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Abstract: Following a brief portrayal of the state-of-the-art
a range of Coded Modulation (CM) assisted Radial Basis
Function (RBF) based Turbo Equalisation (TEQ) schemes
are investigated when communicating over dispersive Ray-
leigh fading channels. Furthermore, a reduced complex-
ity RBF TEQ is proposed, which is referred to as an In-
phase/Quadrature-phase RBF Turbo Equaliser (I/Q-RBF-
TEQ). It is demonstrated that the 1/Q-RBF-TEQ is capa-
ble of reducing the associated implementational complex-
ity by equalising the | and Q components of a complex-
valued phasor constellation separately. It is demonstrated
that the detrimental effects of this seemingly flawed simpli-
fication may be eliminated with the aid of the proposed low-
complexity turbo equaliser. The I/Q-RBF-TEQ employs it-
erative channel estimation and it is capable of attaining the
same performance, as the significantly more complex con-
ventional turbo equaliser. The attainable coding gain of the
various CM schemes increased substantially, when employ-
ing the proposed RBF-TEQ or RBF-1/Q-TEQ, rather than
the conventional non-iterative Decision Feedback Equaliser
(DFE). The best overall performer was the RBF-1/Q-TEQ-
TTCM scheme, requiring only 1.88 dB higher SNR at a BER
of 10—, than the identical throughput 3 BPS uncoded 8PSK
scheme communicating over an AWGN channel. The coding
gain of the scheme was 16.78 dB.

Keywords: RBF, 1/Q, TEQ, CM, TCM, TTCM, BICM,
BICM-ID.

1. INTRODUCTION

Maintaining a high spectral efficiency is of salient impor-
tance in mobile communication systems owing to the paucity
and high price of the radio spectrum. For the sake of effi-
ciently exploiting the available radio spectrum, joint coding
and modulation or Coded Modulation (CM) schemes were
first proposed by Ungerbdck in 1982 [1] for non-dispersive
Gaussian channels. The benefit of TCM is that it is capable
of achieving a coding gain in comparison to uncoded trans-
missions by expanding the modulation phasor constellation

and hence absorbing the parity bits without bandwidth ex-
pansion, when transmitting over non-dispersive Gaussian
channels. Ungerbdck’s contribution motivated intensive re-
search on the topic, especially after the conception of turbo
codes by Berrou et al. [2], leading to Turbo TCM (TTCM)
invented by Robertson and Worz [3]. Further advances were
made in the context of designing CM schemes for wire-
less Rayleigh fading channels by Zehavi [4], by Caire, Tar-
icco and Biglieri [5] in the context of Bit-Interleaved Coded
Modulation (BICM) as well as by Li and Ritcey [5], lead-
ing to the concept of iteratively decoded BICM (BICM-ID).
All of these CM methods are studied in [6]. In this con-
tribution non-linearly detected reduced-complexity turbo-
equalised TCM, TTCM, BICM and BICM-ID will be stud-
ied, when communicating over frequency selective wireless
channels.

The Radial Basis Function (RBF) based channel equalis-
ers proposed by Chen et al. [7] constitute an efficient fam-
ily of non-linear channel equalisation schemes, especially
in the context of hostile non-minimum-phase wireless chan-
nels, where the received phasor constellations may become
linearly non-separable and hence conventional equalisers [8]
exhibit an resudual error floor. RBF equalisers formulate
the channel equalisation procedure as a classification prob-
lem. More explicitly, in conventional equalisers [8, 9] the
received signal is linearly filtered with the aid of the chan-
nel equaliser, which intends to mimic the inverse of the
Channel’s Impulse Response (CIR). By contrast, given the
CIR, the RBF based equaliser determines all possible chan-
nel outputs engendered by the set of legitimate transmit-
ted symbols and then classifies each received symbol into
the nearest legitimate channel output, which allows us to
infer the specific symbol transmitted. Following a brief
lull in the field after the seminal contributions of Chen et
al. [7], recently the application of non-linear RBF based
equalisers has been studied in conjunction with turbo chan-
nel codecs [10,11], adaptive modulation [11,12], space-time
codecs [11,13] as well as turbo equalisation [6,11,14]. Var-
ious turbo equalisers were comparatively studied in [6, 15].

In this contribution a CM-aided reduced complexity RBF
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Figure 1: Iterative turbo equalisation schematic

TEQ is advocated, which we refer to as an In-phase/Quadra-
ture-phase RBF Turbo Equaliser (1/Q-RBF-TEQ), since it
equalises the | and Q components of a complex-valued pha-
sor constellation separately, despite their interdependence

imposed by their convolution with the complex-valued CIR [16].

