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Chapter 3
Generic channel models
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3.1 Physical propagation mechanisms

m Reflection, diffraction and scattering are three basic propagation

mechanism.
m They occur depending on the size L of the object compared with

the wavelength .
0 When a plane electromagnetic wave encounters an obstacle

much larger than the wavelength, i.e. L > ), reflection occurs.

0 Diffraction happens when the obstacle’s size is in the same
order of the wavelength, i.e. L =~ .

O Scattering happens when a plane wave encounters an obstacle
much smaller than the wavelength, i.e. L << A. This obstacle
becomes a new source emitting waves towards multiple

directions.
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Diffraction

Described by the Huygens-Fresnel principle and the principle of
superposition of waves.
0 The wave propagation visualized by considering every point on
a wave front as a point source for a secondary spherical wave.
0 The wave displacement at any subsequent point is the sum of
these secondary waves.
Sum of waves is determined by the relative phases as well as the
amplitudes of the individual waves so that the summed amplitude of
the waves can have any value between zero and the sum of the
individual amplitudes.
Diffraction patterns usually have a series of maxima and minima.
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Experimental propagation constellation

m Parameter estimation algorithms estimated direction of arrival,
direction of departure, delay, Doppler frequency and complex
attenuation of plane waves

m With knowledge of the locations of the Tx and Rx, propagation
paths especially for those with one-bounce can be constructed.

Estimated paths overlapping with the photographs of the background.

Estimated Directions of Arrival (DoAs) Reconstructed Paths

Azimuth [°]

I
0 82 164 246 329
Relative delay [ns]
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Identified propagation mechanism

m No. 1, to 6 paths are due to the diffraction at the edge of building

"B3".

Estimated Directions of Arrival (DoAs)

Reconstructed Paths

Coelevation [°]

Azimuth [°] i

Estim

ated Directions of Departure (DoDs.;i

Coelevation [°]

B3,

Azimuth [°] 10 m. Y
| S r 151 WY S2 5
I . REe=Tra : N
0 82 164 246 329 : ' :

Relative delay [ns]
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Identified propagation mechanism

m The paths no. 9 to 19 are more caused by the scattering due to the
mixture of thin tree stems combined with the edges of the buildings.

Estimated Directions of Arrival (DoAs) Reconstructed Paths

—_
(=
(=]

Coelevation [°]

—_
S
(9

—_
—_
S

40 30 20 10 0 -10 -20
Azimuth [°]

Estimated Directions of Departure (DoDsiﬁf

30 40 50 flisgt
e

1{.

Coelevation [°]

0

Azimuth [°]

L
0 82 164
Relative delay [ns]

Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling 57 / 199



R i # %

TONGIJI UNIVERSITY

@

Identified propagation mechanism

m The paths no. 21, 22, 23, may be caused by the reflections of the
sculptures, tree and the facade of the buildings in the environment.

Estimated Directions of Arrival (DoAs)  Reconstructed Path 21
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Identified propagation mechanism

m The paths no. 24, may be caused by the reflections of the
sculptures and the facade of the buildings in the environment.

Estimated Directions of Arrival (DoAs)  Reconstructed Path 24

Coelevation [°]
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Coelevation [°]
S
S

150 100 50 0 -50 -100 -150

Azimuth [°] —
S S2 '
L ! | | &S ~F ’%T 7 N g

0 82 164 246 329
Relative delay [ns]

Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling 59 / 199



R i # %

TONGIJI UNIVERSITY

Mechanism identified by polarization properties

)

Estimated polarization:

Coelevation [°]

Azimuth [°]
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m Blue ellipses : polarization ellipses calculated using [&d,l,l ad21

i i i . . N N T
m Red ellipses : polarization ellipses calculated using |a412 @da22] -
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Mechanism identified by polarization properties

\/

Scatter plot of the estimated cross-polarization discrimination (XPD) of
the individual paths:
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m The symbols denote the types of scatterers identified along the

paths: facade (F), roof (R), edge (E) of buildings as well as tree
(T), sculpture (S), and wall (W).
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Mechanism identified by polarization properties

XPDs versus the interaction type:

Group || Interaction type/scatterers XPDs in dB

along the propagation path o1 T2

1 Diffraction around the roof 115,28] | [16, 30]
edge of B3

2a Reflection/scattering by |—10,17] | [—6, 16]
at least one tree

2b Reflection /scattering only 5,22] | [—6, 16]
by man-made structures
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Modeling channels based on mechanism

m Modeling channel composition based on propagation mechanisms.
m Specular/reflected paths and the diffracted paths are identified.
m T he former paths exhibit less path loss than the latter paths.

-10
-15
-20
-25
-30

Rel. power [dB]

Figure 4. Estimated paths superimposed on a panoraic photograph taken from the BS location at the roof. The directions of the UE locations are indicated
with green circles. It should be noted that the UEs are in NLOS conditions so that they are not visible from the BS.

Medbo, J.; Asplund, H.; Berg, J. E. & Jalden, N. Directional channel characteristics in elevation and azimuth at an urban

macrocell base station Antennas and Propagation (EUCAP), 2012 6th European Conference on, 2012, 428-432
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Modeling channels by mechanism [Medbo et al.
2012]

m Classification of paths as diffracted or
specularly reflected done by means of
the projected UE location h, which is
obtained by extrapolating the estimat-
ed wave direction at the base station to
the distance corresponding to the esti-
mated delay.

m If hison or near ground level, the wave
is classified as specular

m If A is significantly above ground, e.g.
more than half of the height of the clos-
est obstructing building, then the path
is classified as diffracted

m For this measurement the radio link at |
UE locations for which the excess loss S T — -
is larger than 25 dB has a significant (dB]
contribution from diffracted paths. Figure 3. Power distributions in elevation angle and propagation

distance for UE locations having excess loss less than 25 dB (upper) and
higher than 25 dB (lower). Projected UE heights of -6.5, 0 and 6.5 m
above ground are indicated with solid lines.

Elevation angle [deg]

Elevation angle [deg]

Propagation distance [m]
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Chapter 3.2
Channel spread function
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Diagram showing the dispersion of channel in
multiple dimensions
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Signal model for received signal

In the case where L components are all specular path components, the
output signal of the Rx antenna located at xg, while the Tx antenna
located at zr, transmits signals can be written as

L
(o) =3 oy exp (725 S - 75}
/=1

exp{jQWAal(ﬂg,RX - TRy ) }

exp{j2mvpt}s(t — 7). (3)
where
m s(t): the modulating signal at the input of the transmitter (Tx)
antenna

Ao : the wavelength.

oy : complex amplitude

70 . delay

Q2 rx : the incident direction
m (2,1, : the departure direction
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Direction of incidence characterized by (2

Direction

Q. = e(drx, Orx) = [cos(dry) sin(Ory ), sin(¢rx) sin(fry ), cos(Ory)]t € S,
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Bidirection-delay-Doppler spread function

it = [ [ [ foot o

exp{i2m A (Qrx - Try) } exp{j2nvt}s(t — 1)
h(Qry, Qry, 7, V)dQ7, dQgd7rdy. (4)

where

L
h(Qry, Qry, T, V) = Z 0 (Q2rx — Qrx )0 (Qrx — LRxe)

(=1

O(T — )0 (v — 1y). (5)

is called spread function.
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Property of the spread function

The expectation of the spread function is 0, i.e.
E[h(ﬂTX,ﬂRX,T, V)] = 0. (6)
Under the US assumption:

E[h(ﬂTX,QRX, T, V)h(ﬂ/Txv QlRX? 7'/, vV )] — P(QTX, QRX) T, V)
0(Qrx — Q1 )0(Rrxc — Qg )0 (T — 7')0(v — V) (7)

where
P(ﬂTmQRxaTa V) — EHh(ﬂTxaﬂRxaTa V)lz] (8)

is called the bidirection-delay-Doppler power spectrum
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Experimental examples

