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Abstract

A Radio Environment Map (REM) maps its geolocation information to the propagation
characteristics as complementary information for an adaptive communication of cognitive
radio (CR). In this paper we propose a novel theoretical three dimension (3D) Multiple
Input Multiple Output (MIMO) channel model. The proposed model parameterizes the
geolocation information of interacting obstacles referred as scatterers. An efficient
response distribution function (ERDF) is developed to interpolate the array response for
an arbitrary scatterer location. It is shown that the mutual information of the proposed
model is consistent with a conventional geometry-based model with the lower simulation
time. It allows us to generate channels with all possible scatterer distribution on the
surface of a building effectively.

Keywords: channel model; Radio Environment Map (REM), MIMO, scatterer, Efficient
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1. Introduction

A cognitive radio (CR) should be able to sense its surrounding environment and adapt
to changing operating states in real-time [1-2]. As an integrated database for CRs, the
radio environment map (REM) [3] has been widely studied recently. In order to support
CR functionalities, the REM provides multi-domain environmental information and prior
knowledge, such as geographical features, regulation, policy, radio equipment capability
profile, and radio frequency (RF) emissions. Recent researches on REM pay much
attention to cognitive radio network (CRN), whereas relative little works are done on the
propagation channel among CR nodes [4-5]. Propagation channel characteristics are
significant to make CRs an adaptive communication strategy. More information on the
propagation channel characteristics are needed for the REM to better realize the CR
capabilities. It is indispensable to develop an accurate and REM-friendly 3D MIMO
channel model that have a more complete description of channel characteristics [6].

A comprehensive overview of the propagation models for CR design is given in [7]. It
provides the key characteristics of wireless channel models to be used in the CR design.
These key characteristics include path-loss, small-scale fading, delay spread, Doppler
spread, angle spread, and they are hugely correlated [8, 9]. Conventional MIMO systems
can be categorized two main types: physical models and analytical models [10]. We focus
on the physical models because they are more accurate and have a wide spectrum for
application. The geometry-based model is a kind of physical model that takes the
geometry of a channel into account [11-12]. The double directional channel is a classical
geometry-based model, where each path is described by parameters, such as the
propagation delay, direction of arrival (DOA) and direction of departure (DOD) [13]. To
develop the double directional channel model, a comprehensive model with a
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considerable number of parameters embracing the complete characterization in the time
domain has been developed [14-16]. However, the models have to be refined if ultra
wideband channels are used [17]. The equivalent frequency domain representation of the
double directional channel model is given in [18]. In addition, the antenna response
modeling is crucial in the geometry-based channel model, such as the angular domain
representation, the effective aperture distribution function (EADF) [19], and the discrete
vector spherical Fourier transform (DVSFT)-based model. The EADF is usually utilized
to model a geometry-based channel due to its accuracy and low complexity (e.g. [20-22]).

However, the aforementioned MIMO channel models are not suitable for REM, as it
requires evaluating CR performances under various propagation scenarios. In this paper
REM processes the comprehensive information stored to produce a large amount of
testing scenarios similar to CR environment, as a virtual “radio environment generator”
[23]. There are two aspects required for conventional MIMO channel models to be
ameliorated for REM. First, the information contained in REM depends on the geographic
location. It is worthy to follow this feature in propagation modeling. REM graphical user
interface (GUI) and communication devices are two potential types of REM users. Both
of them can query the database of REM according to their geolocation in terms of latitude
and longitude. Second, it is critical to merge faithful propagation models into REM
without increasing the computational complexity because REM must supply current
information in time. These are the two problems we try to address here to enhance the
conventional MIMO channel models for REM.

Scatterers do not always disperse in the horizontal plane since they can be on the
vertical plane when the transmitter (TX) and the receiver (Rx) antenna arrays are located
closely and are lower than the buildings [24]. Therefore, a 3D MIMO channel model is
proposed here for REM. A comprehensive presentation of 3D channel modeling is given
in [25]. A complete overview on the evolution of 3D channel modeling from theory to
standardization can be found in [26] that illustrates a comparison among the frequently
used models. A detailed overview on geometrically-based MIMO channel modeling with
3D channel models extension based on 2D channel models is also available in [11]. In this
paper, we extend the double directional channel model in [13-16], where scatterers are
disperse in the horizontal plane by using 3D spatial position of scatterers to describe
MIMO channel characteristics in CR environment.

The contributions and novelties of this paper are summarized as follows:

1) We propose a novel theoretical 3D MIMO channel model from a scatterer view
point, since the locations and coefficients of scatterers essentially determine the DOA,
DOD and delay as well as the propagation channel characteristics. We choose the
locations of scatterers and the scattering coefficients as parameters to describe a dynamic
3D radio environment. It has then be used to map the REM’s geolocation information to
the propagation characteristics. This will give us the capability to generate channels with
all possible scatterers distribution on the surface of buildings.

