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Purpose: Long-Term Evolution (LTE) system has had as many as 12 implementations, the later ones using multi-beam
adaptive antennas. LTE development and usage have demonstrated that such systems cannot be adapted to environmental
changes, to different locations of every subscriber in the service areas, either open or close for connection, or to the
acknowledgement from every wireless channel of a Multiple Input Multiple Output (MIMO) system which goes through an
environment with different fading of signals along every individual channel — especially with the permanent need to increase
the connection channel capacity and minimize the errors when sending information via time-varying fading channels. As we
still lack a general model fully reflecting the fading in every individual wireless channel of a MIMO system, the problem is to
connect the signal fading determined by Ricean K-factor with the parameters of an individual channel: its capacity, spectral
efficiency and errors in transmitting the information flow. Methods: In order to minimize the effects of fading which is the
source of multiplicative noise in every individual MIMO chanel, a mathematical model was developed based on the well-
known and experimentally tested model of radiowave propagation in various urban and suburban areas. The Ricean K-factor
was found via the known parameters of the environment: building density and profile, distances between the antennas, etc.
Then, using the Ricean K-factor, a modification of Shannon’s postulate was obtained, which takes into account not only
the Gaussian noise but the multiplicative noise, too. Results: For the first time analytical expressions were obtained which
connect the weight coefficients used in multi-beam adaptive antenna theory with the parameters of urban environment.
The behaviour of Ricean K-factor was described in various suburban and urban environments. This helped to analize the
capacity and spectral efficiency of urban channels depending on their fading level and structure of the surrounding buildings.
Then, in order to maximize the capacity and spectral efficiency of the MIMO wireless channels, taking into account the direct
connection between the fading parameter K and the weight coefficient of a multi-beam antenna, it was analyzed whether it is
possible to efficiently connect non-correlated and correlated elements of MIMO antennas. Practical relevance: [t was shown
for the first time how the weight coefficients of MIMO antenna elements change in an azimuthal plane. This helps to predict
the quality of wireless connection for every subscriber located at various angles and various distances from a MIMO antenna
system, under various conditions of transceiving the signals along channels with fading.

Keywords — Multiple Input Multiple Output, Multi-Beam Antenna, Ricean K-Factor, Capacity, Spectral Efficiency, Weight
Coefficients of Antenna Elements.

Introduction into the MIMO Channels
with Fading

the worst NLOS (Non-Line-of-Sight) cases of wire-
less communication, known as Rayleigh fading, or
by Ricean distribution for the channels with exis-

Multipath is the propagation phenomenon that
results in radio signals reaching the receiving an-

tenna by two or more paths. In terrestrial environ- [ object )
ments, this phenomenon is caused by reflection, multipatht ' Scattering Receiving
diffraction and scattering from terrestrial objects, componen . i antenna
il;(]:}(lFas ni())untains, lakes, trees, and buildings [1- (I%é%flgefrili}ilgn)
ig. 1).
The effects of multipath include constructive Diflection

and destructive interference, and phase shifting
of the signal. As well-known from the literature,
K-factor of Rician distribution is usually used for
the fading and for multiplicative noise descrip-
tion [1-15]. Destructive interference causes fad-
ing, when the magnitudes of the signals, arriving
by the various paths, have a stochastic nature de-
scribed by the well-known Rayleigh distribution for
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,Transmiss'
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B Fig.1. Multipath phenomena in the land communi-
cation environments
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tence of the both, LOS (Line-of-Sight) component
and the NLOS component, known as Ricean fading
described by the parameter of fading K, that is, it
can generally described both NLOS (Rayleigh) and
LOS + NLOS (Ricean) fading. According to cor-
responding descriptions and formulas that follow
from the numerous statistical models, the Rician
parameter of fading can defined as the ratio of the
coherent and incoherent component of the signal in-
tensity [16—30]

_ Intensity_of _LOS_component I,
Intensity _of _NLOS _component I,

. )

The incoherent component actually describes the
multiplicative noise inside communication channel.
The main idea in the proposed framework is that
we can use the K-factor to predict information data
stream parameters both in MIMO correlated and
uncorrelated antennas, such as capacity and spec-
tral efficiency based on results obtained in [7-10,
31]. Therefore, the knowledge of factor K is neces-
sary for analyze multipath communication chan-
nels capacity and spectral efficiency.

