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ABSTRACT

The detection and diagnosis of physical layer faults at system
level in communications systems remains problematic. This
paper presents a cross layer fault detection scheme, suitable for
implementation at higher levels in a communications system,
with the ability to detect and diagnose the cause of physical
layer failure which results in impaired performance. It is based
on the distribution of symbol error frequency and the probabil-
ity of error of the underlying modulation scheme used in the
communications system. With this knowledge, a simple count-
ing algorithm is proposed as a diagnostic tool to implement the
methodology.

I. INTRODUCTION

In modern communications systems much of the physical layer
activity is hidden from the system behind several layers of ab-
straction. The typical base station is a good example of how
this is achieved, as shown by the Open Base Station Architec-
ture Initiative (OBSAI) model [1] seen in Fig.1. It is divided
into the transport, baseband, radio frequency (RF) and clock
and control blocks. As a signal passes through these blocks, it
undergoes many stages, each of which can distort the signal.
The RF module in particular can have a large impact on the
signal as a result of functions such as digital to analog conver-
sion, up-conversion, filtering, amplification and power combin-
ing. To further complicate matters, such base station modules
in contemporary communications systems are constructed from
various third party sub-systems. These components do not nec-
essarily have built-in fault diagnosis interfaces and if they have,
these interfaces are almost invariably proprietary and often pro-
hibitively expensive.

The RF module is often the cause of system failure due to the
challenging thermal conditions and high power loads to which
it is subjected. The cost of system downtime for wireless ser-
vice providers is extensive both in terms of lost revenue and di-
minishing customer confidence. Hence a cost effective method
to predict system failure or degradation early is desirable as it
would allow preemptive, noninvasive maintenance and reduced
service interruption.

An alternate approach to using built-in fault diagnostics,
based on the distribution of symbol error frequency, may be
taken. It is well known that a certain proportion of the received
symbols in such a communications system will be received er-
roneously. That is to say, symbol X has been transmitted but
has been interpreted as symbol Y at the receiver. Under normal
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Figure 1: Base Station Infrastructure [1]

conditions the modulation scheme is designed to guarantee an
equal probability of error for each symbol. However, with the
addition of some nonlinearity, or other distorting factor, to the
signal path this would no longer be the case. Instead these
distortions would produce characteristic patterns in the symbol
error ratios.

If a failing power amplifier (PA) is modeled as having de-
graded linearity performance, then it becomes possible to iden-
tify the on-set of this specific form of distortion in the data
stream at the receiver and diagnose the existence of a failing
PA in the signal chain. Since power amplifiers are quite prone
to failure, a PA will be used as the test case for the fault diag-
nosis tool.

Using these ideas as the foundation of this work, Section II
details the theoretical analysis for the particular case consid-
ered, 16-QAM. Equations are developed for the probability of
error in the presence of AWGN and in the presence of AWGN
with a failing PA, represented by a nonlinearity. The Matlab
simulations, carried out to corroborate the theoretical calcu-
lations and to ensure that they bear a relationship to the real
world situation, are briefly described in Section III. Numerical
and simulated results are given in Section IV. The tool which
arises from these results and a possible implementation utiliz-
ing a cross layer mechanism are described. Section V gives
some conclusions.

II. ERROR PROBABILITY

We propose that the error probability for individual symbols
is affected by nonlinear distortion and that the resulting error
probabilities have a distinctive pattern associated with the par-
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Figure 2: 16-QAM Constellation Diagrams

ticular form of distortion. In this section we prove this theory
for the error probability of a power amplifier with gain com-
pression.

The error probabilities for 16-QAM with an AWGN chan-
nel and 16-QAM with a failing PA and an AWGN channel are
described in this section. In Fig. 2 the 16-QAM constella-
tion diagram can be seen both before (uncompressed) and after
(compressed) it has been subjected to the failing PA.

Since the error probability of the modulation format is used
to validate simulation results, this section will include the theo-
retical analysis required to complete this validation procedure.
M-QAM has been selected as the modulation scheme because
it is a commonly used modulation format in modern communi-
cations systems.