2) We introduce an effective response distribution function (ERDF) to provide a
continuous description of the relationship between scatterers and the channel impulse
response. The ERDF can achieve high data compression since all antenna or array
responses are concentrated in the transformed domain. We can then model the antenna or
array response via an effective interpolation for arbitrary scatterer position. This
information is used for the Cramer-Rao lower Bound (CRB) analysis of antenna array
[27] and gradient-based parameter estimation techniques [18].

The remainder of this paper is organized as follows. Section Il presents a brief review
of the conventional geometry-based MIMO channel modeling approach. Section Il
discusses the basic geometric relationship between scatterers locations and the channel
impulse responses and introduces the ERDF to improve representation of the relationship
established. Section 1V illustrates the reconstruction error of ERDF and compares the
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mutual information (MI) of the proposed model with that of the conventional radio
channel model. Section V concludes the paper.

2. A Brief Review of Conventional MIMO Channel Modeling
A MIMO channel can be modeled either as double-directional channels or as radio

channels between the location '™ of the Tx and the location "® of the Rx. Regardless of
polarization, impulse response of the double directional channel is a scalar sum of all
individual multipath components (MPCs) independent of antenna number, type and
configuration as well as system bandwidth. The delay spread, angle spread effects of
time-variant channel is thus described by [13]

P
h(r e 67,9, Q0 ) =Y 2, 8(7 -7, ) (% — Q)5 (2 -, )
(1)
a, v, Q Q, .
where “P, P “"RPand " TP denote the complex amplitude, delay, DOD and DOA of
the P -th MPC, respectively, and P is the number of MPCs. All parameters

(rT’rR'ap'Tp'QR,p'QTyp' P)
propagation channel.

in the above model may be functions of time for a dynamic

A MIMO channel consists of Mg > M, channels of all received and transmitted

antenna pairs, where Mz and M, are the number of received and transmitted antennas,
respectively. The radio channel incorporates the effects of antenna pattern and array
configuration into the double directional impulse response given by [14-15]

H(t,f):pzp;apa(f_rp)aR (©n,)a ()

o (QR,p) el Mgx1

)

a
where and represent the array response vectors on
transmitted and received sides, respectively. It can be decomposed into a steering vector

Bstruc (Q) and a complex electric field pattern b(Q) as

a(Q,)=b(2,)- g (2,)

a (Q,)ebn ™™

@)

i a Q). .
The steering vector S"““( ”) is related to the antenna architectures. For example, the
receive array response vectors for a uniform linear array (ULA), having element spacing

d; , is given by

_ j2zd, /2cos(g)sin(€) - j2m(Mg-1)d,/Acos(¢)sin(6)
()1 I

~(9.0)

where ? and € are the azimuth and elevation angles and 2 ( . The complex

electric field pattern b((p’e) can be interpolated by EADF, sampled at arbitrary % and
9 given by [19]
b(,0)=d][(6)-G-dy,(¢)

where dbl (g) e 1) lel, dbz (¢) =gl 1

(®)
and
m=[(L-D/2~(L-3)/2 (L -/2] e0™"
1, :[_(I—g —:I-)/Z,—(L2 —3)/2,...,(|_2 _1)/2:|T e
The parameters L and L2 define the size of EADF matrix G €l ™™
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In order to investigate the wideband channel, the equivalent frequency domain
representation of (2) is given by [28]

P .
H(t, f)= Z;ape"z”f"’aR (Q,)ar (2,)
=

Equation (6) is sampled in both time and frequency domains. The equal interval in the

fo and in the temporal domain t
H(m, - fy,m, -t,) el Mo

(6)

o sampling generates a set of
m, =—(M; =1)/2,---+(M, -1)/2

frequency domain

M, xM

' matrices where

and M =~(Mi=1)/2,-+(M ~1)/2 |

S(t):[5<—(Mf —1/2)-'[0),3(mt 'to):"',s((Mf _1/2)‘»[0” <[] M MMMy

(7
where
S(mt 'to)2[21,1""1ZMR,1121,MT o Zyw ]T o[ MiMaMr o
and
Z; =[H(—(Mf ~1/2)- fo)i’j ,...,H(+(Mf ~1/2)- fo)”} o

The vector Zi contains the frequency domain samples for a channel between the )-th
transmitted antenna and ! -th received antenna. Each snapshot, a temporal domain sample

can be seen as a time-invariant channel. The vector ~# can be generalized by a modular
expression with tensor products [18]

s(0,t)=B;0B:0B; -a (10)
where the elementary functions B, , Br and Br describe the effects of delay spread (%),
angle spread in Tx (DOD) and in Rx (DOA), respectively.

