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Abgtract

A Monte Carlo simulation method for
modern aeronautical digital comgunication
systems is described. Important results
about the various effects on it are obtain-
ed. The various effects include filtering,
limiting, carrier frequency offset, bit
time jitter, and multipath effects in A/G
and A/A communications.

I, Introduction

In this paper, a Monte Carlo simulation
method for modern aeronautical digital
communication systems is described. The
objective of the simulation is to find the
various effects on the system performance
which is in terms of the bit error rate
and the signal to noise ratio relations.
The various effects include filtering,
limiting, carrier frequency offset, bit
time jitter, and the multipath effects in
air-to-ground and air-to-air communications
ete,

Because of the complexity of modern
aeronautical communication systems, the
analytical resolution of various effects
on it is very difficult, But the Monte
Carlo method is very helpful in solving
this problem.

In the following sections, we shall de-
scribe the block diagrams of the typical
conmunication system and its simulation,
discuss the various effects in detail,
and point out the important results obtain-
od by the simulation,

I1, Description of the Communication
Syste ts S ation Block Di

Let the typical aeronautical digital
communication system under simulation is a
1 Ghz band, time division multiple access
(TDMA) system using spread spectrum tech-
niques and concatenated coding. The infor-
mation data are encoded in a codeword with
32~.bits and then modulated. The data rate
of the channel is R=5 Mhz. A Monte Carlo
simulation had been done for evaluating
the modem performance under various effects
on it,.

The modulation method is minimum (fre-
quency) shift keying (MSK).(1)'(3) Thooré-
tically, its ideal performance is consis-
tent with that of the optimal binary sys-
tefw— bi-phase shift keying (BPSK). MSK
modulation takes the advantage of its power
spectrum with rapidly falling side lobes,
Recently, more attention has been paid to
this new technique of modulation.(4)'(5)

The MSK modulation signal is a constant
amplitude carrier with frequency (either
£, or fz) conveying information on it.
Its central frequency is fc=Z(f1*f2), and
f,,f, are spacing ¥R apart., The phase of
the carrier holds continuity when the fre-
quency is changing. The wave-form of MSK
signal is shown in Fig.1(c), and expressed

by
y(t)=u cosZﬂ(fc:1/4Tb)t (1)
where Tb=1/R is the bit time, and
fc-1/4mb= £, (2)
£ 41/4T= £, (3)
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£,=£,=0.5/T,
and u takes +1 or -1, its sign depending
upon the fact that y(t) must hold the con-
tinuity of the phase when the frequency of
the carrier is changing.

(4)

Expression (1) can be rewritten as fol-

low,
y(t)= uglcos2m(t/41, )| cosamt b
qusinZ’lr(tMTb)l sin21rf t (5)

vhere Uysly takes +1 or -1. Thare are pro-
per relationships bvetween “I’“Q and f1 f2
in the time sequence., It is evident that
the two terms of (5) can be transmitted in
the 8o called "I-channel" and "Q-channel”
of the modem respectively. There is a 90
degree phase shift between these two carri-
ers, and thier wave-form are shown in Fig.1
(a), (b). This is a special form of quadra-
ture phase shift keying (QPSK), the envelopes
of the carriers in the I-channel and the
Q-channel are sinusoidal and staggered.
It can also be called "offset QPSK" with
sinusoidal envelope carriers in the I-channel
and the Q-channel, But the offset QPSK in
regular form is with constant envelope car-
riers in the I-channel and the Q-channel.

The power spectrum of MSK signal is shown
in Pig.2 and expressed by

p(g) = 16T ( (6)

cos2mer, )2

2m 2
1=-16¢f Tb
The bandwidth of the main lobe is 1.5/Tb,
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and wider than that of QPSK. But its side
lobes fall down rapidly (with f’4), and
more rapid than that of QFSK. The bandwidth
containing 99% power is 1 17/T and the
channel bandwidth uwsed to transmit MSK sige
nal can be much narrower than that. Iater
on, we shall show that even 0.6/‘1‘b can be
chosen with small degradation of the system
performance.

