER achieved in the single-links,
which is based on the effective receiving SNR in channel h1. The evalu-
ation is made in three different link conditions.

1. h1 and h2 have different pathloss levels
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Figure 6.10: BER comparison of Alamouti coding in dual-links with
different pathloss levels, channels selected from dual-link measurements
scenario 1, sit-stand mode

In this case, allocating equal power to each link will actually waste
50% of the power on the link with higher pathloss level. Conse-
quently, the diversity gain by the Alamouti coding is -3 dB com-
pared with the single link. One example is given in Fig. 6.10,
which clearly shows a deterioration of the BER in the dual-link
communication.

2. h1 and h2 have close pathloss levels and small fading vari-
ances

Similarly to previous discussion on opportunistic relaying, cooper-
ation between links having close pathloss levels and small fading
variances will not bring significant BER improvement. One exam-
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Figure 6.11: BER comparison of Alamouti coding in dual-link with close
pathloss levels and small fading variance, channels selected from dual-
link measurement, scenario 4, sleep mode

ple is given in Fig. 6.11, where the BER in the dual-link is close
to the BER in each single link.

3. h1 and h2 have close pathloss levels and large fading vari-
ances

Cooperation between links having close pathloss levels and large
fading variances can achieve significant spatial diversity. An ex-
ample is given in Fig. 6.12, where a significant improvement of
the BER in cooperative dual-link is observed. The Alamouti code
then brings a typical diversity gain of 2 (3 dB) to the communica-
tion. In addition to equal power allocation, we also investigate an
opportunistic power allocation scheme by the principles similar to
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Figure 6.12: BER comparison of Alamouti coding in dual-links with
close pathloss levels and large fading variance, channels selected from
dual-link measurements, scenario 2, walk mode

the opportunistic relaying in Sec. 6.3. As explained in Sec. 6.3,
opportunistic power allocation scheme actually raises the effective
receiving SNR, thereby a slight improvement of the BER is made,
as also shown in the figure.

6.5 Conclusions

The channels play an important role to determine the on-body link qual-
ity at low SNRs. Using cooperative protocols in BAN can mitigate the
fading effect and enhance the link connection due to the spatial diversity
of the on-body channels. Particularly, when on-body multi-link channels
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have close pathloss levels and large fading variances, both the relaying
and multi-link cooperation significantly improve the system end-to-end
capacity and/or diversity gains. Simple cooperative protocols in low
SNR are sensitive to the channel conditions. In realistic applications,
large fluctuation of the on-body channels can happen during changes of
postures and motions. This implies that simple cooperative protocols
will not always work properly due to the failure of predicting the channel
states.





Part II

Cooperative channels in
cellular mobile networks





CHAPTER7
Introduction to MIMO

channel modeling

7.1 MIMO channel modeling

Reference channel modeling is an important framework in the design and
evaluation of MIMO systems. As new wireless applications are becoming
more and more complex, the needs for a more accurate channel modeling
are increasing accordingly. For instance, in the planning of conventional
GSM networks, simple path loss models were sufficient for sensible cov-
erage prediction, whereas nowadays, the channel models needed in the
development of MIMO systems have to represent the signal dispersion
in the angular, delay, and Doppler domain simultaneously. Moreover,
the emergence of distributed MIMO, multi-user MIMO, and cooperative
techniques in the developments for future communication systems, also
calls for a more advanced channel modeling across multiple links.

MIMO channels are modeled by numerous methods. Determinis-
tic channels models use sophisticated simulations such as FDTD and
ray-tracing to describe the exact radio propagation given a determinis-
tic environment. Statistical channels describe the channel statistics in
different domains by a limited number of parameters.

Modeling the channel statistics is therefore more efficient and real-
istic to cover the variety of the environments. In this respect, there
are two major statistical modeling approaches. On the one hand, an-
alytical (non-physical) models characterize the MIMO channel matrix,
by mathematical descriptions. Examples include the 802.11n tapped
angular-delay line model, the correlation-based Kronecker model, as well
as the eigenspace-based Weichselberger model [CH01]. On the other
hand, physical models characterize the physical scatterers by their de-
lay, DoD, DoA, and complex path weight for different polarizations.
Physical models are antenna-independent and can be directly combined
with antenna array responses to synthesize the MIMO channel matrix.
Among physical modeling approaches, the Geometry-based Stochastic
Channel Models (GSCMs) constitute a group of advanced MIMO chan-
nel models which further characterize the properties of the scatterers
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through an explicit geometry description of the scatterers.

The COST 2100 MIMO channel model is a GSCM that has been built
upon the framework of the earlier COST 207, COST 231, COST 259,
and COST 273 models [Cor06]. The COST 207 and COST 231 channel
models [Cor99] were successfully applied to GSM and UMTS networks,
respectively. The COST 259 channel model [MAH+06, AGM+06] was
the first GSCM considering multi-antenna base stations, and full MIMO
systems were targeted by the COST 273 model. The COST 2100 channel
model extends the COST 273 model to cover MIMO systems at large, in-
cluding multi-user, multi-cell and cooperative aspects, and this, without
requiring a fundamental shift in the original modeling philosophy.

7.2 GSCM methods

The principle of GSCMs is to model the wireless channel by statistically
describing scattering from interacting objects (or scatterers) in a simula-
tion environment. The stochastic properties of the wireless channel, with
respect to the delay and double-directional domains, are described by
the geometric distribution of the scatterers. Some of the widely known
GSCMs include the 3GPP Spatial Channel Model (SCM) [3GP03], the
WINNER II model [ea07], and the COST family of channel models.

The overall channel results from the superposition of many different
MPCs. The scattering mechanisms may consist of a single interaction,
i.e. with one object (single-bounce), or of a number of consecutive in-
teractions with multiple objects (multiple-bounce). In addition, most
GSCMs adopt a double-directional channel description, where the MPCs
generated by either of the two scattering mechanisms are represented in
three domains (delay, DoD, and DoA) through a geometric description.
Finally, in an effort to reduce the number of model parameters, MPC
with similar delays and directions are sometimes grouped into so-called
clusters.

An important criterion to evaluate the performance of GSCMs is that
the synthesized Large Scale Parameters (LSPs) from the models, such as
the shadowing or the global delay and angular spreads, are statistically
reliable and consistent with experimental observations. There are two
main approaches for GSCMs, a system-level approach and a cluster-level
based approach.
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7.2.1 System-level GSCMs

The 802.11 3GPP SCM and WINNER II models [3GP03,ea07] are typ-
ical system-level based GSCMs. In these two models, the propagation
environment is specified for each realization of all radio links between
the Base Stations (BSs) and the Mobile Stations (MSs). In a given real-
ization, the model first fixes the LSPs following specified distributions,
and then generates a geometric distribution of MPCs accordingly. The
advantage of system-level based GSCMs is that the LSP statistics in a
specific scenario are always guaranteed in each realization of the model.
However, the independent initialization of the propagation environment
in each of these realizations prohibits connecting different realizations
with intervals larger than the auto-correlation distance, hence hamper-
ing the simulation of larger motions of the MSs. Also, forcing the consis-
tency of LSPs with measured properties at system level makes the model
quite rigid. Typically, when the analysis requires to add new LSPs, such
as the channel correlation in multi-link communication scenarios, the
entire initialization of the propagation environment must be re-defined,
hindering a straightforward extension of the model.

7.2.2 Cluster-level GSCMs

Cluster-level based GSCMs, such as the COST 2100 model, are designed
in an alternative way. In cluster-level based models it is assumed that
the LSP statistics in an environment can be attained if the clusters
in the environment are characterized with adequate statistics, both in
geometry and in physics. This allows for a single initialization of the
propagation environment, which is independent of the MS locations and
the channel instances. While naturally accounting for a movement of
the MS, a cluster-level based structure is more flexible as it enables to
include new LSPs (e.g. correlation properties of multi-link channels)
with less modifications. Obviously, a cluster-level based GSCM can
result in a larger deviation with respect to the LSPs statistics than the
system-level based GSCMs in a single realization, but the average LSP
statistics can typically be consistent with measurements.

