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1. Introduction

In electromagnetic wave propagation through the earth’s atmosphere like satellite
communications, it is known that random fluctuations of the dielectric constant of atmosphere
affect propagation characteristics of electromagnetic waves (Fante, 1975; 1980; Ishimaru, 1997;
Rytov et al., 1989; Strohbehn, 1977; Tatarskii, 1961; 1971; Tatarskii et al., 1993; Uscinski, 1977;
Wheelon, 2003). The random fluctuations, called atmospheric turbulence, cause spot dancing,
wave form distortion, scintillations of the received intensity, the decrease in the spatial
coherence of wave beams etc. These effects make the received power decrease, and result
in the degradation in the performance on satellite communication links. Fig. 1 shows the
image of spot dancing and wave form distortion of wave beams. Fig. 2 presents the image of
the decrease in the spatial coherence of transmitted waves due to a wave front distortion.
The effects of atmospheric turbulence are not negligible in satellite communications in high
carrier frequencies at low elevation angles. For example, tropospheric scintillation, caused by
turbulence in the lowest layer of atmosphere, has been observed in satellite communications
in Ku-band at low elevation angles (Karasawa, Yamada & Allnutt, 1988; Karasawa, Yasukawa
& Yamada, 1988). Therefore, it becomes important to consider the effects of atmospheric
turbulence appropriately in the design of such satellite communication systems. Some models
to predict tropospheric scintillation have been developed for applications up to around 14
GHz in the carrier frequency on the basis of both theoretical and empirical studies (Ippolito,
2008). However, because a carrier frequency becomes higher according to the increase in
the required channel capacity of satellite communication links in the next generation, the
analysis of the effects of atmospheric turbulence should be done for applications at the higher
carrier frequencies such as Ka-band, a millimeter wave and an optical wave. Some studies are
conducted for satellite communications in such frequencies (Marzano et al., 1999; Matricciani
et al., 1997; Matricciani & Riva, 2008; Mayer et al., 1997; Otung, 1996, Otung & Savvaris, 2003;
Peeters et al., 1997).

We study the effects of atmospheric turbulence on satellite communications in such high
frequencies by the theoretical analysis of the moments of wave fields given on the basis of a
multiple scattering method (Tateiba, 1974; 1975; 1982). We investigate the method to estimate
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Fig. 1. Spot dancing and wave form distortion of wave beams through atmospheric
turbulence where I(r, z) denotes the intensity of a wave beam at (r, z).

the effect on bit error rate (BER) which is one of the most important parameters to determine
the system performance (Hanada et al., 2008a;b; 2009a;b;c;d). The probability density function
(PDF) of E; /Ny (the energy per bit to noise power density ratio) is needed in the analysis of
BER for satellite communications. However, it is very difficult to derive the arbitrary order
moment and the PDF by the multiple scattering theory, so that the alternative method to
estimate effects of atmospheric turbulence on BER has to be considered.

In this chapter, we give attention to the average value of received power which can be obtained
by the second moment of a Gaussian wave beam, and then we formulate BER derived from the
average received power. We provide the method to estimate effects of atmospheric turbulence
on satellite communications by analyzing the degradation in BER performance due to the
decrease in the average received power.

Sec. 2 presents formulations which are used in the analysis of BER on satellite
communications. We introduce the second moment of a Gaussian wave beam obtained by
the moment equation. Using the second moment of a Gaussian wave beam, we prepare the
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Fig. 2. Decrease in the spatial coherence of transmitted waves due to a wave front distortion.

modulus of the complex degree of coherence (DOC) and the BER derived from the average
received power.

Sec. 3 shows the results of analysis of the effect of atmospheric turbulence on satellite
communications in Ka-band at low elevation angles. We analyze the DOC and the BER
derived from the average received power for the uplink and the downlink, respectively.
Furthermore, we analyze the effect of atmospheric turbulence on the BER when we make
an aperture radius of the ground station’s antenna large in order to increase the antenna gain
and improve BER performance.

Sec. 4 provides a summary of this chapter and subjects to resolve in future.