Double directional channel

Radio channel

Figure 1. Principle of Conventional Radio Channel Model

Figure 1 shows the link between the double-directional model and radio channel in
modeling principle. Both conventional models above describe the propagation processes
from a terminal perspective, that is, the ends of path catch more attention instead of
propagation geometry environment. Although these models describe the ends section of
propagation well, they cannot reflect the geolocation information of the specific
environments affects the propagation directly.
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3. Proposed 3D MIMO Channel Model from A Scatterer View

The propagation of electromagnetic (EM) waves is modeled as ray-like paths which
link the Tx and Rx. The locality where the path interacts with a physical obstacle, such as
a reflection, a scattering or a diffraction, are marked by a point-like interacting obstacle
(10) referred as scatterers [28]. Let us consider a wideband MIMO system with scatterers
placed on buildings surface in a 3D space as illustrated in Figure 2(a). The location of
scatterers determines the delay, azimuth and elevation of MPCs, and the geometric
relationship among them can be established. In older to get a consistent way to describe
the environment, the line of sight (LOS) propagation is also seen as a scatterer at the
middle of the path. Here, we work on mapping the geolocation information of scatterers
to channel impulse response.

| 10

@ Scatterers
-, ey —» LOS

AL - NLOS
/- , R e
/ / /%\\ ~.
/s e

Scatterer

€)) (b)

Figure 2. Basic Geometric Description of (a) a 3D MIMO Channel with
Scatterers on the Surface of the Buildings (b) a Specific Single sCatterer
(circle) with Three Cartesian Coordinate Systems (GCS, ACS1, ACS2)

3.1. General Description with Scatterers’ Locations

To understand the MIMO system as well as the computations required, three Cartesian
coordinate systems are employed as shown in Figure 2(b) The global coordinate system
(GCS) allows all scatterers, obstacles, and antenna arrays positioning. The two array
coordinate systems (ACS1 and ACS2) are used to describe the positions of single
elements constituting the antenna array of transmitter and receiver respectively. A single-
scatterer is set in the arbitrary 3D space as an example, and the directions of propagation
rays are represented by the arrowed lines.

In GCS, the coordinates of locations of all | scatterers are represented in the collection
XGCS :{(Xiecs’y:scs’ziecs )|| =1... |}

ccs _[,GCS ,GCS . GCS
f _|:Xi i g

and the scatterer position vector is defined as

.
] . The location of the Tx and Rx array is defined as
pGos —[x6Cs yecs jGes U poos —[xGCs Ges jGcs U _ o

T [T Yoo ] R [ RO ] respectively. The initial

OT ( a;3cs , bscs , C?CS

and

positions of the center of transmitter array: ) and receiver array:

O aGCS , bGCS ,CGCS
R( ROROR ) are assumed to be constant and known.

The signal over a single path with an electrical length of | at the wideband result in
different phase shifts among the frequency points. To express the frequency dependence
of phase shifts, we define a vector-valued function
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a, (I’iGCS ) _ e-Jzﬂ(f”c)"l(ﬁ )/C

(11)

i (riGCS

GCS _ GCS GCS _ .GCS
) e o -

where the distance I ” is defined with respect to the

T
f=|—-(M,-1)/2,---, (M, -1)/2| -f, . )

centers of arrays, and the vector [ ( f )/ ( ' )/ J % is the sampling

frequency bins. The operator ”” denotes the Euclidean norm, and € is the speed of light.

GCS
ap( ‘ ) is sampled with the equidistant sampling interval fo at M, frequency points.
Since our model considers the effects of antenna array, it is crucial to describe array
response vectors for the common antenna array configurations in the ACS, such as the
uniform linear array (ULA) and the uniform circular array (UCA). Here we use ULA as
an example and the results can be extended to other types of array.

A !P Scaterer

Y

i—d—y o, dfﬁ‘-ﬁ“l d;qcm dglCSl vy

X

Figure 3. The Coordinate System for a ULA in Tx (ACS1) and an Impinging
Planar Wavefront

The structure of the antenna array is described in the ACS as shown in Figure 3. Let
AcCs1 :{ ACsl ,,ACS1 Z<ACS1|i 1. }

x XY

collect the location coordinates of all scatterers and
T
ACS1 ACS1
1 Zi ]

’yi

ACS1 ACS1
i = [Xi

the vector stands for the direction from the center of array to
the ! -th scatterer. The position vector of M -th antenna in ACS1 becomes

dgCSl :[O’M.dr,o} ,m=1.., M,

2 (12)

where Mz denotes the number of antennas in Rx, and d, is the antenna spacing. The

wave path difference of antennas in reference to the center of array is computed as
,0 _ dACSl . i;ACSl
im — Ym i (13)
I"-ACSl =r

ACS1 " ACS1
i i i

" is the normalization direction vector.

