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Abstract. Land mobile satellite communication systems at Ka/K band (30/20 GHz) are attracting more and more
attention to researchers because of its frequency band availability and the possibility of using small earth stations
and satellite antennas for the systems. However, the Ka/K-band communications also give significant challenges in
the system design due to severe channel impairments expected from the satellite links. In this paper, K-band channel
characteristics are studied and compared with those at L band. The channel is modeled as Rayleigh multipath fading
with the line-of-sight (LOS) component following a lognormal distribution. The first and second-order statistics
of the fading channel are studied. Dual-space diversity reception is investigated to combat the flat channel fading.
The bit error rate performance of coherent binary phase shift keying (BPSK) with ideal bit and carrier phase
synchronization over the fading channel at K band is evaluated theoretically and verified by computer simulations
in the case with and without diversity reception.
Key words: Land Mobile Satellite Communications, channel modeling, diversity reception.

1. Introduction
The system concepts and technologies of introducing land mobile satellite (LMS) services at
L band (1.5/1.6 GHz) have been developed and demonstrated throughout the 1980s. Presently
they are at the stage of being transferred to the industry. However, inevitable congestion
at L band, due to the limited bandwidth availability, eventually would fail to provide the
services needed. Research work has been targeted towards future LMS systems that should
be able to provide the users with cost-effective services, and with enough capacity to support
a large number of users and their varied demands. Ka/K-band (30/20 GHz) mobile satellite
communication systems provide such a promising solution. The systems have advantages
including that:
i) large bandwidth is available;
ii) user equipment and earth station antennas can be significantly smaller and potentially less
expensive than the equipment used in L-band systems.
On the other hand, Ka/K-band communications give significant challenges due to severe
channel impairments expected from the satellite links, including significant rain attenuation,
shadowing, multipath fading and potentially large frequency uncertainties in personal satellite
communication systems. In order to facilitate the design of LMS communications systems and
to predict the system performance with various coding and modulation schemes, it is important
to establish statistical channel models for LMS communications. An LMS channel model at L
 This paper was presented in part at The Third International Mobile Satellite Conference (IMSC ’93), Pasadena,
California, June 16-18, 1993.
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band has been developed based on experimental data [1]-[4]. The channel is characterized by
a lognormally distributed line-of-sight (LOS) component and a Rayleigh distributed multipath
component. In this paper, an effort is made to simulate the radio propagation channel at K band
for mobile applications. Due to the fact that LMS channel experimental data at K band are very
limited, we are not able to make a comprehensive prediction of the relevant fading statistics.
From the mechanism of the LMS modeling at L and other frequency bands, it is reasonable
to assume that the L-band channel model is also suitable to characterize the LMS channel at
K band with the model parameters being appropriately scaled. A technique is developed here
for mapping the average path loss (due to vegetation shadowing) to the statistical parameters
of the lognormal distribution characteristic of the shadowed LOS signal component, based
on the modified exponential decay (MED) model [5]. The effects of channel dynamics due
to the mobility of the earth stations are taken into account in characterizing the second-order
statistics of the fading channel, such as level-crossing rate (LCR) and average fade duration
(AFD). Since the L-band data is available only for the downlink between the satellite and
the mobile terminals, we study only the 20 GHz (K band) and 1.5 GHz (L band) downlink
propagation channels, and our analysis is concentrated on multipath fading and shadowing. A
clear sky condition is assumed, therefore, no rain/atmospheric attenuation is considered.
The bit error rate (BER) performance of coherent BPSK with ideal bit and carrier phase
synchronization over the fading channel is analyzed as an example to demonstrate the effects of
the channel statistics on the performance degradation of digital transmission. It is assumed that
channel equalization techniques can be used to combat transmission performance degradation
due to the propagation delay spread of the frequency-selective multipath fading channel. As
a result, diversity reception is investigated as an effective way to combat flat channel fading.
Although dual-space diversity reception requires two separate antennas, these antennas can be
small at Ka/K band and be positioned close to each other (the wavelength at 30/20 GHz is only
1.0–1.5 centimeters). For multipath processes, the two antennas need only to be separated by
half a wavelength to obtain two relatively independent signals [6]. For the LOS shadowed
component, the separation of the two receiving antennas should be much larger than half a
wavelength in order to achieve two independently shadowed LOS components, depending on
the second-order statistics of the shadowing process. Previous work on the diversity reception
is limited on Rayleigh, Rician or Nakagami fading channels [6]–[8]. In this paper, we consider
the situation where the LMS channel is impaired by Rayleigh distributed multipath fading and
where the LOS signal component is subjected to lognormally distributed shadowing. Both
equal-gain (EG) combining and optimal maximum-ratio (MR) combining are considered for
the L-band and K-band systems.
The objective of this paper is to model and analyze the K-band LMS channel in comparison
with L-band channel, and to evaluate the BER performance of coherent BPSK in this environment with and without diversity reception. This paper is organized as follows. The first-order
statistic description of the LMS channel is discussed in Section 2. Section 3 presents the
second-order characteristics of the channel. An upper bound of the bit error rate of coherent
BPSK with and without diversity reception over the fading channel is evaluated in Section 4,
which is further validated by computer simulations. Conclusions of this work are presented in
Section 5.
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2. First-Order Statistics of the LMS Channel
It is well known that an LMS channel can be modeled as the summation of a diffused signal
component following the Rayleigh distribution and an LOS signal component whose local
mean follows a lognormal statistical distribution. The assessment of the LMS model has been
carried out extensively at UHF and L bands. It has been shown that the lognormal distribution
for the local mean fits experimental data for microwave mobile communications from 100
MHz to 11.2 GHz [9] and for land mobile satellite communications at 870 MHz and 1.5 GHz
[1]-[2]. Here, we assume that the channel model is also valid for an LMS channel at 20 GHz
according to the mechanism of multipath fading and shadowing random processes. The LMS
channel at K band corrupts the signaling waveform transmitted through it by introducing a
multiplicative amplitude gain and carrier phase shift, which can be expressed as

