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State Key Lab. of Millimeter Waves, School of Information Science and Engineering,
Southeast University

China

1. Introduction

It is known that the performance of Multiple-Input-Multiple-Output (MIMO) system is
highly dependent on the channel characteristics, which determined by antenna
configuration and richness of scattering. In this chapter, we address the utilization issue of
MIMO communication in strong line-of-sight (LOS) component propagation. It will be
focused on the characteristics of the MIMO channel matrix, the channel capacity and the
condition number of the matrix. Two typical scenarios will be discussed: the pure LOS
environment and the LOS environment with a scatterer. Our previous researches (Liu et al.,
2007 & 2009) formed the basis of this chapter.

For the first case, the design constraint for antenna arrangement as a function of frequency
and distance is discussed for the LOS MIMO communication. Then is can be seen how this
constraint works and how could this constraint be weaken by smart geometrical
arrangement and multi-polarization.

For the second case, the effects of scatterer on the MIMO channel characteristics in LOS
environment are described. The MIMO channel matrix is expressed analytically for typical
scatterer and the microstrip antennas are considered in this case. Some suggestions for
practical MIMO system design will be presented in the end.

2. MIMO channel model and channel characteristics

2.1 MIMO channel matrix H
We consider a MIMO channel model with n; transmit antennas and #, receive antennas
[illustrated in Fig. 1]. The channel impulse response between the i transmit antenna and the j

receive antenna is denoted as /,, . Given that the signal x,(¢) is launched from the i transmit

antenna, the signal received at the j receive antenna is given by
Yy ()= h (O*x(O+n,(1) i=12..n;j=12...n 1)
i=1

where * denotes the convolution operation, 77,(#) is the additive noise in the receiver.
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148 Mobile and Wireless Communications: Physical layer development and implementation

The channel is assumed to be frequency-flat over the band of interest, then (1) is rewritten as

x,(t) x,(1)

i x, ()
n; n,j
(o) y,(0) 0

Fig. 1. MIMO channel model with n; transmit antennas and #, receive antennas

¥, (0= 2 I, O%, 0+ 17,() @)

It can be described by matrix form
y(@) = Hx(?) + n(7) (3)

where
X(7) = (x, (1), x,(2), .., x,, ()" eC”
y(t) = (y1 (t), Y, (f),...,ynr ([))T c Cn,_xl

00 = (0, (0.7,(0)c, (1) € C

are the transmitted signal vector, the received signal vector and the zero-mean complex
Gaussian noise vector respectively.
The composite MIMO channel response is given by the matrix H with

hl,l hl,z o hl,n,
H=| T|ecr @
hrl,. 1 hn,.,l o hn,.,n,

The discrete signal model is obtained by sampling as symbol time Ts
(k) =y E, /n Hx(k) + n(k) (®)

where E_ is the total average energy available at the transmitter over a symbol period , the

normalized transmitted energy on every transmit antenna is +/E,/n, during a symbol
period.
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MIMO Channel Characteristics in Line-of-Sight Environments 149

2.2 LOS component and NLOS component

The Ricean MIMO channel model decomposes the channel into a deterministic LOS
component and a stochastic NLOS (non-LOS) component for the scattered multi-path signal
(Erceg et al., 2002), where the Ricean K-factor is defined as the ratio between the power of
the two (Tepedelenlioglu et al., 2003), and the common path loss is moved out of the matrix

H as being normalized.
| K 1
H= H.HLOS . 1+ K “H 05 (6)

Note that when K = the matrix becomes a pure LOS matrix and when K =0 it
corresponds to the case of pure Rayleigh fading. As the environment we concerned is
related to the microwave relay system, which is a pure LOS channel generally, our
discussion will be focused on the LOS scenario, which implies K = oo .

2.3 Deterministic MIMO Channel Capacity

Chanel capacity evaluates the performance of MIMO channels by quantifying the maximum
information able to be transmitted by the propagation channel without error (Paulraj et al.,
2004). We assume that the channel H is perfectly known to the receiver. The capacity
expressed in Bit/s/Hz of the MIMO channel is given by (Telatar, 1999)

C= max logz[det(lnr+ E, HR“H”H 7)

Rxx ’tr(Rxx )="l I’ltNO

where E_ is the total average energy available at the transmitter over a symbol period , N,
is additive temporally white complex Gaussian noise. (-)" stands for complex conjugate
transpose, #r(-) stands for trace.

