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ABSTRACT

A novel adaptive modem scheme is to be presented
for transmissions over wideband mobile channels,
which employs a Radial Basis Function (RBF) based
decision feedback equaliser, in order to mitigate the
effects of the dispersive wideband channel. Turbo
codes are invoked for improving the bit error rate
(BER) and bits per symbol (BPS) performance of
the scheme, which is shown to give a significant im-
provement in terms of mean BPS performance com-
pared to that of the uncoded RBF equaliser assisted
adaptive modem.

1. INTRODUCTION

The principles of adaptive quadrature amplitude modula-
tion (AQAM) schemes were presented for example by Webb
et al. [1] and Wong [2] et al. Chen, McLaughlin, Mulgrew
and Grant [3] proposed a range of so-called RBF network
based channel equalisers, which are capable of detecting
the received signalling symbols even in a scenario, where
the phasors become linearly non-separable due to the inter-
symbol interference inflicted by the channel. In this situa-
tion conventional equalisers would be unable to remove the
effects of intersymbol interference (ISI) and hence would
exhibit a residual BER. Additionally, Chen et. al. [4] in-
troduced decision feedback in their RBF-based equaliser, in
order to reduce its computational complexity. The RBF de-
cision feedback equaliser (RBF DFE) was then extended to
higher-order QAM schemes, which were investigated in [5].
Turbo coding was proposed by Berrou, Glavieux and Thiti-
majshima and its performance was shown to approximate
the Shannonian limit [6]. The reader is referred to the above
references for background reading.

The upper bound performance of the joint adaptive
QAM and RBF DFE for multipath Rayleigh fading chan-
nels has been investigated in {7]. In this contribution we
invoke turbo codes in the AQAM/RBF DFE system in
order to improve the BER and BPS performance of the
current adaptive scheme. An overview of the turbo coded
AQAM/RBF DFE is given in the next section.

2. SYSTEM OVERVIEW

In order to maximise the BPS throughput of the system,
high code rates in excess of 2/3 are desirable. Consequently,
block codes were chosen as the component codes in prefer-
ence to Recursive Systematic Convolutional- (RCS) codes,
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since turbo block coding has generally shown better results
for coding rates above 2/3 [8]. At the transmitter, binary
BCH(n, k) codes are used as the component codes in the
turbo encoder, where n and k denote the number of encoded
bits and the number of information bits, respectively. At
the receiver, the RBF DFE based on the optimal Bayesian
decision function [4)] is capable of estimating the a-posteriori
probability of the transmitted symbols. Therefore from the
symbol probability estimates we can obtain the so-called log
likelihood ratio (LLR) of the bits representing the symbols,
where the LLR of a data bit u; is defined as:

Plus = +1)y 1)

L(’Uzk) = ln(m

The above bit LLRs provide the soft decision values re-
quired by the turbo decoders.

The probability of error for the detected bits can be esti-
mated from the soft output of the turbo decoder. Referring
to Equation 1 and assuming P(uy = +1)+Pux = -1) =1,
the probability of error of the detected bit is given by

_ P(u =_1):
PerrnT(u’C) - { P(’u,: = +1))

The probability of the bit having the value of +1 or -1
can be rewritten in terms of the LLR of the bit, L(ux), as
follows: T

1+ olCtunl’ )

where |£(u)| is the magnitude of L£(uy). Therefore, since
the magnitude of the bit LLR is related to the probability
of bit error according to Equation 3, the average value of
the LLR magnitude of all the bits in a transmission burst
can be used as the modem mode switching criterion. We
define the average frame LLR magnitude as follows:

if £(ug) > 0
it L <0 @

Perrov‘ (ulc) =

Tl L)
fenll (@

where F is the number of data bits per frame and u; is the
ith data bit in the transmission burst. Figure 1 portrays
the average transmission burst LLR magnitude fluctuation
over the frame-invariant fading channel versus the frame
index for binary phase shift keying (BPSK) at the output
of the RBF DFE over a two-path Rayleigh fading chan-
nel. The average frame LLR magnitude before decoding is
slowly varying and it is relatively predictable for a number
of consecutive data burst. Therefore the average frame LLR
magnitude of the current transmitted burst can be used to

Laverage =
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Figure 1: Average frame LLR magnitude before decoding
versus frame index for BPSK at the output of the RBF DFE
over the two-path Rayleigh fading channel of Table 2. Per-
fect channel impulse response (CIR) estimation is assumed
and error propagation in decision fedback is ignored. The
transmission burst used is shown in Figure 2.