R(t) = r(t) exp[j(t)] = z (t) exp[jL (t)] + g(t) exp[jM (t)]
(1)
where L (t) and M (t) are carrier phase disturbances, uniformly distributed over [0; 2 ],
for the LOS and multipath signal components respectively; z (t) is a lognormally distributed
random process representing the amplitude of the LOS signal; g (t) is the envelope of the
multipath component and is Rayleigh distributed; r (t) and  (t) represent the overall effects

of the channel fading on the received signal envelope and carrier phase respectively. The
probability density function (PDF) of the lognormally distributed LOS component z (t) is
given by [11]
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where b0 is the power of the multipath signal and I0 () is the zeroth-order modified Bessel
function.
The effect of multipath fading and shadowing on the LMS system performance depends
on the system operation environments. In open and tree-shadowed areas, multipath fading
results from both specular reflection and diffuse scattering from the terrain surrounding the
mobile earth station. With the increase of the RF frequency, the magnitude of the reflection
coefficient and the ground conductivity also increase; therefore, more scattering at K band
may come from small obstacles or terrain irregularities than those at L band [12]. On the other
hand, the mobile antenna radiation patterns at K band are expected to be narrow enough to
eliminate the problem to a great extent. For example, in L-band systems, a circularly-polarized
crossed drooping-dipole antenna or a circularly-polarized conical log spiral antenna may be
used as a mobile terminal receiver antenna. Such antennas are designed to be omni-directional
in azimuth with a radiation pattern from 20 degrees to 60 degrees on the elevation plane
for interference/multipath rejection [13]. However, for K-band systems, a mobile terminal
receiver antenna can be designed as a microstrip Yagi array of microstrip patch elements
or elliptical reflector-type antenna (to be used in conjunction with a separate TWTA or a
solid state power amplifier), with an azimuth beamwidth of about 30 degrees and a 20 to 60
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degree elevation range [14]. K-band antenna pointing systems enable the antennas to track the
satellite for all normal vehicle maneuvers, so that the antenna beamwidth on the azimuth plane
can be much smaller than that of the L-band antennas. As a result, in first approximation, it
may be considered that multipath fading does not impair system performance at K band more
than that at L band regarding the channel first-order statistics. In the following discussion, the
power of the multipath component at K band is assumed to be the same as that at L band, i.e.,

b0 1:5GHZ = b0 20GHz :

(4)

