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Abstract

Performance predictions for nonlinear digital satellite channels are usually obtained
by either purely analytical methods or Monte Carlo simulations. These approaches must
work with very simple channel models or they become extremely costly to use. In this
paper it is shown that through analytical modeling of the effect of the nonlinearity on the
uplink waveform it is possible to obtain approximate performance predictions with a
minimum of computer time. It is demonstrated that the results agree quite well with Monte
Carlo simulations and that meaningful tradeoffs can be, performed with this tool.

1. Introduction

A performance prediction tool is essential in all phases of a digital satellite
communications system development project. In the initial system design phase it permits
the comparison of various modulation formats and the selection of good filters and
operating points of nonlinear amplifiers for minimal intersymbol and adjacent-channel
interference. It can then be used in the development of subsystem performance
specifications by finding the performance sensitivity to various signal distortions, such as
modulator gain and phase imbalances, spurious outputs, linear (gain and phase ripple) and
nonlinear (AM-AM, AM-PM) distortions and time, phase, and frequency jitter. Finally, in
the hardware testing phase the measured distortion values can be included in the
performance evaluation to verify breadboard test results and to predict overall system
margins.

In order to serve all the above purposes, the performance prediction tool must be
quite flexible. But in order to be of practical use, such a tool must also be capable of
providing answers reasonably fast. These two requirements prove to be unreconcileable,
however. There are analytical methods available which can produce accurate performance



predictions very quickly, but only for a limited class of channel models. Sensitivity
analyses as described above cannot be directly integrated into the model but require a
separate analysis. Monte Carlo simulation, on the other hand, can model a communications
channel to any degree of accuracy desired, but the computer time required to produce
reliable results is usually prohibitive.

Flexibility and speed can be obtained simultaneously by combining elements of
Monte Carlo simulation and analytical modeling. This requires an approximate analytical
model for the effect of the nonlinear link elements on the waveform. The price to be paid
is, therefore a loss in accuracy and, possibly, universality; i.e. such an analytical simulation
may not produce good results for all types of nonlinearities under all link conditions.

This paper shows that an analytical simulation approach based on Blachman’s
definition of signal x signal, signal x noise and noise x noise terms [1] can provide the
required flexibility to model the effect of signal distortions on the link performance and
produce good results over a wide range of nonlinearities and channel conditions.

Section 2 gives a brief overview over analytical models, Monte Carlo simulation
techniques and analytical simulation approaches. Section 3 compares analytical simulation
results to Monte Carlo results to show that adequate accuracy is obtained. In Section 4 the 
analytical simulation is applied to study the performance sensitivity to various parameters
of interest.

2. Overview of Performance Prediction Techniques

There is a vast literature on analytical modeling and simulation techniques which cannot be
fully reviewed in such limited space. The intent of this section is, therefore, only to point
out the basic capabilities and inherent limitations of the approaches. The distinction
between analytical methods, Monte Carlo simulations and analytical simulations will be
maintained even though the boundaries between the three are not always well defined.

The satellite channel is assumed to be characterized by the block diagram of Fig. 1.
The data are modulated onto the carrier using either binary or quaternary phase shift
keying (BPSK or QPSK). A pulse shaping filter restricts the signal to the allocated band
and the (possibly nonlinear) high power amplifier boosts its RF power. The uplink adds
thermal noise to the signal. In the satellite, the received waveform is filtered, amplified by
a nonlinear amplifier, and filtered again. The donwlink adds more thermal noise. After
demodulation, the baseband signal is filtered, sampled, and compared to a threshold to
recover the data. The receiver filter may be matched to the pulse shaping filter in the
transmitter.



2.1 Analytical Methods

For analytical performance evaluation the waveform is usually assumed to be
sampled at the input to the nonlinear amplifier in the satellite in order to deal with random
numbers instead of a random process. The satellite output filter must then be neglected so
as to avoid any interaction between the samples. In many cases [2-5] the lowpass filter is
assumed to filter only the downlink noise so that the detector bases its decision on a single
sample of the satellite output waveform. The operation of an integrate and dump (I&D)
detector is then sometimes approximated by detecting the polarity of the waveform several
times across one bit and selecting the polarity seen more often (post-detection integration)
[3-7]. Other authors find the distribution of the sum of a number of samples, either by
using the characteristic function [8] or via the semi-invariants [5]. In either case it must be
assumed that the uplink noise samples are independent, which places certain restrictions
on the satellite channel filter model. Also, in order, to keep the speed advantage, the signal
is generally assumed to remain constant over one symbol, which makes the samples being
summed independent and identically distributed (i.i.d.). Fig. 2 shows a typical block
diagram for such a model.