2. Formulation

2.1 Moment of received waves

We assume that an inhomogeneous random medium, which represents atmospheric
turbulence, is characterized by fluctuations of the dielectric constant. The dielectric constant
¢, the magnetic permeability # and the conductivity o are expressed as

e = egl1+ be(x, 2)] 1)
W= Mo )
oc=0, 3)

where r = ixx +iyy (ix and iy denote the unit vectors of x and y coordinates, respectively) and
g9 and g are the dielectric constant and the magnetic permeability for free space, respectively.
The function de(r, z) is a Gaussian random function with the properties:

(5e(r,z)) =0 4)
(0e(r1,z1) - 0e(rp,22)) = B(r—,z4,2z-), (5)
wherer_ =11 — 13, 24 = (21 +22)/2, z— = 21 — zp, B(r_,z4,z_) is the correlation function

of random dielectric constant and the bracket notation (-) denotes an ensemble average of the
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quantity inside the brackets. Thus the medium fluctuates inhomogeneously in the z direction
and homogeneously in the r direction. Moreover, we assume that for any z,

B(0,z,0) < 1 (6)
ki(z) > 1, @)

where k = 271/ A is the wave number for free space and A is the wave length. The wave length
can be described by A = ¢/ f, where ¢ and f are velocity of light and the carrier frequency,
respectively. The function I(z) is the local correlation length of d¢(r,z). The medium changes
little the state of polarization of the wave under the conditions (6) and (7), and the present
analysis can be made in the scalar approximation. In addition, the forward scattering and the
small angle approximations can be applied.

We represent u(r,z) as a successively forward scattered wave with exp(—jwt) time
dependence in the inhomogeneous random medium. Fig. 3 shows a model of wave
propagation in the inhomogeneous random medium. An arbitrary order moment of u(r, z),

which is defined as
v
M]/H/ <Hu Sm,2 Hu*(tnzz)> 7 (8)

satisfies the following moment equation (Tateiba, 1982):
a v
{az by (szm Z%) —j(n —V)k] My (2)
k2 z v 5/ ,
:_{Z/odz (y—)B(Oz )—I—Z 1D< —tn,z—i,z)

m=1n=

_ ZV: iD(sm Sn, Z ) Z ZV:D(tm ty, z _Zz/ z’)]}MW(z)

m=1n>m m=1n>m
My (0) = MEL(O), )
r
A
Free Space Inhomogeneous

Random Medium
e=¢,, L=l,, =0 g=g [ 110e(r,2)], p=p,,

u. (r,z)

I 0

u(r,z)

Fig. 3. Model of wave propagation in an inhomogeneous random medium.
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where V = i,d/(9x) +1iy0/(dy),

D(r_,z4,z_) =2 [B (0,z4,z—) —B(r—,z4,z_)] (10)
v
M”f1 Hum sm z) [ [ uin(tn, 2), (11)
and uj, (1, z) represents a transmitted waves which is a wave function in free space where
de(r,z) = 0. The function D (r_,z4,z_) is the structure function of random dielectric

constant. The exact solutions to (9), however, have not been obtained except for the second
moment, which is one of the most important unsolved problems. The second moment of
u(r,z) can be derived as follows (Tateiba, 1985):

M11<I'_|_,I‘_,Z> :< (1'1, )M*(I‘Z, )>

27_[ / dK’“r 11 K/_|_,I'_, )

, k2 (7 z—1z z
- exp [jmr - d21 A d22 D (r_ " ! Ki,21 — Ez,zzﬂ , (12)
wherery = (11 +12)/2,
I (kv 1o, 2) = /_Oo dry M{j(rs, 1, 2) exp (—jks - 14) (13)
1 (s, 1-,2) = tin (11, 2y (12, 2). (14)

2.2 Second moment for Gaussian wave beam

A transmitted wave is assumed to be a Gaussian wave beam, where the transmitting antenna
is located in the plane z = 0 and the amplitude distribution is Gaussian with the minimum
spot size wy at z = —zp and wy denotes the radius at which the field amplitude falls to 1/¢ of
that on the beam axis (see Fig. 4). Then, the wave field in free space (Tateiba, 1985) is given by