select the modulation mode for the nest transmission burst
based on a set of switching LLR magnitude thresholds cor-
responding to the M-QAM regime used, where M = 2,4,16
and 64. The turbo decoder iteratively improves the BER of
the decoded bits. Since the average frame LLR magnitude
before and after decoding has an approximately linear rela-
tionship, as demonstrated by Figure 3 for 1 and 6 decoder
iterations, the average probability of error for the decoded
frame can be inferred from the average frame LLR magni-
tude provided by the RBF equaliser and fed into the turbo
decoder instead of those provided by the turbo decoder.
Thus, this parameter can also be used as the switching cri-
terion of the turbo coded scheme. The advantage of using
this method — rather than using the average frame LLR
magnitude after decoding as the switching criterion - is
that turbo decoding can be skipped for received 'no trans-
mission’ (NO TX) data bursts and we only need to measure
the quality of the equalised NO TX data sequence using the
RBF DFE in order to predict the modulation mode to be
used by the next transmission burst. The NO TX mode
is utilized for adaptive schemes with transmission blocking,
when dummy symbols are transmitted instead of a valid
data sequence.

The average frame LLR magnitude obtained from the
RBF DFE is compared to a set of switching LLR magnitude
corresponding to the modulation mode of the equalised data
burst. Consequently, a modulation mode is selected for the
next transmission, assumming reciprocity of the uplink and
downlink. This implies that the similarity of the average
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[10].
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Figure 3: The average frame LLR magnitude after turbo
decoding versus the average frame LLR magnitude before
turbo decoding for BPSK. The turbo coding parameters are
given in Table 1 and the turbo interleaver size is 494 bits.
The transmission burst used is shown in Figure 2.

frame LLR magnitude of consecutive data bursts can be
exploited, in order to set the next modulation mode. The
modulation modes utilized in our system are BPSK, 4QAM,
16QAM, 64QAM and NO TX. The modulation mode is
switched according to the average frame LLR magnitude as
follows:

NO TX if Laverage < L3
BPSK  if £3* < Laverage < L3
Mod. Mode = { 4QAM if L} < Laverage < L7d
16QAM  if £14 < Laverage < P4t
64QAM if £§{ < Laverage,

(%)
where LM, i = 2,4, 16, 64 are the switching LLR magnitude
thresholds corresponding to the M-QAM mode. The LLR
magnitude switching thresholds corresponding to M-QAM,
LM i = 2,4,16,64, can be obtained by estimating the
average frame LLR magnitude degradation/improvement,
when the modulation mode is switched from M-QAM to a
higher/lower number of modulation levels.

The RBF equaliser based on the Bayesian equaliser solu-
tion has a high computational complexity due to evaluating
nonlinear exponential functions and due to the high num-
ber of additions/subtractions and multiplications/divisions
required. Hence we propose computing the output of the
RBF network in logarithmic form by using the Jacobian
logarithm (9], in order to avoid the computation of exponen-
tials and to reduce the number of multiplications performed.
We refer to our RBF equaliser using Jacobian logarithm as
the Jacobian logarithmic RBF equaliser. We will present
this idea in more detail in the next section and in our sim-
ulations we will use this reduced complexity equaliser.

Component code BCH(31,26)
Code rate 0.722
Turbo interleaver type | Random
Component decoders Log-MAP
Number of iterations 6

Table 1: The turbo coding parameters
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2.1. Jacobian Logarithmic RBF Equaliser
The Jacobian logarithm is defined by the relationship [9]:

= In(eM +€2)
maz(A, A2) + In(l + e""\"’\ﬂ)

maz (A1, A2) + fe(]A1 — A2])

J(A1,A2)

R

(6)

where f(-) is the so-called correction function. The correc-
tion function f.(z) = In(1 + e~ ®) has a dynamic range of
In(2) > f.(z) > 0, and it is significant only for small values
of z. Thus, f.(z) can be tabulated in a look-up table, in
order to reduce the computational complexity. The correc-
tion function f.(-) only depends on |A; — Az|, therefore the
look-up table is one-dimensional and only a few values have
_ to be stored.

The Jacobian logarithm of Equation 6 can be extended,
in order to cope with a higher number of exponential sum-
mations, such as in In (3 ,_, e**). Reference [9] showed
that this can be done by nesting the J(A1, Az) operation as
follows:

n

In (Z et

k=1

) = Ty T Qs Tz, T2, A1) - ).
(7

Having characterised the Jacobian logarithm, we will now
decribe, how this operation can be used in order to reduce
the computational complexity of the RBF equaliser.