At L band, the shadowing phenomenon mainly comes from the objects such as tree trunks.
However, for the 20 GHz K-band signal, the shadowing on the LOS component may even
come from the leaves and small branches of the trees whose dimensions are comparable
with the wavelength (1.5 centimeters). The leaves and branches are capable of severely
attenuating, refracting and diffracting the K-band signal and become significant contributors
to the shadowing appearing in the channel. Therefore, it is expected that the downlink signal
at K band will suffer more attenuation than that at L band due to much more significant
shadowing in vegetation areas. At the present time, only preliminary results are available in
the open literature for mobile applications at K band (e.g., [15]) and existing frequency scaling
methods are not of straightforward applicability. An attempt has been made to estimate such
a scaling factor using the Modified Exponential Decay (MED) model [5], developed from
static propagation measurements through deciduous trees in Colorado. In this model, the fact
that the shadowing attenuation (i.e., the path loss due to vegetation areas) increases as the RF
frequency increases has been taken into account. Barts and Stutzman [16] applied the MED
model to simulate an LMS channel, where the MED model is combined with the vegetative
path length expressions of vegetation areas to predict the vegetative path loss based on physical
path parameters and the link frequency. Since the MED model is based on static propagation
measurements, it is used here to scale only the average path loss of the shadowing attenuation.
The path loss, using the MED model, is given by

L = dv [dB]
where dv is the vegetative path length in meters intercepted by the LOS signal and

(5)

is
the specific attenuation coefficient of the vegetation in decibel per meter (dB/m). The MED
specific attenuation coefficient (dB/m) can be computed by the following equation [5]

 0:45f 0:284
 1:33f 0:284d,v 0:412

for 0  dv  14
for 14  dv  400

(6)

where f is the frequency (GHz). In the following, we consider the case of average shadowing between the environments with a few trees (light shadowing) and many trees (heavy
shadowing) [2]–[3]. Therefore, it is reasonable to assume 0  dv  14. The scaling factors
are
20GHz
20GHz

 0:284
 120:5
1:5GHz (dB=m)
 2:1 1:5GHz (dB=m) :

(7)

Expressions (4)–(6) and L-band parameters are used to calculate the K-band channel
parameters in the following channel modeling. The model is then used to analyze the LMS
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Table 1. Channel model parameters.
RF(GHz)

b0



pd

1.5
20

0.126
0.126

-0.115
-0.2415

0.161
0.3381

0

performance at K band. The amplitude attenuation of the lognormally distributed LOS component at L band equals [11]

A1:5GHz = ex
(8)
where x1:5 is normally distributed with mean 1:5 and variance d0 1:5GHz . At K band with a
1:5

carrier frequency equal to 20 GHz, the attenuation of the received LOS signal power in dBW
is 2.1 times of that at L band (see (7)), that is,

A220 (dBW ) = 2:1A21:5(dBW ) :

(9)

In terms of amplitude attenuation on a linear scale, (9) can be rewritten as
20 log10 A20

=
) A20 =
) ex =
) x20 =
20

2:1(20 log10 A1:5 )

A12::15
e2:1x
2:1x1:5 :
1:5

(10)

The mean and standard deviation at 20 GHz are then equal to

20 = 2:11:5;
p 20 = 2:1p1:5;
d0 20GHz = 2:1 d0 1:5GHz :

(11)

For the case of average shadowing, the parameters of the L-band (1.5 GHz) mobile satellite
channel are shown in Table 1 [1]–[4]. Their calculations are based on measurements carried
out in Ottawa, Canada. The INMARSAT’s MARECS A satellite was used in the experiments.
The elevation angle from Ottawa to the satellite was approximately 20 degrees. From (4) and
(11), the parameters of the first-order statistics of the LMS channel at K band are obtained
and listed in Table 1. It should be pointed out that this is an estimate model to predict the path
loss due to shadowing and multipath fading, and that further modifications may be necessary
when more experimental data at K band become available.
Figure 1 is a software simulation model of the LMS channel. The low-pass (LP) filtered
Gaussian noise processes are generated by summing a large number of sine waves [9]. The
bandwidth of the LP filters is B1 for the shadowing component and B2 for the multipath
component. In the following computer simulations, taking the vehicle speed of 43.2 kilometers/hour as an example, the maximum Doppler frequency shifts (which is the bandwidth of
the complex Gaussian noise generator for multipath fading, i.e., B2 ) are 60 Hz for the L-band
signal and 800 Hz for the K-band signal. From measurement data at L band, it is found that
the multipath fading process varies 20 times faster than the shadowing process [10]; therefore,
the bandwidth of the Gaussian noise generator for the shadowing components (i.e., B1 ) is
taken as 1/20 of B2 , that is 3 Hz for L band and 40 Hz for K band. The signal sampling rate is
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Figure 1. Functional block diagram of the shadowed LMS channel model.
Table 2. Ratio of LOS signal power to multipath
signal power.
RF(GHz)

analytical (dB)

simulation (dB)