Multibeam antennas are usually used for achiev-
ing so-called spatial diversity introduced for improve
the quality and reliability of a wireless link between
arbitrary subscriber and base station (BS) or access
point antenna. Usually in densely populated areas,
there is no pure LOS between the transmitter and
the receiver [7-10, 31]. As a result, multipath fading
effect overlaps the information signal propagating
along the transmitter-receiver path. In spatial diver-
sity several receive and transmit antennas are placed
at a distance from each other. Thus, if one antenna
experiences a fade, another one will have an LOS or
a pure information signal without noise. Figure 2
shows the basic principle of spatial diversity.

The same signal is fed through a single antenna
or multiple antennas, and the same signal is cap-
tured by a single antenna or multiple antennas.
In Fig. 2 several antennas are placed in a distance
from each other. There are various obstacles on the
signal’s path. Despite the multipath fading effect
that usually occur in other receivers, the desired
receiver can get a fairly good signal.

In an adaptive antenna system (AAS), multiple
antennas are used both at the transmitting and re-
ceiving side of a communication link to adaptively
optimize the transmission over the channel. An
AAS can focus its transmitted energy towards the
receiver, and while receiving, it can focus its ener-
gy towards the transmitter. The technique used in
AAS is known as beam forming [7]. Figure 3 shows
the basic principle of AAS.

Beam forming enables directional signal trans-
mission or reception without manually steering the
antennas. In the beam forming technique, several
transmitters are set apart from each other (see de-
tails in [7] and the bibliography therein). They all
transmit the same signal with different phase dif-
ference and delay. As a result, the interference that
occurred in all the transmitters can be used to steer
a signal to a specific direction.

When one antenna transmits a signal to the mul-
tiple receive antennas, the system is known as Single-
output Multiple-input (MISO). Here one signal is
transmitted and two or more are received. Receive di-
versity is used in the MISO antenna technique. In the
SIMO (Single-input Multiple-output) antenna tech-
nique, multiple antennas are used at the transmitter
while a single antenna is used at the receiver. It is a
comparatively new technology [7]. This has been a fa-
vorite as only multiple antennas need to be installed
in the BS. Transmit diversity technique, as a type of
controlled diversity technique, which provides spa-
tial repetition of transmitted signals through differ-
ent antennas, is used in the case of MISO.

The MIMO transmission techniques and con-
figurations were proposed to support radio access
technologies, such as the WLAN, WiMAX and LTE
standards [32—35]. MIMO is an effective technology
based on spatial diversity surfacing from the usage
of multiple antennas at both terminal ends of com-
munication network to improve its reliability, in-
crease spectral efficiency and achieving spatial sep-
aration of users for multi-user interference (MUI)
elimination. Spatial diversity is also beneficial for
multiple user (MU) cellular systems where spatial
resources can be used to transmit information data
to multiple users simultaneously [30—35].
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B Fig.2. Spatial diversity schematically presented

<—Interferer

f
B Fig.3. Adaptive antenna system schematically pre-
sented
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The MU-MIMO was performed as a set of ad-
vanced MIMO techniques. This advanced technol-
ogy exploits the availability of multiple indepen-
dent user equipment’s (UEs) in order to enhance the
communication capabilities of each individual UE
(stationary or mobile). According to [34], the classi-
cal presentation of single user (SU) MIMO network
is shown in Fig. 4, a, as a comparison with that for
MU-MIMO network (Fig. 4, b).