R is the covariance matrix of transmitted signal x. The maximization is performed over all

possible input covariance matrices satisfying (R ) =n, .

Given a bandwidth of WHz, the maximum asymptotically error-free data rate supported by
the MIMO channel is simply WCbit/s.
Assume that CSI (Channel State Information) is known only at the receiver, and then the
covariance matrix should be

R, =1, (8)

This implies that the signals transmitted from the individual antennas are independent and
equi-powered. With (8)submitted to (7), the channel capacity is given as (Foschiniet al. ,
1998)

C =log, [det(lnr +AHHH]:| )

nN,

which may be decomposed as

u E
C= Z:log2 (Inr +— /”t,} (10)

i=1 nN,
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150 Mobile and Wireless Communications: Physical layer development and implementation

where m = min{nr,nr} , A denotes the positive eigenvalues of W, or the singular value of
the matrix H .

3 HH" »n <n

- {HHH n._>n,
Equation (10) expresses the spectral efficiency of the MIMO channel as the sum of the
capacities of m SISO channels with corresponding channel gains \/Z (i=12,..m) and

transmit energy E, /n, (Paulraj et al., 2004).

2.3 Condition number of the channel matrix

The condition number of the channel matrix is the second important characteristic
parameter to evaluate the environmental modelling impact on MIMO propagation. It is
known that low-rank matrix brings correlations between MIMO channels and hence is
incapable of supporting multiple parallel data streams. Since a channel matrix of full rank
but with a large condition number will still bring high symbol error rate, condition number
is preferred to rank as the criterion.

The condition number is defined as the ratio of the maximum and minimum singular value
of the matrix H.

cond(H) = Z‘“L (11)

The closer the condition number gets to one, the better MIMO channel quality is achieved.
As a multiplication factor in the process of channel estimation, small condition number
decreases the error probability in the receiver.

3. MIMO technique utilized in LOS propagation

As discussed above, the high speed data transmission promised by the MIMO technique is
highly dependent on the wireless MIMO channel characteristics. The channel characteristics
are determined by antenna configuration and richness of scattering. In a pure LOS
component propagation, low-rank channel matrix is caused by deficiency of scattering
(Hansen et al., 2004).

Low-rank matrix brings correlations between MIMO channels and hence is incapable of
supporting multiple parallel data streams. But some propagation environments, such as
microwave relay in long range communication and WLAN system in short range
communication, are almost a pure LOS propagation without multipath environment.
However, by proper design of the antenna configuration, the pure LOS channel matrix
could also be made high rank. It is interesting to investigate how to make MIMO technique
utilized in LOS propagation.

3.1 The design constraint

We firstly consider a symmetrical 4x4 MIMO scheme with narrow beam antennas. The
practical geometric approach is illustrated in Fig. 2, this geometrical arrangement can extend
the antenna spacing and hence reduce the impact of MIMO channel correlation. On each
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MIMO Channel Characteristics in Line-of-Sight Environments 151

side, the four antennas numbered clockwise are distributed on the corners of a square with
the antenna spacing d. R represents the distance between the transmitter and the receiver.
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Fig. 2. Arrangement of 4 Rx and 4 Tx antennas model

We assume the distance R is much larger than the antenna spacing d. This assumption
results in a plane wave from the transmitter to the receiver. In addition, the effect of path
loss differences among antennas can be ignored, only the phase differences will be
considered.

From the geometrical antenna arrangement, we have the different path lengthsr, = from

transmitting antenna 7 to receive antenna m:

U =R

=1, =NR*+d> ~R+d" /(2R)
rn,=VR*+2d* ~R+d’/R,...

All the approximations above are made use of first order Taylor series expansion, which
becomes applicable when the distance is much larger than antenna spacing.
Denoting the received vector from transmitting antenna n as

27 27
h, :[exp(—]7th),...,exp(—]7r4’n)]7, n=1..4 (12)

where A is the wavelength and ()" denotes the vector transpose. Thus the channel matrix

is given as
H:[h1>h2>h3ah4] (13)

The best situation for the channel matrix is that its condition number (11) equals to one. It is
satisfied when H is the full orthogonality matrix which means all the columns (or rows) are
orthogonal.