7.3 Multi-link MIMO channel modeling

Multi-link MIMO channel modeling are advanced spatial MIMO channel
description in cooperative multi-link communications. The conventional
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GSCMs are developed in a BS-centric framework. This means that the
propagation environment is modeled with respect to a single BS, which
can not cover the inter-cell properties like spatial channel correlation. To
describe multi-link MIMO channels, the BS-centric framework should be
converted as environment-centric to cover multiple BSs. As stated, intro-
ducing the inter-link properties to system-level based GSCMs will likely
change their fundamental structures. For cluster-level based GSCMs,
the multi-link extension can be realized on the clusters. The multi-link
LSPs will be then synthesized.

Note that for both kinds of GSCMs, a multi-link extension means
more complex channel modeling and estimation, as well as extensive
measurements for validation and parameterization of the models.



CHAPTER8
Single-link COST 2100

channel model

The single-link COST 2100 MIMO channel model inherits most of the
concepts from the COST 273 model. This chapter presents the struc-
ture and essential concepts of the COST 2100 model with concrete in-
terpretation and parameterization methods. Two advanced single-link
parameters, the polarization and Dense Multipath Component (DMC),
are introduced at the end of this chapter.

8.1 General image of single-link COST 2100 model

The single-link COST 2100 model describes the radio channel between
a single static multi-antenna BS and a single multi-antenna MS. The
channel consists of a number of MPCs described in delay-angular do-
mains, i.e. by their delay, Azimuth-of-Departure (AoD), Elevation-of-
Departure (EoD), Azimuth-of-Arrival (AoA), and Elevation-of-Arrival
(EoA). The MPCs result from interactions between the signal waves and
the specular scatterers distributed in the environment. In most cases,
MPCs are mapped to scatterers with explicit geometric relationships.
The clusters are obtained by grouping the scatterers that generate MPCs
in similar delays and angles. The clusters describe the common proper-
ties of MPCs resulting from a common object like the walls, buildings,
etc. This clustering of MPCs largely reduces the number of parameters
to describe the channel.

Fig. 8.1 describes the general structure of the COST 2100 model.
There are three different clusters in the model.

• Local clusters are located around MS or BS, describing a single
interaction of the signal waves with the local scatterers at MS or
BS.

• Far/remote clusters are located remotely throughout the envi-
ronment. Far clusters are further divided into two kinds:

– Single-bounce clusters describe the single interactions be-
tween the signal waves and the remote environment.
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Figure 8.1: General structure of COST 2100 MIMO channel model: the
model contains three kinds of clusters, i.e. local clusters, single-bounce
clusters and twin clusters.

– Multiple-bounce clusters describe the multiple interac-
tions between the signal waves and the remote environment.

By the COST 2100 model, the ratio of the number of multiple-
bounce clusters to the number of single-bounce clusters in the en-
vironment is controlled by the selection factor, denoted as Ksel.

In geometry, local clusters and single-bounce clusters are composed
of single-interaction MPCs, therefore they can be explicitly described by
a single representation at one position in the environment by matching
the delay, DoD, and DoA jointly, as in Fig. 8.1. On the contrary, the
MPCs in a multiple-bounce cluster undergo multiple interactions with
the scatterers, therefore the delay, DoD, and DoA cannot be matched
with a single geometric representation. Instead, a multiple-bounce clus-
ter is described by two representations as viewed from the MS and from
the BS. A multiple-bounce cluster is also called a twin cluster, because it
is described by two identical representations viewed from the BS and MS
to guarantee the consistency of its statistics, as shown in Fig. 8.1. This
is a straightforward extension of the double-directional radio channel to
clusters.

Given the spatial distribution of the remote clusters, the LSPs of
a MS-BS link are controlled by the number of clusters that contribute
to the link, which follows a Poisson distribution. To maintain the sta-
tistical consistency of the LSPs when the MS is located at different
positions, the occurrence (or visibility) of a remote cluster to the MS-
BS link has to be limited. The model uses the concept of Visibility
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Region (VR) [MAH+06, Cor06] from the COST 273 model to restrict
the area where a remote cluster is visible to the BS. Hence, the MS
in a certain position will only receive a limited number of MPCs from
the visible remote clusters. In this sense, local clusters are either visible
or invisible throughout the simulation area determined by the specific
environment.

By introducing the concept of cluster visibility, the COST 2100
model calculates the time-varying CIR in delay-angular domains as:

h(t, τ,ΩBS,ΩMS) =
∑
n∈C

P∑
p=1

an,p(t, τn,p,ΩBS
n,p,Ω

MS
n,p)δ(τ − τn,p)δ(ΩBS −ΩBS

n,p)δ(Ω
MS −ΩMS

n,p), (8.1)

where C is the set of visible clusters depending on the position of MS,
an,p is the complex MPC in the nth visible cluster, P is total number
of the MPC in a cluster, t is the time, τ is the delay, ΩBS is the DoD
including the AoD and EoD, ΩMS is the DoA including the AoA and
EoA, and δ is the Dirac function.

For a MIMO system using V and U multiple antennas arrays at BS
and MS, we may express the U×V MIMO channel matrix H(t, τ), under
the plane wave and balanced narrowband array assumptions, as:

H(t, τ) =
∫ ∫

h(t, τn,ΩBS,ΩMS)sBS(ΩBS)sMS(ΩMS)dΩBSdΩMS

=
∑
n∈C

P∑
p=1

an,p(t, τn,ΩBS
n,p,Ω

MS
n,p)sBS(ΩBS

n,p)sMS(ΩMS
n,p)δ(τ − τn,p)

(8.2)

where sBS(ΩBS
n,p) and sMS(ΩMS

n,p) are the antenna array steering vectors
at BS and MS sides [PG03,OC07].

8.2 Essential modeling concepts and their in-
terpretation

The essential modeling concepts of the COST channel model have been
introduced and generally described in [Cor06]. This section clarifies and
proposes concrete interpretation, parameterization, and implementation
of the concepts.
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8.2.1 Visibility region

A VR is a circular area with a fixed radius. It determines the visibility
gain of only one cluster, denoted as AVR. The visibility gain of the
cluster in the link smoothly increases when the MS is approaching the
center of the related VR, expressed as:

AVR(d) =
1
2
− 1
π

arctan

(
2
√

2(LC + d)√
λLC

)
, (8.3)

where d is the distance between the MS and the VR center, RC is the
radius of the VR, LC is the width of the transit region in the VR. Fig.
8.2(a) depicts the AV R in the macrocell environment. The change of the
cluster visibility based on the MS-VR distance, is an important feature
of the COST 2100 model to describe the time-variation of the channels
by updating the cluster visibility as a result of the MS movement.
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Figure 8.2: Modeling example of VR in macrocell by COST 2100 model

The VRs are uniformly distributed in the simulation area, as illus-
trated in Fig. 8.2(b). The density of the VRs, denoted as ρC , should
corresponds to the average number of visible remote clusters, given the
relationship:

ρC =
NC

π(RC − LC)2

[
m−2

]
, (8.4)

where NC is the average number of remote clusters, following a Poisson
distribution.

The overlapping of different VRs allow the MS to receive multiple
remote clusters when it is in the overlapped region.
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8.2.2 Cluster

A cluster is formed by the grouping of MPCs with certain spatial spread
to correspond to the delay and angle spreads in the channel. A cluster is
modeled as an ellipsoid in space as described in Fig. 8.2.2. The axes of
the clusters along different directions, correspond to the maximum clus-
ter delay spread (CDS), denoted as δC , and the cluster angular spread
(CAS), denoted as φC,BS and φC,MS in the azimuth plane, and as θC,BS
and θC,MS in the elevation plane. In general, the position and spread
of the cluster are specified at both the BS and MS sides. For local and
single-bounce clusters, such specification is identical at both sides since
they only need one representation in space. For twin clusters, the speci-
fication should be treated respectively at both sides. Before detailing the
characteristics of clusters, we introduce the following notations related
to the quantities used in Fig.8.2.2.

1. ∆C , φC,BS , φC,MS , θC,BS , and θC,MS are the delay, AoD, AoA,
EoD, and EoA spreads of the cluster.

2. aC , bC , and hC are the corresponding extents of the cluster in
space that lead to the delay, azimuth spreads (AoD and AoA),
and elevation spreads (EoD and EoA) of the cluster.

3. dC,BS and dC,MS are the cluster-BS and cluster-MS distances.