Power spectrum of direction of departure 7 = 60 ns

m -80

e

p=
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Experimental examples

Power spectrum of direction of departure 7 = 115 ns
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Experimental examples

Power spectrum of direction of departure 7 = 145 ns
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Experimental examples

Power spectrum of direction of departure 7 = 300 ns
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Bidirection spread function

The spread function and the power spectrum of the channel in single
dimensions can be calculated by computing the marginal of the
multi-dimensional spread function and power spectrum respectively.

h(Qry, QRry) ://h(ﬂTX,ﬂRX,T, v)drdv. (9)

Similarly, the bidirection power spectrum is calculated as

P(QTX,QRX) = //P(QTX,QRX,T, V)deV. (10)
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Chapter 3.3
Specular path model
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Scope considered

m Assumption: the electromagnetic waves are considered to propagate
along multiple specular paths.

m For parameter estimation, the parameters describing a path may
include its delay, direction of arrival (i.e. azimuth and elevation of
arrival), direction of departure (i.e. azimuth and elevation of
arrival), Doppler frequency and polarization matrix.

m Other parameters may be also included, e.g. the time-variability of
these parameters in the time-variant case.

m The bidirection-delay-Doppler-Dual-polarization specular
path-model is introduced

Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling 77 / 199



Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling

Dual polarization

Dual polarization is specifically considered as the polarization of an
electromagnetic wave, especially for the TEM waves, can be
projected into two orthogonal directions

More samples of the channel observation can be obtained to
improve the estimation accuracy of the path parameters compared
with the signal-polarization

Since using dual polarized antenna array for boosting the capacity
of MIMO system has been considered in advanced wireless
communication standards, modeling the channels in the
dual-polarization domain becomes popular.

Therefore, it is necessary to design estimation algorithms for
extracting the polarization characteristics of the propagation
channel.
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Diagram of Dual polarization channel

Contribution of the /th wave to the received signal in a MIMO system
incorporating dual-antenna arrays

01,1,1(91,4')
u(t—r,) o @ 5,(2,0,) k
Polarizati |
1 ' ¢ a1 (1) Matocof o
- u(t-1,) . Path ¢ s(2,0,) B
i ' A,
- uMl(t_T,e) © @ SMz(taezy
Cl,l,z(Ql,ﬁ,)
Cl,Ml,Z(Ql,/,) Cz,Mz,z(Qz,ﬁ,)
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Considerations

m Rx and Tx antenna arrays with dual-polarized antenna configuration
considered.

m Each of the dual antenna transmits/receives signal within two
polarizations at the same time. This assumption is based on the
realistic experience that antennas can not transmit or receive signals
in one polarization only.

m To differentiate the two polarizations in the underlying model, one
of them is called main polarization, specifying the dominant
direction of the signal field pattern. The other is correspondingly
referred to the complementary polarization.

Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling 80 / 199



Polarization matrix and signal model

Qp11 Q1.2
Qp21 Q22
complex weights for the attenuations along the propagation paths.

m Polarization matrix A, = ] Is composed of the

m The signal model describing the contribution of the /th wave to the
output of the MIMO system reads

S(t, Hg) :exp(j27wgt) [6271(9275) 6272(92’0} Ag
[01,1(91,6) C1,2(ﬂ1,£)]T u(t — 1),

where
0 c;,p,(€2) : the steering vector of the transmitter array (i = 1)

with totally M; entries or receiver array (¢ = 2) with totally M,

entries,
0 My and M, are the amount of antennas in the Tx and Rx

respectively
0 p;, (p; = 1,2) denotes the polarization inde
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Signal model written in matrix form

S(t; 9@) = eXp(jQWVgt)CQ(ﬂg)g)AgCrf(ﬂLg)U(t — Tg),

with
u 02(92,£) = 62,1(92,5) 02,2(92,6)
= Cl(Ql,E) — 01,1(ﬂ1,£) 01,2(91,6)
mou(t) = [u(t),...,un(t)].

s(t;0y) can be recast as:

s(t;0p) =exp(j2myyt)-
{ [045,1,102,1(92,06{1(Qu) -+ 046,1,2(32,1(92,6)(5{,2(91,6)

+ 046,2,162,2(522,6)6{1(ﬂl,ﬁ) + aﬁ,2,262,2(QQ,E)CiQ(Ql,E)} u(t — Te)}
2

2
— exp(j2muyt) - (Sj Ny Copn (Qa0)el (QM)) w(t — 7).

p2=1p1=1
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3.3.1 Model for time-division-multiplexing channel
sounding

m Channel sounding by using multiple Tx and Rx antennas can be
conducted by using RF-switch which connects single Tx antenna
with the transmit front-end chain, or Rx antenna with the receiver
front-end chain sequentially.

m We call this kind of sounding technique as
time-division-multiplexing (TDM) sounding technique.

m Examples of the measurement equipments using the TDM sounding
systems are the PROPsound, RUSK, and rBECS.
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Timing structure of sounding and sounding window

Cycle 1 . Cycle2

Array 1 | |
Switch 1 711 2 . Mi-1 M R
Tx ;
T
e
b
Array 2 *TQ
Switch2 ([ 1] 2 |-+ Mot Mol 1 ][ 2 JoeeMot[M] - o [LJ2 e Mt ML L2 ] Ml M ]

Rx

The myth antenna element of Array 1 is active during the sounding
windows

Q1 m, (1) = ZQTt(t_ti,ml +T,), mi=1,.., M,

where _ .
m ;: the cycle index and ¢;,,, = (¢ — 1)T¢, + (mq — 1)T5.

m 1., (t) : a real function, with value of 1 or 0 corresponding to the
active or inactive moments of the m th window.

m Sounding window vector: q(t) = [q1.1(t), .., q1.ar, ()]
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Sensing windows

m Sensing window
QTSC(t_ti,ml,mz)a Mo = 17"'7M27 my = 7"'7M1

corresponds to the case where
O The myth Tx antenna is active;
0 The myth Rx antenna is sensing,
where

tz’,mg,ml — (Z — 1)Tcy + (m1 — 1)E + (m2 — 1)T,,a

The sensing window for the moth Rx dual antenna is given by the
real function

I M
d1,mo (t) — S: S: ATy (t T ti,mz,m1)°

mi=1
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Sensing windows

Define the sensing window vector

qZ(t) = [QZ,l(t)7°°°7QQ,M2(t)]T°

as well as

I Ms

j W, j J J QTSC Z’mZ,’ml)‘

1=1 mo=1m1=1
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3.3.2 Transmitted signal

Making use of the sounding window vector g, (%), we have the explicit
transmitted signal w(¢) by concatenating the inputs of the M; elements

of Array 1
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3.3.3 Received signal

The signal at the output of Switch 2 can be written as

Vi) = Y s(t:80) + ) (0,

(=1
with

S(t; Hg) = GXp(jQT('Vgt)qrzr(t)Cg(Qg)g)AgCl(9175)Tq1 (t — Tg)u(t — Tg)

2 2

—exp(12m0t) - 33 Qi @3 (e (o)l (Q0)a (1)

p2:1 p1:1

. U(t — Tg).
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3.3.3 Received signal

Define the M, x M; sounding matrices

U(t; o) = q5(t)q, (1) ult — 7).
With this definition, s(¢;8,) can be further written as

2

s(6:0) = exp(2m4t) 3" Qg €3, (R )U (7)1 (R10):

p2=1p1=1

We can also express s(t;8,) as

2 2

teg S:S:Smplteg

p2=1pi1=1

where

Sp2,p1 (t§ 66) = Al p2,p1 exp(jwat)c;m (QQ,E)U(t; Tﬁ)cl,pl (ﬂl,ﬁ)
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Chapter 3.4
Dispersive-path model
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Motivation

Unrealistic US assumption adopted: the parameters of paths have
differences larger than the intrinsic resolutions of the measurement
equipment, therefore they can be well separated.