1.5
20

5.21
4.88

5.20
4.88

2400 Hz. Each simulation result is obtained based on over 250,000 sampled data. The signal
amplitude level is relative to the LOS signal component without shadowing (0 dB) in the
case of single channel reception, therefore, only the path loss due to shadowing and multipath
fading is taken into account. In the simulation model, the amplitude fading r (t) and carrier
phase jitter  (t) are generated at the same time, however, only the effect of the amplitude
fading is considered in the transmission performance analysis.
The ratio of the LOS signal average power exp(2 + 2d0 )=2, which can be derived from
(2), to multipath signal power b0 is a parameter similar to the K-factor in a Rician channel.
Table 2 gives the analytical values and the simulation results of the ratios for the L-band
and K-band signals using the parameters given in Table 1. The simulation results agree very
well with the analytical values. The received K-band signal has an additional 0.23 dB loss
of the ratio compared with the L-band signal. Figure 2 shows the cumulative distribution of
the received L-band and K-band signal envelopes. The analytical results are obtained from
equation (3). The results show that the K-band signal has more attenuation than the L-band
signal, which agrees with the earlier discussion. In this specific propagation environment
defined by the parameters of Table 1, although the K-band signal has an additional 1.0 dB
path loss approximately, due to shadowing, compared to the L-band signal, in the area of deep
fading (received signal amplitude level less than ,12.5 dB), the K-band signal can experience
more than 4.0 dB additional loss than the L-band signal. Note that it is the deep fading area
that causes a dramatic BER performance degradation of an LMS communications system.
Figure 3 gives the cumulative distribution of the received LOS signal envelopes at L band
and K band respectively. The analytical values are obtained according to (2). In general, the
K-band signal is expected to experience more shadowing attenuation than the L-band signal
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Figure 2. Probability distribution of the received signal envelope.

Figure 3. Probability distribution of the received LOS signal envelope.
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Table 3. Amplitude level of shadowed LOS components.
RF(GHz)

P =70%

P = 80%

P = 90%

1.5
20.0

-1.66 dB
-3.65 dB

-2.07 dB
-4.53 dB

-2.55 dB
-5.85 dB

(especially in the deep fading region), which is clearly illustrated in the figure. The signal at
K band has an additional loss of up to 6.0 dB in comparison with the L-band in the weak
signal range (which is the most important range for fade margin calculation). It is noticed
that in some cases the shadowed K-band LOS signal is stronger than the corresponding Lband signal. This phenomenon is verified by experimental data [17] and can be explained as
follows. The K-band signal has much shorter wavelength than the L-band signal does. In the
case of average shadowing, if the vegetative area happens to form some unshadowed “tunnels”
(which are equivalent to waveguides) whose dimensions are much smaller than the L-band
signal wavelength but larger than the K-band signal wavelength, then the K-band LOS signal
can pass through whereas the L-band signal cannot. This would give to the K-band signal more
powerful penetrating capability than the L-band signal, and therefore the signal can propagate
through some vegetative areas and reach the receiver antenna.
In addition, the following fact should also be taken into account. There are dual effects of
tree shadowing on the LOS signal component: attenuation and scattering. With the increase
of the signal carrier frequency, its wavelength decreases, therefore, trees having the same
vegetative path length intercepted by the LOS signal will attenuate the K-band signal more
than the L-band signal. At the same time, the various LOS signal components scattered
from the trees arrive at the receiver antenna through multiple paths. This is different from
the Rayleigh multipath fading because the reflectors and scatterers (such as tree leaves and
branches, power lines, etc.) exist only between the transmitter and the receiver. The scattering
from the trees may increase the LOS signal amplitude. In the case of occasional propagation
environment with only a few trees, the scattering phenomenon may have more effect on the
LOS signal than the shadowing attenuation (we can expect a very small tree depth intercepted
by the signals). Because the small tree branches (with the branch dimensions comparable to
the signal wavelength) can reflect or diffuse the K-band signal, it is possible that occasionally
the received K-band signal will be stronger than the L-band signal. As a result, the amplitude
of the LOS signal at K band will be larger than at L band. From Figure 3, we also notice
that there is a certain probability that the shadowed signal component will be even stronger
than the unshadowed LOS component (0 dB). The results shown in Figure 3 are based on the
mathematical modeling of the lognormally-distributed shadowing process which is derived
from experimental data. The model parameters are obtained according to the best fit between
the mathematical model and the measured data [1]. Therefore, the strong signal region ( > 0
dB) may not represent the real shadowing process. From Figure 3, it can be observed that the
average LOS component attenuation due to shadowing is 0.77 dB at L band and 1.10 dB at K
band. Table 3 shows the amplitude level of the shadowed LOS components at the cumulative
probabilities of 70%, 80% and 90%. The results shown in Figures 2 and 3 are based on an
average shadowing propagation environment. The path loss difference between the L- and
K-band signals depends on the channel propagation conditions.
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Figure 4. Simplified block diagram of dual=space diversity reception