(a) Local cluster (b) Single cluster
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(c) Twin cluster
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Figure 8.3: Modeling of three different kinds of clusters in COST 2100
model
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8.2.2.1 Local cluster

Local clusters contain only single-bounce MPCs and have uniform spread
in azimuth. Therefore the spatial spreads of the clusters are only deter-
mined by their delay spreads and elevation spreads with the following
geometry relationship [Cor06]:

aC =
1
2

∆Cc0, bC = aC , hC = dC,BS tan θC,BS , (8.5)

where c0 is the free-space wave speed.
In the COST 2100 model, we determine the angular spreads of both

MS-local and BS-local clusters from the BS side.

8.2.2.2 Single-bounce cluster

A single-bounce cluster has independent delay and azimuth spreads.
Consequently, it is depicted as an ellipsoid rotated toward the BS, so
that its spatial spread adequately fits the delay and angular spreads
along different axes as viewed from the BS. The geometry relation is
expressed as:

aC =
1
2

∆Cc0, bC = dC,BS tanφC,BS , hC = dC,BS tan θC,BS , (8.6)

A single-bounce cluster is always distributed relative to the BS and
its VR as shown in Fig. 8.2.2.2. The position of a single-bounce cluster
is determined by a random vector drawn from the BS. The length of
this random vector follows certain non-negative distribution, e.g. expo-
nential distribution in macrocell, floored by a minimum distance rmin.
The vector is rotated by a random angle ΨC,BS relative to the imaginary
line between the BS and the VR center. ΨC,BS is modeled as following
a normal distribution, i.e. ΨC ∼ N (µΨC , σΨC ).

8.2.2.3 Twin cluster

The COST 273 model describes very generally a twin cluster as two iden-
tical ellipsoids at BS and MS sides. The detailed modeling principles
of twin clusters are missing in COST 273 model. For the implementa-
tion of COST 2100 model, we specify two important parameters of the
twin cluster: the cluster distribution at both sides and the cluster delay
mismatch.

Since a far cluster is visible only when the MS is inside its VR, the
two ellipsoids of a twin cluster are defined to be rotated toward the
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Figure 8.4: Distribution of single-bounce clusters and twin clusters in
COST 2100 model

BS and the VR center respectively. This guarantees that when MS is
inside the VR of a twin cluster, the cluster’s delay and angular spreads
is generally matched at both sides.

To determine the position of a twin cluster, the method applied to
the single-bounce cluster is performed twice: first by a random vector
from the BS, then by another random vector from the VR center, as
depicted in Fig. 8.2.2.2. Both random vectors are modeled in the same
way as in single-bounce cluster distribution. The distance between the
cluster at MS side and the VR should be computed through:

dC,BS tanφC,BS = dC,V R tanφC,MS , (8.7)

in order to match the angular spreads viewed from BS and MS sides.
To compensate for the mismatch between the delay and the angles

of a twin cluster, an extra cluster link-delay, τC,link is introduced in
the COST 273 model [Cor06]. The τC,link describes the multiple bounce
process inside a twin cluster. In COST 2100 model, the cluster link-delay
is implemented by a non-negative random variable with a minimum
delay when single bounce between the centers of the twin cluster occurs.
Local and single-bounce clusters are then treated as special twin clusters
where τC,link = 0. Therefore, the total delay of a cluster is determined
by:

τC = (dC,BS + dC,MS)/c0 + τC,link. (8.8)

The cluster-link delay is a large-scale property that is applied to all
the MPCs belonging to the corresponding cluster.
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8.2.2.4 Cluster parameterization

A cluster describes LSPs of the grouped MPCs, including the posi-
tion, delay spread, angular spread, visibility gain, cluster-link delay,
shadowing, and the cluster power attenuation. The shadowing of the
cluster is a random variable following Guassian distribution in dB, i.e.
SF ∼ N (0, σSFC ). The delay spread, angular spread, and the shadow-
ing of a cluster are correlated random variables. The actual correlation
coefficient matrix of them depends on the scenarios, some of which are
tabulated in [Cor06].

The cluster power attenuation, denoted as AC , is the relative atten-
uation to the pathloss. AC is assumed to exponentially decay when the
difference between the cluster delay τC and the LOS delay τ0 increases:

AC = max(exp[−kτ (τC − τ0)], exp[−kτ (τB − τ0)]), (8.9)

where kτ is the decaying factor, and τB is the cut-off delay to avoid an
extremely low cluster power in the channel.

8.2.3 Line-Of-Sight

A LOS is the direct propagation path between the MS and BS. The
COST 2100 model represents LOS as a special cluster containing a sin-
gle MPC. The VR of the LOS is modeled by its own size and is confined
within a cut-off distance from the BS. The power of the LOS is deter-
mined by a Lognormal distributed power factor ζ over the sum of the
power from the other visible clusters [Cor06] as:

ALOS =
1√
L
ζ
∑
n∈C

An,V RAn,Ce
−jπdMS,BSfc , (8.10)

where L is the pathloss calculated based on the MS-BS distance dMS,BS ,
and fc is the carrier frequency.

8.2.4 Multi-Path Components

For modeling simplicity, the COST 2100 model assumes an identical
number of MPC in both local clusters and far clusters. The scatter-
ers constituting a remote cluster have a Gaussian distribution in space
(angle) within the cluster, whereas the local scatterers are uniformly
distributed within the local cluster. Scatterers in a twin cluster have
identical local distributions in space in the clusters at BS and MS sides
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to maintain a consistent spatial spread from both sides. Each scatterer
results in one MPC, whose delay and angles are calculated geometrically.

Finally, the delay of the pth MPC in the nth visible cluster is calcu-
lated by:

τn,p = (dMPCn,p,BS + dMPCn,p,MS)/c0 + τn,C,link, (8.11)

where dMPCn,p,BS and dMPCn,p,MS are the actual distances from the
MPC to the BS and MS, which are calculated according to the instant
positions of the BS and MS.

Accounting for the large-scale parameters from the clusters and the
small-scale parameters from the MPCs, the complex amplitude of a MPC
is finally expressed as:

an,p =
1√
L
AV R,nAMPC,n,p

√
SFnAC,ne

−2jπτn,pfc , (8.12)

where AMPC,n,p is the complex fading of the MPC.

8.2.5 Time evolution

The COST 2100 model describes the propagation environment by a sin-
gle realization as long as the environment remains static. The VRs and
the clusters are then generated independent by the position of the MS.
Under this assumption, all MPCs, except the ones in the local cluster
at MS side, maintain flat fading and deterministic positions throughout
one simulation instance. The time-variation of a channel is therefore
formed by the movements of the MS when it enters and leaves differ-
ent VRs. The first consequence by the MS movement is the visibility
changes of far clusters, resulting the lifetimes of far clusters in the link.
The movement of MS also changes the delay, DoD, and attenuation of
the remote clusters, which should be re-calculated at each time instance.

The second consequence is the moving of the MS-local cluster. As
the MS-local cluster is updated to a new position regarding to the MS
movement, some local MPCs which are defined at the old positions will
drop out the range of the new MS-local cluster. The dropped-out MPCs
are then re-filled in the updated local cluster at randomly generated
positions and are kept identical intra-cluster MPC fading, as explained
in Fig. 8.2.5.
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MSMS

Figure 8.5: Update of MS-local cluster when MS moves. The old MPCs
(squares) that are outside the range of the new local cluster are re-filled
into the local cluster (triangles), keeping their fading properties.

8.3 Advanced parameters

Two advanced parameters are introduced in the COST 2100 model, the
cluster-based polarization and DMC modeling.

8.3.1 Polarization

The COST 2100 model characterizes the channel polarization on cluster
level and MPCs. Based on the work in [QOHDD10], a MPC consists
of four polarization components, which are projected on the Tx and
Rx antenna systems to form sub-polarization channels according to the
polarization characteristics.

The four-channel polarization matrix of MPC p in cluster n is defined
as:

Gn,p =

 ejϕ11,n,p 1√
CPRn,p·XPDH,n,p

ejϕ12,n,p

1√
XPDV,n,p

ejϕ21,n,p 1√
CPRn,p

ejϕ22,n,p

 , (8.13)

where XPDV, XPDH and CPR are the cross-polarization power ratios
of the V V to the HV channel, the HH to the V H channel and V V
channel to the HH channel. These power ratios are characterized in
each MPC. The phases of the four polarization channels in a MPC is
defined as an iid uniformly distributed random variable between 0 and
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2π. The matrix is then normalized by:

Gn,p = Gn,p/ ‖Gm,p‖ , (8.14)

and multiplied by the complex amplitude of the MPC, an,p, in Eq. 8.12.
The cross-polarization power ratios in Eq. 8.13 are defined per MPC

and per cluster. They are log-normally distributed in a cluster, with
a mean µXPDn and a STD σXPDn defined. The µXPDn and σXPDn are
also log-normally distributed, with parameters (µn,µXPD , σn,µXPD) and
(µn,σXPD , σn,σXPD) respectively.