Based on the US assumption, these paths are supposed to be
uncorrelated /resolvable.

In real situation, the propagation paths could be
correlated /nonresolvable.

The mismatch between the non-correlated single-wave model and
the reality of correlation leads to the poor performance of the SAGE
algorithm.

Another issue is that the number of paths is large, which
corresponds to the diffuse scattering scenario, the computational
complexity becomes prohibitive for practical implementation.

It is therefore necessary to find an appropriate solution for this
special case.
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Diffuse scattering cluster estimation

m Or slightly spatially distributed source estimation
m Two classes of estimation methods proposed historically:

1) Find approximate models for the slightly distributed sources,
such as the first order Taylor expansion approximation model
[Tan,Beach,Nix,2003] and a two-ray model proposed by
[Bengtsson, 2000];

2) Find high-resolution estimators for estimating the slightly
distributed sources, such as DSPE [Valaee, 1995], DISPARE

[Meng,Stoica,Wong,1996] and [Trump, Ottersten, 1996], and
spread root-MUSIC, ESPRIT, MODE [Bengtsson, 2000]

m These high-resolution estimators are derived more or less by
employing subspace fitting techniques or covariance matrix fitting
techniques.

m |t is necessary to extend the SAGE algorithm for estimating diffuse
scattering cluster.
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3.4.2 Original model of slightly distributed sources

The contribution of multiple slightly distributed sources to the received
signal at the output of the mth Rx antenna array can be modelled as

@

C L
Sm(0) = Z Z%,g - Cm(0e¢), where

c=1 /=1

C' is the number of clusters,

L. is the number of multipaths in cth cluster,

m is the data index in the frequency and spatial domain,

0 is a parameter vector containing all the unknown parameters in
the model,

m 7., is the path weight of the /th path in cth cluster,

m ¢,,(0.¢) denotes the response which has the expression as
Cm(ecﬁ) — 6_j27r(m_1)(A3/>‘) Sin(ec,ﬁ)_ Here

0 As is the array element spacing, A is the carrier wavelength.
0 6.4 is the direction-of-arrival (DoA) of the ¢th path in cth
cluster
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Assumptions

m Phases of 7., are independent random variables uniformly
distributed on |—m, 7|, and 7., are random variables

m Deviation of the direction of arrival, calculated as éc’g = 0.0 — 0,
with 6. denoting the nominal direction of arrival of all rays, are
assumed to be random variables, following approximately Gaussian

distribution N ~ (0, 03).
One cluster scenario with the contribution of the cth cluster written as

L.
Sm(gc) — Z’Yc,@ : Cm(ec,ﬁ)
/=1

For unitary u(t), the received signal is described as

L

L = Sm(gc) + W, = Z Vel - Cm(ec,ﬁ) + Wy,
/=1

where w is complex circularly symmetric additive white Gaussian noise
with variance of o2 .
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First-order Taylor expansion model |

m The first order Taylor expansion with respect to the spread of the
parameter Is

; _da(d,
(60 + 6) ~ al6) + 67527,

where ¢, represents the nominal value and ¢ denotes the spread.
m Applying this principle, we obtain an approximation model for
slightly distributed sources as

L. Lc
Sm(ec) — Z%,e Cm(ec,ﬁ) — Z%,z Cm(ec + ec,ﬁ)
/=1 /=1
L L
- - - 0cy,(0,)
~ c m ec + c 6)0 9

where 6. is the nominal direction of arrival and éc,g is the angle
spread of the /th wave in the cth distributed source.
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" First-order Taylor expansion model | (Conti.)

m Introducing parameters

Lc Le
Ve = E :/76,57 wc — § Vel (90,67 and

m noticing that when the field pattern of the antenna elements is
assumed to be isotropic, the steering vector and its derivative can
be written as

Cm(ec) _ e—jQW(m—l)(As/)\) Sin(HC)7
0cm (6,)
00,

= (=j2r(m —1)(As/A) cos(t))
.e_jgﬁ(m_n(As/A) sin(ec). (11)
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First-order Taylor expansion model | (Conti.)

m So Equation (11) can be written to be

Sm(ec) ~ Ye - 6—j27r(m—1)(As/)\) sin(fc) _ wc : ]27T(m — 1)
(AS/)\) COS(HC))G—J'Zw(m—l)(As/)\) Sin(Gc).

m Written in matrix notation s(8..) is

s(0,) = D(0,)3., where (12)

0 6.=1[9,
0 3, is a column vector 3, = [., ¥.|!,
0 D(6.) is 2 x M matrix defined as follows

D(0.) = [a(8.) b(0.)], with
a(0,) = [cn(0);m=1,...,M]",
acm(@c)

b(éc): o0 ;m:L'-'aM]T
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" First-order Taylor expansion model | (Conti.)

m The received signal is

xr = s(0.) +w
D(6,)3,. + w.

m Properties of the parameters:

0 The nominal incident angle 6. is constant across all the
snapshots

0 The angle spreads éc7g,€ = 1,..., L. could have different
constellations from snapshot to snapshot

0 We assume that éc,g,f —=1,..., L, follows the Gaussian
distribution with zero mean and variance o, and they are
independent with the complex attenuations

0 The complex attenuation a4, ¢ =1,..., L. is assumed to be

random variable with A/(0, L%Ugyc)
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First-order Taylor expansion model | (Conti.)

m Properties of the parameters (Conti.): it can be shown that

=1
LC - L. -
Y| = [Z Vebe) = > Elyv]Ele] =0,
=1 =1
L. L. L.
Elveil=ED v vil=Y Ehmil =02,
/=1 =1 /=1
L. . L. - L. o
Elpepi] = EDY vl > 7] =Y Elevi1E0:;]
/=1 =1 /=1
1
= LCL—CU,Qy 02 = aicag

k [Vsz ] —

We use o7 to denote o2 .
(o Ve
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" First-order Taylor expansion model | (Conti.)

m Properties of the parameters (Conti.): The covariance matrix of the
received signal & which consists of the signal of a single source, can
be calculated to be

R = FElzxz"]
= D(8.)E[B.B:]D(8.)" + oy I
= ¢(0.)P.c(0.)" +0>1

where
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First-order Taylor expansion model Il

m Another approximate model using the first order Taylor expansion
can be written as

| 0cm (6.)
0.

Q

Sm(ec) Ye - Cm(ec) + wc

Ve
Vc'cm (90+_
(8+26)

= A, e—jZW(m—l)(As/A)Sin(GC—i—jAHC)j (13)

Q

where 6. is redefined to be 6, + R{%} and Af,. = I{%} is the
angle spread. Written in vector notation we obtained

S(ec) = Ve C(éc)v (14)

where 0, = [0, Af.]. The received signal can be written in vector
notation as

x =c(0.)y. +w.
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" First-order Taylor expansion model Il (Conti.)

m [he parameter 0, and Af,. are assumed to be deterministic over
realizations. The covariance matrix of the received signal x is
written as

R = FE[xx"
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Chapter 3.5
Time-evolution model
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Motivation

Temporal behavior of paths are considered as an additional degree
of freedom for path clustering.

The evolution of clusters of paths is included into models.

The used estimation methods are derived under the assumption
that the path parameters in different observation snapshots are
independent. This (unrealistic) assumption results in a “loss of
information” in the estimation of the path evolution in time..

Due to model-order mismatch and heuristic settings in these
algorithms, such as the (usually fixed) dynamic range, a
time-variant path may remain undetected in some snapshots

As a result, a time-variant path can be erroneously considered as
several paths.