The block diagram of the communication
system under simulation is shown in Fig.35.
The encoded data signal is sent to the time-
division demultiplexer, which splits and
staggers the signal and gives uI’“Q %o the
I-channel and the Q-channel repectively.
Through the sinusoidal pulse shapers and
the amplitude modulators, these two offset-
ting carriers in the I-channel and the Q-
channel compose the MSK signal sent out
after filtering and amplifying. With white
Gaussian noise added, the signal is filtered
and amplified by the receiver, and processed
by demodulation, sampling and decision in the
I-channel and the Q-channel, and recover the
data stream by the time-division multi-
plexer.

The equivalent base band model shown in
Fig.4 is used for digital simulation, The
low frequency envelopes in I-channel and
Q-channel are the real part and the imagin-
ary part of the low frequency complex enve-
1ope'§1t)-31(t)+jsq(t)respectively.
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Fig.2. MSK signal power spectrum

23548

. 623



data  ausnan
U st

u
N S‘hﬁ,pzr UIJCoslﬁt/QT\
data, .
~=——=—1 Demuitipl Cosamt | Amplisier ="
. U ‘ Sc‘m&s‘oidal ‘uak'"'”’t‘t‘fl
Q sHapor
Sinarfs 1}1 ;
I UQ P U S Y
Sompli
LPF Decisio‘r? a deta
X
' . due
| BPF cosamt Multiplexer | =
'
Sarnpli Yo
Jaussian | LPF vecion
Q
SinamgT

Fig.3, System block diagram

Sinus?idat
Shapag

data
pabt. SN

Demultiplex

Si nus?idal
shAper

LPF LIMITER]

£ |£
2 =
H

e

Sa.mpiing

Decision

l Svr=Re[ S

g(t)

LPF

data

Mutte P,e)uu

lgaﬁﬂhﬁwﬂhﬂ

Q

Yaussian
foise

Sampling

 Decision

Fig.4. Model of

Through the low pass filter and limiter,
with the white Gaussian noise added, it
passes to the low pass filter of the re-
ceiver, Because it must includes the case
of existence of frequency offset, the asym-
metrical low pass filter must be used. Its
impulse response is in complex form.(7)
After convolution, the real part of the
filter output is the low frequence envelope
§I(t) in the I-channel, and the imaginary
part,‘%Q(t) in the Q-channel, After sampling
and decision, ﬁI, %, are recovered into the

Q
data stream by the time multiplexer.

based-band equivalence

The data rate is R=5 Mhz, i.e., Tb=200
ns, The sampling frequency f=40 lhz is
chosen. For the sake of the low side lobes
character, MSK power spectrum at the fold-
ing frequency (20 Mhz) is at sufficiently
low level (-48 dB)., Each half period of the
sine wave envelope is 400 ns, and the sign$S
of them depend upon up and g repectively.
The decision points on the I-channel and
the Q-channel are offsetting (see Fig.5).

In the hard decision case, ’ﬁI and ’\EQ

takes +1 or -1 and decided by the sign of
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the values §I(t) and §6(t) at thier deci-
sion points respectively,

In the soft decision case, a small re-
gion around the zero-level is selected, If
the value of S (%) and"éq(t) at thier deci-
sion points is fallen into this region, the
output status of ﬁI and W, is "erasure",
Otherwise they take +1 or -1. This will be
done when using the auto-correlation funce
tion of the signal to achieve the detection
gain,

The thermal noise is added before the
receiver filter (see Fig.4). This is the
case in the actual situation, but the com-
putation work is time consuming because a
great many times of convolution must be done
for the decision making. It can also be
added after filter and before the detector,
for example, as it had been done in 8).
Much time for computing the convolution of
the noise can be saved in this case. But it
is rather difficult to simulate the post-
filter colored Gaussian noise exactly by
the direet way., In this paper, the white
Gaussian noise is added to the pre-filter
point as shown in Fig.4. In order to re-
duce the time for computing, the convolu-
tion of the signal and of the noise are com-
puted seperately. Fap the great many times
of the noise computing, a direct convolution
method is applied, only the convolution
values at the decision points are computed,
An order of the convolution time reducing
can be achieved in this way.