Orthogonality between different columns in (13) is obtained if the inner product of two
received vectors from the adjacent transmitting antennas equals to zero:

27 d? 27 d?
<h,h  >=2exp(-]—QR+—))[l+exp(—j—-—)]=0 14
o> M xp(—J ,1( 2R))[ Xp(—J 7 R)] (14)
which results in
d’ :iTR(Zk+1) k=0,1... (15)
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152 Mobile and Wireless Communications: Physical layer development and implementation

To get practical values of d , we choose k =0 to update (15). The optimal design constraint
therefore becomes

_AR
2

From (16) we can see the optimal antenna spacing is a function of carrier frequency and
propagation distance as well as the geometrical arrangement. As A =c/ f shows, higher

d’ (16)

frequency results in smaller antenna spacing requirement, but longer distance increases it.
Here c denotes the velocity of light. According to the deriving process above, it is obvious
that when constraint (16) is satisfied, the channel matrix H in (16) is a full-rank matrix. This
optimal design constraint is also determined by the antenna array arrangement, since

different path lengths 7, , gives different channel matrix.

The derivation foundation of (16) is the condition number of H in (11) equals to one, which
also satisfies all singular values of H are equal, that is

A(H) =---=2,(H) (17)

From (17) and the method of Lagrange multipliers, the highest channel capacity in (10) is
obtained (Bohagen et al. 2005). Therefore, maximum capacity and best condition number
agree well.

The relation between the condition number and the capacity in pure LOS propagation is
depicted in Fig. 3. The capacity is in linear inverse proportion to condition number, i.e., the
closer the condition number is to one, higher the capacity is. It achieves the maximum
capacity of 17.6 bit/s/Hz at 3km transmission distance with 30GHz frequency and 20dB
SNR (Signal to Noise Ratio).

18 <

Capacity (bit's/Hz)

T T J

10 5
Condtion Mumber

Fig. 3. Capacity as a function of condition number in pure LOS propagation, for the case that

SNR 20dB, optimal frequency 30GHz, and optimal transmit distance 3km.
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3.2 MIMO channel characteristics analysis and suggestions

Antenna spacing larger than half wavelength is usually required for achieving uncorrelated
subchannels in dense scattering environment (Foschini, 1996). The design constraint in (16)
shows half wavelength is no longer enough for pure LOS propagation when distance
between transmitter and receiver is large. In the following, we will discuss how to construct
a feasible LOS MIMO channel in accordance with this design constraint. It is also interesting
to explore what is the acceptable situation and how it affects the practical design.

Based on the 4x4 MIMO ray tracing model above, the relation between condition number
and antenna spacing is investigated and shown in Fig. 4. It confirms that larger distance
requires larger antenna spacing while higher frequency requires smaller antenna spacing.
The optimal condition number can be achieved at many points because of the periodicity of
traveling wave phase.

The design constraint in (16) obtains the optimal channel quality, but the large antenna
spacing is difficult to achieve in practice. However, practically, the condition number
around 10 is allowed from the view of link quality. For example, if carrier frequency and
transmission distance are 30GHz and 2km respectively, instead of 3.2m antenna spacing for
the best case, 2m antenna spacing also performs well as condition number equals to 10.

It is noted that the antenna spacing is fairly large, but potentially acceptable for microwave
relay or mobile telephone towers. In addition, NLOS elements also exist in actual situation,
such as weak scattering elements, rain event, etc. These causes will increase the
independence of MIMO channels and therefore improve the condition number.