A. Error Probability for M-QAM with AWGN Channel

A M-QAM constellation point Sy is denoted by
(aNd”gm,bNd”%) where d,,;, is the minimum distance

between the constellation points, ay and by are integers,
% = Ep and Ep is the energy of the symbol with the
lowest amplitude. The M-QAM signal for symbol & is given
by [2] (p. 369):

2F, 2F,
sp(t) =1/ Toak cos 27 fot — \/Tobksin%'fct €))

The probability of symbol error, Py, with an AWGN channel
is given by [3] (p. 278):

Py=1-(1-P)? Q)
where Py, is given by [2] (p. 371):

PL=2(1—%)Q(,/%) 3)

Eo is given by [2] (p. 372):

_ 3Es
Fo=5m x
Resulting in [3] (p. 278):
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Figure 3: Signal Point and its Decision Boundary for 16-QAM
with AWGN Channel

where ﬁ—i is the signal to noise ratio (SNR) of the signal and
L=vVM.

The error probability of each individual M-QAM symbol, as
opposed to the overall probability of symbol error, can be cal-
culated numerically using the method proposed by Craig in [4]
which may be summarized as follows. If an arbitrary M-QAM
constellation symbol Sy is transmitted, an error in reception
occurs if the noise causes the receiver to produce a point out-
side the decision boundaries B1, B2, B3 or B4 as shown in Fig.
3, otherwise it is received correctly. In the AWGN case, each of
the sub-regions of the decision region shown in Fig. 3 are iden-
tical since ideally, the symbol is transmitted at the exact centre
of the decision region. The probability that detected point lies
outside a boundary is given by [4]:

—X?sin?(Ty,)

1 n 0
Pg, = — exp| —— 55— |df
on WI;/O pl20281n2(0+\11k)

(6)

where n is the number of sub-regions surrounding the constel-
lation symbol, ¥, and 6} are the angles for each of the sub-
regions shown in Fig. 3 and X,% /202 is a scaled version of
the SNR. The scaling factor was found using the methodology
proposed by Chrisikos in [5]. For any symbol, the number of
terms in the sum Pg, will be equal to the number of sides on
its decision region. The probability of symbol error is given
by [4]:

N
Ps =) PsyP(Sy) (7)

n=1

where P(Sy ) is the a priori probability that the symbol Sy is
transmitted.

B.  Error Probability for M-QAM with a Nonlinear PA and an
AWGN Channel

As was previously mentioned, the failing PA is modeled as hav-
ing a degraded linearity performance. The error probability in-
cluding PA nonlinearity cannot be found using standard error
probability formulas such as (2) and so it is also calculated us-
ing the methodology proposed by [4]. However, the decision
region is divided into different sub-regions than in the AWGN
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with a Nonlinear PA and AWGN Channel

case. When the symbol is passed through a nonlinear PA before
transmission, compression occurs, which results in the symbol
moving away from the centre of the decision region. An exam-
ple of an arbitrary M-QAM contellation symbol distorted by a
nonlinear PA is shown in Fig. 4. Clearly these sub-regions are
not identical and the required parameter values for (6) are given
in Section V.

III. SIMULATION

Before considering the numerical results produced by the anal-
ysis expounded in Section II, simulations were carried out for
the purposes of comparison.

These simulations were carried out in Matlab [6]. They com-
puted computed the symbol error probability and symbol rel-
ative frequency distributions using the Communications Tool-
box. 16-QAM modulation has been selected for these simu-
lations. The ﬁ—i of the channel is varied from 0dB to 20dB in
the simulation. When simulating the nonlinear PA with AWGN
channel the Rapp Model was used.

A.  Power Amplifier Model

The PA was simulated using the Rapp Model. The AM/AM and
AM/PM conversions were applied according to the following
functions [7]:

u

Fayjam = - 3
L+ (32)™]

Fayypy =0 ©

where v is the magnitude of the input signal, p is the smooth-
ness factor and v, is the maximum output amplitude.