It is clearly seen that for each mobile subscrib-
er (MS) in downlink communication, the BS, as
a multiple output antenna system send for each user
with number i the corresponding data via the cor-
responding propagation channel with its response,
caused by multipath fading occurring in real com-
munication environment that, finally, corrupt
information data passing via each channel with
noise.

In MIMO system, presented by expression (2),
the corresponding weight matrix WT forms rela-
tions between output signals’ voltage, V,, and
those for the inputs, U, , of a M x N planar array of
the beam former at the both terminal, the BS and
the MS (Fig. 5):

U=WTV, detW =0, @)

a)
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B Fig.4. SU-MIMO (a) and MU-MIMO (b) network,
extracted from [34]

B Fig.5.  MU-MIMO network

where - -
wip - Wi

w=| : 3

Wm1  Wnpn

is the weight matrix.
For SIMO or MISO variants the above 2D matrix
deduces into 1D case:

U=W'V=[w..5,]V, )

where w,, = NSR defines multiplicative noise to
signal ratio [7].

Capacity and Spectral Efficiency
of the Channel

Next important task of the problem is the knowl-
edge of the capacity or a spectral efficiency that
a-priory allows estimating an operator’s cost struc-
ture for a given service and grade of service that
determines by:

— required amount of frequency spectrum;

— required number of BS or users’ access points;

— required number of sites and associated site
maintenance, and

— ultimately, consumer pricing and affordability.

Finally the increase of spectral efficiency will
leads to:

— improved operator costs;

— reduced equipment per subscriber;

— reduced numbers of sites in capacity limited
areas;

— reduced barriers to new operators;

— better use of available spectrum;

— especially important for limited mobility
spectrum;

— improved end-user affordability, especially
for broadband services.

These deployment parameters of MIMO system
arrangement in terrestrial areas of service will
give the following advantages for designers of such
system, that is,

— as subscriber penetration increases;

— as per-user data rates increase;

— as quality of service (esp. data) requirements
increase.

Increase of each channel capacity (or maximum
data rate) means faster response times and higher
speeds, a larger amount of users that can be able to
transfer more data simultaneously and at higher
speeds.

In our further description of the matter, we will
get the K-factor from the measurements described
in [7, 10-16] for various terrestrial built-up envi-
ronments. The knowledge of K-factor allow us to
predict the capacity and spectral efficiency of each
separate channel of the multi-beam MIMO system
caused by fading phenomena, which is individual
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for each subscriber, located in areas of service, as
well as the probability of Bit Error Rate (BER) of
the information data stream inside each subscriber
channel.

Then, we will analyze a key question: if using
the proposed stochastic multi-parametric model
for the MIMO system based on adaptive multi-beam
antennas, we can increase the system capacity and
will allow to designers of wireless networks to ob-
tain maximal data rates, better channel conditions
and, as a result, much better service and transmis-
sion performances [7-10, 31].

Modeling of K-factor
in Built-up Environments

As was shown in [6, 7, 11-14], the fade parame-
ters K, for each beam-channel of individual antenna
element reversely proportional to weight parame-
ters of each antenna element ;, thatis, w,, ~ K;ll .
If so, we can, using information of the K-parameter
of fading occurring in each specific urban and sub-
urban environment, investigate the capacity and
spectral efficiency of each user individual channel.

K-factor in space domain. The main goal of usage
of multi-beam antennas was to deploy in existing
and advanced communication networks so-called
spatial filtering of each desired signal. Usage of
multiple beams concept with narrow beam width al-
lows eliminating the inter-user interference, mini-
mizing the multiplicative noise caused by fading
phenomena occurring in the multipath communica-
tion channels, mostly for urban and sub-urban en-
vironments, and finally, tracking each MS during
his existence in area of service of multi-beam BS
antenna.