2
n(6,2) = | 22 % exp | (1= jp) S5 + ke = ) (15

w

Fig. 4. Gaussian wave beam.
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where A is constant, r = |r| and

w = wo(1 + p?)!/? (16)
p =2(z+2)/ (kwj) (17)
B = tan ™! p. (18)
Therefore,
; 2A 2 5, .2p r2

1(re,r-,2) = 2 &P [—ﬁu "’]@(H To) — ﬁ] (19)

2 2

A: . w 2 p r-
11 (K4, 1-,2) = Aexp g 5 (ki) = %] : (20)

Substituting (20) into (12), the second moment for a Gaussian wave beam is given by

A © w? , r2
M (rq,r—,z) = (27/ dk4 exp —?Ki + <]r+ + gr_> )
oo 2
K z—2z z
y dzl/ dzp D (r_ . 1n+,zl — ?2,22>] . (21)

2.3 Structure function of random dielectric constant

We assume that the correlation function of random dielectric constant defined by (5) satisfies
the Kolmogorov model. We use the von Karman spectrum (Ishimaru, 1997) which is the
modified model of the Kolmogorov spectrum to be applicable over all wave numbers « for
|r_ +iz_|:

2 /.2
exp (—«°/x
@, (x,z1) = 0.0383C2(z,) p(=x/ 1"1126, 0<Kx<oo (22)
(2 +1/13)
where «,, = 5.92/ly. Parameters C2(z.), Ly and [y denote the refractive index structure

constant, the outer scale and the inner scale of turbulence, respectively.

Here, we assume that the dielectric constant is delta correlated in the direction of propagation,
which is the Markov approximation (Tatarskii, 1971). On this assumption, B(r_,z4,z_) can
be expressed by using the Dirac delta function 6(z) as follows:

B(r_,z.,z_) = 16m°6(z / dx kP (x,z4 ) Jo(kr—), (23)

where Jy(z) is the Bessel function of the first kind and order zero. Therefore, we obtain the
structure function defined by (10) as follows:

D(r_,z.,z_) = 32m%5(z / dri kD (5, 24) [1 — Jo(xr—)]

e 5 et o () () ()

1 1 \3 = 1 1 \*" 5 K2 72
r(= — Fl-n—2:1,-""= |, (4
" <6) <KmLO> n;o n! <KmLO> e " 6 4 o
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where I'(z), 1Fi(a;b;z) and I,(z) are the gamma function, the confluent hypergeometric
function of the first kind and the modified Bessel function of the first kind, respectively. Note
that we use the solution including an infinite series (Wang & Strohbehn, 1974) in order to ease
the numerical analysis of the integral with respect to x.

2.4 Model of analysis

We analyze effects of atmospheric turbulence on the GEO satellite communications for
Ka-band at low elevation angles. Fig. 5 shows the propagation model between the earth
and the GEO satellite. The earth radius, the altitude of satellite and the elevation angle are
expressed by R, L and 6§, respectively. A height of the top of atmospheric turbulence is shown
by h;. The z; is the distance from a transmitting antenna to a receiving antenna:

zp = \/(R +L)2 — (Rcos )% — Rsin6, (25)

and zy, is the distance of propagation through atmospheric turbulence:

Znt = \/(R +ht)2 — (Rcos )2 — Rsin 6. (26)

Note that z; >> z); is satisfied for the GEO satellite communications. Therefore, for the uplink,
we can approximate z — z; ~~ z in the integral with respect to z; in (21), and then express the
second moment of received waves at the GEO satellite:

A b w? , r2
Mu(r+r-200) = 557 J[ imi o [‘?"‘3 () e
oo z
k% 7o z1 z z
T/ dzl/o dzp D (r, — %l@r,zl — 32,22>] , (27)

z=0 (for Uplink)\ z=0 (for Downlink)
e A ZL |

2

A Ground Staﬁ;‘n 2 9@0 Satellite

for Downlink)/ S
z (for Do ) \‘m

Elevation Aﬁgle 0

Atmospheric Turb}ufénce

Fig. 5. Earth — GEO satellite propagation model.
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where zyp, = zp, w = wo\/1+ p2, p =221/ (kw%) and the subscript of zyp, denotes the uplink.
On the other hand, for the downlink, the statistical characteristics of a wave beam’s
incidence into atmospheric turbulence can be approximately treated as those of a plane
wave’s incidence. Thus the second moment of received waves at the ground station can be
approximately expressed by