The overall response of the M-hidden nodes RBF net-
work is given by [3]:

M
Z wiexp(~[vi — cil*/p),

i=1

®)

fRBF (vk)

where c¢;,7 = 1,...,M are the RBF centers and p is the
RBF width. Expressing Equation 8 in a logarithmic form
and invoking the Jacobian logarithm, we obtain:

M
ln(z wierp(—||ve — CiHZ/P))

In(frBr(vs)) =
11.\—-/[1
= (Y eap(in(wi))eap(~llvi - cill*/p))
1]\:/[1
= ln(z exp(Aik))
= J(/\A—,j)c, JAr=1)ks - T A2k, A1) .. 1)),
9)
where Aix = In(w;) — [lvi — ¢;|[>/p and || - || denotes the

Euclidean norm. By introducing the Jacobian logarithm,
every summation of two exponentials and each weight mul-
tiplication operation in ' Equation 8 is subtituted by an addi-
tion, a subtraction, a table look-up and a comparison oper-
ation, thus reducing the associated computational complex-
ity. Most of the computation load comes from computing
the Euclidean norm term |Jvi — c;||?, which will depend on
the number of RBF centers and the size of the vectors c;
and vy or — in other words — the equaliser order.

Figure 4 shows the turbo coded BER performance of the
Jacobian RBF DFE compared to that of the RBF DFE over
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Figure 4: BER versus SNR performance for the Jacobian
logarithmic RBF DFE with turbo coding over the disper-
sive two-path, AWGN channel having a transfer function
H(z) = 0.707 4+ 0.7072~" for various QAM schemes. The
turbo coding parameters are given in Table 1.

a dispersive two-path additive white Gaussian noise chan-
nel having the transfer function H(z) = 0.707 + 0.707z"".
Both equalisers have a feedforward order of m = 2, feed-
back order of » = 1 and a decision delay of 7 = 1. The
parameters of the turbo codec are given in Table 1 and a
turbo interleaver of size 9984 bits is used. Both equalisers
are shown to give a similar turbo coded performance, since
the Jacobian logarithm method is capable of providing a
good approximation of the equalised channel output LLRs.
Another advantage of the Jacobian logarithmic version of
the RBF DFE is that in providing soft values for the turbo
decoder, the Jacobian RBF DFE output is already in the
logarithmic form and thus we can dispense with taking the
logarithm in order to obtain the bit LLRs. Let us now
consider the performance of the proposed scheme.

3. SIMULATION RESULTS

Transmission Frequency 1.9GHz
Transmission Rate 2.6MBd
Vehicular Speed 30 mph
Normalised Doppler Frequency | 3.3 x 107°
Channel weights 0.707 + 0.707z"*

Table 2: Simulation parameters for two-path Rayleigh fad-
ing channel scenario.

Mod. Mode || BPSK | 4QAM | 16QAM | 64QAM

Interleaver Size 684 1368 2736 4104

Table 3: Corresponding random interleaver size for each
modulation mode.

The simulation parameters are listed in Table 2, noting
that we analysed the joint AQAM and RBF DFE scheme
in conjunction with turbo coding over a two-path Rayleigh
fading channel. The wideband fading channel was frame-
invariant, implying that during a transmission frame the
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channel impulse response was considered time-invariant. The
transmission burst used in our treatise is shown in Figure 2.
The RBF DFE used in our simulations had a feedforward
order of m = 2, feedback order of n = 1, decision delay of

= 1 and it utilised the Jacobian logarithm for reducing
its computational complexity. We used the binary BCH(31,
26) turbo component code and the size of the random turbo
interleaver used was varied according to the modulation
mode used — as given in Table 3 — in order to enable burst-
by-burst decoding.

In our experiments, we obtained the LLR magnitude
degradation/improvement from the average frame LLR mag-
nitude of every modulation mode used, under the same in-
stantaneous channel scenario. In order to achieve a cer-
tain target BER performance we have to map the average
frame LLR magnitude to the expected BER of the decoded
burst. The BER of the decoded burst can be estimated
from the average probability of error for the bits in the de-
coded burst. We refer to this estimate as the short-term
BER, which is defined as:

F
P rror\Ui
Short-term BER = —E—"E‘—;—;_—T—-—(y—l

, (10)

where F is the number of bits per burst and Peyror(ui) is
the probability of error for the detected bit, as defined in
Equation 3. We opt for using the average of the bit LLRs
instead of the average of the bit error probability as the
switching criterion in order to avoid the computation of the
error probability for every bit based on Equation 3.
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Figure 5: The estimated short-term BER for all the possi-
ble modulation modes versus the average frame LLR mag-
nitude of 4QAM over the two-path Rayleigh fading channel
of Table 2. The turbo coding parameters are given in Ta-
ble 1. The turbo interleaver size is fixed according to the
modulation mode used as shown in Table 3.