ACs1
i

where

The array response vectors ( ) can then be decomposed as follows
ACS1)\ _ ACS1 ACS1
(") =y, () -b(r") 14)
where the steering vector is defined by

AyLa (riAC81) _ |:e*j2ﬂp,yl/i1efj27rpi’m/l,_ ) _,e—jan.,MR/A ]T o] Medt )
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ACS1
i

ACS2
and antenna beam pattern ( ) is a scalar. The array response vectors ( ‘ ) of the

receiver array can also be described in the same way. Note that the DOA toward the array
ACS1
is the opposite direction of departure hi given by

T
ACS2 ACS2 ,ACS2 _ACS2
N == [ X; ' Yi 1 Zi ]

(16)

Since the coordinates of scatterers in GCS are chosen as the parameters of the proposed
model and the coordinates parameters of the proposed model are not suitable for the
traditionally  beam  pattern, we need to perform the transformation

GCS ACS
reor _>Q:(¢,9). The homogeneous coordinates [28] is employed here to
perform the transformation from GCS to ACS.
In order to define the position of one coordinate system inside another, there are at
least six independent parameters to describe the orientation and translation of an

orthonormal basis in 3D space, namely, three rotation angles: “x, wy, @2 and three

translation coordinates: X, ¥, Z. For instance, Figure 2(b) illustrates the transformation
of the GCS to the ACS: the translation can be calculated as the addition of the translation

Tecs ZI:XGCS yecs ,6Cs ]T

Phces GCS Phces o
angles “x , Y and 2 around the x-, y- and z-axis in respect to the GCS

T
chs _ I:XGCS ’ chs ' ZGCS ]

T

vector : the orientation of ACS is rotated for the three rotation

respectively. Let
rACS _ |:XACS , yACS , ZAcs ]

be a point to be transformed and

the same point after the transformation in Cartesian coordinates
recs :|:XGCS yees 7608 1:|T

hom

system. Correspondingly,

acs _ [ yAcs ,ACS _Acs 4T
o = X", y*, 22 1] o .
is the transformed point in homogeneous coordinates system.
The transformations can be expressed as
ACS GCS
f ::(2"}om

is the original point and

hom (17)
where
Q=Trans(T°)-Rot, (= )-Rot, (2§ )-Rot, (o) 18)
and
1 O O GCs
O 1 0 GCS
Trans(T°% )= 00 1 75
000 1 (19)
1 0 0 0]
Rot, (05 - 0 cos(wf®) —sin(&f®) 0
0 sin(ef®) cos(ef®) 0
0 0 0 1 20)
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cos(of™) 0 sin(@f™) 0]
0 1 0 0
Rot (o) = —sin(@;®) 0 cos(&f™) 0
o o o 1] e
cos(@®) —sin(f®) 0 0
RO'[Z(a)ZGCS): Sin(a)ZGCS) COS(a)fCS) 00
0 0 10
0 0 0 1] (22)

Hence, the homogeneous coordinates combine all the transformations of three rotation
of, (@) Rot, (%) Rot, (of®

X y z

matrixes: and ) as well as a translation matrix

Trans(T°%
( ) into one 4-by-4 matrix Q.
GCs
The coordinates of scatterers in GCS (i.e. X ) are chosen as the input parameters,
and the corresponding coordinates in ACS1 and ACS2 can be transformed with the help
of homogeneous coordinate, that is

rhAoCmS,il = éggl.rggi (23)
and
ACS2 __ ACS2 GCS
Momi =Wacs * Thom,i (24)
QACSl QACSZ i
where ~<6cs and <ecs  denote the transformations of GCS to ACS1 and ACS2,

. r.ACSl rACSZ A .
respectively. ' and i can then be obtained from the front three coordinates of

ACS1 ACS2
I‘hom,i and rhom,i .

The antenna beam pattern can now be described with the locations of scatterers. The
beam pattern is stored as a matrix with respect to the azimuth and elevation. In order to

utilize the data of the beam pattern matrix, the azimuth ? and elevation ¢ of each
GCS

scatterers (%) need to be calculated as

ACS ACS GCS
|’-hom,i =VNocs * I‘-hom,i
0= atanz(yACS xAcs )

0= atanZ(ZACS NS ) () j (25)

where the superscript ACS can be substituted for ACS1 and ACS2 to calculate the DOD
and DOA respectively.

rGCS
Using the EADF, the ( ) can be obtained by putting the calculated azimuth %

and elevation ¢ into (5). For | single-scatterers in the propagation environment, the
wideband MIMO radio channel model can be expressed in the following form