2A k> 7o 21 z
M (r+,1—,zpL) = — 5 exp [_Z/o le/O dzy D <r—/zl - 32,22)} , (28)

where zpp = zp, w = wo/1+ P2, p = 2(z1 — zpn1)/ (kw%) and the subscript of zpp, denotes
the downlink.

Here, the refractive index structure constant is assumed to be a function of altitude.
Referring to some researches for the dependence of the refractive index structure
constant in boundary layer (Tatarskii, 1971) and in free atmosphere (Martini et al., 2006;
Vasseur, 1999) on altitude, we assume the following vertical profile as a function of

altitude: h = /(z + Rsin9)2 + (Rcosf)? — R.

h -2/3
C(h) = Cay (1+h—> , for0 <h < hy
sl
5 hl —2/3 ]’l —4/3
= — — <
10 (1 + ]’131) (h1> , forhi <h < hy (29)
~2/3 ~4/3 _
=2, <1+:—1> (Z—2> exp(—hh hz),forhzghght
sl 1 s2
20,000

15.000 |
£10.000 |
= _

5.000 |

(R T TV X T VX
C2[m-2/3]

Fig. 6. Vertical profile of refractive index structure constant as a function of altitude.
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ITEM VALUE
Carrier frequency (uplink / downlink): f 30.0/20.0 GHz
Velocity of light: ¢ 3.0x 108 m/s
Elevation angle: 6 5.0 deg
Aperture radius of an antenna in the GEO satellite 1.2m
Aperture radius of an antenna in the ground station 12t07.5m
Earth radius: R 6,378 km
Height of GEO satellite: L 35,786 km
Height of the top of atmospheric turbulence: ; 20 km
Refractive index structure constant at the ground level: C%, [1.0 x 10710 m~2/3
Outer scale of turbulence: Ly 100 m
Inner scale of turbulence: [ 1 mm

Table 1. Parameters used in analysis.

where hy = 50 m, h, = 2,000 m, h; = 20,000 m, hg; = 2 m and hgy = 1,750 m. Fig. 6 shows a
vertical profile of the refractive index structure constant. We assume C2;, = 1.0 x 10~ m~2/3
by referring to the profile of the standard deviation value obtained by Reference (Vasseur,
1999). We set Ly = 100 m and [y = 1 mm.

Table 1 shows parameters used in analysis.

2.5 Modulus of complex degree of coherence
Using the second moment of received waves, we examine the loss of spatial coherence of

received waves on the aperture of a receiving antenna by the modulus of the complex degree
of coherence (DOC) (Andrews & Phillips, 2005) defined by

_ M;i1(0, p, 2)
POC(p2) = [M11(p/2,0,2)My1(—p/2,0,2)]1/2 G0

where p = |p| is the separation distance between received wave fields at two points on the
aperture as shown in Fig. 7.

T

.
N

Wavefront of transmitted wave

Fig. 7. Modulus of complex degree of coherence.
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2.6 BER derived from average received power

We define BER derived from the average received power obtained by the second moment
of received waves. Here we assume a parabolic antenna as a receiving antenna. When a
point detector is placed at the focus of a parabolic concentrator, the instantaneous response
in the receiving antenna is proportional to the electric field strength averaged over the area
of the reflector. When the aperture size is large relative to the electromagnetic wavelength,
the electric field strength averaged over the area of the reflector in free space can be
described (Wheelon, 2003) by

uin(z) = Sle //_0:0 dr uin (r,z)g(r), (31)

where S, is the effective area of a reflector. The field distribution g(r) is defined by a Gaussian
distribution of attenuation across the aperture with an effective radius a,:

2
g(r) =exp (——2> . (32)
Then the power received by the antenna in free space is given by

Refin ) -T:;(z)]

Pin<z) = Se -

=3 Zo {// / dridr_ Mu(rJr,r, )exp< 2 + — 2—27’2_)] , (33)

where Re[x] denotes the real part of x and Z is the characteristic impedance. The energy per
bit E}, can be obtained by the product of the received power Pj, (z) and the bit time Ty:

E, =D, (z)-T

i 2 1
SeZO [// / drpdr_ MY (ry,r_,z)exp (—Eri — 2—21’2)} . (39

We define the average energy per bit (E;) affected by atmospheric turbulence as the product
of the average received power and T,. The average received power is given by the second
moment of received waves:

(P(z)) = S:Zo -Re [//oo / \ drydr_ My (r4,1—,z) exp (—%ri - 217372_)} . (35

e

Therefore,

(Ep) = (P(2)) - Ty
= Se;o -Re [//_oo / i drpdr_ My (r4,1—,2z) exp (—Eri — 2—27’2>} (36)

We consider QPSK modulation which is very popular among satellite communications. It is
known that BER in QPSK modulation is defined by

1 | Ep
PE = Eerfc ( m) , (37)
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where erfc(x) is the complementary error function. We define BER derived from the average
received power in order to evaluate the influence of atmospheric turbulence as follows:

_ 1 (Ep)
PEP — Eerfc TO . (38)

And then, using Ej, in free space obtained by (34), the BER can be expressed by

1 E,
PEp = Eerfc ( Sp- NO) (39)

where the normalized received power Sp is given by

o _ (B _ (P(2)
Eb P (Z)

R // / drpdr_ My (ry, 1,z ( ——2”

e[ rodr_ My (rq,1—,2) exp p L 2¢1er

Re [// / drodr_ M (ry,r_,z)ex <—£r2 — er >] |
o)) A My Iy Ty p 2 + 242

If the DOC is almost unity where the decrease in the spatial coherence of received waves is
negligible, the received power can be replaced with the integration of the intensity I(r,z) =
|u(r, z) |> over the receiving antenna. The received intensity in free space I (z) and the average
received intensity affected by atmospheric turbulence (I(z)) are respectively given by

/ dr (r,0,z) exp (—%) (41)

e

= //Oo dr M11(r,0,z) exp <_241L22> . (42)

Under the condition where the DOC is almost unity, we can reduce the number of the surface
integral in calculation of (40) and then obtain BER derived from the average received intensity

as follows:
1 <Eb> 1 Eb
PE; = —erf. —+ | = <erf 4
I 2erc No 2erc < St No (43)

(40)

where the normalized average received intensity Sy is given by

2r?
dr M11(r,0,z) exp
o _ (B _ () [ (%) | s

Eb Iln(z 27’2
d 0, —
/ r (r,0,z) exp < 2 >
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3. Results

3.1 Modulus of complex degree of coherence
3.1.1 Uplink
Substituting (24) and (27) into (30), the DOC at the GEO satellite in the uplink can be described

by
00 27 2 2
DOC(p, zyL) = di a6 x4 exp —w—Ki + EKer cosf — p_2
0 0 8 2 2w
z
—H (p — ?Lmr,o,zht) }
2

{2n/ iy o (5 p) exp {—%xi _H (—%M,o,zht)] }_1, (45)

where

12 z
H(p',0,zn) = g(kﬂ)ng/ 3 / " iz, 0.033C2(2;)
0

1 1 \>3x2 1/ 1 \% 5 K202
I+T{ = = F(—i—21,—
(6) (on) Lilon) B ev-")

mLo

! 1 2 2p’
_ e e 4
exp( O>1F1< 373 L())], (46)

2
\/p —Zp?Kchos(H—kz inp’:p—%mr
'| = (47)
%K+ inp = —%n+.
Fig. 8 shows that the DOC in the uplink is almost unity within the size of an aperture diameter
of the receiving antenna of the GEO satellite (0 < 24,). It means that the spatial coherence of
received waves keeps enough large within the receiving antenna.