Figure 4 depicts a simplified block diagram of a dual-space diversity reception system.
The signal envelope r (t) at the output of an equal gain diversity combining system is equal to

r(t) = r1 (t) + r2 (t) :

(12)

In (12), we have assumed that the diversity combining system can track the phase jittering
appearing on the received signals and removes it. The PDFs of r1 (t) and r2 (t) are given in
(3). The two antennas are assumed to be properly located so that the signals received through
them (including both multipath component and LOS component) are uncorrelated. Since
the shadowing process varies at a much slower rate than the multipath fading process, the
separation between two antennas should be much larger than half a wavelength. For example,
if the multipath fading is 20 times faster than the shadowing, approximately 10-wavelength
separation between the antennas are required. In this case, the PDF of r (t) is equal to [11]

p2(r) =

Zr
0

p1(x)p1(r , x)dx :

(13)

Combining (13) with (3), the PDF of the combined signal envelope r (t) can be computed.
Figure 5 shows the numerical analysis results as well as the computer simulation results
of the cumulative probability distribution of the received envelope r (t) at L and K bands.
Comparing the distributions shown in Figure 5 and Figure 3, we observe that the diversity
reception reduces the channel fading by approximately 5.0 to 9.3 dB at L and K bands. The
improvement is much more significant as the received signal amplitude levels decrease (i.e.,
in the deeper fading area). The difference in the received signal envelope levels between L
and K bands over non-deep fading region is not as significant as over the deep fading region
due to: i) the low joint probability that both multipath components will fade simultaneously;
and ii) the assumption that the power of the received multipath signal at K band is about the
same as at L band.
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Figure 5. Probability distribution of the received signal envelope with dual-space equal gain diversity reception.

3. Second-Order Statistics of the LMS Channel
Second-order statistics are used to describe the time-dependent fading channel behaviour,
which include level-crossing rate (LCR) and average fading duration (AFD). LCR is defined
as the expected rate at which the envelope crosses a specified signal level  with a positive
slope. It is given by the following equation

LCR(r = ) =

Z1
0

r_ p(; r_)dr_

(14)

where r_ represents the time derivative of r (t) and p(; r_ ) represents the joint probability
density function of r_ (t) and r (t) at r (t) = . It has been found that the LCR increases as the
maximum Doppler frequency shift of the input signals increases. The maximum Doppler shift
depends on the vehicle speed, the angle between the transmitter-receiver axis and the relative
speed vector of the earth station, as well as the RF frequency of the system. The details of the
mathematical formula for calculating LCR are discussed in [18].
The duration of a signal fade determines the number of bits that will be lost during the
fade. The signal fade duration is affected by several factors, among which are the speed of the
mobile vehicle and the RF operating frequency. The relationship between the average duration
of the signal fade and the expected number of crossings per second, at a particular signal level
, can be stated as

P (r  )
LCR(r = ) = AFD
(r = )

(15)
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Figure 6. Normalized LCR with and without diversity reception.

where P (r  ) represents the expected amount of time when the function r (t) is below level
 in 1 second, and AFD(r = ) indicates the average duration of fades below level  in 1
second also.
In the case of multipath Rayleigh fading with lognormal shadowing, the LCR normalized
with respect to the maximum Doppler frequency shift Fdm is [1]

LCRn(r = ) = LCR(r = )=Fdm
"
pb d + d ) #
q
b
(
b
+
2

0
0
0 0
p 0
= 2  (1 ,  2 )
(16)
b0 (1 , 2) + 4 b0d0 p(r)
where  is the correlation coefficient between the envelope r (t) and the envelope rate of
change r_ (t). The corresponding normalized AFD is
1
2

1
AFDn(r = ) = AFD(r = )Fdm = LCR

Z

n

0

p(r) dr :

(17)
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Figure 7. Normalized AFD with and without diversity reception.