8.3.2 Dense multi-path components

In previous sections, the COST 2100 model was built upon the assump-
tion of specular scattering. This simplification assumes that the inter-
action between a scatterer and the signal wave generates a single prop-
agation path. In reality, scattering mechanisms are usually complicated
and cannot be fully described by a few specular paths with correspond-
ing explicit geometry as modeled above. Rough surface reflection, corner
diffraction, and reflections from different layers of a scatterer can all con-
tribute to a large amount of diffuse scattering. Hence, diffuse scattering
will form a significant channel component in both delay and angular
domains, which the specular MPC fail to capture.

There are two approaches to model the diffuse scattering:

1. The propagation paths are extended with a continuous dispersion
over delay and angular domains to include diffuse scattering char-
acteristics, as studied in [DE01].

2. The diffuse scattering can also be modeled by the superposition
of a large number of specular paths with modified delays, angles,
and amplitudes, called the DMCs [PSH+10,PSH+11].

The first method relies on the quality of the modeling of the path dis-
persion, while a model mismatch might create a significant amount of
artifacts. The second method, on the other hand, increases the to-
tal number of parameters but provides the best capture of the residual
channel spectrum as long as the number of the DMCs is sufficiently
large. Based on the work in [PSH+10, PSH+11], the COST2100 model
considers the second approach as a direct extension of the MPC con-
cept [PTH+10].
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Figure 8.6: Cluster-based modeling of DMC in COST 2100 model

In principle, a DMC is a modified MPC that is described by its own
delay, angles, fading, and power attenuation. The DMC is the result of
multiple intra-cluster interactions. Therefore the DMC is characterized
by a weaker geometry relation between its spatial distribution and its
delays and angles. Hence, a DMC needs more parameters to describe
its geometric inconsistency.

The modeling complexity of the DMC is controlled by a cluster-
level characterization. A clustering of DMC is modeled to each cluster,
locating at the same position as shown in Fig. 8.6. The clustering of
the DMCs is defined by its own spatial spread to satisfy the delay and
angular spread of the residual channel spectrum besides the spectrum
of the specular MPCs.

Each MPC in the cluster is further expanded by a sub-clustering
of DMCs. The power of DMCs in the sub-clustering is modeled to
decay relatively to the power of corresponding MPC, when the delay
difference between the DMC and MPC increases, as illustrated in Fig.
8.6(b). Such decaying is characterized by the decaying factor, denoted
as κDMC . The DMCs share the large-scale properties of the cluster,
such as the visibility, shadowing, and cluster power attenuation.
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8.4 Parameterization

The parameterization of the COST 2100 model in various scenarios rep-
resents a huge effort, which has been performed by several research
groups with COST 2100 Action. In addition to previous parameteriza-
tions carried out for marcro-, micro-, and pico-cellular [Cor06], outdoor
rural environments at 400 MHz band and indoor pico-cellular scenar-
ios at 3.6 [QOHDD10] and 5.3 GHz [PHL+11, Pou11] bands have been
covered. A complete list of parameters and recommended distributions
is presented in [Ver11]. The overall availability of the parameters is
broad, though it must be noted that advanced parameters for DMC and
multi-link aspects are still not sufficiently supported by measurements.

In general, the parameters are divided into external and stochastic
parameters. Table 8.1 lists the parameters in the single-link COST 2100
model is given.

The modeling of non-negative parameters, including the cluster delay
and angular spread, cluster shadowing, cluster link-delay, LOS power
factor, and DMC spatial spread, is based on the following equation:

X = µX10σXW/10, (8.15)

where µX is the mean of parameter X on linear scale, σX is the STD of
X in dB, and W ∼ N (0, 1). Defining µX on linear scale make it with
physical meaning. The random generation of the variable in dB in Eq.
8.15 guarantees that the variable is always positive.



136 Single-link COST 2100 channel model

External parameters
Cell radius rcell[m]
Central frequency fc[Hz]
Bandwidth B[Hz]
Misc. parameters for pathloss ...
Stochastic parameters
VR size RC [m]
TR width LC [m]
Cluster power decaying factor kτ [dB/µs]
Cluster power decaying cut-off factor τb [s]
LOS cut-off distance db,LOS [m]
LOS VR size RLOS [m]
LOS TR width LLOS [m]
LOS power factor ζ distribution µk [linear]/σk [dB]
Local cluster at BS true/false
Local cluster at MS true/false
Average number of remote cluster µnum,C
K-selection factor Ksel

Number of MPC per cluster NMPC

Cluster: delay spread mean/std µτ [s]/στ [dB]
Cluster: AoD spread mean/std µφ,BS [s]/σφ,BS [dB]
Cluster: EoD spread mean/std µθ,BS [s]/σθ,BS [dB]
Cluster: AoA spread mean/std µφ,MS [s]/σφ,MS [dB]
Cluster: EoA spread mean/std µθ,MS [s]/σθ,MS [dB]
Cluster: shadow fading STD σSF
Cluster: correlation matrix ρ
Cluster: distribution ΦC , mean/std µΦC [deg.]/σΦC [deg.]
Cluster: distribution ΘC , mean/std µΘC [deg.]/σΘC [deg.]
Cluster: Min. cluster-BS distance rC [m]
Cluster link-delay, mean/std µτC,link [s]/στC,link [dB]
Polarization: XPD mean/std µXPD/σXPD
Polarization: CPR mean/std µCPR/σCPR
DMC: spatial spread mean/std µDMC [m]/σDMC [dB]
DMC: decaying factor kDMC [dB/µs]

Table 8.1: Essential parameter list of single-link COST 2100 channel
model



CHAPTER9
Multi-link COST 2100

channel model

9.1 Overview of multi-link modeling approaches

Measurements have shown that different links can be correlated even if
the BSs or MSs are well separated [KHea10]. The large-scale link cor-
relation is defined as the correlation of two channels separated at the
BS side or the MS side in a distance larger than the coherence distance.
For the cluster-based GSCMs, one possible explanation is the existence
of correlated clustering, i.e. clusters in different links exhibit correlation
on the cluster shadowing or intra-cluster MPC fading, as investigated
in [CBY07]. Using correlated clusters contradicts the uncorrelated-
clustering assumption adopted in the COST 2100 model, hence requiring
substantial modifications of the modeling approach. Another explana-
tion is to consider that some clusters are simultaneously visible in dif-
ferent links so that links share the cluster shadowing and intra-cluster
MPC fading, which is described as the cluster’s link-commonness. The
latter possibility only requires to model the cluster visibility in multiple
links, and maintaining the physical descriptions of the clusters, e.g. the
spatial spread and the fading.

In this chapter, we model the cluster link-commonness at both BS
and MS sides. A backward compatible multi-link extension of the single-
link COST 2100 model is described with modeling principles and imple-
mentation methods.

9.2 Clusters link-commonness

The COST 2100 model uses the concept of VR to describe the visibil-
ity of the clusters in a single-link. In single-link scenarios, a cluster is
connected to a single VR and a single BS. This is can be viewed as
a special case of the cluster link-commonness in a single-BS single-MS
link. In a multi-BS multi-MS link, a cluster can be simultaneously con-
nected to multiple stations, therefore different links share the shadowing
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and intra-cluster MPC fading from the cluster. Generally, the cluster
link-commonness contains both BS-commonness and MS-commonness.

9.2.1 BS-commonness

The cluster BS-commonness describes the connection of a cluster to
multiple BSs, whose visibility is determined also in a VR as defined in
the single-link scenarios. When a MS enters the VR, link connections
between the MS and multiple BSs are established through the corre-
sponding cluster. The maximum cluster BS-commonness depends on
the number of BSs in the environment.