111, Simulation for Various Effects
on the Communication System-

Filtering and tin

In the ideal case, MSK signal has a cone
stant envelope. The magnitude of the com-
plex envelope of it is|§1t)|=/3§(t)+83(t) .
Because of the nonlinearity of the power
amplifier, some distortion may occur .
order to simulate this effect, a limiter
is used. As a matter of fact, it is a mul-
tiplier which multiplies a factor of
1//S§(t)+88(t) whenever the signal passes
through it.

In

It is of importance to choose the band-
width of the communication system. It
should not be too wide for the reason of
frequency spectrum preservation, and on
the other hand, it should not be too nar-
row, because the intersymbol interference
will degrade the system performance. It
had been pointed out by the fact that the
main lobe of the powver spectrum of the MSK
signal is wider than that of QPSK and Off-
set QPSK.(S) And if bandwidth is narrower
than 0.725/Tb, the degradation of perform-
ance of MSK case will be slightly greater
than that of QPSK and Offset QPSK¥,

In this paper, low pass filters with linear

phase reponse and Weber-Cappellini window
are used. An impulse response length
of 65 is chosen, the transition band of

its frequency response is small, and atten-
uation at stop band is greater than 60 dB.
The filters of the same type are used both
in the transmitter and the receiver.

The simulation results for various
bandwidth are shown on the bit error rate
Pe"Eb/No curves in Fig.6, where E_ is the
signal energy for each bit, and Nb is the
double-side noise power spectrum density.
For the purpose of comparison, a Pe--Eb/No

* When
used.

4.pole Butterworth filters are
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curve of the ideal MSK system without band-
limiting is also shown in Fig.6. This curve
is consistent with that the case of optimal
binary system--BPSK, P = Z[ﬂ—erfg/ﬁﬁg7ﬁ;)].
As the bandwidth decreases,Eé will increase
and the degradation of system becomes
greater. It can be seen that in the case
At=0.6/Tb, the performance degradation is
slightly greater than that for Af=1,0/T .
But in the case of Af:O.S/Tb, the perform-
ance degradation will increase rapidly.

By comparing with the ideal MSK systenm
without bandlimiting at P=10"°, degrada~
tion for Af=1.O/Tb system performance is
about 0.6 dB, and for Af=0.6/Tb is about
1.5 dB, which is acceptable,

Carrier Freguency Offset

Frequency offset of the carrier is always
unavoidable because of Doppler frequency
shift and some circuit detuning. An asym-
metrical low pass filter (Fig.7¢)is derived
from the original symmetrical one (Fig.7c)
in the base band. ILet Ei(t) be the impulse
response of the original filter. For the
asymmetrical one, h(t) =E£(t)e'32”6ft =
p(t)+jq(t), where §f is the carrier fre-
quency offset. This filter is also called
the complex filter. In the discrete case,

EW@,

(d8)’

Fig.6. Bit error rate Pe---Eb/N° curves
for various bandwidths.
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the impulse response is h(n)e‘jZ"nSf/fs ,

where éf/fs is the ratio of the frequency
offset to the sampling frequency.(1o)

The output of the complex filter is

S(e)#a(t) =[S1(£)+35¢()) *[R(¢)+3a(t))
= 87(8)*p(%) - Sy(t)*a(t)
+H[8(E)*p(t)es(E)*a(t)]  (7)

where * denctes the operation of convolu-
tion., The real part of the output of the
complex filter is passed through the I-
channel of the receiver, while the imagin-
ary part of it, the Q-channel.

In general, the frequency offset §f is
rather small, q(t) is small, and p(t) is
the main part of the impulse response of
the complex filter. SQ(t)*q(t) and
SI(t)*q(t) represent the internal inter-
ference "ecross-talk" between the I-channel
and the Q-channel,

Simulation is done for various frequency
offset under system bandwidth Af=0.6/Tb,
and the results are shown in Fig.8. It
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Fig.8. Bit error rate Pé-—Eblﬂé curves
for various frequency offset,

can be seen that the larger the frequency
offset, the greater is the performance
degradation, As $£=10 khz, it causes only
a little performance degradation. As the
Doppler Prequency shift is of the order of

1 khz, it will not cause much degradation.
In fact, this communication system is of
wide~bandwidth nature, it is not susceptible
to small frequency drifts.