The analytical values and simulation results of the second-order characteristics (LCR and
AFD), with and without diversity, are shown in Figures 6 and 7. The results show that the
maximum values of the normalized LCRs, for both the L band and K band cases, are very
close to 1.0, which means that the LCRs increase almost linearly with the increase of the
vehicle speed or the increase of the RF operating frequency. The analytic values are obtained
with  = 0, i.e., it is assumed that there is no correlation between r (t) and r_ (t). In reality,
there exists some correlation between r (t) and r_ (t), and  may not be a constant, which can be
further confirmed by the experimental data (see Figures 2–7 of [1]). That explains the slight
differences observed between the simulation results and the analytical curves of Figure 6.
From the simulation results, a number of observations can be made:
i) In the case of no diversity reception, the signal level at K band is attenuated more severely
than that at L band, taken into account that the K-band signal has more shadowing
attenuation;
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ii) Diversity reception reduces the normalized AFD by more than 10 times, i.e., the deep
fading duration is dramatically reduced, therefore, we can expect that the LMS system
performance will be significantly improved, especially when coded modulation with
Viterbi decoding is used;
iii) At a lower signal amplitude level (i.e., < 0), the normalized LCR is reduced by diversity
at both L and K bands; at a higher signal amplitude level (i.e., > 0), the normalized LCR
is increased by diversity. This shows that diversity reception reduces the likelihood of
deep fading;
iv) The fading impairment is mitigated more at K band than at L band by the diversity
reception.
In summary, the dynamic behaviour (i.e., fading rate, LCR and AFD) of the LMS channel
due to shadowing and multipath fading at K band, caused by the mobility of the earth stations,
are characterized in the K-band channel modeling by: i) using the same statistical model (but
with modified channel parameters) as that of the L-band LMS channel developed on the basis
of experimental data for mobile applications; and ii) increasing the Doppler frequency shift
proportionally to the increase of the RF carrier frequency. The second-order statistics are
crucial to the performance of the communications systems.
4. Performance Evaluation of Coherent BPSK
The theoretical analysis on the transmission performance of coherent BPSK presented in this
Section is verified by Monte Carlo computer simulations. In the simulations, the number of
information bits transmitted through the system for each average ratio of energy per received
information bit to one-sided noise density, i.e. Eb=N0 , is chosen in such a way that the simulated
BER performance results are within the 90 percent confidence interval [0:5BER; 2:0BER].
The BER confidence interval depends on the number of occurrences of error bits as well as
the number of fading cycles that the LMS system experiences.
4.1. SINGLE CHANNEL RECEPTION
It is assumed that the effects of carrier phase jitter due to the fading channel can be removed.
Tracking of the phase fluctuations due to fading may be difficult at K-band since the fading rate
is considerably faster as compared to the L-band, and might require the development of some
new technology. However, since investigation of carrier phase synchronization techniques is
beyond the scope of this work, we make in our study the assumption mentioned earlier. Here
we are interested in the effects of signal envelope fading on the BER performance of coherent
BPSK. In the following, only amplitude fading is taken into account. The bit error rate Pe of
a coherent BPSK signal in an AWGN channel is given by [7]

Pe =

0

1
r
erfc @ q
2
2 2

N

1
A

(18)

2 is the variance of input Gaussian noise and erfc() is the complementary error
where N
function [11]. An upper bound for the instantaneous bit error rate, i.e. Pein , can be calculated
by upper-bounding the complementary error function as follows [7]

Pein  12 exp

!