In each direction in azimuth and elevation do-
mains for a current position of the desired subscrib-
er the channel specific response should be intro-
duced, and it was proposed to define this response
by Ricean K-parameter of fading, as a ratio of the
coherent (e.g. signal) and incoherent (e.g. noisy)
components of the recorded signal. This parameter
was evaluated in [7, 11-14] for different terrestrial
scenarios, rural, mixed residential, sub-urban and
urban, and was shown that this parameter fully
depends on features of built-up terrain, such as
buildings’ density, overlay profile, orientation and
elevation with respect to BS and MS antenna, and
heights of the terminal antennas. The expression
for K-factor along the radio path d between two ter-
minal antennas can be given as [7]:

L i)
_ *teo _ %2 — 21
K=1"=7 i, o, X

mnc - . .
87 22 4 [2nl,y, [ A2+ [2ntyy (R —zl)]z

sin(kzlzz/d) 2
2nd 5)
X 7z
\(xd/ ar® )2 +(zg—R)
d3

For the urban and sub-urban environments fol-
lowing, we get according to [7]:

I (2’1 —E)
K= tco _oupl g\ ")
Iincl +Iincz expl o (22 _21>JX
3 = 2]1/2
Xsinz(kzlzg/d) I, [(Xd/‘l” )*(22 *h) }
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Here, in formulas (5), (6), yo = ZEU/ 7 is the den-
sity of the buildings’ contours [in km™], v is the
density of buildings in the area of service [in km™2],
L is the average length (or width) of buildings
[in m], depending on its orientation with respect
to terminal antenna, I' is the absolute value of the
reflection coefficient, /, and [, are the vertical and
horizontal scales of coherency of the reflections
from building walls, respectively [in m], & is the
average buildings’ height [in m], z; and z, are the
heights of the MS and BS antenna, respectively.

We now present results of the numerical experi-
ment carried out for one of the urban environment,
the Ramat Gan market area in Israel (Fig. 6).

The BS antenna height was z, = 50 m. The out-
door desired MSs were located on the ground at
the height of z;; = 2 m. The simulations were per-
formed for the following parameters of propaga-
tion: #=25m, y,=10km™, [, = 1+2 m.

Results of simulation of K-parameter of fading
is shown in Figs. 7, a and b for the carrier frequency
of f=1.800 and 2.400 GHz respectively.

Based on these results, we can now for each MS
with number i estimate signal to multiplicative
noise ratio via K-factor that determines the losses
and fading effects in each noisy communication
channel for each desired UE. This procedure allows
obtaining the channel spectral efficiency as func-
tion of K for various configurations of MIMO sys-
tem consisting M outputs and N inputs.

K-factor in the joint space-azimuth domain.
The corresponding expressions for evaluation of
K-parameter of fading, K (r, ¢), as function of the
distance r, for the constant azimuth ¢, or as a func-
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tion of @, for the constant rcan be presented via pow-
er spectrum distribution in the joint r-domain and
¢-domain. Thus, following the Ricean parameter of

fading, described by formula (1) K (r,¢)= M,

I}nc(r’@)
as a function of the distance r along the radio path
between Tx and Rx and the azimuth ¢ of the anten-
na beam, can be presented via the average signal
power spectrum in the space (along the radio path)
and azimuth domains in the following form accord-
ing to [7, 11-17]:

W(r,9) = (I, ()30 — o) +
HIL WA Q)+ (T2 (r) o (7, 0), )
where 5(¢p — ¢y) = 1 for ¢ = @, (i.e., in the direction
of the direct visibility from the Tx to the Rx);

8 = 0 otherwise. The expression in (7) consists of
three main terms, the coherent component (the first

B Fig.6. Ramat Gan Built-up area; number of building
floors are indicated by the corresponding
color

summand) and the incoherent component of the
total power spectrum, consisting two terms (second
and third summand), that is,

F(Zl,Zz)] Sin2 (k2122 / 7')
(29 —21)J 4r%r?

<Ico (r))zexp —Yor ; (8a)

L+ (ko) |
— 2
1+ (lu“/oi(h -2 ))

(o) (-gexp[—yord-9)] (1-a(r))
(2+vor) \/1_,12(,«)

(I (r)) =1+ 1 +8)?