9.2.2 MS-commonness

The cluster MS-commonness describes the connections of a cluster to
multiple MSs. The multiple MS connections are defined by two con-
ditions: 1), connections to different MSs distributed in an area larger
than a single VR; 2), discontinuous lifetime of the cluster in a single link
during a large movement of the MS, i.e. in a virtual single-BS multi-MS
communication. The cluster MS-commonness is modeled by connect-
ing multiple VRs to the cluster, therefore the cluster can be visible for
well separated MSs. The VRs connected to a cluster are defined as a
VR group of the cluster. Measurements in [PHL+10] characterizes clus-
ter MS-commonness in virtual single-BS multi-MS scenarios, where the
number of VR in the VR group can be estimated as:

nVR =
ttotal

tVR
, (9.1)

where ttotal is the total lifetime of the cluster and tVR is the lifetime
of the cluster in single VR. In statistics, nV R is modeled as a Poisson
distributed random variable.

The grouping of VRs to one cluster does not change the size and
distribution of the VRs. Overlapping VRs in the group form a larger
continuous area of the cluster link visibility as observed in [PHL+10].
The visibility gain in the overlapped region should take the maximum
gain of the overlapped VRs.

9.2.3 General link-commonness

We model the cluster BS-commonness and MS-commonness as indepen-
dent properties of a far cluster. In a multi-BS multi-MS scenarios, a far
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cluster can be connected to multiple BSs and multiple VRs. Each VR
in the VR group of a far cluster determines the cluster’s BS-connection
independently. An typical example is shown in Fig. 9.1 of a far clus-
ter connected with two BSs and three VRs. In each VR, the cluster
BS-connections are determined differently. This will finally result in
different link-commonness when the MSs are located in different VRs.

BS2

V R3

V R2

VR group

BS1

MS1

V R1

MS3

MS2

Cluster

Figure 9.1: An example of cluster link-commonness in multi-BS multi-
MS communications. Lines represent different link connections.

The link-commonness of far clusters are modeled independently to
the cluster physical properties such as the delay and angular spread,
shadowing, etc. The cluster modeling approaches applied in the single-
link model should also be applied to the clusters in the multi-link sce-
narios.

9.3 Parameterization of cluster link-commonness

The cluster link-commonness is characterized based on the physical clus-
ters and VRs in the environment. Their projections on each BS-MS link
form the logical propagation environment to determine the single-link
channel statistics. When parameterizing a multi-link scenario, the chan-
nel statistics in individual links should be consistent with the single-link
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COST 2100 model as presented in Ch. 8.

9.3.1 Cluster link-commonness ratio

Cluster link-commonness ratio includes the ratio of cluster BS-common-
ness and the ratio of cluster MS-commonness.

9.3.1.1 BS-commonness ratio

The cluster BS-commonness ratio is the possibility for a MS to observe
a number of m BSs when it is in a certain VR in the environment. As
a VR is always connected to only one cluster, this ratio is equivalent to
the ratio of the number of VRs which are connected to m BSs to the
total number of VRs in the environment as:

ηm =
Lm∑M

m′=1 Lm′
, (9.2)

where Lm is the number of VRs connected to m BSs.
The ratio ηm is related to the number and distributions of BSs. Fu-

ture measurements are needed to fully characterize the geometric depen-
dence of ηm. In a 2-BS 1-MS dual-link scenario as measured in [PHS+10],
only η2 is characterized as a constant value regardless of the BSs distri-
bution.

To maintain an equal average number of visible far clusters and VR
density in each link, the projection of the physical VRs to each BS should
be equal to the VR density modeled in the single-link scenarios. Since a
VR connected to m BSs will be projected m times, a simple relationship
between the number of physical VRs and the number of VR projections
to each BS is expressed as:

MQ =
M∑
m=1

(mLm), (9.3)

where Q corresponds to the VR density to each BS defined in the single-
link scenarios.

9.3.1.2 MS-commonness ratio

The cluster MS-commonness ratio is the number of VRs connected to a
far cluster, which follows a Poisson distribution. The grouping of VRs
only increases the possibility of different MSs to observe the same cluster,
therefore it has no impact to maintain the single-link consistency.
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9.3.2 Cluster distribution

For a far cluster connected with multiple BSs and VRs, a reference BS
and a reference VR should be selected to determine the cluster distribu-
tion based on the approach in single-link scenarios. A simple selection
scheme is proposed based on the number of link connections enabled by
the VRs and BSs, as shown in Fig. 9.2

V R3

MS3

V R2

MS2

V R1

Ref.

BS1

BS2

Cluster

Ref.

BS2

MS1

Figure 9.2: Reference BS and VR selection for the distribution of a
link-common cluster, lines representing link connections

9.3.3 K-selection factor

In multi-link scenarios, parameter Ksel is applied to the physical clusters
to determine the ratio of the twin clusters to the single-bounce clusters.
Although the Ksel in each single-link will vary because of the multiple
projections of the cluster onto the single-links, the average value of Ksel

remains constant for all links.

9.4 VR assignment table

To statistically characterize the cluster link-commonness in an environ-
ment, we introduce a VR assignment table. Fig. 9.3 provides a simple
example of cluster link-commonness in a multi-link scenario. With re-
spect to Fig. 9.3, an example of the corresponding VR assignment table
is generated in Table 9.1.

The VR assignment table is a two-dimensional table. Its rows repre-
sent the index of the BSs and its columns represent the index of the VRs.
Each entry in the table represent the link connection between a BS and
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BS1
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BSM

...

...

...

Figure 9.3: An example of link-common clusters in multi-link scenario
in COST 2100 channel model

V R1 V R2 V R3 . . . V RL
BS1 1, C1 0, / 0, / . . . 1, Cx
BS2 1, C1 0, / 0, / . . . 0, /
. . . . . . . . . . . . . . . . . .
BSM 0, / 1, C2 1, C2 . . . 1, Cx

Table 9.1: Realization of VR assignment table corresponding to the link-
common clusters in Fig. 9.3. 1/0 describes if a VR is linked to the BS
or not, Cx represents the index of the cluster that the VR is linked to
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a VR. The entry contains two values: the first value (1/0) represents
whether there is a connection between the BS and the VR; the second
value is the index of the cluster that connects the BS and the VR.

The VR assignment table should fulfill the following rules to correctly
reflect the cluster link-commonness.

1. Each VR should be related to only one cluster and at least one
BS. It means each column in the table should contain at least one
”1” for the first value and should have the same cluster indices Cx
for the second element.

2. In reverse, a cluster should be connected with at least one VR and
one BS.

3. The VR density to each BS should be identical by keeping the
sum of the first elements in each row equal. The cluster link-
commonness ratio should also be reflected in the table.

9.5 Scalability of multi-link channel modeling

The scalability of the multi-link COST 2100 channel model includes
two aspects, the change of the number of BSs and the change of the
number of MSs. The latter aspect can be fully satisfied by the current
model, since the multi-link modeling is independent of the number and
distributions of MSs. The former includes two possibilities: the number
of BSs decreases or the number of BSs increases.

In BS-centric channel modeling, when a BS is turned off, scatterers
with respect to this BS disappear from the communications. In a multi-
link scenario, when a BS is removed from the communication, all link
connections to this BS via the clusters in the environment will be lost.
Therefore, if a cluster is only linked to this BS, it will be removed from
the environment as well.

By contrast, if new BSs are added to the multi-link communication,
the environment will response to the new radio sources. Therefore link
connections to the new BSs will be created from the existing clusters
and new clusters.

In both cases when the number of BSs increases and decreases, the
modeling consistency should be carefully treated on the multi-link pa-
rameters.
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9.6 Model validation

The validity of the multi-link COST 2100 channel model has been widely
discussed in various metrics on the properties such as the angular and
delay spreads, parameter distributions, and inter-link correlation. In
general, the comparison between the measured LSPs and synthesized
LSPs from the model depends on the qualities of channel estimation
and model parameterization. In the following, we focus on one metric
representative of multi-link scenarios.
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Figure 9.4: Comparison of CMCs from measurements and channel model
outputs. The curve from measurements falls within the range of 5% and
95% curves of the channel model outputs, revealing the validity of the
channel model to re-create measured channel characteristics.