Some position errors will exist in practical setting, and Fig. 5 investigates how sensitive the
performance of channel matrix is to the distance between two relay stations, with different
or frequency 30GHz or 40GHz, and different antenna spacing 2m or 4m respectively. It
shows that these four scenarios have the same degradation rate of channel quality with the

o r'!EDGHZRP!Ekm
77 f=S0GHZR =3km
10 ] -n f_m40GHZR_=2Km

N L e el il e Tl N T

Condition numbser
L= )

o

Antenna spacing (m)

Fig. 4. Antenna spacing deviation impact on condition number with fixed frequency
(30GHz, 40GHz) and fixed distance (2km, 3km). Condition number below 10 can be
accepted in practice.
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——1_=40GHz d=2m
{_=40GHz d=dm
-omeef =30GHz d=2m

- 1‘F5=3ﬂGHz,d=dm

Condition number

Transmit distance (kmj

Fig. 5. Transmit distance deviation impact on condition number with fixed frequency
(30GHz, 40GHz) and optimal antenna spacing (2m, 4m). 1000m location deviation yields
slight performance degradation.

distance offsets. This figure also indicates that even 1000 meters location deviation yields
slight performance degradation.

3.3 Effects of multi-polarization

As the design constraint shows in (16) , considerable antenna spacing is needed to introduce
phase differences among antennas when operating MIMO system in LOS environment. To
increase the independence among MIMO channels, multi-polarized antennas can be

applied. Using the same geometry depicted in Fig. 2, we assume that ¢, (i=1,2,3,4)
denotes the offset angle of the polarization of ith transmitting antenna with respect to
vertical polarization, while f i (7=12,3,4) denotes the offset angle of the polarization of
jth receiving antenna. For simplicity, we neglect the effect of cross polarization. Then the
channel matrix (12) in multi-polarized LOS MIMO scenario is updated to

h, =[cos(f ~a,)-exp(-j 27ﬂ’i,n ), sc08(fy —a,)-exp(—] 27”&" W', n=1,..,4 (18)

where cos(f3, —a,) is the square root of normalized signal power on jth receiving antenna

relative to ith transmitting antenna. With regard to this new channel matrix, we will see the
improvements of channel matrix characteristics brought by multi-polarization.

Fig. 6 illustrates how the multi-polarization impacts on the MIMO channel characteristic.
Three typical polarized cases are plotted compared with the uni-polarized case. By

searching all the values of polarization degree in [0°,90°], some points can be concluded:

the use of multi-polarized antennas is an effective way to decrease the antenna spacing.
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Lini-polarizatson |
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Fig. 6. Condition number as a function of antenna spacing with three polarized cases

compared to the uni-polarized case. Degree of polarized antennas on transmitter side (Tx)

and receiver side (Rx) follows: Casel: Tx 0°,20°,40°,60° , Rx 10°,30°,50°,70°; Case2: Tx 60°,0",

60°,0°, Rx 70°,10°,70°,10° ; Case3: Tx 90°,0°,90°,0°, Rx 90°,0°,90°,0° . The use of multi-polarization
appears as a space- and cost-effective alternative.

For instance, case 2 saves 0.8m antenna spacing to achieve condition number 10 relative to
the uni-polarized case. Moreover, dual-polarization on each side leads to better channel
matrix characteristic than four-polarization. Furthermore, the minimal antenna spacing we

get is the orthogonal polarization 0° /90" on each side. But this is not the best choice for
system performance, because the improvement of channel quality is based on sacrificing the
transmitting power and the receiving diversity gain.

4. Effects of scatterer on the LOS MIMO channel

As we discuss above, the implement of MIMO technique to pure LOS propagation
enviroment is restricted by a constraint which is a function of antenna arrangement,
frequency and transmission distance. In actual outdoor radio channels, the existence of
scattering will improve the MIMO channel performance effectively (Gesbert et al., 2002).
Start from the electromagnetic knowleges, we will give the theoretical explanation on how
the channel performance improved and how much it will be improved by a typical scatter.

4.1 A 2D MIMO channel model in outdoor propagation

We focused on the outdoor LOS environment but with a scatterer. It is an abstract model for
the propagation enviroment of microwave relay or mobile telephone towers. Analytical
method will be adopted in this channel model combining the electromagnetic theory and
antenna theory.
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Fig. 7. A 2D MIMO channel model in outdoor propagation

A 2D MIMO channel model in outdoor LOS propagation is shown Fig. 7. Combining with
the practical applications, microstrip patch array antennas are used in this model. Every
rectangular patch antenna on each side is arranged along z-axis. To simplify the MIMO
system is projected to x-y plane, it has P transmitter and Q receiver. The propagation is
considered as a LOS situation, a cylindrical scatter is on the side of the direct path. The
cylinder is the simplified model of the actual architecture in outdoor environments. Only
transverse magnetic wave (vertical polarization) is considered in this electromagnetic
scattering problem.