3 (8b)

32 _ _ op2
(1) =2 b(’")b(f)l 270 6o

The expression in (7) consists also of two main
terms; f; and f,, that can be presented as:

2212 (yor)z ¢'(1—cos o) exp[—A(9)] . (9a)

(o) = (ZZ_H;) n B((P) 4
_M E M X
f2(0)= (22+E) 1+[22] 1+(Y0€'r>2
expl-Ae) o
B(o)
Here

h ! 1+cos
Al)=vor| -+ ( = ) (102)
2 1—|—y02r[1+22](1—005(p)
and
B(p)=|1 —I—M{l —I—i](l —cosg)|, (10b)
2 22
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B Fig.7. The K-factor vs. distance between BS and different MSs in Ramat-Gan market area for f = 1.8 GHz (a)

and f = 2.4 GHz (b)
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(nr /an®)+( E)zr/z
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where ¢ = ; iz(zz );
2y 222
2
a(r) = 2+yor)A+9) C b(r) = n -
1+(2+7yor)(1+8) (r+D(yor)”/

In the above formulas, the function of the built-
up terrain, F(z;, 2,), for the regularly and lin-
early distributed heights of buildings from A,
toh (i.e., for n = 1), having the mean height of

max

:%, equals: F(21,22) ( _21> [7, 11~

17]; as above, 7q :@; l, is the vertical scale of
T

correlation of the walls’ roughness in the vertical
plane; L isthe average building’s length (or width,
depending of its orientation to the antenna beam);
v is the number of buildings per square kilometer;
2, and z, are the heights of the BS and MS antenna
heights, respectively, where always z;< z,.

Finally, we can get for a Ricean K-factor:

(Lo (r))8(0—90) a1

(I ()R (rs0)+ (T2 (r)) 2 (rs0)

It is important to analyze effects of two terms
in the denominator, consisting functions of (I (r))
f1(s ¢) and (I(r))fa(r, ¢). Each of them relates
to a different propagation phenomenon. The term
(I;(M)fi(r, @) is the significant term that describes
the influence of the scattering area located at the
proximity of Rx. The term (I5(r))fa(r, ¢) describes
the general effect of rare scatterers that are distrib-
uted uniformly in areas surrounding the Tx and MS.
The influence of different scatterers for the three
typical cases, depending on the BS antenna height.

Thus, when both antennas are lower than the height
of the buildings, the both components, (I;(r))/(r, ¢)
and (I5(r))fa(r, ¢), should be taken into account.
From formulas (9a) and (9b), as well as from (10a)
and (10Db), it follows that, if the BS antenna height

increases up to 29 =% then c_;—J Kd/4n /22 «1,
(L2(r)a(r0),,_, > (L (r)fi (o)

In the case of (Il(r)>f1((p) is close to zero, and
it means that all scatterers located in the far zone
from the MS, near the BS, will influence the spread-
ing of the total signal at the BS. With an increase
in the height of the BS antenna, that is, 29 > A, the
influence of buildings surrounding the MS on the
total signal distribution will be more significant,
and the term (Il(r)>f1(r, ¢) becomes larger than
the term (I(r))fo(r, @), describing the effect of
scatterers located close to the MS.

‘When the BS antenna is above the rooftop level
the K-factor distribution in the azimuth domain

K(r,0)=

K(o) [for the distance r being the constant] depends
only on position and the distribution of scatterers
(obstructions) close to MS. Influence of scatterers
(buildings) in the proximity of MS on the signal
received at the MS is increased and it contributes
more than the scatterers surrounding the BS and
then those located far from the MS.

Modeling of Capacity of MIMO Systems
in Built-up Environments

Using now information of the K-parameter of
fading occurring in each specific urban and sub-
urban environment, one can investigate the capac-
ity and spectral efficiency of each beam channel for
each individual user. This situation is depicted in
Fig. 8, by the N x M arrays representing a common
set of scatterers inside the communication channel.