It is therefore of great importance to use appropriate algorithms to
estimate the temporal characteristics of paths directly.
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Tracking Time-Variant Cluster Parameters in
MIMO Channel Measurements: Algorithm and
Results [Czink 2007]

delay / ns
delay / ns

AoA [ rad 2 poD/rad AocA/rad 2 poD/rad AoA/ rad 2 poD/rad

(a) (b) (c)

Figure 2: Tracked clusters from indoor scenario; (a)-(c) show the clusters’ evolution over time

delay /us
b

(=)

delay / ps
delay / ps

AoD /rad 2 ACA / rad AoD /rad 2 AoA/rad

(b) (c)

Figure 3: Tracked clusters from rural outdoor scenario; (a)-(c) show the clusters’ evolution over

time
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Recent development

m Methods proposed to track time-variant paths when the linear
approximation of the non-linear observation model is accurate

0 Recursive expectation-maximization (EM) and
recursive space-alternating generalized EM (SAGE )-inspired
algorithms for tracking of AoAs [Chung2005a]

0 Extended Kalman filter (EKF) for tracking of the delays, DoAs,
DoDs and complex amplitudes [Richter2006,Salmi2006]

m Drawbacks

0 When parameters fluctuate dramatically, the linear
approximation based on Taylor-series expansions is inaccurate,
leading to ‘loss of track” errors.

0 Parameter updating requires the second-order derivatives of
the received signal w.r.t. the path parameters. Calibration
errors leads to erroneous derivatives

m Monte-Carlo method: a so-called “particle filter (PF)”
[Yin2008e,Yin2008d] used for the nonlinear observation model
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Experimental results for PF usage [Yin2008e]

Photographs and the map of the investigated environment
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Experimental results for PF usage [Yin2008¢e]

Average power delay profiles of the received signals from 50 bursts
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Estimates obtained using ISIS
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Experimental results for PF usage [Yin2008¢e]

Doppler frequency Estimates obtained using ISIS. TxR1, Cycle 600 to
650
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Experimental results for PF usage [Yin2008¢e]
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State-Space Model

m \We consider a scenario where the environment consists of
time-variant specular paths.

m The parameters of a path are
(), = [ rkrv arkrv Az]Tv

where
0 Py = Tk, P1.k, P2k, V] : the “position” parameter vector,
delay 7, azimuth of departure (AoD) ¢, AcA ¢,, Doppler
frequency v

0 Ay = [ATk, Ady g, Aok, Avg|" : the “rate-of-change”

parameter vector

0 oy = [|ag|,arg(ayg)]™ is the amplitude vector with || and
arg(ay) representing the magnitude and the argument of a4
respectively
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State-Space Model (Conti.)

m The state vector €2, is modelled as a Markov process, i.e.
p(ﬂk‘ﬂlzk—l) :p(ﬂk‘ﬂk—l)a k € [L"'?K]a

where
0 Q1 ={Q,...,Q_1} is a sequence of state values from
the 1st to the (k — 1)th observation, and
0 K denotes the total number of observations.
m The transition of ;. w.r.t. k is modelled as

Py, I, 042 13pls| |Pr O4x1
ap,| = | Jr Iy Opu| |ag—1| + | Vark |,
Ay 0454 O4x0 Iy | |Ap_1|  |vak
N—— N ~ N\ ~ / N———
2y, F;= Qr_1 V=
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State-Space Model (Conti.)

m The transition of €2, w.r.t. k£ is modelled as

P
(8 9% =

_Ak_

——
Qp

I, Ouyo Ipl4| | Pr—: 04x1
Ji Iy Oaxa| | 01 Vak
044 Ogx2 Iy | |Ar_1|  [vag
Fk;i ﬂkz—l vki

O I,, represents the n X n identity matrix,

O Ops. Is the all-zero matrix of dimension b X ¢,
000 O

1 Je = [0 0 0 2T}
the starts of the (K — 1)th and the kth observation periods.

- T
L] Vak — [U|a|,k7 Uarg(oz),k]

- T
0 YAk = [UArks UAdyks UAdoks UAwk)
0 v, are independent Gaussian random variables

vk ~ N(0,0t)).
m Consider the case with T, =T, k € [1,..., K| and the subscript k&

in F', is dropped.
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Observation Model

m In the kth observation period, the discrete-time signals at the
output of the msth Rx antenna when the m th Tx antenna
transmits can be written as

Yk,m1,mo (t) = Lk,mq,ma (t; Qk) + Nk my ma (t)v
S [tk,ml,mga tk,ml,mg + T)a
mlzl,...,Ml, mgzl,...,MQ, (15)

where
O tkm, mso: the time instant when the moth Rx antenna starts to
receive signals while the m th Tx antenna transmits
0 T the sensing duration of each Rx antenna,
0 M; and Ms : the total number of Tx antennas and Rx
antennas respectively.
m The vector y, is used to represent all the samples received in the
kth observation period
"y, ={Y,,Y,,...,Y, denotes a sequence of observations.
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Observation Model (Conti.)

m The signal contribution @, m, (¢; 2i) reads

xk,ml,mz (ta ﬂk) = O eXp(jQﬂ_th)Cl,ml (¢k,1)62,m2 (¢k,2)
u(t — 7).

where
0 ¢1.m,(¢) and co , (@) represent respectively the response in
azimuth of the m th Tx antenna, and the response in azimuth
of the moth Rx antenna,
0 u(t — 75) denotes the transmitted signal delayed by 7.
0 The noise Ny 1, .m,(t) is a zero-mean Gaussian process with
spectrum height 2.
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Chapter 3.6
Power spectral density model
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Objective

m Derive a 6-dimensional power spectral density (PSD) and use it to
characterize the shape of the bidirection (direction of departure and
direction of arrival), delay and Doppler frequency PSD of individual
components in the response of a propagation channel.

m This PSD maximizes the entropy under the constraint that the
multi-dimensional PSD of each component exhibits a fixed center of
gravity, specific spreads and dependence of the spreads in
bidirection, delay and Doppler frequency:.

m The power spectrum (PS) of the channel is modeled as the
superposition of the component PSDs multiplied with the
component average power.
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Definition of dispersive components (Revisited)

m Due to the heterogeneity of the propagation environment, the
received signal at the receiver (Rx) of a radio communication
system is the superposition of a number of components.

m Each component is contributed by an electromagnetic wave
propagating along a path from the transmitter (Tx) to the Rx.

m Along its path, the wave interacts with a certain number of objects
referred to as scatterers.

m Due to the geometrical and electromagnetic properties of the
scatterers, the individual components may be dispersive in delay,
direction of departure (DoD), direction of arrival (DoA),
polarizations, as well as in Doppler frequency.

m Dispersion of individual components in these dimensions
significantly influences the performance of communication systems
using multiple-input multiple-output (MIMO) techniques.
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m Dispersed component is modeled using a cluster of multiple

Graduate course: Propagation Channel Characterization, Parameter cstimation and

Conventional models of dispersive components

specular components [Correia2001], [Medbo2006] and [Czink2007]
0 Wideband channel sounder RUSK ATM.
0 RIMAX is used to estimate multiple specular paths.
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Problems in estimation of dispersive components

m Extracted dispersion parameters of specular components do not
accurately characterize the true behavior of a dispersed component
[Bengtsson-01].

0.06

I
-~ ML
—— Theory

0.05

Histogram of azimuth
estimates of specular____
| paths (one path per
snapshot, 500 snapshots)

True (Uniform) azimuth
power spectrum

°
o
i
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0.01 -
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Azimuth of arrival in degrees

m We need suitable generic parametric models characterizing the
dispersive components and use efficient parameter estimators to get
accurate estimates from real measurements.

Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling 121 / 199



Conventional approaches for PSD estimation for
dispersive components

m Various algorithms have been proposed for the estimation of the
dispersive characteristics of individual components in the channel
response by using the power spectral density (PSD) of each
component. [Betlehem2006],[Trump-Ottersten-96],[BessonStoica-
1999],[Ribeiro2004].

m A component PSD can be irregular in real environments and thus, a
gross description relying on certain characteristic parameters, e.g.
the center of gravity and spreads of the PSD, is usually adopted.

m These algorithms estimate these parameters by approximating the
shape of the normalized component PSD with
a certain probability density function (pdf), e.g. in
azimuth-of-arrival (AoA) as described in
[ Trump-Ottersten-96,BessonStoica-1999,Ribeiro2004], and in AoA
and azimuth of departure (AoD) [Betlehem2006].
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Problems for PSD estimation for dispersive
components

m [ he parameter estimates obtained by using these algorithms depend
on the selected pdfs.

m However, no rationale behind the selection is given in these
contributions.

m Furthermore, the applicability of these pdfs in characterizing the
PSD, as well as the performance of the estimation algorithms have
not been investigated experimentally with real measurement data.
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Using the maximum-entropy principle to derive
generic PSD models

m The maximum-entropy (ME) principle [Jaynes2003] is proposed in
[Yin-06,Yin2007,Yin2007a,Yin2006] for the selection/derivation of
the PSD characterizing the component power distribution.

m This rationale assumes that each component has a fixed center of

gravity and spread, and that no additional information about the
PSD exists.

m The center of gravity and the spreads of a component PSD are
described by the first and second moments of the corresponding
power distribution.

m Using the ME principle, we derive a PSD that has fixed first and
second moments, while maximizing the entropy of any other
constraint.
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Using the maximum-entropy principle to derive
generic PSD models

m The estimates of the dispersion parameters obtained by modeling
the component PSD with this entropy-maximizing PSD provide the
“safest” results in the sense that, they are more accurate than the
estimates computed using another form of PSD subject to any
constraint that is invalid in real situations.

m Based on this rationale, we derived the ME PSDs to characterize
the component power distribution in

0 BiAzimuth: Von-Mises pdf [Yin-06] [Mardia2003]

0 Azimuth-elevation: Fisher-Bingham-5 pdf
[Kent1982,Yin2007,Yin2007a]

0 Azimuth-elevation-delay: Von-Mises-Fisher pdf

0 Azimuth of arrival - azimuth of departure - delay:
Von-Mises-Fisher pdf [Mardia2003]

m Preliminary investigations using measurement data demonstrate
that these characterizations are applicable in real environments.
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Dispersion in Azimuth

We seek for a density function with
m specified first moment pg = [ Qf(Q)dQ2
m the entropy maximized.

This function is the density function of the von-Mises distribution
[Mardia, 1975]:
() = c(r) exp{rQ Q}
with
m Q= ||pug| trq: the mode of the distribution
m K. concentration parameter
m c(k): normalization factor.

Horizontal-only propagation: Q = e(¢) = [cos(¢) sin(¢)]"*.
Via the mapping ¢ — e(¢), we obtain the azimuth density function:

F(0) = 5y expleos(o =)}
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Dispersion in Biazimuth (AoA-AoD)

The entropy-maximizing density function f(€2;,€25) with specified
m first moments pq ., pq,

m second moments in [ ;€2 (04, Qs)dQ;dQs
is the von-Mises-Fisher density function [Mardia, 1975]

f(24, ) o exp{a; 1 + a; Qy + Q] AQ,},
with a;, a; and A being free parameters.

A biazimuth density function f(¢1, ¢2) derived via the mapping
D1, 2] — [e(P1)", e(p2)"] reads,

Fon) = clinsmap)-expd (P02 ) conor - 6
+ (KZ _1 5\2@) cos(pg — ¢2) + pl\/T; cos[(¢1 — ¢1) — (d2 — ¢2)]}

R1
—p
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Dispersion in Biazimuth (Cont.)

Contour plots of the biazimuth density function:

®1, P2, K1, K2, P x 107 x 10°
— (90°,90°, 30,40, 0.5)
14
8
12
150 | 150 |
L 110 l6
'8
5 100! ) 5 100! 4
<& <
4
| | 2
50 , 50
0 . 0
0 50 100 150

o1 [°]
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Dispersion in Direction (Azimuth-Elevation)

Definition of a direction:
cos(¢) sin(6)

Q =e(¢p,0) = |sin(¢)sin(h)
cos(0)

Direction

where
m S,: unit sphere
m ¢: azimuth
m O: elevation
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Dispersion in Direction (Azimuth-Elevation)

The entropy-maximizing density function on S, with specified
m first moment (mean direction) ug = [ Qf(Q2)dS2

m second moment matrix [ Q07 f(Q)dS2
is the density function of the Fisher-Bingham 5 distribution [Kent 1982]:

f() = c(r, B) - exp { kY1 + B(v2 ) — (v;R)°]},

where

m K. concentration parameter

m 3: ovalness parameter
1,72, 7Y5: orthonormal vectors determined by angles ¢, 0, o
¢ : azimuth of the mean direction 1

6 : elevation of ug
a : angle describing how the distribution is tilted on Ss.
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Dispersion in Direction (Azimuth-Elevation) (Cont.)

Two examples of the direction density function f(£2):

(Q_Saéaaaﬁaﬁ) — (q_baéaaaﬁaﬁ) —
(0°,45°,160°,5,1.5) (45°,70°, 35°, 200, 100)
% . Ims E

11

The azimuth-elevation density function f(¢,8) induced by f(£2) reads

f(#,0) = c(x, B) - exp { k12 + Bl(722)" — (v32)°]} - sin(6).
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Dispersion in Biazimuth and Delay

Define ¢ = [, Q,, 7]".
The entropy-maximizing density function f(1)) with specified
m first moments p,,

m second moments [ Yp” f(p)dy
is [Mardia, 1975]

f(¥) x exp{b’®p + " By},

where b € R*>*! and B € R°*® are free parameters.

Via the mapping |¢1, @2, 7| — |e(¢p1)T, e(p2)T, 7], the biazimuth-delay
density function f(¢1, ¢o,7) can be induced by f(€£2,Qs, 7),

f(¢1,02,7) = CGXP{Q cos(p1 — €51) + ¢z cos(¢P2 — 952)
+ (7 — 7)[essin(pr — ¢1) + casin(pg — d2)]
+ o5(T — %)2 + ¢6 cos|(P1 — &1) — (g2 — &2)]}
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Dispersion in Biazimuth and Delay (Cont.)

3dB-spread surfaces {(¢1, G2, T) : f(P1, 02, T) = %f(ggl, gEQ,%)}:

0100 e

Tns] 61 [7] @[] orns] k1 04[] ke 04, ] pra pr po
() 5 40 0 1 5 256 10 181 —04 —03 —03
(b) 8 0 -100 05 50 &1 30 105 —05 06 —0.2
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Direction-Delay Dispersion

The entropy-maximizing pdf of direction €2 and delay 7 with specified
first moment and second moment is of the form

pute e [P 4 ] [2-0)

Two conditions are used to derive the expressions of the parameters:
m The conditional pdf of direction is Fisher-Bingham-5 (FB5)
Two examples of FB5 pdf:

-0.02

linear

Probability Density in

m The conditional 1p1df of delay is Gaussian.
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Direction-Delay Dispersion (Cont.)