4.2 Radiation patterns of microstrip antennas

The geometry for far-field pattern of rectangular microstrip patch is shown in Fig. 8. The far-
field radiation pattern of such a rectangular microstrip patch operation in the TM;p mode is
broad in both the E and H planes. The pattern of a patch over a large ground plane may be
calculated by modelling the radiator as two parallel uniform magnetic line sources of length
a, separated by distance b. If the slot voltage across either radiating edge is taken as Vj, the
calculated fields are (Carver et. al, 1981)

<v

Fig. 8. Geometry for far-field pattern of rectangular microstrip patch
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: a . ..
) Wk ae sin[k, —sin @sin @]

E, T[cos(kh cos )] . .
k, 5 sindsin ¢ (19)
-{cos(k0 gsin 6 cos ¢)}cos 0, (O <0< %}
. . sin[k, < sin @sin 4]
E, = m [cos(khcosB)]- i
r k, %sin Osin ¢ (20)

-{cos(k0 gsinﬁcos ¢)} cos@sin g, (0 <6< %),

where h is the substrate thickness, k = k, /¢, , k, is the wave number in vacuum, ¢, is the

dielectric constant, r is the radiation distance.

4.3 Cylindrical scattering
To obtain the analytical expression, we suppose the cylindrical scatter in Fig. 7 is a
conducting cylinder with the radius p . The plane wave incident upon this cylinder is
considered since the propagation distance from the transmitter to the cylinder is long
enough.
Take the incident wave to be z-polarized, that is (Harrington, 2001)

E; — Eoe—jkrcosﬂ (21)
where E|is the far-field from transmitter to cylinder, r is the propagation distance and / is

the scattering angle in Fig. 7.
Using the wave transformation, we can express the incident field as

E =E,Y j"J,(kr)e 22)

n=-—oo
where J, is the first kind Bessel function.

The total field with the conducting cylinder present is the sum of the incident and scattered
fields, that is

E =E +E' (23)
To presnet outward-traveling waves, the scattered field must be of the form
E =E,Y j"a,H® (kr)e"” (24)
where H ,52) is the second kind Hankel function.
Hence the total field is
E.=E, Y j"[J,(r)+a,H (kr)|e"” (25)

n=-—owo
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At the cylinder the boundary condition £ =0 at » = p must be met. It is evident from the
above equation that this condition is met if
-J, (k
a - 2n)( P) 6)
H,? (kp)

Which completes the solution.

4.4 Analytical mathematical expression of channel matrix H
According to 2D model in Fig. 7, $ =90° is adopted in the far-field radiation pattern of
patch antenna. Thus, £, =0, and the incident wave from each microstrip antenna of the
transmitter to the cylinder is

sin[k, sin 0] x
[cos(khcosB)] 2 cos 0, (0 <f< —j (27)
wr PR 2

05 sin @

Ei — jl/()koaeijkor

In accordance with the Geometric Relationship between the cylinder and each antenna
shown in Fig. 7, the scattered field from the p antenna in transmitter to the q antenna in
receiver affected by the cylinder is calculated by (24) and (27)

sin[k,(a/2)sin 6, ]
- -cos®,
ky(a/2)sin®, 08)

s 'Vok,a i
Ep,q = Jﬂ_% eXp(—]kOrp )-[cos(khcos ep )]

p

5o S kp) o .
.HZZN] WH,, (kyr,)exp(jnp, ) p=1.P,qg=1.0

where 7, is the distance from the p transmit antenna to the cylinder, 7, is the distance from
the cylinder to the g receive antenna. ¢, is the angle between the LOS path and the ray path
from the p transmit antenna to the cylinder, €, is the angle between the LOS path and the
ray path from the cylinder to the g receive antenna. /3, is the scattering angle in Fig. 7,

which S, =86, +6,. The value of N order is determined by the convergence of the Bessel

function and the Hankel fuction.
The incident wave at the receiver from the LOS path is