Fig. 9.4 presents a comparison between measurements and corre-
sponding model simulations on the inter-link correlation in a dual-BS
single-MS communication scenario [HPT+11]. The measurements were
performed in an indoor corridor environment at 5.3 GHz [Pou11]. Ver-
tically polarized planar dipole antenna arrays were considered at the
BSs and MS. Detailed settings of the measurements and the simula-
tions can be found in [HPT+11]. Because of the dominant waveguiding
propagation in the corridor, the measurements show significant inter-link
correlation between two BSs located at different wings of the same build-
ing. Such inter-link correlation is measured by the Correlation Matrix
Co-linearity (CMC) between the correlation matrices of the two BS-MS
links [HPT+11]. The CMC is a distance between the correlation matri-
ces, giving 1 when the matrices are linearly dependent and yielding 0 if
they are orthogonal. In Fig. 9.4, three CMC curves, representing 5, 50,
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and 95 %, are derived from the model simulations. The measured curve,
as shown in the figure, remains below the range of simulations, demon-
strating that the model is capable to predict the inter-link correlation
as observed in the measurements.

9.7 Conclusions

In this chapter, we have shown a promising capability of a multi-link
extension of from the single-link COST 2100 model thanks to its cluster
level structure. The cluster link-commonness is introduced to describe
the multiple cluster link-visibility based on VR. Compatibility issues
between the multi-link modeling and the single-link modeling are ad-
dressed, and the model consistency is maintained. More measurements
are expected to support the model, to validate the extension in vari-
ous scales, and as well as to complete the parameterization in different
environments.





CHAPTER10
Implementation of COST

2100 channel model

In this section, we will describe the details of the implementation of
the time-varying COST 2100 channel model in mobile scenarios. An
single-link implementation example is also presented at the end of this
chapter.

10.1 Additional parameters

An implementation of the multi-link COST 2100 channel requires the
external and internal parameters of the COST 2100 channel model in
Table. 8.1 and the multi-link parameters described in Chapter 9. To
implement the model in dynamic scenarios, additional parameters are
needed as follows:

1. Positions of MSs and BSs, described in cartesian coordinate.

2. Velocity vector of MSs, described in cartesian coordinate.

3. Pathloss model, e.g. the Cost231-Walfisch-Ikegami model in macro-
cell [Cor99] , the indoor pathloss model in [MB00].

4. Channel sampling rate.

5. Length of time observation of the channels.

6. Antenna array steering vectors at the MSs and BSs.

7. Over-sampling rate when synthesizing the CIR.

10.2 Flowchart

The implementation consists of two stages, the environment initializa-
tion and the CIR synthesis. The initialization stage include the initial-
ization of the VR assignment table, and the initialization of the environ-
ment (clusters, MPCs). With the help of the VR assignment table, each
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MS-BS link is synthesized as an independent link, therefore the synthe-
sizing process is simplified. A complete flowchart of the implementation
is given in Fig. 10.2.

10.3 Algorithms

10.3.1 Initialization of VR assignment table

Although the cluster link-commonness is expected to be related with
the link geometries, current measurements are insufficient to support
such characterization. The VR assignment table is then generated ran-
domly, therefore the statistics of the cluster link-commonness is equally
described in the environment.

The implementation of the VR assignment table for a multi-link
scenario with M BSs is stated below.

1. Generate essential stochastic parameters, including: average num-
ber of remote cluster, twin cluster ratio, BS-common cluster ratio
(1, 2, ... M), average number of grouped VRs of a remote cluster.

2. Create an empty VR assignment table with M rows and MQ
columns.

3. Assign the BS link-commonness of VRs, for m = M : −1 : 2

(a) Determine Lm, i.e. the number of VRs connected to m BSs,
by the cluster BS-commonness ratio ηm.

(b) In the table, sequentially select Lm VRs and randomly con-
nect m BSs to each VR.

(c) If a BS has reached its VR density, it should be skipped in the
VR assignment. If the total number of available BSs is less
than m, jump to the next m−1 BS common VR assignment.

4. Generate the non-common VRs for each BS until each BS has
reach its VR density.

5. Withdraw the VRs in the table that have not been assigned to any
BS.

6. Generate the VR groups, for q = 1 :
∑M

m=1 Lm

(a) Select VRq if it is not grouped.
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End

Yes

Generate CIR

Sampling finished?

Initialize VR assignment table

Initialize parameters

Initialize environment (VR, cluster, MPC)

Move the MS to a new position

For each MS-BS link:

Find visible clusters by VR assignement table

Generate MPCs

No

Dropping BSs and MSs

For each MS:

Figure 10.1: Implementation flowchart of the time-varying mutli-link
COST 2100 channel model



150 Implementation of COST 2100 channel model

(b) Generate the random number n of VRs to be grouped.
(c) Randomly choose the other n-1 VRs and assign them together

with VR q to one far cluster.
(d) If the number of available VRs are less than n, regenerate n.

10.3.2 VR distribution

For simplicity, the implementation defines the cell range independently
of the BSs distributions in a multi-link scenario. The uniform distribu-
tion of the VRs is generated in the cell area by the following way:

1. Generate a uniform distribution of the VRs by the VR density in
a square area large enough to cover the cell.

2. Tail the cell from the square area. Only VRs inside the cell are
kept.

10.3.3 Cluster parameterization

The delay, AoD, EoD, AoA, EoA, and the shadowing of a cluster are
correlated random numbers, which are generated by:

τ
φC,BS
θC,BS
φC,MS

θC,MS

SF

 =



µτ10M1στ/10

µφC,BS10M2σφC,BS /10

µθC,BS10M3σθC,BS /10

µφC,MS
10M4σφC,MS

/10

µθC,MS
10M5σθC,MS

/10

10M6σSF /10


,



M1

M2

M3

M4

M5

M6

 = AV (10.1)

where V is an iid normal distributed vector, and A is the Cholesky
factorization of the correlation matrix ρ.

10.3.4 MultiPath Component

MPCs in a local cluster have a uniform distribution in space. MPCs
in a far cluster have Gaussian distribution in space. The fading of the
MPCs in a cluster has to be normalized so that the total power of the
MPCs does not exceed the power of the cluster, as:

AMPC,n,p = AMPC,n,p/

√√√√ P∑
p=1

|AMPC,n,p|2 (10.2)
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10.3.5 Dense Multipath Component

The clustered DMCs are modeled as having omni-directional spread in
space. Implementing a DMC clustering is the same as implementing
a MPC clustering. The DMC grouping shares the cluster parameters,
including the shadowing, the visibility gain, the cluster link-delay, and
the power attenuation. As described in Sec. 8.3, the sub-clustering of
DMCs with respect to each MPC in the cluster has extra delay and
spatial spread to capture the residual channel spectrum. To fulfill this,
a DMC is attributed by an extra delay, which is generated depending
on the delay spread of the residual channel spectrum. To describe the
dense scattering effect, a random phase is assigned to each DMC.

10.3.6 MIMO channel matrix synthesis

The synthesis of MIMO channel matrix follows Eq. 8.2. Practical MIMO
systems should also consider the pulse-shaping of the CIR to meet the
bandwidth limitation, as by [Pro00].

10.4 Implementation example

In this section, we present an implementation example of the single-
link COST 2100 model in macrocell. We define a dynamic scenario
where a MS is passing by the BS along a single direction and at a
constant velocity. The external and stochastic parameters of the model
are referred in [Cor06]. Additional parameters are given in Table 10.1.

Environment macrocell
Input power 0 [dB]
BS position (x, y, z) (0, 0, 0) [m]
MS initial position (x, y, z) (-200, 5, 0) [m]
MS velocity (x, y, z) (4, 0, 0) [m/s]
Channel sampling rate 1 [s]
Number of channel sample 200

Table 10.1: Implementation settings of a single-link channel in marcocell

The local cluster at MS side is enabled in the implementation to
mark the MS movement.

The implementation results are presented by the time-varying power
profiles of the channel in delay and angular domains respectively, as
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shown in Fig. 10.2.
In the power-delay profile presented in Fig. 10.2(a), the MS-local

cluster and the remote clusters show distinct lifetimes and delays. The
MS-local cluster has the smallest delay and strongest power, whose life-
time last throughout the simulation, as observed in Fig. 10.2. The re-
mote clusters have limited lifetimes when the MS is passing their related
VRs, which appear as a short duration of the cluster in the power-delay
profile. The time-variation of the delay of the MS-local cluster also
reflects the MS movement when it approaches and leaves the BS.

The difference between the MS-local cluster and remote clusters can
also be observed in the power-AoA profile in Fig. 10.2(d). The local
cluster surrounding the MS causes an omni-directional power distribu-
tion throughout the AoA, while the remote clusters form a limited AoA
spread and short lifetime in the power-AoA profile in Fig. 10.2(d).