S(X) = Zl:yi "8, (riACSl)®aRx (riACS2)®a| (riGCS )
i1

rACSl _ ACSL | rGCS
hom,i — “~GCS hom, i
rACSZ _ (OACS2 | rGCS
hom,i GCS hom, i

(26)
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2= {6y 285 7, i =11}

parameters of the proposed model. The complex scattering coefficient /i describes the
effects such as loss on the interaction points, which can be considered as frequency
independent.

where the extended collection contains all the

3.2. The Proposed Model with Effective Response Distribution Function

The transformations in (26) lead to a model with a high computational complexity and
it is difficult to analyze its derivatives with respect to the parameters for applications, such
as gradient based parameter estimation techniques. To address this problem, we introduce
an efficient representation of the array response with respect to the 3D Cartesian
coordinates, which we refer to as the Effective Response Distribution Function (ERDF).
The ERDF provides an efficient interpolation method so that the model could have a
continuous description of the antenna array response. According to (26), the model can be
rewritten as

S(X) _ ZI‘,?/i . {a%i_A (riA(351) ® aLé)IZA (riAcsz )} . {bTx (riAC51) . bRx (riAcsz )} ®a (riGcs )
i=1
1
1l (27)
where part | refers to the antenna response (ANR) defined by

bant (I’iGCS ) _ bam (riACSl’ riAcsz) _ bTX (riACSl) i bRx (riAcsz)

(28)

and part 11 refers to the antenna array response (AAR) defined by
b (r_Gcs)_b (r_ACSl r_ACSZ)=a$M(rA051)®aléLA(rACSZ)bT (r_Acs1)bR (rACSZ)
array I I 1 X X I X X 1

— Marray i i

(29)

(15) 1)

r A 4
orA A oA ACE2
a ()| i ()

AAR

Figure 4. Diagram of the AAR and ANR Calculation

Figure 4 shows the detailed procedure for the AAR and ANR calculations. The data
shown in the box and the processes are represented with arrows marked by the equation

GCS
number. Note that the scalar ANR a”t(‘ ) ignores the effects of the antenna
architectures whereas the vector AAR

Copyright © 2016 SERSC 91



International Journal of Future Generation Communication and Networking
Vol. 9, No.10, (2016)

Dy (%) = () e By, ()] (30)

collects the different ANRs between the MIMO channels of all received and transmitted
antenna pairs.

Both ANR and AAR are represented by the ERDF to resolve the issues of (26). The
idea of ERDF is to compress the data of the responses at all 3D sampling grid as
preprocessing and then to model the responses as an interpolation. This approach is
basically similar to the EADF [19]. The difference is that the EADF is an alternative
expression of antenna beam pattern for an arbitrary direction in azimuth and elevation,
whereas the ERDF is an efficient way to calculate the response for an arbitrary scattering
position in 3D Cartesian coordinates. In other words, ERDF directly maps continuous

location I to the ANR or AAR.
We propose two models based on the ERDF of AAR and ANR respectively. Let GCS
represent the 3D space with the origin of coordinates centering the space. It range from

_ _— I i —
, to +l, along the x-axis, 7 to Ty along the y-axis, and from , to +, along the z-
axis. Besides the chosen cube range, ERDF can be applied in arbitrary ranges of

5X, Oy and 9, be the sampling interval for the coordinates of X, Y and z

M, M

scenarios. Let

v and M: sampling numbers in the three axes and Mso

M.. =M. -M,-M re
3o = Vo "My "W 1 ap (kb)) genote

thee 3D  sampling  points,  where k, ==(M,~1)/2,...(M, ~1)/2

y=—(M, -1)/2.. (M, =1)/2 -k =—(M, ~D)/2,...(M, ~D)/2

respectively. There are

sampling points in the grid of 3D space, where

3.2.1. Model I: The spatial domain sampling of (28) at Mao points yield a set of Mao
b GCS b
ant |\ %k, ky .k, ) . ant | 7k, ky .k, )

ANRs . Collecting the computed complex values , the ANRs

M, xMyxM,
distribution can be expressed in the tensor form as Bay € , Where

B, (k.k,.k )=b (rGCS )
am( ’ ) \(kk)) The tensor Bam can be transformed via a three
dimensional Discrete Fourier Transform (3D DFT). The resulting function

R el M, xMyxM,

R

GCSs

ant

represents the ERDF of ANR. The elements of the transformed tensor

ant_can be obtained by
R, (uv,w)=vec(B,, )" (e, (u)®e, (v)®e, (w))

| (31)
where &) =€ e (V)=e " e, (w)=e
X=—2 [+ Mo, 4, ] m=0,..,M,~1
MX5X
27 U
Y= J =l +mS, o4l ], m=0,..,M, -1
My5y [ y y y YJ y
Z= 27 [l 4m, et M =0,.0 M, 1
MZ5Z

g U= (M, -1/2 (M, ~1)/2 v=—(M, ~1)/2,..(M, ~1)/2

v==(M,-1)/2,...(M, -1)/2 denotes the sampling points of transformed space.
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(@ (b)