. 'V k a }
E = l}oe_oexp(_ JjkR, ) [cos(khcosp, )]
TR, 4 (29)
sin[k, (a/2)sin
: k[ A0 2] c0s@,,,  p=l.Pg=1.0
0(a/2)s1ngop,q

where R, and ¢,  are the distance and the angle between the p transmit antenna and the g

receive antenna respectively.
The antenna directivity of the receiving antenna is given by the rectangle microstrip antenna
pattern
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D(0) =[cos(khcos 0)]- { sinfk, (a/2)sin ] } -cos @

ky(a/2)sin@
The total field is the sum of the incident and scattered fields, that is
Ep,q = E;,q .D(¢pq)+E;,q -D(@q)

sin[k,(a/2)sing, ] ’

Vo k
_JVikea } (cosg, )

R exp(—jk,R, cos(khcosp, )’ {

pP.q

ky(a/2)sing,
sin[k,(a/2)sind, ] (31)

ky(a/2)sin@,

zr,

+ M exp(—jk,r, )[cos(khcos 0, )]{ } cosd, cosb,

N ;on _Jn (kOp) 2) .
’n:z_NJ Wﬂn (kyr, Y exp(jnf, cos(khcos 6,)]

This can be also considered as the sum energy of the LOS element and the NLOS element at
the receiver. This electromagnetic interpretation agrees well with the Ricean model in (6).

sin[k,(a/2)sin 6, ]
ky(a/2)sin6),

Define E;X as the transmitted field, thus the channel matrix element follows

_ X
hp,q - Ep,q /Ep (32)
Hence, the MIMO channel matrix is composed
hl,l h],P
H=| ... ... ... |leCcP™ (33)
hLQ hP’Q

4.5 Numerical Evaluation

Our simulation is based on a 4x4 MIMO system with working frequency at 3GHz. The
antennas are excited by voltage 1V. The dielectric constant of the microstrip antennas
substrate is 2.5, and its thickness is 0.034 which determined by the working wavelength.
For a matched antenna, the size could be referenced to (Bahl, et al., 1982).

The simulation parameters are initialized as follows: the spacing between antenna elements
is d =0.4m ; the radius of cylinder is p=50m as the actual size of buildings; the

propagation distance between transmitter and the receiver is R =1km ; the projected
distance from the cylinder to the transmitter and to the receiver are Rf=800m and
Rr =200m respectively; the distance between the cylinder to the LOS path is D.

We mentioned above the order N in the scattering field expression (28) is determined by the
convergence of Bessel function and Hankel function. Because the practical scatter is
relatively big, large N is needed. Hence, we need to investigate the convergence of these
functions first, in order to reduce the calculation complexity.

We redefine the determinative part in (28) as

o= 3 o albor)

(2) ;
et Hflz) (kop) Hn (korq)exp(jnﬂp,q) (34)

www.intechopen.com



160 Mobile and Wireless Communications: Physical layer development and implementation

0.1

0.01

Relative Error

1E-3 4

1E-4 4

1E-5

— T - 1 T T 1 T 1T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

N

Fig. 9. The relative error function ¢(n), at f =3GHz, p=50m, Rr =200m, and
D =100m

the relative error function is

|[f(n+D)~ f ()
|/ ()

The relation between the error function ¢(n) and the order N is shown in Fig. 9. This curve

e(n) = (35)

corresponds to the MIMO system with working frequency f =3GHz , and geometric
parameters p =50m, Rr =200m and D =100m . It shows that when N is larger than 2500,

it hase <107 . The &(n) curve starts smoothly when N is larger than 3170. The simulation

shows that the value of N makes a strong effect on the accuracy. With accordance to (34), a
higher frequency, a larger scatter or a longer propagation distance needs a larger N to meet
the same accuracy.