As the MS eventually moves away from the BS, the azimuth spread
in the power-AoD profile in Fig. 10.2(b) decreases accordingly.

Both the power-EoD and power-EoA profiles of the channel have
small elevation spread as shown in Fig. 10.2(c) and Fig. 10.2(e), which
are determined by the cluster elevation spread in macrocell.

The implementation has also been evaluated in indoor environment
as in [HPL+10].
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(a) Power-delay profile

(b) Power-AoD profile (c) Power-EoD profile

(d) Power-AoA profile (e) Power-EoA profile

Figure 10.2: Implementation results of a single-link macrocell commu-
nication





CHAPTER11
Analysis of cooperative

MIMO in cellular networks

In this chapter, we investigate the impact of cluster link-commonness to
cooperation mobile networks. In general, a cooperative network between
multiple BSs and multiple MSs is a distributed MIMO system. We then
focus on the sum-rate capacity of a distributed MIMO system.

11.1 Sum-rate capacity of cooperative MIMO

Although MIMO systems are well-known for their ability to improve
the spectra efficiency, realistic collocated MIMO systems are usually
limited by the cross-channel correlation due to limited MPCs or keyhole
effect [SL03, CFGV02]. A distributed MIMO system is a generalized
MIMO system which can better capture the signals by allocating mul-
tiple antenna clustering in different positions. This technique can be
found in CoMP and general cooperative MIMO systems [WHG+10].

Considering a distributed MIMO system with nt Tx terminals and
nr Rx terminals, each Tx terminal equipped with an antenna array of
M antennas and each Rx terminal equipped with an antenna array of N
antennas. By having cooperation among the terminals, a large virtual
MIMO system is formed [ZD04], which is expressed as:

y = Hx+ n
y = [y1,y2, ...ynr ]
x = [x1,x2, ...xnt ]
n = [n1,n2, ...nnr ]

H =

 H1,1 H1,2 ... H1,nt

...
Hnr,1 Hnr,2 ... Hnr,nt

 (11.1)

where each Hp,q is a M ×N MIMO channel matrix between the pth Tx
and the qth Rx terminal.

The sum-rate capacity of distributed MIMO is computed by the joint



156 Analysis of cooperative MIMO in cellular networks

virtual channel matrix based on Eq. 11.1 as:

C = log2[det(I + HΣHT )] (11.2)

where Σ is the covariance matrix of the transmitted signal.
Based on the CSI knowledge, the capacity in Eq. 11.2 is divided into

two possibilities.

1. If the CSI is unknown at the Tx, equal power allocation should be
performed, which turns Eq. 11.2 into:

C = log2[det |I +
γ

ntN
HHH |], (11.3)

where γ is the input SNR.

2. If the CSI is known at the Tx, waterfilling algorithm [CT91] is
applied to maximize the channel capacity, which turns Eq. 11.2
into:

C =
nrM∑
i=1

log2[1 + giγΛi], (11.4)

where Λi is the ith eigenvalue of HHH , and gi is the weight of
the power allocation to the ith eigen-channel of HHH computed
through the waterfilling algorithm.

The ergodic and outage capacities are computed by Eq. 6.3 and Eq.
6.4 as:

Cerg = E[C]
Pr(C < Cout) = Pout (11.5)

where the outage probability is also set 10% in our investigation.

11.2 Simulation settings

The COST 2100 model describes the multi-link channel properties by
introducing the link-common clusters. In this section, we will evalu-
ate the effect of different cluster BS-commonness ratio in a cooperative
multi-BS single-MS scenario. We define a dual-BS single-MS scenario as
shown in Fig. 11.2. Both the BSs and the MS are equipped with ideal
linear antenna arrays , whose steering vector in azimuth is given by:

s(φ) = [1, ej cosφda/λ, ej cosφ2da/λ...ej cosφNda/λ] (11.6)
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where da is the space between adjacent antennas, and λ is the wave-
length at the carrier frequency. To simplify the analysis, the number
of antennas equipped at both the BSs and the MS is fixed at 4, i.e.
N = M = 4, and the arrays have 0◦ orientation in azimuth as shown in
Fig. 11.2.

MS

BS1 BS2

Figure 11.1: Simulation setting of a dual-BS single-MS distributed MISO
system where linear 4-antenna arrays are equipped on both BSs and MS,
arrow point the moving direction of MS

The MS is located on a line between the BS1 and BS2 as in Fig. 11.2
to guarantee that the distances from the MS to the BSs are always equal.
Hence, the pathloss levels of the two BS-MS links are always equal.

We consider a macrocell environment with parameters given in [Cor06].
To control the LSPs in different simulation realizations, we fix the num-
ber of average visible remote clusters at 4.

There is only one cluster BS-commonness ratio to be investigated in
the dual-BS scenario, η2. We consider three different values of η2:

1. η2 = 100%, meaning that all the far clusters in the environment
are connected to both of the BSs.

2. η2 = 50%, meaning that half of the far clusters in the environment
are connected to both of the BSs.

3. η2 = 0%, meaning that all th far clusters in the environment are
only connected one BS.

We further remove the local clusters at both BSs and MS to highlight
the effects of link-commonness of far clusters.
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Table 11.1 lists the details of the simulations.

Environment macrocell
Frequency 1.8 GHz
Average number of visible far-clusters 4
Local clusters not visible
BS1 position [-200 0 0] [m]
BS2 position [200 0 0] [m]
MS initial position [0 -100 0] [m]
MS velocity [0 1 0]
Antenna array ideal linear array
Number of antennas in the antenna array 4
Antenna spacing d 0.5λ
Channel sampling rate 0.5 s
Simulation length 200 s
Simulation repetition 100

Table 11.1: Simulation settings of distributed MIMO communications

11.3 Simulation results

The simulation is repeated at each BS-commonness ratio. The average
channel capacities based on equal and waterfilling power allocation are
presented in Fig. 11.2 and Fig. 11.3 respectively. In general, under
both of the power allocation schemes, the cooperative dual-links exhibit
a significant increase of the sum-rate channel capacity as compared to
each single link. This is primarily because distributed BSs are capable
to see more MPCs, hence the eigenvalues of the virtual MIMO channel
matrix are increased.

The ergodic sum-rate capacity shows a small decrease as η2 increases
from 0% to 100%. Recall that as described in Chapter 9, the number of
physical remote clusters increases when η2 drops, therefore the remote
clusters in a scenario with η2 = 0% will have a wider distribution than in
a scenario with η2 = 100%. This leads to a richer clustering environment
under η2 = 0% where the dual-link can capture more MPCs.

The outage sum-rate capacity shows a significantly increase when
η2 drops. It highlights the influence of the shadowing and intra-cluster
MPC fading from the link-common clusters. The identical MPC fading
from the link-common clusters will reduce the spatial diversity between
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Figure 11.2: Comparison of sum-rate channel capacity of dual-link
MIMO channels in different cluster BS-common ratios, equal-power al-
location

the links. Therefore, if more clusters are linked to both BSs, the mit-
igation of the channel fading by combing the received signals from the
two BSs will be reduced, which cause a decrease of the outage sum-rate
capacity.

11.4 Conclusion

In this chapter, we have shown the impact of link-common clusters to the
sum-rate channel capacity in distributed MIMO systems. By considering
a simple dual-BS single-MS network, we have compared the ergodic
and outage sum-rate capacity of a macrocell network at different cluster
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Figure 11.3: Comparison of sum-rate channel capacity of dual-link
MIMO channels in different cluster BS-common ratios, waterfilling
power allocation

BS-commonness ratios. The simulations validate that when multi-links
share common far clusters, the spatial diversity will be degraded. The
same effect is also expected in more complex multi-link configurations
and can be well described by the multi-link COST 2100 MIMO channel
model.



CHAPTER12
Dissertation conclusions

This dissertation has presented results on cooperative channel charac-
terization and modeling for various networks. The essential multi-link
channel parameters in body area and cellular mobile networks have been
covered in the study. Although both networks differ fundamentally from
the physical mechanism involved, the study has pointed out the common
principles for describing the multi-link channel properties. In general,
the scattering commonness has been proposed in both cases to describe
the cross-channel correlation in cooperative multi-link communications.
Geometric modeling approaches have been effectively applied to model
the spatial dependence of channel properties. In addition, in both net-
works, various cooperative schemes have been evaluated based on realis-
tic radio channels. The results in the study have provided a preliminary
understanding of multi-link channels and essential modeling approaches.