The break-through in the interest in MIMO chan-
nels [7-9, 31] came when it was realized that it gives
a much higher throughput in the link when having
many channels of lower gain than one channel with
a high gain. The statement follows directly from
Shannon’s law for one channel in noise. The capac-
ity grows linearly with the known and the unknown
channel bandwidth B,, and, in the particular case
(M = N = 1), can be presented as:

P
C=B,logy|1+ bps], 12
w gz[ BwNO][ ps] 12)

where P/B, N, is the ratio of power signal to white
noise, N, is the spectral density of white Gaussian
noise, B, is its waveband of white noise. When
channels are independent their capacities may be

added, so for M and N larger than 1, and M>N we get:

Cuncorr = ByNlogg |1+ [bps]. (13)

NB,N,

We can explain this formula in the following
way: the power is divided equally between the N
channels, since they have the same gain. Since the
capacities of the channels are the same, we get a fac-
tor of N outside the log-function. The capacity (or
spectral efficiency C

v

C=C/B,) is almost constant
d
E N Propagation Channel M

Adaptive Adaptive
transmiter receiver
Tx Rx

B Fig.8. MIMO antenna system
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due to the high diversity order of MN. For the cor-
related case, we have only one channel, now with
mean gain MN [7-9]:

NP

M
1+ BN, ] [bpsl.  (14)

Ceorr = By logy

Let us now analyze equations (13), (14) for vari-
ous situations in the urban scene following to the
approach proposed in [7, 26] where multiplicative
noise was taken into account. Thus, taking into ac-
count multiplicative noise influence with effective
power density N, as one of the Gaussian-like noise
we can rewrite (12) as:

S
NOBw + NmulBQ ’

C:Bwlogz 1+ (15)

where B, is the frequency bandwidth of the
multiplicative noise.

We should mention here, following [25, 26], that
this procedure of replacing of equation (12) by equa-
tion (15) can only be done because of the similarity
between the Ricean distribution and the Gaussian
distribution for K > 1, and the fact that as the
Ricean K parameter grows, the Ricean distribution
approaches the Gaussian distribution in the limit.
Using the approximate formula in equation (8) for
the capacity (or for the spectral efficiency of the
channel, C=C/B,), we can now simplify the ex-
pressions obtained below for capacity, spectral ef-
ficiency ad BER, which are usually used in wireless
communications [7, 25—35]. Again, equation (8) is
valid when the LOS component of the total signal
inside a channel exceeds the NLOS component, that
is, when the K-factor is greater than a unit [7, 26].

This approach is similar to that proposed by
Rappaport [1] analyzing MUI. Using the same pro-
cedure, as above, for multiple access networks, it
was proved in [1] that the effects of MUI can be re-
garded as another source of effective noise, which
raises the noise level for calculating the error rates.
In this case we must introduce in formula (15)
N,,q together with the noise caused by MUI N,,,.
Furthermore, the above simple approach can be suc-
cessfully used in cases of dynamic communication
channels with fading, flat or multiplicative, where
an additional source of noise, called multiplicative
noise, must be taken into account [7, 26].

Above mentioned allows us to rewrite the
Shannon’s formula (15) accounting for the presence
of multiplicative noise as

czlogg[H;]:
Nadd +Nmul

-1
N, N

1o 1+M+M] , (16)
£ [P P

Using the above introduced notations, we finally
get the capacity as a function ofthe K-factor and the
additive noise:

3 N -1

C=logy 1+[—“dd +K1 =
P

K NP
=logy 1+—“‘g , a7
K+
add
where, as above, L: leo

, and we use here the

mult I inc
definition of K as: K, =—<°
inc

If so, according to [7—10], we can obtain for cor-
related and uncorrelated elements of the multi-
beam antenna the following formulas for spectral
efficiency of the (M/N)-element antenna system:

— for correlated multi-beam antenna elements

%(%) |

P
K +[m] ]
"N Jaaa

— for uncorrelated multi-beam antenna elements

%) |
(2|

Here, (P,,/N),,q is the signal to additive Gaus-
sian noise ratio, which usually is taken into account
in the literature. We also accounted the multiplica-
tive noise caused by fading multipath phenomena
occurring in each m channel.