Figure 5 shows the short-term BER of every modula-
tion mode used after turbo decoding, versus the average
frame LLR magnitude of 4QAM before decoding. In or-
der to obtain the target BER of 107*, Figure 5 demon-
strates how each switching LLR magnitude £} is obtained.
For example, if the average LLR magnitude of the received
4QAM transmission burst, Laverage is in the range of 100 >
Laverage > 40, the modulation mode is switched to 16QAM
for the next transmission burst, since the BER of this 16QAM
transmission burst is estimated to be below the channel de-
coded target BER of 10~ *. Note that due to the ’spreading’
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of the average frame LLR magnitude versus the short-term
BER curve — especially for higher level QAM modes — the
switching threshold is estimated from the mean of this dy-
namic range. Using the above method, the switching LLR
magnitude thresholds were obtained for the target BER
of 107* for all legitimate mode switching combinations, as
listed in Table 4.

T e ] cfd | ot
NO TX | 8.0 | 17.0 | 90.0 | 380.0
BPSK | 8.0 | 17.0 | 90.0 | 380.0
4QAM | 40 | 7.5 | 40.0 | 140.0
T6QAM | 2.0 | 3.0 | 11.5 | 55.0
64QAM | 1.7 | 2.2 | 6.2 | 300

Table 4: The switching LLR magnitude thresholds £M of
the Jacobian AQAM RBF DFE scheme with turbo cod-
ing for the target BER of 10™* over the two-path Rayleigh
fading channel of Table 2.

Figure 6 shows the performance comparison of the AQAM/
Jacobian RBF DFE scheme with turbo coding for data
quality transmission (target BER of 10™*) with its con-
stituent turbo coded fixed modulation schemes. Figure 6
also shows the BER and BPS performance of the AQAM/RBF
DFE scheme without turbo coding. The number of BPS for
the coded BPSK, 4QAM, 16QAM and 64QAM modes is
0.72, 1.44, 2.89 and 4.33, respectively. Comparing the coded
AQAM schemes with the coded fixed modulation schemes
shown in Figure 6, the BPS and BER performance of the
adaptive scheme is superior in comparison to the individual
constituent fixed modulation modes.

Referring to Figure 6, the coded BPS was better than
that of the uncoded scheme for the channel SNR range of
0 to 26dB with a maximum gain of 4dB at a channel SNR
of 0dB. However, at high SNRs the BPS performance is
limited by the coding rate of the system to a maximum BPS
of g—‘:‘ -6 =4.33. The coded AQAM system also exhibited a
superior BER performance, when compared to the uncoded

Turbo-coded BER || O —— turbo-coded BER
. — BPSK O ~-- uncoded BER
X ~— uwrbo-coded BPS
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Figure 6: The BER and BPS performance of the joint
AQAM/Jacobian RBF DFE with turbo coding for data-
quality transmission using the parameters listed in Table 2.
The modem mode switching levels used for this scheme are
listed in Table 4. The turbo coding parameters was given
in Table 1. The turbo interleaver size is fixed according to
the modulation mode used as shown in Table 3.
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Figure 7: The BER and BPS performance of the joint
AQAM/Jacobian RBF DFE with turbo coding designed
for error-free transmission using the parameters listed in
Table 2. The modem mode switching levels used for this
scheme are listed in Table 5. The turbo coding parameters
are given in Table 1. The turbo interleaver size is fixed ac-
cording to the modulation mode used as shown in Table 3.

system for the channel SNR range of 0 to 16dB and in
the range above 28dB. The coded AQAM system failed to
achieve the target BER of 10™* for the SNR range of 16dB
to 28dB. This is because the LLR magnitude threshold was
set too low using our suggested method by estimating the
threshold from the midpoint or average of the spread LLR.
magnitude range at high channel SNRs shown in Figure 5.
This problem can be solved by increasing the thresholds
corresponding to the 4QAM and 16QAM modes, which are
predominant in the high channel SNR range.

Figure 7 shows the BER and BPS performance of the
error-free turbo coded AQAM/Jacobian RBF DFE scheme

with the more conservative, increased LLR magnitude switch-

ing thresholds listed in Table 5. The BER and BPS per-
formance of the uncoded AQAM/RBF DFE system is also
given in the figure for comparison. The BPS performance
of the error-free coded system was better than that of the
uncoded AQAM system for the channel SNR range of 0 to
15dB, as evidenced by Figure 7. However, the BPS perfor-
mance was limited by the coding rate of the system to a
maximum value of 4.33 at high channel SNRs.

4. CONCLUSION

In this paper we have demonstrated the application of turbo
BCH coding in conjunction with AQAM over a wideband
fading channel. The system exhibited a better BPS per-
formance, when compared with the uncoded AQAM/RBF
DFE system at low to medium channel SNRs, as evidenced
by Figure 6. The same figure also shows an improved
coded BER performance at higher channel SNRs. A vir-
tually error-free turbo coded AQAM scheme was also char-
acterised in Figure 7.
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