Figure 5. Representations of (a) the Absolute Values of the ANR at the
Spatial Sampling Points and (b) the Corresponding ERDF Containing
Approximately 300 values

Figure 5(a) shows the ANR tensor Ban of a 100x100x40 gpace. Figure 5(b) displays
the absolute values of the corresponding transformed tensor Rent. The equivalent ANR-

ERDF only needs approxmately =300 effective values to calculate the ANR which
accounts for 99\% of energy in transformed domain. This transformation allows the
energy to concentrate on the ERDF and achieve a high data compression. This also

reduces the amount of computations and storage to describe ANR of scatterers. The
GCS
antenna for an arbitrary scatterers "™ can then be modeled as

bam(riGCS)ZVGC(Ram)T .(ew( GCS)®e (chs)®eu(ZGcs ))

_ _ _ (32)
where S0 (0=€7 e, ()= e, (2)=e ",
U= [0/, -1)2]
Vs [ /2w, -y 2]
W= (M, )2, (M, ) 2]

Taking advantage of the sparse tensor Ran , we can calculate the ANR with the nonzero
concentration in the ERDF

am( GCS) ZV . S ( GCS)'bs(me,z)(yGCS)'Cs(me,a)(ZGCS)
(33)

v .
where '™ denote the ™ -th nonzero of ERDF, the subscript S(me’k) stands for the K -th
subscript of the ™. -th nonzero in the tensor Rat and the operators

s(mg,2) )
For notational convenience, we drop the superscript GCS of the coordinates. Using an
effective calculation for ANR in the MIMO channel model, (27) yields the improved
representation given by
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271 UXLA( iACSl) ULA( _ACSZ) {Zv . 1) )(y)cs(meys)(z)}@)a,(ri)
(34)

aULA (r_ACSl) ® aLé)I:A (I‘

ACS2
TX i i

where describes the influence of antenna array structure. It is
separated from the influence of propagation, and model I can alter the antenna array
structure conveniently.

GCs

Ky Ky K, )
(ks ky ko) can also be calculated at

3.2.1. Model 11: The set of Mo AAR vectors ba”ay(

b— _(rGCS )
the spatial sampling grid. The element of the AAR vector M ko) stands for the
ANR of the channel from 1 -th received to J—th transmitted antenna. Similarly, the

GCS
R. . bl,' (r ) . .
transformed tensor ' of (k) can be obtained using (31), and the transformed
tensors can be expressed as
vec(Rlyl)T
. . el MgM; xM,M M,
array —

.
vec(Ry. v ) (35
which is referred to as the ERDF of the array.

The absolute value

Sub-channels

Figure 6. The Absolute Value of AAR-ERDF Expressed by a Matrix which
Contains the ANR-ERDF of the Sub-channels Sorted by the Operator Vec()
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GCS
Consequently the AAR for an arbitrary scatterers i can be expressed

barray (rlGCS ) = Rarray : (eW (XGCS ) ®ev (yGCS ) ® eU (ZGCS ))

| | | (36)
where eu(x):e"xu, ev(y)ze"y", e, (2)=e""
and
U= MZ’; [-(M,-1)/2,...(M, -1)/2]
V= sz’;y [-(M,-1)/2,..(m, -1)/2]
W:NIZ’; [-(M, -1)/2,...(M, -1)/2]

Figure 6 shows the transformed matrix Raray that contains the energy concentrated
ERDF of all ANR of sub-channels and the effective values of AAR-ERDF is

. - . R..
approximately M., =13100 The sparseness of each sub-channel transformed matrix = "
result in that the AAR can also be calculated with the nonzero values as

barray (riGCS ) = %Vme ’ as(me,l) (XGCS ) ’ bs(me,z) (yGCS ) ’ Cs(me,3) (ZGCS )
m. 37)

V.o . . R .
where "™ is the M -th nonzero value in the sparse matrix 2 and the subscript

S(me’k) stands for the K -th subscript of the corresponding non-zero in the tensor Ri; :
We now substitute the ERDF shown in (37) for array responses in the MIMO channel
model (27) and then have

1 M,
S(X):Z:Vi '{vae “8ym 1) (%) By, 2 (V) Gy, (2 )}®a| (r,)
= e (38)
Since AAR contains the influence of antenna array structure, the proposed model 1l

gives a simple formula to analyze its derivatives with respect to the parameters for some
applications, such as gradient based parameter estimation techniques.