12.1 Cooperative channels in body area net-
works

Extensive dynamic on-body measurements have been conducted to char-
acterize and model the on-body channel statistics in different aspects in
the study.

Canonical measurements at 2.45 GHz, as presented in Chapter 3,
have focused on the spatial dependence of channel statistics, includ-
ing pathloss, temporal fading, Doppler spectrum, and spatial channel
correlation. Repetitive arm swing motions have been investigated in
the measurements. Both tangential and normal polarizations have been
covered. The measured channel statistics exhibit a significant spatial
dependence. A general conclusion from the measurement results is that
channels in normal polarization receive less body scattering effect and
show lower pathloss levels and smaller temporal fading. Geometry-based
statistical models have been proposed to describe the temporal fading
and spatial variation of on-body channels. The repetitive arm swing
causes strong patterns on the time-variation of the channels, resulting
in frequency harmonics in the Doppler spectrum. The spatial channel
correlation shows clear geometric trends in horizontal links in both po-
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larizations. In vertical links, there is no clear relationship between the
channel correlation and the link geometries, because arm scattering in
the vertical direction involves a much more complicated process than in
the horizontal direction.

Scenario-based measurements, as presented in Chapter 4, have fo-
cused on different scenarios identified by link geometries, subjects, mo-
tion modes, polarizations, and environments. These measurements have
been conducted in indoor environments close to practical applications.
Two sets of measurements have been performed at 2.47 GHz and 4.2
GHz respectively. Although greatly differing in the subjects and test-
beds, similar conclusions are drawn in both measurements:

• Less geometric dependence are observed for on-body channels cov-
ering a large area across different body parts. Such observation
highlights the complexity of body scattering.

• On-body channels in tangential polarization are sensitive to the an-
tenna impacts, which show large statistical variation. On the con-
trary, on-body channels in normal polarization are less impacted
by the body scattering and offer better link qualities.

• Body motion modes have a strong influence to the time-variation
of on-body channels. Frequency harmonics are widely observed
in the Doppler spectrum of the on-body channels under repetitive
motions.

• Particularly, the temporal fading and spatial correlation of mobile
on-body channels (fixed-mobile and mobile-mobile channels) are
heavily related with the modes of body motions, because communi-
cation nodes move along with the body. This reason explains most
of the correlated mobile channels in the measurements. Highly
correlated on-body channels can then be predicted based on the
motion modes and the link-geometries, which can help the design
of cooperative multi-link BAN communications in practical sce-
narios.

An closed-form electromagnetic analytical model, as presented in
Chapter 5, has been developed to provide a simplified physical expla-
nation of the dynamic body scattering. The model offers a generic full-
wave field solution of body scattering by simplifying the shape of the
body. The model has been validated by deterministic and statistical
comparisons with the canonical measurements. In general, the model
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successfully predict the on-body pathloss on the trunk in different po-
larizations and dimensions. It also well simulates the time-variation of
horizontal channels in ~z polarization. Moreover, the simulation results
by the model well match the measurements on the spatial channel cor-
relation as a function of the distance difference in horizontal links. This
model gives two important conclusions:

• On-body pathloss on the trunk, arms, or legs can be well modeled
on a cylindric surface.

• On-body channels are formed by a limited number of propagation
components scattered from different body parts. Therefore syn-
thesizing an on-body channel can be made by a few components
with proper gains and temporal fading.

The model has also been applied to describe the on-body antenna ra-
diation pattern in off-body communications, which shows a consistent
observation with the measurements on the reflection and shadowing ef-
fects of the body to the on-body antennas.

Simple cooperation schemes deployed in BANs, as presented in Chap-
ter 6, have been investigated. single-relay, multi-relay, and cooperative
dual-link have been evaluated based on realistic indoor channel mea-
surements. The performances of the cooperation strategies have been
evaluated in terms of capacity and/or diversity gains under different
channel conditions. Based on the observation of generally uncorrelated
on-body links in the measurements, the evaluation has considered the
effects of pathloss difference and fading variance. It shows that sim-
ple cooperations can achieve significant capacity and/or diversity gains
only when the channels in multi-link have close pathloss levels and large
fading variances. Channels in realistic applications often fails this pre-
requisite due to large changes of the posture and motion modes, which
impair the performance of simple cooperation schemes.

The presented results serve as a preliminary knowledge of radio prop-
agation in body area. The investigations are expected to be improved
in the following aspects:

1. Currently, only on-body channels on the trunk have been investi-
gated in a canonical way and modeled by geometric approaches.

2. Channel polarization mismatch has not been covered, although it
is frequently observed in the measurements. Since body scattering
effect is sensitive to the channel polarization, the mismatch/change
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of the polarization during movement will significantly increase the
fading variation.

3. The antenna impacts have not been fully analyzed and have not
been separated from the physical channels.

4. The number of investigated subjects is limited, which may hin-
der the model generality. On the contrary, increase the number of
subjects in the investigation may increase the spatial variation of
on-body channel statistics, which may lose the geometric depen-
dence of the channel statistics.

5. Only narrowband on-body channels have been investigated.

6. Off-body propagation have not been investigated, and the on-body
antenna properties in off-body communications have not been fully
characterized.

Therefore, it will be interesting to cover the following aspects in
future works:

1. The canonical measurements and geometric characterization of on-
body links on other body parts such as on the leg/arm is expected.
The analytical model is also expected to be applied in other link
geometries.

2. Channel cross-polarization should be investigated, as well as the
time-varying polarization mismatch in dynamic scenarios.

3. Subject variability is expected to be covered in the characterization
and modeling of the BAN channels.

4. Joint studies between antennas and physical BAN channels will
better describe the mutual coupling between the devices and the
body.

5. Time-variation of on-body antenna radiation pattern in dynamic
scenarios are expected to be characterized.

6. Off-body propagation, inter-body propagation, and the influence
of off-body propagation to on-body channel in realistic environ-
ments are expected to be investigated.
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12.2 Cooperative channels in cellular mobile net-
works

Our study on cooperative multi-link MIMO channels in cellular networks
is based on the single-link and multi-link COST 2100 MIMO channel
model. The study was carried out under the COST 2100 action with
participants from various institutes. The major achievements in our
study include a complete parameterization and implementation of the
COST 2100 channel model, and a compatible multi-link modeling ex-
tension under the framework of the COST MIMO channel model.

In Chapter 8, the single-link COST 2100 MIMO channel model has
been built based on the COST 273 model framework. While inher-
iting the essential modeling concepts from the COST 273 model, we
have given concrete interpretation, parameterization and implementa-
tion methods to these concepts. Furthermore, advanced parameters,
including the polarization and DMC, have also been included in the
COST 2100 model in details.

The multi-link COST 2100 model, as presented in Chapter 9, has
been developed within the COST 2100 action. The cluster link-common-
ness has been introduced in the model to describe the inter-link relation-
ship in a multi-link scenario. The multi-link modeling has been intro-
duced without modification on the cluster physics, which guarantees the
model compatibility to single-link scenarios. The VR assignment ta-
ble has been introduced to give an efficient implementation solution of
the cluster link-commonness. Additional parameterization of multi-link
modeling has also been described.

Detailed implementation algorithms have been presented in Chapter
10. A Matlab implementation program has been developed, which can
be found in [Liu].

Investigation on distributed MIMO systems under the multi-link
COST 2100 model has been presented in Chapter 11. The sum-rate
capacity of a dual-BS single-MS in a macrocell environment has been
evaluated under different cluster BS-commonness ratio. By using ideal
linear antenna arrays and defining single-direction MS movement, the
evaluation has shown significant increase of the sum-rate outage capacity
when the ratio of link-common clusters drops. This observation confirms
the influence of the link correlation to the performance of distributed
MIMO systems.

The future work on the multi-link channel modeling in cellular net-
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works is expected to get improved on the following aspects:

1. Parameterization and validation of the COST 2100 model in vari-
ous environments.

2. Multi-link modeling, parameterization, and validation by measure-
ments in different link scales, i.e. with different number of BSs and
MSs in the communications.

3. Geometry-based characterization of cluster link-commonness in
multi-link COST 2100 models, i.e. the determination of cluster
link connections based on the positions of BSs and VRs.

4. Full BS-independent and environmental centric channel modelings.

5. Cross-layer study of cooperative multi-link communications in more
complex topologies.
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