1+ MN

Ceorr =logy

[b/s/Hz]; (18a)

Cyuncorr = Nlogs [b/s/Hz]. (18b)

C,b/s/Hz

5f Correlated MIMON = 5, M = 5

4 4]
| Uncorrelated MIMOL\’ =5, M=5
3 ~~— —Cérrelated MISON =5, M =1

g .f"'.// Uncorrelated MISON =5, M =1
I/ — —
1!/'"_'_____ T SISON-1,M-1
; K
20 40 60 80

B Fig.9. Spectral efficiency of the MIMO and MISO
systems vs. K-factor; as an example, SISO
system is also presented
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In both cases, the spectral efficiency depends
not only on the number of output and input antenna
elements, but also on the K-factor of fading. This
dependence for different configurations of MIMO
system is presented in Fig. 9.

It is clear seen that correlated antenna elements
allow achieving better spectral efficiency compared
with that for uncorrelated antenna elements.

Numerical Analysis of Capacity
and Weight Coefficients for MIMO System

The following scheme (Fig. 10) will explain loca-
tion and angles of the antennas in our numerical
experiment. LOS: ¢,=0, ¢=180°.

Base station located at r = 0 (see Fig. 10). When
¢p = 0 it means that the direction of the beam is
parallel to the ground, and is directed to the re-
ceiving antenna at distance r. For the best signal,
receiving antenna should be rotated horizontally
at an angle of ¢ = 180°, directly to the transmit-
ting antenna. The initial parameters we take for an
urban environment shown in Fig. 6 are the follow-
ing: v=0.000l m2; L=100m; [, =2m; [, = 1 m;
h=40m; z;=2m; z,=5m; f =900 MHz.

The 1D dependence W(r) in space domain. This
is a plot of weight coefficients W, defined by (2)
to (4) for adaptive terminal antennas, as a function
of the distance r between the BS and MU antennas
(Fig. 11).

As it is seen from Fig. 11, at the close ranges
from the BS antenna a tendency of decrease of coef-
ficient W can be explained by effects of increase the
LOS component and decrease of multipath effect on
the weight coefficients, because With increase of
distance between two terminal antennas, BS and
MU, effects of multiple scattering from obstruc-
tions, natural and man-made, becomes prevailed
on LOS, that is, the LOS component decreases, but
multipath NLOS component increases with move-
ments of subscribers far from the transmitter.

The 1D dependence W(¢) in the azimuth domain.
The same tendency is observed for the weight coeffi-
cients in the azimuth domain (Fig. 12). As it is seen
from Fig. 12, when BS and MU antennas are direct-
ly opposite to each other, we have maximum LOS

40 . W(r) functlonl .
—30° -
351 60° H
1
30+ /// — 1
25+ // B . T
A
220t ]
p I
15¢ / ) -
10/
5t
0 'l | 'S 1 1
0 500 1000 1500 2000 2500 3000

B Fig. 11. Weight coefficients W of the adaptive an-
tenna, vs. distance r for 4 various azimuth
angles @

W(p) function
12 S -y e —p- “ 1=

r=500 m
r=1000

10 7=1500 m|

26

100 120 140 160(P180 200 220 240 260
B Fig.12. Weight coefficients distribution in the

azimuth domain for the distance r from the
transmitter

0 r

B Fig.10. Scketched geometry of numerical experi-
ment with adaptive antennas

component, that is, minimum of the parameter W.
This tendency is decreased with increase of the dis-
tance between BS and MU antennas, because the
multipath phenomena caused by multiple scattering
from obstructions surrounding both terminal an-
tennas becomes prevail against “pure” propagation
phenomena. The same is observed with increase of
azimuth angle between BS and MU from the LOS
direction (when ¢ = 180°, see Fig. 12).