Bit Time Offset and Jitter

It simulates the imperfection of the bit
timing and is to find its effects on system
performance. When the bit time offsets are
within +25 ns (that is one-eighth of the bit
time), there is no significant performance
degradation.

R
! /7= 5Mnz
16 Af = 0.6/T,
:=:QES$?
to* \
: /,175 ns
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Eb/Na
° 2 4 & %8 W (g

Fig.9. Bit error rate Pe"Eb/No curves
for various bit time jitter.

Some simulation results for bit time
Jitter with various bit time swinging
amplitude under Af=0.6/Tb are shown in
Pig.9. When the jitter amplitude is 450
ns, (that is one~fourth of the bit time),
there is some performance degradation.
This fact must be taken into account in
the communication system designing,

Maltipat ") ation

In the 1 Ghz band, there are two main
paths of the radio wave propagation, the
direct ray and the earth reflected ray.(11)
Some of the two-path time delay difference
in the air-~-to-~-ground and air-to-air communi-
cations are shown in table 1 and table 2
respectively*, The reflected coefficient
of the earth reflected wave is depending

Distance(km)
Airborne 50 | 100 |200 (400
Altitude(m)
20 000 27 13 6,01 1,7
10 000 13 T+0| 3.0} 0,1
5 000 6.7 3.710.5 | wm

Table 1. Two-path time difference
in nano-second for A/G communications
(at ground antenna height 10 m)

Distance(km)
Airborne 50 | 100 | 200 {400
Altitude(m)
20 000 47 |26 |13 5e2
10 000 13 6.0 3.0| 0.1
5 000 Fe3] 146] 06T Out

Table 2, Two-path time difference
in micro-second for A/A communications
(Two aeroplanes on the same altitude)

* The culvature of the radio waves in the
atmosphere is considered here, assuming
that the equivalent earth radius is 4/3
earth radius.
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upon the earth surface condition and the
polarization direction of the radio waves.
Simulation has been done for various ratios
of the amplitude of the two-path waves, and
the worst case that the 180 degree phase
difference between them has been considered.

Some simulation results under Af=O.6/Tb
condition are shown in Fig.10. The two-path
amplitude ratio equals to 0.3 under the
worst phase condition, It can be seen that,
when the delay time difference of two-path
T=50 ns (i.e., one-fourth of the bit time),
the performance degradation takes the max-
imum value., It is referred to as the worst
case,

In air-to-ground communications (see
table 1, for example), evident performance
degradation occurs at the short distance,
But it is not very harmful to communication
becauce the signal is rather strong at this
range.,

In air-to~air communications (see table
2, for example), evident performance degra-
dation occurs at the fringe area of the line
of sight communieation. For system design,
this effect can not be neglected.

VTb:: 5MHz Af:o,é/n
REFLECTED / DIRECT =0.3

V=50 ns
3 -~ 25 100
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Fig.10. Bit error rate Pe--Eb/No curves
for various earth reflected rays

Multiple Effects

Simulation for many effects acting on
the system simutaneously has been done.
For example, the multiple effects are as
follows: limiting and filtering with system
bandwidth Af=0.6/Tb, carrier frequency
offset 5 khz, bit time jitter with +50 as,
multipath effect of signal amplitude ratio
of earth reflected ray to direct ray is
0.2 and time delay difference between them
is 25 ns.

The total effect on the system perform-
ance is illustrate in terms of Pe---Eb/No
By comparing with the
ideal case, the system degradation at
Pe=10'6 for the total effect is about 4 dB.

curve in Fig.11,
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Fig.11. Bit error rate Pe--Eb/Nocurve
for multiple effects.

From this example, we can see the flex-
ibility of the Monte Carlo method. It is
also helpful in solving the problem even
for such a complicated case,

IV, Conclusion

The Monte Carlo simulation for modern
aeronautical digital communication systenms
has been done. One can predicts the effects
of various factors on the complex systems,



The results of simulation are useful for
system design. From the above discussion,
one can see the effectiveness and flexibi-
lity of this Monte Carlo method. It is
believed that not only helpful to system
design, but can also indicate the effec-
tiveness of the new concepts of the commue
nication techniques.
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