e}

~

and

3.1.2 Downlink
Substituting (24) and (28) into (30), the DOC at the ground station in the downlink is obtained

by
DOC(p,zpL) =exp [ — H (p,zL — znt, 21) |, (48)

where

12 2
H(p, 21 — 21421) = gam)%gﬂ/ dzy 0.033C2(2;)

ZL—Zht
1 1 \3&1/ 1 \* 5 242
14T (= - F|—-i—=>1,—"—
" (6) <KmL0) ,g(:)i! <KmLO> ! 1( "6 4 )
r 1 2 2
~op (i) (551 “

www.intechopen.com



Theoretical Analysis of Effects of Atmospheric

Turbulence on Bit Error Rate for Satellite Communications in Ka-band 41
1
0.8+ wy=12m i
. I W, = 25m
_I —
N 0.6 | Wo=50m
L i wy=7.5m
3
Q 04t .
0.2+ .
Uplink (ae =12m) |
O P R S
0 0.5 1 1.5 2

pl(2a,)

Fig. 8. The modulus of complex degree of coherence of received waves in the uplink for
various beam radius at the transmitting antenna as a function of the separation distance
between received wave fields at two points in the plane of the receiving antenna scaled by an
aperture diameter of the receiving antenna 2a,.

0.2+ e .
Downlink (w0 =1.2m) |

O....l....l....l

0 0.5 1 15 2
pl(2a)

Fig. 9. Same as Fig. 8 except for the downlink where a beam radius at the transmitting
antenna wy = 1.2 m for various aperture radius of the receiving antenna a..
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As shown in Fig. 9, it is found that the decrease in the spatial coherence of received waves
can not be neglected within a receiving antenna of the ground station. It indicates that an
influence of the spatial coherence of received waves has to be considered in the analysis of
BER in the downlink.

3.2 BER derived from average received power

3.2.1 Uplink

The BER derived from the average received intensity defined by (43) and (44) can be used for
the uplink because the spatial coherence of received waves keeps enough large as shown in
Fig. 8. Using (24), (27), (43) and (44), the BER can be expressed by

1 E,
PE; = Eerfc < Sr- m) (50)
2 4 2 poo 2, .2
S; = w Iﬂe dic4 K4 exp [_w ;—aeKi—H<—%n+,0,th>} (51)
1 T T T T
Uplink for w =7.5 m
102 P 0 i
O] -4 4
= 10
o
| -
-6 i
o 10 BER affected
LE i by atmospheric Y
=108 | turbulence \ |
m ) \
_ _ _ _ BERin the absence
of atmospheric
1010 ¢ turbulence i

102 b

5 10
E./N, (dB)

Fig. 10. BER derived from the average received intensity (PEj) in the uplink in wy = 7.5 m.
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12 z
H(-Lri,02) = = (kLY / " iz 0.033C2(z;)
0
5/6 i
1 1 © 1 1 5 k2 72
6) \ x3L3 =i\ «3L3 6 4k
Zr K4 1 2 2z
— _— P T e_—._ L . 2
eXp < LO ) 111 ( 3/ 3/ kLO K+):| (5 )

Fig. 10 shows the BER affected by atmospheric turbulence in the uplink when wave beams
are transmitted from the large aperture antenna where wy = 7.5 m. As reference, we plot a
dashed line as the BER in the absence of atmospheric turbulence given by (37). It is found
that BER increases compared with one in the absence of atmospheric turbulence. Because we
have already shown that the decrease in the spatial coherence of received waves is negligible,
we predict that the increase in BER is caused by the decrease in the average received intensity
due to spot dancing shown in Fig. 1.