2
, 2r2 :
N

(19)
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An upper bound, Peav , for the average bit error rate is obtained by combining (3) with (19),

Peav
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2

p21d
0

exp

Z 1Z 1

"

1

2
, (ln z , )

z exp
2 d0
!#  
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2
2
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1
1
, 2b b exp , 2 b + 2 I0 rz
b0 dr dz :
0
0
0
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0

Furthermore, it can be shown that
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Similarly, if only the LOS component is considered, then

Peav 

1
2

p21d
0

Z1

"

exp

0

#

2
2
, 2z2 , (ln z2d, ) dz :
0
N

(22)

The analytical upper bounds as well as the simulation results for the bit error rate of a
coherent BPSK system at L and K bands are presented in Figure 8. This figure shows the bit
error rate due to amplitude fading of the LMS channel. At a BER of 10,3 , the communication
system, when operating at K band, loses 3.5 dB as compared with the L band.
4.2. DIVERSITY RECEPTION
The performance of a coherent BPSK system with dual-space diversity reception operating in
an LMS channel at L band and K band is studied in the following. The model of a dual-space
diversity combiner is shown in Figure 4. The ith received signal Si (t) at the antenna (i = 1; 2)
is

Si (t) = ri (t) exp[ji (t)] cosfj [2fc t + m (t)]g + ni (t)
(23)
where fc is the carrier frequency, m (t) = 0 or  is the information-carrying phase, i (t)
and ri (t) are the random carrier phase jitter and the faded signal envelope respectively from
the ith antenna. In (23), ni (t) represents the additive white Gaussian noise (AWGN) with
one sided power spectral density N0 . If we assume that the two diversity branches are locally

coherent with the carrier phase jitter due to the channel fading, i.e., we assume that each
of the diversity branches has a perfect carrier phase recovery, then the diversity branch gain
Ki (t) = ki (t) exp[,ji (t)], and the resultant predetection signal at the output of the diversity
combiner is

S (t) =

2
X

i=1

ki(t)[Si (t) + ni(t)] exp[,ji (t)] :

(24)

The input signal at baseband is

Sb (t) = [k1 (t)r1 (t) + k2 (t)r2 (t)] cos[ m (t)] + N (t)
where N (t) is the equivalent low-pass filtered Gaussian white noise.

(25)
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Figure 8. BER performance of coherent BPSK in LMS channel with single channel reception (average shadowing).

i) Equal Gain Combining
Equal gain combining is the simplest diversity combining technique. In this case, the gain
Ki (t) in Figure 4 is

Ki (t) = exp[,ji(t)];

for i = 1; 2

(26)

which removes the jitter due to fading process from the signal phase. Therefore,

Sb (t) = [r1(t) + r2(t)] cos[ m (t)] + N (t) :

(27)
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Since the phase jitter has been eliminated, only the amplitude fluctuations affect the performance. From (3), (13) and (19), the upper bound of the average bit error rate can be obtained
from the following equation.

!

Z1

r2

exp , 2 p2 (r )dr
2N
0
and the average signal-to-noise ratio SNRav of the received signal is equal to
Z 1 r2
av
SNR =
p2(r)dr :
2
2N
0
Peav

1
2

(28)

(29)

Figure 9 shows the bit error rate of a coherent BPSK system with equal gain combining.
The analytical results are obtained by solving (28) and (29) numerically. Compared to the
BER performance without diversity reception (Figure 8), at a BER of 10,3 , the receiver
performance is improved approximately by 6.8 dB at L band, 8.4 dB at K band; and at a BER
of 10,4, approximately by 12.1 dB at L band, 14.0 dB at K band respectively.
ii) Maximum Ratio Combining
Maximum ratio diversity combining produces the best performance. With maximum ratio
diversity, the branch gain Ki (t) of Figure 4 is equal to [19]

Ki (t) = ri(t) exp[,ji (t)];

for i = 1; 2 :

(30)

The effect of the gain is to compensate the phase jitter due to fading, and to weight the signal
by a factor that is proportional to the signal strength. Thus, a strong signal carries a larger
weight than a weak signal. This optimum combiner is based on the assumption that the channel
attenuation ri (t) and the phase jitter i (t) are perfectly known. In practice, ri (t) and i (t) can
be estimated by adaptive equalizers which make use of the continuity of the channel fading
[6]. For a fixed set of branches’ gains fKi g, the output of the maximum ratio combiner at
baseband can be expressed equivalently as a single decision variable in the form