Suppose the transmitted power doesn't depend on the system frequency and propagation
distance. The SNR is defined as a variable which depend on the system parameters and the
actual propagation environment. Set SNRo=10dB at 3GHz system frequency and 2km

propagation distance. Then the SNR can be calculated by the transmission loss L,, in free

space:

SNR = SNRy + (L, — L) (36)

where L, =201g(4zR/ 1) (dB)
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4.6 MIMO channel characteristics analysis and suggestions

Fig. 10 shows the effects of difference cylinder size on the MIMO channel performance. The
cylinder distance to the LOS path steps by 10m in the simulation. Compared with the pure
LOS case, the scattering in MIMO propagation improves the channel performance
significantly. The larger cylinder, the higher channel capacity achieves. If the cylinder radius
is 100m, the channel capacity improves more than 2bps/Hz. Fig. 10(b) shows the correlation
of the MIMO sub-channels from the condition number of channel matrix. When the distance
from cylinder to LOS path is smaller than 200m, the condition number reduces from 1E7 to
1E5 because of the cylindrical scattering.

RRRA LOS p=50m

- £--LOS+NLOS p=50m
—v— LOS+NLOS p=10m
—e— LOS+NLOS p=100m

8.5

Capacity (bps/Hz)

6.0

Cylinder Location D (m)

(@)

T T T T T T T 1
0 100 200 300 400 500 600 700 800

10°5 e LOS p=50m
——LOS+NLOS p=50m
—4—LOS+NLOS p=10m
—e— LOS+NLOS p=100m

Condition Number

T T T T T T T 1
0 100 200 300 400 500 600 700 800

Cylinder Location D (m)
(b)

Fig. 10. The channel capacity (a) and the condition number (b) vary with the cylinder

location for the different cylinder size
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Fig. 11. The channel capacity (a) and the condition number (b) vary with the cylinder

location for the different antenna spacing
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From the comparison about Fig. 10(a) and Fig. 10(b), the capacity is inversely related to the
condition number. Namely, the improvement on the capacity by the cylindrical scattering is
the same as the condition number. Increase with the distance from the cylinder to the LOS
path, the channel performance improves gradually. It behaves as the slow fading channel.
This improvement is comparatively small when the cylinder is farther away than 600m.
However, big fluctuation appears when the cylinder is near LOS path (D<200m). This is
because of the fast fading caused by the superposition of the random phases in different

multipath.
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Fig. 12. The channel capacity (a) and the condition number (b) vary with the cylinder
location for the different frequency
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Fig. 11 shows that the antenna spacing increase, the correlation the subchannels becomes
lower. Hence, larger capacity and smaller condition number are obtained. Besides, the
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channel performance is improved significantly. In addition, larger antenna spacing leads to
bigger fluctuation of the capacity curves and the condition number curves.

Fig. 12 shows the different frequencies effect on the channel performance. It demonstrates
that lower frequency results to less path loss and less sensitivity of fast fading. Namely, high
frequency lets the curves fluctuate greatly.

Fig. 13 shows the different distances to the cylinder effect on the channel capacity. Rt is the
projective distance from the transmitter to the cylinder, and Rr is the projective distance
from the cylinder to the receiver. The further cylinder away from the antennas, the less
improvement by the scattering could be achieved. Consequently, the channel capacity
becomes lower. In Fig. 13(b) the slope of the curve Rr=100m is larger than the
Rr =500m case. This is because of the received antenna orientation. With the increase
distance, the angle among the received antenna and the cylinder becomes larger, which
results in less received energy in former case.

There are several singular points in the curves from Fig. 10 to Fig. 13. At these points, few
improvements of channel performance could be achieved. The reason for this is that the
cylinder scattering causes plenty of multipath element, and the phases of these multipath
superpose randomly. In the net-establishing of the base station, if the main scatters are
known, the singular points could be avoided by simulated prediction.

5. Conclusion

In this chapter, we discussed the MIMO channel performance in the LOS environment,
classified into two cases: the pure LOS propagation and the LOS propagation with a typical
scatter.

We first deduced a useful constraint for the MIMO system applied in the pure LOS
propagation. This constraint is a function of the antenna setup, the frequency and the
transmission distance. Then we give the analytical mathematical expression of the MIMO
channel matrix for the second environment case. From the electromagnetic explanation, we
know how this scatter effects on the MIMO channel.

The MIMO channel capacity and the condition number of the matrix were investigated. We
discussed how to construct such a LOS MIMO channel and how much a typical scatter
could improve on the channel performance.
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