The direction-delay pdf is calculated to be

fue(Q,7) =C - exp(kQ Q + QTA(7,(,, B)Q — b(T — 7)°
—2ng"(Q— Q) (1 — 7)),

where
m (' Constant for normalization 3_.dB spread surface- of fME(Q’ T)
m (): Mean direction (equivalently ¢, 6) with parameter setting
m 7: Mean delay 9(&0] ¢O[O] %ggs] o 0%1
m x: Concentration parameter in direction A ; :
m b: Concentration parameter in delay 60 270 1x10° 4 x 107
m (: Ovalness parameter in direction
m 7). Dependence between the spread <
in direction and in delay

0.07 —

m «,3: Two angles describing
how the pdf is tilted on Sy
m g: Vector jointly determined by €2 and 3

0.06 -

0.05 4

Delay [s]

20

0
0 -20 Elevation [°
Azimuth [°] * )
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Bidirection, delay and Doppler frequency Dispersion

m Dispersion vector considered:
Y = [Q, Qy, 7, 0"
with range A* = Sy X Sy x Ry X R, where
Sy={xcR:|z|=1} Cc R’

denotes a unit sphere.

m We are interested at knowing the centers of gravity, the spreads and
the coupling coefficients of the power spectral density f(t)) in the
six dispersion dimensions, i.e. £21, 25, 7 and v.

m Recent studies reported in [Betlehem2006] show that the capacity
and the diversity gains of MIMO systems depend on the coupling of
the DoA and DoD dimensions. Thus, it is necessary to include the
coupling coefficients of the PSD into our consideration.
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Constraints for deriving the PSD

m Center of gravity fixed:
The centers of gravity of the bidirection-delay-Doppler frequency
power distribution are determined by the mean DoD pq , mean
DoA pq,, mean delay p; and mean Doppler frequency fi,,. They
are defined as respectively,

i = [ i,
= [ v
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Constraints for deriving the PSD (Conti.)

m Spreads fixed:
the spreads of f(10) in DoD, DoA, delay and Doppler frequency,
denoted with oq,, 0q,, 0, and o, respectively, can be computed as

0Q, — \/1 o “’l'ﬂkPa k = 1727

5, = \/ [ 7 rsw)as
= \/ [ =,

where | - | denotes the Euclidean norm.
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Constraints for deriving the PSD (Conti.)

m Coupling coefficients fixed:

[] ﬂk il e(gbk,ﬁk), k= 1,2

0 In the case where only azimuths are considered, the coupling
coefficient of two directions can be defined as one scalar.

0 However, when both azimuth and elevation are considered, we
need to introduce a covariance matrix, which is used to
describe the correlation of the components of directions on
three axes of the Cartesian coordinate system.

0 define the coupling coefficient matrix pg, o of two directions

(2, and €2, as

1
Pa, a, = / (Ql _ ll'ﬂl)TRl

091 092

Ry (2 — pg) f()dep € RP,

R, k= 1,2 are two orthonormal matrices.
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Constraints for deriving the PSD (Conti.)

1 X
o & [ (0~ o TR (R — aa, ) ()45 € RO

091 092

m The function of Ry is to align the difference vectors 2, — p, to
the same Cartesian coordinate system.

m The expression of R, can be easily defined in the case where
directions are determined by azimuth only, i.e. with directions’ ends
located on a unit circle.

m However, it is non-trivial to write an analytical expression of Ry,
when the directions’ ends are located on a unit sphere.

m In the following, we provide a method for computing
(% — pg, )" Ry rather than giving explicitly the exact expression of
Ry This computation method allows aligning (€2, — pg, ), k= 1,2
in the same spherical coordinate system as required for computing

pﬂlﬂ2 -
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Constraints for deriving the PSD (Conti.)

m The direction €2 in the spherical coordinate system can be written as
N=e -14+ep-0+e€y4-0,

where e,, eg and e, denote respectively the radius, the co-elevation
and the azimuth axes of the spherical coordinate system.

m Rotating Q to the direction Q' = e(¢’,0’) can be expressed as
follows:

QoAQ =,

where AQ =e,-0+ep- (0 —0)+ey- (¢ — @), and & denotes

the axis-wise summation.
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Constraints for deriving the PSD (Conti.)

m Thus, the operation (£2; — uﬂl)TRl can be performed using the
following steps:

1. Calculate (§2; — pg, ) in the spherical coordinate system
2. Specify a rotational vector

AQ:GT'O+€9'(§2—9_1)+€¢'(<52—</31)
3. Perform the operation (21 — pg, ) ® ALQ.
4. Rewrite the obtained vector in the Cartesian coordinate system.

m The same method is used for computing (2, — pg, )" Rs, with the
rational vector AQ =e, -0+ ey (01 — ) + €4 (¢1 — ¢o).

m The calculation of (1 — p, )T R R, (€2 — Itq,) can be calculated
as the outer product of two obtained vectors represented in the
Cartesian coordinate system.
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Constraints for deriving the PSD (Conti.)

m The correlation coefficient between the dispersion in a direction €2y,
k € [1,2] and in the delay 7, as well as the Doppler frequency v are

defined as
1
oy 2 —— | (O o) Rl — i) f() 9 € RV,
1
Po,, = p— / (R — g ) Ri(v — ) f(¥)dep € RV,
k=12

m The coupling coefficient between the dispersion in 7 and v is
defined as

a 1

0.0,

o, / (=) ) f@)A € R, k=12
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Constraints for deriving the PSD (Conti.)

m We also introduce (2 — g, )" Ry in order to maintain the
rotational invariance of pg, _, pg, ., i.e. p, . and pQ do not

change when the center of gravity of f(Q,7,v) fA* 1)dQy
with k' € [1,2] and k' # k is changed.
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Properties of the coupling coefficients

Coefficients in the matrix pg, o , the vectors p, _, pg . Pa..» Pa..
and p,, range within [—1,1]

They are equal to zero when the spreads in the corresponding
dimensions are decoupled, i.e. in the case where the
bidirection-delay-Doppler-frequency PSD can be factorized as the
product of the marginal PSDs in the considered dimensions

When the spreads in any pair (a,b) of €21, 25,7 and v are linearly
dependent, i.e. the marginal PSD f(a,b) is a straight line, the
coefficient p,y is close to 1 or —1, with sign determined by the
increasing or decreasing slope of the line

They are rotational invariant, and have analytical expressions.

They can enter the component MaxEnt normalized PSD as explicit
parameters

Allowing deriving the maximum likelihood estimators of these
parameters

Graduate course: Propagation Channel Characterization, Parameter Estimation and Modeling 145 / 199



Deriving the 6-D PSD

m For notational convenience, we use

0 = (fir, lo, Bg,» Mg,

0-7'7 0-1/7 0-917 0927

Pa,a,> Pa,rs Pa,v Payr Pa,us Prv)

to denote the parameters characterizing the
bidirection-delay-Doppler frequency PSD f(1)).

m We seek for a bidirection-delay-Doppler frequency PSD that
maximizes the entropy under the constraint that the parameters are

all fixed.

m Such a PSD leaves the highest uncertainty about the shape of the
PSD of a path component provided the parameters are known. .

m This means that estimation of the these parameters with any other
form of PSD can be better than using the MaxEnt PSD.
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Derivation : Step 1

Specify the constraints:

Constraint 1: /A Q, f()da is fixed,
Constraint 2: /A Qs f(1)dap is fixed,
Constraint 3: / Tf()dap is fixed,

Constraint 4: / 72 f(ap)dap is fixed,
Constraint 5: /A * Q, R R, f(1p)dap is fixed,
Constraint 6: /A QR 7f(v)dap is fixed,
Constraint 7: / Q, Ry7f(1p)dap is fixed.
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Derivation : Step 1

Specify the constraints:

Constraint 8: / vf(1)da is fixed,
Constraint 9: / V2 f(ap)dap is fixed,

Constraint 10: / QL Rvf(1p)da is fixed,

Constraint 11: / Q, Ryov f(1p)dap is fixed.