IV. NUMERICAL RESULTS

A. AWGN

The probability of error for the simulated values was calculated
as follows:
_ #58

 #Skx
where # S is the number of symbols received erroneously and
#Sgrx is the total number of symbols received. A graphical
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Figure 5: Symbol Error Curve for 16-QAM with AWGN Chan-
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comparison between the calculated values for the symbol error
rate in the white noise environment, using (2) and (7), and the
simulated values can be seen in Fig. 5. There is a very close
match between simulated and calculated results in the case of
white noise.

The probability of error for each constellation point was sim-
ulated and calculated using the methodology elucidated in [4]
with 6, = 7/2, ¥}, = 7/4, xx = V2 and By = 2. The
value of Bj, depends only on the modulation format. These
parameter values were calculated using the layout in Fig. 3.
The use of elementary trigonometry results in the angles 6y,
and U, and the magnitude xy, given foreknowledge of By and
the constellation symbol Sy. In the white noise case each of
the 4 sub-regions of the decision region are identical. Depend-
ing on which constellation symbol is being considered, the total
probability of error for that symbol will be the sum of the prob-
ability that the symbol falls outside either 2, 3 or 4 of these
sub-regions. The simulated error probability for each symbol
was found as follows:

_ #SE,
" #Sgx,

Pg (1)

where #Sg, is the number of times symbol ¢ is received erro-
neously and #Srx;, is the total number of times symbol i is re-
ceived. A graphical comparison of the calculated and simulated
results can be seen in Fig. 6. As can be clearly discerned the
calculated results replicate the simulated results quite closely.

B. Nonlinear PA

A graphical comparison between the calculated values for the
symbol error rate for an AWGN channel with a nonlinear PA
using (7) and the simulated values can be seen in Fig. 7. As
can be seen, the simulted and calculated results are closely
matched.

The error probability for each symbol is calculated using (6).
Tables 1 and 2 contain the parameters, for a selection of con-
stellation points with v, = 3V and vsq; = 3.5V respectively
and p = 3 in both cases, required by (6). These parameter val-
ues were calculated using the layout in Fig. 4. Once again, the
use of elementary trigonometry results in the angles 6, and Wy
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Figure 8: Error Probability for 16-QAM with Nonlinear PA and
AWGN Channel for Each Constellation Symbol (vsq: = 3V)

and the magnitude x, given foreknowledge of By, and the con-
stellation symbol Syy. These constellation points are in the first
quadrant of the constellation diagram. The constellation points
in the other 3 quadrants mirror these values as can be seen in
Fig. 2. The error probability of each symbol is calculated us-
ing (11) for the simulated results. Graphical comparisons of
the calculated and simulated results can be seen in Fig. 8 and
Fig. 9 for vgq: = 3V and vgqy = 3.5V respectively and p = 3
in both cases. As can be seen from these plots there is a close
correlation between the simulated and calculated results.

Table 1: Parameter Values for (6) with a Nonlinear PA and
AWGN Channel (vgq; = 3V, %ﬁ =12 dB)

(Sullx] o | w [ o [B]
9 1] 08271 | 0.7854 | 1.9216 | 2
9 2 | 2.3145 | 0.0417 | 0.1133 | 2
9 3123145 | 0.7854 | 1.9216 | 2
9 41 0.8271 | 1.5291 | 2.7152 | 2
13 || 1] 1.2333 | 0.8907 | 1.6480 | 2
13 || 2 | 1.6218 | 0.5532 | 1.0523 | 2
13 || 3 | 2.0522 | 0.6042 | 1.2820 | 2
13 || 4| 1.3759 | 1.0857 | 1.8034 | 2
14 || 1 | 1.5690 | 0.7854 | 1.4142 | 2
14 || 2| 1.5726 | 0.7836 | 1.4116 | 2
14 || 3 | 1.5726 | 0.7854 | 1.4142 | 2
14 || 4 | 1.5690 | 0.7872 | 1.4168 | 2

Table 2: Parameter Values for (6) with a Nonlinear PA and
AWGN Channel (vgq; = 3.5V, ;Ev—lj =12 dB)