4. Experimented Results

The geometry | . .
environment 1P| 3D grid sampling

GCS
T,
I

Compute the
response tensor

vB

ERDF
L _J_—__a
Y R
Scatterers on the 4 > The proposed 3D >l The channel impulse
surface of the buildings channel simulator responses

Figure 7. Diagram of the Proposed Model used for 3D Channel Simulation
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The proposed models are used to simulate a 3D MIMO scenario given locations and

coefficient of the scatterers (i.e. the set ) shown in Figure 7. A rough position of the
scatterers on the surface of the buildings can be achieved as the input parameters of the
proposed models according to propagation geometry environment. Another input is the
ERDF of the environment. The output is the vector expression of channel impulse

S [ MiMeMr

response “pro € shown in (7).

—8— 5] AAR
=== 5=0.5AAR [
==Xg== =01 AAR

—8—5-1.0.ANR
=== 5=0.5 ANR [{
v ==%-= 5-0.1,ANR

NMSE [dB]
NMSE [dB)

il 300
The number of effective value

() (b)

Figure 8. Normalized Mean Squared Error in dB of (a) the ANR
Reconstruction and (b) the AAR Reconstruction for different Sampling
Intervals against the Numbers of Effective Values of ERDF

3000 4000 5000
The number of effe

Table 1. The Numbers of Effective Values for ANR and AAR Reconstruction
with Different Sampling Intervals & for NMSE= -50~-45 [dB]

o=1 6001100 400001 4200
5=05 14001160 1.2x10*[11.4x10*
5=01 40001 490 1.6x10* (] 2.0x10*

As the EADF data of the radiation pattern is stored before use [19], the ERDF can be
saved as known data for the scenarios with layout of the coordinate systems (i.e. GCS,
ACS1, ACS2) being consistent with the requirement of ERDF. The performance of the
proposed model | and model 1l largely depend on the description of ANR and AAR with
the proposed ERDF. Figure 8 shows the Normalized Mean Squared Error (NMSE) for
different reconstructions at different sampling intervals and with different numbers of

effective values of ERDFs. The ERDFs of the transformed tensor R and Ra”ay are
calculated differently with & =1, 6=0.5 and 6 =0.1 a5 (31) and (35) respectively. For a

number of the effective values in R and Ra"ay, the ANR and AAR are reconstructed as
(33) and (37) respectively and are then compared to the originals via the NMSE. The
originals of ANR and AAR are obtained using (28) and (29) respectively at all sampling

points. Let By stands for the originals and B: be the reconstructed response, then the
NMSE is calculated as
2
E||B, - B[]
NMSE = ————~=—+
e[ |8 |
(39)

Figure 8(a) and Figure 8(b) show how the reconstruction errors of ANR and AAR
changes with respect to the numbers of the effective values and sampling intervals
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respectively. Both plots show that a smaller sampling interval need a larger number of
effective values at the same NMSE. In other words, a more precise description of the
ANR and AAR needs more effective values to reconstruct the details in 3D space. The
number of the effective values for AAR reconstruction is larger than the number of the
effective values for ANR reconstruction since the AAR contains the influence of antenna

array structure. We focus on the reconstruction errors at —45~ -50[dB] , and some results
are illustrated in Table 1. Figure 9 shows the reconstruction errors of ANR and AAR
calculated by (39) for different sampling intervals and is plotted for each sampling points
in the 3D space. Most scatterer locations in the space keep the low errors and the large
errors appear at the edge of the space.

S
RO

(@) (b)

(a) (b) (c)

Figure 9. Reconstruction Error in dB for each Sampling Points in a 100x100
x40[m?] Space with NMSE = -50~-45 [dB]. Plots (a), (b), (c) for an ANR
Reconstruction Done with 8=1, 8=0.5 and 8=0.1 Respectively and (d), (e) (f)
for a Sub-channel of AAR Reconstruction Done withd=1, 8=0.5 and &=0.1
respectively

Table 2. Parameter for Channel Simulation

Number of scatterers 60~72 I (30,-10,1)
Center frequency 5.2GHz ry (0,0,4)
Wideband 200MHz M; 256
Time 25s SNR 20dB
Scenarios 100x100x 40 [m®]
Antennas ULAat Tx and Rx side, With_3 ele_ments and 4
elements respectively as vertical dipole

In order to evaluate the performance of the proposed models using ERDF, the channel
simulation is based on a geometry-based MIMO channel simulator IImProp which mimics
most characteristics of typical outdoor real measured channels [29, 30]. By user
interaction of IlmProp, the positions and motions of the scatterers can be set. The
simulator outputs the channel impulse responses of the corresponding synthetic scenario.
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Note that the main principle of the simulator is based on the geometry-based channel
model (6) [28], which we refer to as the reference model.