Constraint 12: / v f(1)da is fixed,
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Derivation : Step 2

Lagrange principle: Invoking the MaxEnt theorem, the sought PSD can
be calculated to be

Futaxime (W) = exp{bo + by Q1 + by Qo + b7 + by7> + b5y R1 R,y Q4+
b6ﬂlTR1’7' + b7ﬂQTR27' + bgV -+ b9V2
-+ bloﬂ?Rly —+ bllﬂzTRQV -+ blgTV},

where

m )y is the normalization factor such that fA* Fataxene (W)dep = 1, and

m b, by, b3, -, b1o are obtained by applying Constraints 1,2,--- .12
respectively.

m b= (b, by, b3, by, bs, bg, by, bg, by, byg, b1, b12) with
bl, bQ, b6, b7, blO; b11 c RS, b5 c RSXS.

m The total number of the parameters of the PSD is 30

m The constraint that the directions are all unit vectors may reduce
the 30 parameters to 21, similar with the case of 6-variate Gaussian
distribution.
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Derivation : Step 3 Approximation

Consider the case where fy..en (%) is highly concentrated:
m In such a case, the entropy-maximizing PSD can be approximated
by the Gaussian PSD with 6 as the parameters.

m By change of parameters, we may identify the expression of b in
terms of 6, and then obtain a novel expression of fyiumn (V)
parameterized by 6.

m Since this newly expressed fyi.en (W) still satisfies the
maximum-entropy requirement subject to the constraints defined,
the PSD is applicable regardless of the condition that the power
distribution is highly concentrated.

m The benefit of using this new expression of fyr.en:(20) in terms of 0
s that it allows estimation of @ directly by using e.g.
maximum-likelihood-based algorithms derived based on the generic
form of the PSD from the received signals.
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Special case of highly-concentrated PSD

m f(w) is used to denote the PSD of the
biazimuth-bielevation-delay-Doppler-frequency power distribution,
where the vector

W = [¢17 (917 ¢27 (9277_7 V]T

has the support
C = (0,27 x [-m/2,7/27] x (0,27] x [—7/2,7/27] x R4 x R.
m The center of gravity
_ T
Heo = [[grs H01s o 1105 Hors H]

of the biazimuth-bielevation-delay-Doppler frequency component
PSD f(w) is calculated as

Ho = /wa(w)dw-

raduatMourl B SRLEAAS AL Eliw )i biazimuth. Risls vatiRiu.delay and Doppler; , 1o,



Special case of highly-concentrated PSD

m The spreads of f(w) in biazimuth, bielevation, delay and Doppler
frequency are computed as

7= (77 =] [ @ = w2 f(@)dw.

0'92 C

m The coupling coefficients of the spreads in different dimensions are

defined by analogy with the correlation coefficients of two linear
random variables as

7, = / (@ — 1)(b— 1) f(w)dw

with a and b representing any pair of ¢1,01,¢2,05,7 and v .
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Special case of highly-concentrated PSD
m For notational convenience, we use

n — (/L¢1 101 s Py s Oy ors Ry Op1 506015 O0poy 0055 01y Oy,
Poi1das Pp1601s Pp162s Popi7ms Porvs Pdabis Ppabas Poats
p¢27/7 1091927 10917'7 10911/7 10(927'7 10(921/7 /07'1/)

to denote the parameters of the bidirection-delay-Doppler frequency

PSD f(w).

m Thus, the estimates of 8 can be approximated by the estimates of
n.
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Special case of highly-concentrated PSD

The PSD that maximizes the entropy subject to the constraint of fixed n:

6 6
1 Wi—HM, WE—Hy, K
fMaxEnt(w) X eXp [_m ; ; ‘B‘Jk (ng) (T ’
where
_ILL¢1_ 1 Por67  Poroa  Poroa  Poir Porv ]
o, Poq ey 1 Poios  Poios  Poir Poqv
0, = Hopo B = Poser  Pogoy L Poyo, Poyr Poy ’
“ o5 Posey  Posey  Poses 1 Posr  Pogu
fhr Proy  Proy  Proy  Proy 1 P
|y |  Pusy Puey Puey  Puey,  Pur 1

| B| denotes the determinant of B, | B is the cofactor of B, where
By, represents the (j, k)th entry, p, ; denotes the jth entry of the

column vector
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and o, ; represents the jth entry of o,.
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Remarks

The subtraction of angular variables, e.g. ¢r — g, , Ok — Lo, ,

k = 1,2 arising when calculating w — pt_, is defined in such a way
that the resulting azimuth lies in the range [—m, ) and elevation

lies in the range [—n/2,7/2). This rationale is applicable for the

subtraction of angular variables throughout this report.

Notice that the MaxEnt biazimuth-bielevation-delay-Doppler
frequency PSD fyrumns(w) in (?7?) has the same form as a truncated
Gaussian pdf with the support of C.

Strictly speaking the traditional meaning of 04,,09,,04,, 00,
Pp16011Pp1¢21Pp1021Php17m1Pp1v PO1¢d21P61021 L6176,
Pibobs1PbarsPbavrPosr:Poov, aNd pr, as second-order central moments
of a 6-variate Gaussian distribution does not apply anymore here,
due to the fact that the angular ranges are bounded.

However, these parameters provide good approximations of these
moments when o, ,0¢,,04, and oy, are small.
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Remarks

m According to the MaxEnt theorem [Mardial976], a pdf which
maximizes the entropy subject to certain constraints is unique.

B AS fumn (W) and fuaea (w) both maximize the entropy subject to
the similar constraints, it is reasonable to postulate that the
approximation

fMaxEnt (w) ‘¢:(e(¢1,91),e(¢2,92),7,1/) ~ fMaxEnt (w)

holds in the case of highly-concentrated PSD. This postulation is
used to find the expression of b in terms of @ in the sequel.
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Expression of b in terms of 6

m Rewrite by and by in fyma (W) as

bz' — liie(ﬁk,e_k), ]C — 1,2, Wlth K; = ‘bz‘
Rléer'O—l—ee'(9_2—9_1)+€¢'(§52—§51)7
R2éer'(H—ee'(9_1—52)4‘%‘(@31—@32)

m Inserting fi.en: (7)), with slight abuse of notation we obtain

fMaxEnt (w7 b) — eXp{bO
+ by COS((bl — (51) + by COS(@l — 51) + b3 COS(¢2 — 452) + by COS(@Q — 9_2) + b5(7' — 7_')2 + bG(V — D)Q

+ b7 cos((¢p1 — d1) — (92 — ¢2)) + bg cos((01 — 01) — (B2 — 02)) + by cos((¢1 — ¢1) — (02 — 02))
)

+big cos((01 — 01) — (¢2 — ¢2)) + 11 cos((¢1 — 61) — (61 — 01)) + bia cos((d2 — p2) — (62 — 62))
+ b13(T — 7) sin(¢r — ¢1) + bia(r — 7)sin(0y — 01) + bis(7 — 7) sin(¢a — d2)

+ big(T — 7) sin(fy — o) + by7(v — ) sin(¢y — ¢1) + big(v — v) sin(fy — 61)

+ big(v — ©) sin(gg — ¢2) + boo(v — ) sin(fy — 02) + boy (7 — 7) (v — ) }.
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Expression of b in 7

m In the case where the component PSD is highly concentrated, the

following approximations hold:

cos(¢y — qg_k) ~1— (dp — dr)°/2,sin(pr — On) = P — P,

cos(0 — 0) =~ 1 — (0, — 0,,)°/2,sin(0;, — 0;,) ~

O — O, k=1,2.

m Analytical expressions of b = by, b, ..., b15 in terms of n:

B B
by = Bl — (b7 + bg 4+ b11), by = Blz: — (bs + b1o + b11), b3 =
|Bloy: |Blog:
B B B
4= (o ~ st ba= g = b=
9% T v
b — —1Bl2a—|Blaz , _ —[Blu—[Bla , _ —[Bl2s—[Bls
* " 2[Blogoe, ~ ~  2[Blogoe, = ' 2[Blogog,
b — “1Bla—|Blas , _ —|Blis —|Blsi , _ —[Bl2s — |Bls2
2 2|Blog,00, 9 2|Blog, o H 2|Blog, 0
_ —|Blss — |Bls4 _ —|B|16 — |Ble1 _ —|B|2s — |Ble2
big = , bir = , big =
2|Blog,o; 2|Blog, 00 2|Blog, 0,
_ —|Bl|zs — |Ble3s _ —|B|ss — |Bles _ —|B|s6 — | Bles
big , bao = , ba1 =
2|Blog, 00 2|Blog,0, 2|Blo,o,
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|Blss — (b7 4 b1o + b12)
[ Bloyz

—|Bl13 — |Bl31

2|Blog, 04,
b — —[B|12 — |B|21
11 —
2‘B|U¢1091

b — —IBlss — [Blss

LT 2|Blog,o-
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Remarks

Replacing the elements of 1 by their approximates in @, we can
obtain the mapping between b and 6.

Using this mapping, fuen(%;b) can be written as fyma(10;0).

Notice that in the case where the component PSD is highly
concentrated, the parameters @ of fyi..en(0; @) represent the
parameters of interests, i.e. the values of @ can be considered as the
estimates of the parameters of interests.

When the component PSD is not highly concentrated, the
expression fyr.mn: (W; @) is still applicable. However, the values of 6
when the spreads of the PSD are large do not have the meaning of
the parameters of interests.

In such a case, the parameters of interest @ have to be calculated
based on their definitions by using fuiaea: (1 0).
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" Model of the received signal in MIMO systems

m For the case where totally D propagation paths existing between
the Tx and the Rx, the bidirection-delay-Doppler-dual-polarized
spread function H (€21, €25, 7, ) of the channel can be written as

H(ﬂl,QQ,T,V) = Hd(Ql,ﬂg,T,V),

M

where

Hd(ﬂla 9277—7 V) — [Hd,pl,p2(ﬂlaﬂ%77 V)? {p17p2} S [172“

_ Ha11(21,Qo,7,v) Hi1(21,Qa,7,v)
Ha12(821, Qo 7,v)  Hio (821, R0, 7,v)

represents the dual-polarization-bidirection-delay-Doppler frequency
spread function of the dth component, p;, i = 1,2 denote
polarization status, with p; = 1 being the vertical polarization and
p; = 2 being the horizontal polarization.
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Baseband representation of the output signal

m The baseband representation of the output signal of the considered
M; x My MIMO sounding system can be written as

+00
/ / / 02 (Q)H(Q1,Q2,7,v)C1 (1) u(t — 7)
SQ SQ
eXp{jQWVt}dﬂldﬂszdu + W(t),

where
0 Y (t) € CM*Miis a My x M, matrix with the (ms, m;)th
entry Y., m, (t) being the output of the myth Rx antenna when
the mth Tx antenna transmits.

0 C1(€21) and C5(£2;) represent the dual-polarized array
response of the Tx and Rx respectively. They are written as

Cz(ﬂz) = [cz-71(ﬂl),ci,2(ﬂl)] c CM7;><27 = 1,2
with Ci,pi(ﬂi) — [Ci,l,pi(ﬂi)v s 7Ci,Mi,pi(ﬂi)}T
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Baseband representation of the output signal

m Rewrite Y (¢) as

with S4(¢) being the contribution of the dth component, i.e.

+00
/ / / C2 QQ)Hd(Ql,QQ,T V)Cl(Ql) (t—’]‘)
S2 SQ
exp{j%wt}dﬂﬂﬂzdﬂiu + W(1).
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The stochastic properties of the channel

m Assume that the dual-polarized component spread function
Hip, 0, (21, Q9,7,v), d € {1,..., D} are uncorrelated complex
(zero-mean) orthogonal stochastic measures, i.e.

E[Hd,pl,m (leﬂ?v T, V)Hd’,p’l,p’g( /17 /27 7-/7 V/)*] —
Pd,pl,pz(Qla 927 T, V)(de’(s !

p1p} Ypapl

6(2 — Q))0(Qy — QY))o(r — THo(v — V),

where (-)* denotes complex conjugation, d.. and §(-) represent the
Kronecker delta and the Dirac delta function respectively

m Py, 5, (21, Q9, 7, 1) represents the power spectrum (PS) of the dth
component with Tx polarization p; and Rx polarization py, which
can be calculated as

Pd,pl,pz (ﬂlv s, T, V) — E[‘Hd,pl,pz (leﬂ?v Ty V)P]'
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The stochastic properties of the channel

m The polarized component PS Py, ,, (€21, €, 7,/) can be further
written as

Pd,p1,p2 (le ﬂ27 T, V) — Pd,pl,pz ' fd,p1,p2 (le 927 T, V)v

where P, ,, represents the average power of the dth
(p1, p2)-polarized component, and

B fuip 0, (21,9, 7, ) denotes the power spectral density (PSD) of
the dth component at polarizations (p1, p2).
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The stochastic properties of the channel

m It can be easily shown from the property defined in (?7) that

E[H (2,9, 7,v) © Hy(Q, 9,7, V)]
P (1,5, 7,0)0406(Q1 — €7)0(25 — )
6(r —1)o(v — '),

where © is element-wise product,
m P,;(Qq,Q, 7,v) is called “dual-polarized component PS matrix":

P.($2,Qy,7,v) =E[Hi(Q,Q,7,v) © Hy(4,Qs, 7, )"

_ | Paaa(1, Q2,7 v) Byaa(Q, Qo, 7, v)
Pd,2,1(ﬂ17ﬂ277_7 V) Pd,2,2(91792777 V)
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The stochastic properties of the channel

m We can further rewrite P4(2q,Q, 7,1) as
Pd(ﬂlaﬂ%Ta V) — Pd © fd(ﬂ17ﬂ277_7 V)a

where

P, P, .
0 Py = [ a1l d’l’zl: the average power matrix

Paa1 Page
fd11(ﬂ1 9,7 V) fd12(Q1 o, T V)
[ Q’Q’ij: .1, y y 1y 1, 9 s 1y
Fal§h, €2, ) [fd,2,1(ﬂ1792777 V) fd,2,2(917ﬂ277_7 V)
the dual-polarized PSD matrix of the dth component.
m the dual-polarized spread function matrix H (€21, €25, 7, ) of the
channel is also an orthogonal stochastic measure, i.e.

E[H(ﬂl,ﬂg,’]', V) @H( /1, /Q,T/,V/)] — P(Ql,QQ,T, V)
5(91 — ﬂll)(S(ﬂQ — Q/Q)(S(T — T/)5(V — V/),
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The stochastic properties of the channel

m P(Qy,Q,,7,v) is the dual-polarized bidirection-delay-Doppler PS
matrix of the channel considered:

P(ﬂl,QQ,T, V) — E[H(ﬂl,QQ,T V)@H(ﬂl,QQ,T V) ]

D
ZPd 01,7, v).
d=1

m Assume that the PSDs of the dth component with different
combinations of polarizations are identical, i.e.

fd’prQ(Ql,ﬂg,T, V) m— fd(ﬂl,ﬂg,T, u),for D1 = 1,2, Do = 1,2

m Under this assumption, Py(21, s, 7,v) = Py - f3(21, Qo, 7, v).
m \We are interested at extracting the PS matrix P (€2, €2, 7,v) of a
propagation channel from measurement data.
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