3D dependence of W(o, r) in the joint distance-az-
imuth domain. Now we present a 3D-plot of weight
coefficients W versus ¢ and r (Fig. 13). The present-
ed here results are generalize all those shown above
shown by Figs. 11, 12. Here a 3D-plot of weight co-
efficients W is presented in the joint ¢-r domain for
different azimuth angles of adaptive antenna beam
and for various distances between BS and MU an-
tenna. The right column presents the weight coef-
ficient W versus r and o.
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As it is seen again, the minimum of noise-to-
signal ratio, that is of weight coefficients, W, is
obtained when two antennas in LOS conditions one
opposite the second (i.e., ¢ = 180°). With increase of
distances, this effect becomes weaker and the cor-
responding dependence becomes smoother.

The 1D dependence C,, ... (1) in space domain
for uncorrelated-element antenna. In Fig. 14 a plot
of C,, .., as a function of distance r is shown for dif-
ferent azimuth of the antenna inclination (see Fig. 10).

The upper three curves represent MIMO 8x8
settings and the lower three curves represent SISO
(1x1) for simple comparison between antenna sys-
tem arrangements. The behavior of the curves in
Fig 14 is similar to those shown in Fig. 11 because
Cncorrdepends on K and acts the same way as seen
from the formula (18b).

The 1D dependence C, . in space domain for cor-
related-element antenna. In Fig. 15 a plot of C
as a function of r.

As it is seen, there is no any sufficient difference
in arrangement of MIMO antenna system, correlated

corr’

and uncorrelated; only the spectral efficiency is
slightly better in the case of correlated antennas.
The distance and azimuth effects are similar.

5.5 C — correlated (¢) function

r=500m
e T r =1000 m
S o - r=1500 m
-~ o

-

450 ]

C —correlated
S

100 120 140 160 (p1éo 200 220 240 260

3D plot of W(op, r)

\\

S
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%ﬁ’
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B Fig.13. 3D-plot of W as a function or ¢ and r

B Fig.15. C,,, vs.distancerfor various azimuth angles ¢
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Sr P T  =1000 m
4 5 r=1500 m
o 4t N
9] .
=3.5(
3]
£ |
<)
72.5
QO 2l e - |
1.5 — —_—
1L—" T
0.

5 L 1 | : L L 1 1 L
100 120 140 160@180 200 220 240 260
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1D dependence of C,,, ..., (¢) in azimuth domain.
In Fig. 16 a plot of C,,,.,.,» as a function of ¢ for the
distance r=500, 1000, 1500 m, is shown.

As it is seen, there is no any sufficient differ-
ence in arrangement of MIMO antenna system,
correlated and uncorrelated; only dependence
on K slightly better in the case of correlated an-
tennas. The distance and azimuth effects are
similar.

The 1D dependence of C,,,.. (¢) in azimuth do-
main. In Fig. 17 a plot of C,,,, as a function of ¢
is shown for different distances between the trans-
mitter and receiver antenna r = 500, 1000 and
1500 m.

The behavior of the graph in Fig. 17 is like in
Fig. 12, because, according to formula (18a), C,,,,
depends on K (K=1/W) and acts at the same way
as it is seen in Fig. 12, calculated for weight coef-
ficients W.

Summary

Splitting the antenna up into several antenna
elements with a possibility of adaptively combin-
ing the signals gives the well-known diversity gain,
under the assumption of small correlation between
the elements. The correlation depends on both the
element pattern and the power distribution of the
environmental spread. The diversity gain may be
used on both the receiving and the transmitting
side, but the highest gain is achieved when both
sides are being optimized jointly. The gain is not
only maximized, but there is also a diversity order
of order M x N. The real benefit comes from real-
izing that there are a potentially large number of
parallel channels with almost the same good prop-
erties. This benefit may also be realized through
space-time-coding or feed-back from the receiver to
the transmitter (see [34]).
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