Scatterers

20 { \
10
- /\‘
Po— (e \ ®
\&/ \
o |

(’»\/\ TX Rx

Figure 10. Simple Dynamic Scenario in a 100x100 x40[m’] Space with the
Positions of the 72 Scatterers Changing in Time

/\mplimde [dB]

j(o WWWWWMW Mv m WWW(W@M

]0 ])

D

“' WWWWW« e
""WWWM’WWWWrmﬁrm«‘«*ﬂmmmw

Figure 11. Amplitudes of the CIRs for a Specific Frequency Bin Plotted in
dB Against Time for the Reference Model (top), Model | (middle) and Model
Il (bottom)

In Figure 10, a simple scenario with 72 moving scatterers and two fixed Tx and Rx in a

3D space 100x100x40[m’] is given. The scatterers are moving in time along the
direction represented by arrowed line. The locations and coefficients of all 72 scatterers
(i.e. the set %) are random but known as the input parameters for proposed models and the
simulator IImprop. The other input parameters are given in Table 2, except the number of
scatterers is 72 here. Then the outputs channel impulse responses (CIRs) generated by the
proposed models and the llmprop can be compared. Figure 11 shows the CIRs for a

specific frequency fy plotted against time for 25s. The fast-fading characteristic of CIR
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generated by the proposed model 1 and model Il are consistent with the CIR from the
simulator lImprop.

In order to assess the models quantitatively, we compute the mutual information (MI)
as a metric for the models. The MI of wideband channel is obtained by averaging over the
frequency domain as [31]

18 SNR
I)==) log, det| I,, +
(t) B; o (MR Y

L (£, )HE fm)]

fo=m fo+f, |

T

(40)

where the sum is calculated over the frequency bins M= denotes the

Mg x Mg identity matrix, and Ha (L ) the normalized Mz *Mr MIMO channel
matrix. The normalization is done such that every time instant is normalized separately as
Hy (4 1) = H(t. 1)

2
WZ"H(L fo )"F
f m=0 (42)

Here, the metric reflects the spatial structure of the channel.

50

Model T
o Model II
error:(1%

45

=
(=]
T

—————error+10%
35k | ———error-10%
error+20%
0 | —— error-20%

MI of proposed models [bits/s/Hz]

101

0 ~ 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

MI of reference model [bits/s/Hz]

Figure 12. Mutual Information of the Reference vs. the Proposed Models for
256 different Scenarios at a Receive SNR of 20 dB

A number of synthetic scenarios are generated by IlmProp with the setup summarized
in Table 2. The proposed models are used to simulate the scenarios with the same setup.

Let H" stands for the output of limProp, H.™ and HZ" be the output of the proposed
models. The Mls of the models are calculated as (40). Figure 12 shows the results of the
comparison: scatter plots of the Ml of the reference model versus the proposed model for
MIMO are depicted. For each model, a specific marker corresponds to one of the 256
scenarios. We see that the M1 of Model | and Model Il are consistent with the MI of the
Reference model from the simulator. Thus the proposed models and the conventional
geometry-based model have equivalent performance in the simulation results.
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T Me=16500

Average time complexity /s

Reference Model - 0.1
Model IT

Model I 1.0 & /m

Figure 13. The Simulation Time Comparison between the Reference Model
and the Proposed Models in Different Sampling Intervals

Figure 13 compare the computation time of the proposed model (34) and (38) with the
reference model (6) for simulating the scenario shown in Figure 10. The scenario
parameters are the same as given in Table 2. The EADF of the reference model and the
ERDF of the proposed model require a re-sampling of the beam pattern and pre-
processing. Here both of them is stored as the known data after the pre-processing

calculations. The EADF are stored in a > 12 matrix for the reference model (6), where

L=L=27 [19]. According to Table 1, the number of effective values of ERDF marked
at the top of the bar ensures a small reconstruction error. Three sampling intervals of the
proposed models are investigated. Using Matlab with Core i3 CPU 3 GHz and 4 GB
RAM, we find that the simulation time is different between the proposed models due to
the different quantities of effective values. However, the computational time of the
proposed models are lower than that of the reference model. Because the reference model
need to transform the scatterers locations to the delay and angular information of a path,
whereas the proposed models can use the scatterers locations to generate the CIRs directly.

5. Summary and Conclusion

This paper chooses the scatterers as parameters to character the 3D MIMO channel. It
is based on the propagation mechanisms and establishes a physical model, taking the
spatial distribution of scatterers and the antenna array structure effects into consideration.
The proposed model 1 is used for separating the influence of the antenna arrays from the
propagation channel whereas the model 11 is simpler and more convenient to analyze its
derivatives with respect to the parameters for some applications.

The proposed models allows us to generate channels with all possible scatteres’
distribution on the surface of buildings. As geographical features are stored in the REM
database, ergodic channel simulation method becomes advantageous to comprehend the
channel, such as, a ergodic positioning of the scatterers allows us to find out which
propagation conditions own a desired frequency selectiveness as well as other specific
traits of channel.
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