Sullx[ o | w [ o [B]
9 1 | 1.0046 | 0.7854 | 1.6757 | 2
9 2121370 | 0.2192 | 0.5153 | 2
9 3| 2.1370 | 0.7854 | 1.6757 | 2
9 4 11.0046 | 1.3516 | 2.3131 | 2
13 || 1] 1.3798 | 0.8466 | 1.5258 | 2
13 || 2| 1.6196 | 0.6556 | 1.2207 | 2
13 || 3| 1.8008 | 0.7044 | 1.3302 | 2
13 || 4| 1.4830 | 0.9344 | 1.6148 | 2
14 || 1 | 1.5701 | 0.7854 | 1.4142 | 2
14 || 2 | 1.5715 | 0.7847 | 1.4132 | 2
14 || 3 | 1.5715 | 0.7854 | 1.4142 | 2
14 || 4 | 1.5701 | 0.7861 | 1.4152 | 2

C. Fault Diagnosis Mechanism
As the error probability for both an AWGN channel and a non-
linear PA with AWGN channel have been simulated and the
results have been verified theoretically, the applicability of rel-
ative frequency distributions in the detection of component per-
formance degradation can now be considered.

The relative frequency is the principle upon which the count-
ing algorithm for the proposed fault detection tool is based, and
is computed using the following formula:

_ #5x
#Srx

where #Sx is the number of times a particular symbol is re-

Fr 12)
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Figure 9: Error Probability for 16-QAM with Nonlinear PA and
AWGN Channel for Each Constellation Symbol (vs,: = 3.5V)

ceived and #Sgkx is the total number of symbols received.
Hence, it would be necessary only to count the total number of
symbols received and the total number of each different symbol
received to implement the counting algorithm and fault diagno-
sis mechanism.

The relative frequency for the AWGN channel simulation
was generated and is shown in Fig. 10. A clear pattern can
be seen in these circumstances. Each constellation point has
virtually the same relative frequency (Fr = %6) which is ir-
respective of the values E—’g The nonlinear PA with AWGN
channel simulation yields the relative frequency plots which
can also be seen in Fig. 10. In this instance there is also a very
clear pattern which is followed over the range of %ﬁ The sym-
bols fall into three distinct categories depending on the level of
compression to which they are subjected. Moreover, the value
of the relative frequency is affected by the level of nonlinearity
and hence can be used to detect a change in the PA performance
over time.When the relative frequency curve for the AWGN
channel is contrasted with a nonlinear PA with AWGN chan-
nel the resulting distributions are distinctively dissimilar. Ergo,
the source of degradation can be identified as gain compression
with great facility on this occasion.

It is proposed that a similar methodology to that which has
been described in this work be used to generate symbol error
frequency distributions for other fault mechanisms which may
arise within the RF module of a wireless system. These distri-
butions would be stored in a database. The symbol error fre-
quency distribution of a system functioning correctly would be
compared to the system symbol error frequency distribution at
regular intervals. If the system symbol error frequency distri-
bution does not match the symbol error frequency distribution
of a system functioning correctly, the distribution is compared
to those stored in the database. The fault detection mechanism
thereby detects any undesirable system behaviour on-line and
may possibly provide a diagnosis for the fault.

Comparison of Relative Frequency Distributions (Eb/No = 12dB)
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stellation Point for an AWGN Channel and a Nonlinear PA with
AWGN Channel (% =12dB)

V. CONCLUSION

The approach presented in this paper is useful in the area of
physical layer fault detection. The effect of component degra-
dation on individual symbol error rates due to a failing PA is
simulated and verified theoretically. The source of the deteri-
oration in system performance can be identified using the rel-
ative frequency distribution for a nonlinear PA because its dis-
tribution has a characteristic pattern. Moreover, a cross layer
diagnostic tool to monitor the symbol relative frequency distri-
bution, based on the aforementioned counting algorithm, could
easily be implemented to detect any such deviant behaviour.
Due to the computational efficiency of this algorithm, it may
be implemented on-line in a live communications system.
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