Because of all the above restrictions this analytical approach is not suited for sensitivity
analyses and separate analytical tools for this purpose have been developed [9].

For the single-sample detection model there are closed-form performance results available
for certain simple models of the nonlinearity [4]. All other cases require numerical
integrations to be performed.

2.2 Monte Carlo Simulation

In Monte Carlo simulations the signal and noise waveforms are generated as vectors
of samples and sequentially operated on by routines modeling subsystems of the channel.
The accuracy of the performance estimates depends, therefore, only on the accuracy with
which the functional elements of the channel were modeled and on whether the time
duration of the generated waveform is long enough to make the simulated noise
representative for its underlying statistics. This latter condition, however, may be hard to
satisfy, particularly if the design error rate of the system is very low. The problem can be
alleviated to some extent by modeling the effect of the downlink noise analytically, which
is straightforward for a linear receiver. Other approaches are to simulate the system at
error rates higher than the design point and to extrapolate the error rate curve to lower
values [10] or to distort the probability density function of uplink noise samples in order to
favor low probability events and to correct for this by weighing the detected errors
accordingly [11].



Except for some special cases, Monte Carlo simulation nevertheless remains a time-
consuming approach.

2.3 Analytical Simulation

There is no generally accepted definition for the term “analytical simulation”. In this paper
it is applied to approaches which use both statistical characterization and waveform
sample vectors to describe the output of the nonlinear repeater. The advantage of such a
representation is that the sampled waveform can be subjected to further processing
simulating the effect of downlink elements while the statistical characterization of the noise
effects avoids the need for lengthy simulation runs. Since the output of the nonlinearity is
not naturally partitioned into a deterministic and a random component there is some
approximation involved in this representation.

The simplest approach satisfying the above definition is to add the uplink noise to
the downlink noise, e.g. by matching the signal-to-noise ratio at the receiver for an
equivalent linear link. Another method, affording a little more flexibility, is the conditional
expectation approach based on [1].

3. Comparison of Conditional Expectation Approach to Monte Carlo Simulation

Due to the restrictions placed on analytical models (Fig. 2) and the assumptions
required for an analytical simulation, meaningful comparisons between these two
approaches are not feasible. The analytical simulation results are therefore compared to
Monte Carlo results for the BPSK link of Fig. 1. Here, the pulse shaping filter is modeled
as a half-Nyquist filter with a roll-off parameter " = .1. The satellite input and output filters
are of the Chebyshev type with a bandwidth equal to three times the data rate and a ripple
of .1 dB. The receiver low-pass filter is matched to the pulse-shaping filter. The high-
power amplifier is linear while the satellite TWTA characteristic is given by Fig. 3.

For the Monte Carlo simulation the same 63-bit signal was combined with 32
different uplink noise waveforms to find the uplink waveform contribution to the detector
input. The downlink noise effect was modeled analytically. No effort was made to smooth
the resulting performance curves in order to demonstrate the slow convergence of the
results.

Typical results are shown in Figures 4 and 5 for two different operating points of the
TWTA. Note that the Monte Carlo curves follow the analytical simulation results quite
well, but with some wild variations, despite the large number of bits simulated.



4. Typical Applications of Analytical Simulation

With the analytical simulation calibrated, it may now be applied to a few typical
design tradeoffs and sensitivity analyses.

Figure 6 shows the effect of the modem filter roll-off on the error rate. The results
show that a narrower bandwidth (smaller ") leads to a higher error rate. This is due to the
larger signal envelope variation which introduces more nonlinear distortion in the satellite
TWTA. The effect of this nonlinearity is to “freeze” intersymbol interference into the
waveform so that the receive filter cannot remove it. This is substantiated by Figure 7
which shows that the error rate is not very sensitive to a mismatch between the modem
filters if the channel is nonlinear.

Figures 8 and 9 show the effect of reeiver misalignments on the performance. In
Figure 8 the demodulator phase is offset from its optimum value. For small angles the
resulting degradation proves to be small. The performance is very sensitive, however, to an
offset in the sampler timing, as shown in Figure 9. This is due to the small value of the roll-
off parameter selected.
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Figure 1.  Typical Satellite Channel Block Diagram.



Figure 2.  Typical Satellite Channel Block Diagram for Analytical Modeling

Figure 3.  Typical TWT Characteristic.



Figure 4. BER Performance for TWTA Figure 5. BER Performance for
with 3 dB Input Backoff. Saturated TWTA.



Figure 6. Effect of Filter Roll-Off on Error Rate. Figure 7. Effect of Mismatch Between Transmit
and Receive Filter on Error Rate.



Figure 8. Effect of Demodulation Phase Offset Figure 9. Effect of Sampler Timing Offset on
on Error Rate. Error Rate.