3.2.2 Downlink
For the downlink, the decrease in the spatial coherence of received waves can not be ignored
as shown in Fig. 9. Therefore, we have to analyze the BER derived from the average received

power defined by (39) and (40) which include an influence of the spatial coherence of received
waves. Using (24), (28), (39) and (40), we obtain the BER as follows:

1 E
PEp = Eerfc < Sp- ﬁ) (53)
S ! /ood 2 H(r—,zp — zp, 21) (54)
== r_r_exp|——= —H(r_,z; — zp,
P 2 Jo p 242 L — Zht/ZL

12 z
H(r—,zp — zn,2L) = g(k”)ngﬂ/ S 0.033C;(z1)
zZ

L—Zht

1 1 5/3 1 1 2i 5 K21’2
+T({ 2 = Fi| —i— =1, ———
+ (6) (KmL()) i;)i! <KmL0) SR W 4

r 1 2 2r_
—ev(g)n(-3-5-T)) ©

Fig. 11 shows the BER affected by atmospheric turbulence in the downlink when wave beams
are received by the large aperture antenna where 4, = 7.5 m. It is found that the decrease
in the spatial coherence of received waves causes the decrease in the average received power
and result in the increase in BER. Note that an influences of spot dancing is negligible because
a statistical characteristics of received waves can be considered as a plane wave as mentioned
in the introduction of (28)

3.3 Effects of antenna radius of ground station on BER performance

In the system design of the ground station, we may increase an aperture radius of the ground
station’s antenna in order to satisfy the required Effective Isotropic Radiated Power (EIRP)
of the transmitter system or the G/T of the receiver system. In this section, we estimate an
effect of increasing an aperture radius of the ground station’s antenna on BER affected by
atmospheric turbulence.
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Fig. 11. BER derived from the average received power (PEp) in the downlink in 2, = 7.5m

The EIRP of the transmitter system is defined as the product of a transmitting power and an
antenna gain of the transmitting antenna. The transmitting power P; is obtained by

1 o0 2 A
P= - f] dr (0P = 7, (56)
where uj, (1,0) is given by (15). The antenna gain of the transmitting antenna G; is defined by

47172 S
Gy = =L (57)
Py

where S denotes the received power density at (0, zy ):

B |u(0,zL)|2 1 24
§ S e T g (58)

Thus, the antenna gain can be expressed by

471728 822 822
G = L= — 2L — "L~ 2(kwy)?, 59
t P w2 w%(l +p2) ( wO) ( )

where it is assumed that p> = 42% / (kzwg) > 1, which is satisfied in this model of analysis.
Using (56) and (59), the EIRP of the transmitter system can be described by

2A (kwg)?

EIRP =P Gy = ~—
0

(60)
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The G/T of the receiver system can be expressed by the ratio of an antenna gain of the
receiving antenna to the system noise temperature. The antenna gain of the receiving antenna
G, can be described by

47 k\? ma?®  (ka,)?
where S, = 7a2/2 because the aperture efficiency of the receiving antenna, whose field

distribution is given by (32), is 0.5. The system noise temperature T is obtained by
(62)
where kp denotes Boltzmann’s Constant. Thus, the G/T of the receiver system can be

described by
Gr _ kg (kae)?

G/T=—= . 63
/ T. "Ny 2 (63)
On the other hand, using (19) and (34), E, / Ny in free space is obtained by
B _Pal)Ty Ty A @ T, Ad_ T, A o Rug
No NO NO ZQ w2 —+ a% o kBTS ZO w? kBTS Zo ¢ 42% ’

where it is assumed that a./w < 1. Using the EIRP and the G/T obtained by (60) and (63)
respectively, E; / Ny in free space can be expressed by

E, T, A 5 1 (kae)> T, 1 G,
=b _ Zb 2 ok . . —b.p .G - il
NQ kB ZO ( ZUO) (2kZL)2 2T kB m ! (ZkZL)Z Ts
Ty
= — -EIRP- —— - G/T. 65
kp (2kzL)? / ©>
Note that (2kz; )? is the free space path loss.
3.3.1 Uplink
Using (65), we can describe BER derived from the average received intensity given by (50) in
the uplink:
1 Ty 1
PE; = —erf S;-— EIRP- —— -G/T | . 66
I 2erc<\/ = k2 )2 / > (66)

Fig. 12 shows the BER as a function of kwy under the condition that G/T and EIRP keep
constant, where the transmitting power A/Z changes in inverse proportion to the square
of kwgy in (60). It is found that the BER affected by atmospheric turbulence increases as
kwy becomes large, whereas the BER in the absence of atmospheric turbulence plotted by
the dashed line does not change. Fig. 13 shows the BER for various beam radius at the
transmitting antenna wy as a function of E,/Ny obtained by (65). It is shown that BER
increases as wy becomes larger as well as Fig. 12.