U (t) = r12(t) + r22(t) + r1(t)N1 (t) + r2(t)N2 (t)
(31)
where Ni (t) is the equivalent low-pass filtered Gaussian white noise in the ith branch. U (t)
 (t) equal to
has a normal distribution with mean U
U (t) = r12(t) + r22(t)
(32)
and variance U2 (t) given by
 N2 :
U2 (t) = [r12(t) + r22(t)] N2 = U
(33)
From (3), the PDF of xi (t) = ri2 (t) can be derived as
( 1 R1 1
(ln z ,) , x +z ]I ( px z ) dz;
p
exp
[
,
xi  0
0 b
2d
2b
p3(xi ) = 2b 2d 0 z
(34)
0;
xi < 0 :
 (t) is
The PDF of the signal component U
2

0

p4(U ) =

Z U
0

0

p3(x) p3 (U , x) dx :

0

2

i

0

i

0

(35)
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Figure 9. BER of Coherent BPSK in LMS channel with Equal Gain Diversity at L-band and K-band (average
shadowing).

Similar to the case of equal gain combining, the upper bound of the average bit error rate is
equal to

Peav



1
2

Z1
0

!

exp


, 2U2 p4(U )dU
N

(36)

with the input SNR obtained from (29).
Figure 10 shows the BER performance with maximum ratio diversity reception at L and K
band. The analytical results are obtained by numerically solving (34) to (36). Compared with
that of the equal gain combining (Figure 9), the performance at a BER of 10,3 , is improved
by approximately 0.5 dB at L band and 2.1 dB at K band respectively.
The performance improvement with diversity reception is summarized in Table 4. It is
shown that:
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Figure 10. BER of Coherent BPSK in LMS channel with Maximum Ratio Diversity at L-band and K-band (average
shadowing).

i)
ii)
iii)
iv)

the performance improvement in the case of average shadowing is significant;
the performance at K band is improved more than that at L band;
the performance improvement increases as the BER decreases; and
the maximum ratio combining is better than the equal gain combining.
In addition to diversity reception, channel coding can be used to mitigate channel impairments. Trellis-coded differential M -ary phase-shift-keying with dual-space equal-gain reception has been investigated in [20] based on computer simulation for L-band and K-band land
mobile satellite communication system.
In the above analysis, we have applied the frequency scaling technique to study the channel
characteristics for the K-band transmission, and have evaluated the BER performance of
coherent BPSK over the K-band channel with and without diversity reception.
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Table 4. Receiver performance improvement by diversity reception.

Pe
10,3
10,4

y

z

EG -L

EG-K

MR -L

MR-K

6.8 dB
12.1 dB

8.4 dB
14.0 dB

7.3 dB
12.6 dB

10.6 dB
16.1 dB

yEqual gain combining; zMaximum ratio combining.
The channel model gives a statistical description of the channel fading at K band. Once
extensive measurement data is available to statistically characterize the K-band fading channel,
the statistical parameters of the channel model may be further modified accordingly depending
on the propagation environments. Based on the analysis and simulation results on different
channel fading scenarios (i.e., in the cases of light shadowing, average shadowing, and heavy
shadowing) [21], it is expected that, in the case of heavy shadowing, the channel fading
statistics and the BER performance (versus averaged received signal-to-noise ratio) are not
sensitive to the channel model parameters  and d0 , because the LOS component is negligible
compared with the Rayleigh distributed multipath component. However, the sensitivity of the
fading statistics and BER performance to the variation of the channel parameters is expected
to increase as the degree of shadowing reduces (such as in the case of light shadowing), where
the LOS component plays a dominating role as compared with the multipath component.
5. Conclusions
A comparative study for the land mobile satellite communication system operating at K and
L bands has been presented. It has been shown that in the case of average shadowing,
i) the LOS signal component at K band has up to more than 6.0 dB higher attenuation than
that at L band;
ii) the channel fades have a much faster rate at K band than at L band;
iii) dual-space diversity mitigates the channel fading by approximately 4.0 to 12.0 dB, depending on fading depth and channel parameters;
iv) diversity reception also improves the second-order statistics of the fading channel by
reducing the deep fading durations;
v) channel fading impairments are mitigated more at K band than at L band by the space
diversity technique.
An upper-bound for the bit error rate performance of a coherent BPSK system in the LMS
channel has been evaluated theoretically and further validated by computer simulations. With
multipath fading and shadowing, at a bit error rate of 10,3 , at K band, the system loses
approximately 3.5 dB more than at L band. At a given BER, the performance improvement of
a coherent BPSK system depends on the diversity combining technique employed, the channel
propagation conditions and the RF carrier frequency used by the communication system.
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