The reason for the increase in BER is as follows.

We have shown that spot dancing of wave beams due to atmospheric turbulence causes the
increase in BER for the uplink in Sec. 3.2.1. From each profile of the intensity in the absence
of atmospheric turbulence plotted by the dashed line in Figs. 14 to 17, it is found that the
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Fig. 12. BER derived from the average received intensity in the uplink as a function of kw
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beam spot size at the plain of the receiving antenna becomes smaller as wy increases. The
displacement of the arrived beam axis due to spot dancing makes the received intensity
decrease considerably faster as the beam spot size becomes smaller. Therefore, the average
intensity affected by atmospheric turbulence decreases at the center of the receiving antenna
and the profile is spread as wy increases as shown in Figs. 14 to 17. This is why BER in the
uplink increases as an aperture radius of the ground station’s antenna becomes larger.

From these results, we find that the increase in the transmitting power is better than the
increase in the aperture radius of the ground station’s antenna in order to satisfy the required
EIRP from the point of view of the decrease in an influence of atmospheric turbulence on BER
in the uplink.

3.3.2 Downlink
For the downlink, we can obtain BER derived from the average received power given by (53):

1 T, 1

Fig. 18 shows the BER as a function of ka, under the condition that EIRP and G/T keep
constant, where the noise power density Ny changes in inverse proportion to the square
of ka, in (63). It is found that the BER affected by atmospheric turbulence increases as ka,
becomes larger. Fig. 19 shows the BER for various aperture radius of the receiving antenna as
a function of E, /Ny obtained by (65). It is shown that BER increases as a, becomes larger as
well as Fig. 18. From results of the DOC in Fig. 9, it is found that the spatial coherence radius
becomes smaller relative to a radius of the receiving antenna and then the spatial coherence
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Fig. 18. BER derived from the average received power in the downlink as a function of ka,
when the G/T of the receiver system keeps constant.
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Fig. 19. BER derived from the average received power in the downlink for various aperture
radius of the receiving antenna 4, as a function of E;, / Nj.

of received waves decreases as the radius of the antenna increases. The effect of the spatial
coherence of received waves causes the decrease in the average received power and results in
the degradation of BER performance.

From these results, it is found that the decrease in the system noise temperature by the
improvement of a receiver’s noise is better than the increase in an aperture radius of the
ground station’s antenna in order to decrease an influence of atmospheric turbulence on BER
for the downlink in the design to satisfy the required G/T.

4. Conclusion

We analyzed BER derived from the average received power, which is deduced by the second
moment of a Gaussian wave beam, for the GEO satellite communications in Ka-band at low
elevation angles affected by atmospheric turbulence. We find the followings:

1. For the uplink, the decrease in the average received intensity caused by spot dancing of
wave beams degrades the BER performance. However, the spatial coherence of received
wave beams decreases little and there are little influences of this spatial coherence on BER.

2. For the downlink, the decrease in the spatial coherence of received wave beams degrades
the BER performance. However, spot dancing of wave beams influences little on BER.

3. In the design of the ground station, the increase in a transmitting power for the uplink or
the decrease in the noise temperature of the receiver system for the downlink is better than
the increase in an aperture radius of the ground station’s antenna in order to satisfy the
required EIRP of the transmitter system or G/T of the receiver system from the point of
view of the decrease in an influence of atmospheric turbulence on BER performance.
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In this chapter, we do not consider effects of the higher moment of a Gaussian wave beams
on BER. At the next stage, we will analyze effects of the fourth moment of received wave
beams on BER for the GEO satellite communications. Furthermore, we have to consider the
probability density function (PDF) about the bit error of satellite communications affected by
atmospheric turbulence in order to make a more actual analysis. An introduction of the PDF
is a future problem.
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