It is shown that the detrimental effects of this seemingly
flawed simplification may be eliminated with the aid of the
proposed low-complexity TEQ. The 1/Q-RBF-TEQ is also
assisted by iterative channel estimation.

The remainder of this paper is organised as follows. The
philosophy of the RBF-TEQ based CM scheme is presented
in Section 2, while the reduced-complexity RBF-1/Q-TEQ
based CM scheme is proposed in Section 3. Finally, we will
conclude in Section 4.

2. RBF-AIDED TURBO EQUALISATION

Turbo equalisation was proposed by Douillard et. al. [17]
for a convolutional coded Binary Phase Shift Keying (BPSK)
system [6]. Its basic schematic is illustrated in Figure 1,
where we have used the notation £¥ and £” for denoting
the Log-domain Probability (LP) values output by the SISO
equaliser and SISO decoder, respectively. The subscripts e,
1, a and p were used to represent the extrinsic LP, the com-
bined channel and extrinsic LP, the a priori LP and the a
posteriori LP, respectively. Referring to Figure 1, the SISO
equaliser processes the channel outputs and the a priori in-
formation £Z(c;) of the coded symbol, and generates the a
posteriori LP values £ (c;) of the interleaved coded sym-
bol ¢; seen in Figure 2. Before passing the above a poste-
riori LPs generated by the SISO equaliser to the SISO de-
coder of Figure 1, the contribution of the decoder — which
is represented in the form of the apriori information £Z (c;,)
— accruing from the previous iteration must be removed, in
order to yield the combined channel and extrinsic informa-
tion £F(c;) seen in Figure 1. Gertsman and Lodge [18]
exploited these advances and demonstrated that the itera-
tive process of turbo equalisation is capable of compensat-
ing for the performance degradation imposed by imperfect
channel estimation. In [19] turbo equalisation was imple-
mented by Raphaeli and Zarai in conjunction with turbo
coding, rather than conventional convolutional coding. The
principles of bit-based iterative turbo decoding [2] were ap-
propriately modified for employment in the symbol-based
M-ary coded modulation system of Figure 2.

The RBF network based equaliser is capable of utilising

the apriori information £Z (¢;,) provided by the channel de-
coder of Figure 1, in order to improve its performance. This
apriori information can be assigned namely to the weights
of the RBF network [20]. In turn, the RBF equaliser pro-
vides the decoder with the a posteriori information ﬁf(ck)
concerning the coded symbol. We will now provide a brief
overview of symbol-based coded modulation assisted, RBF
aided turbo equalisation. Note that this procedure is differ-
ent from the separate bit-based channel coding and modula-
tion philosophy outlined in Section 11.2 of [11].

2.1. System Overview

The conditional Probability Density Function (PDF) of the
ith symbol, 7« = 1,... , M, associated with the ith subnet
of the M-ary RBF channel equaliser having a feedforward
order of m is given by [11]:

Reyi |vi —r |2
frpr(vi) ZP (2moR) "% exp <T
zfl,...,M, J=1,...,ns;
where
wh = P(rh)(2moy) /2 )
is the RBF’s weight and
p(r) = exp (%) @)

is the activation function [11]. Furthermore, rj are the RBF’s
centres, which are assigned the values of the channel output
states in order to arrive at the Bayesian equalisation solu-
tion [11, 21], vy is the received symbol sequence and 0%,
is the noise variance of the channel. The actual number of
channel states n ; is determined by the specific design of
the algorithm invoked, but in general we aim for reducing
the number of channel states from the optimum number of
Ngi = Mm+L=1"where m is the equaliser’s feedforward
order and L + 1 is the CIR duration [22-24], to a lower
value for the sake of reducing the computational complex-
ity.

The term vy, in (1) is the received symbol sequence, as
shown in Figure 2. Explicitly, v, consists of the channel
outputs observed by the mth order equaliser, which can be
expressed in an m-dimensional vectorial form as:
R
The channel input state associated with the ith subnet of
the M-ary RBF channel equaliser is given by the vector sg
which is also referred to as the channel input vector. Explic-
itly, this vector consists of the jth possible combination of
the (L + m) number of transmitted symbols, namely by:

Vi = [ Uk Vk-1 Vk—m+1

i ) T
S; = [Sjl cSi(r41) = g(l) s Sjp e 5j(E+m)] , (5)
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Figure 2. Serially concatenated coded M-ary system using the turbo equaliser, which performs the equalisation, demodulation and channel decoding

iteratively.

where 7 is the equaliser’s decision delay and g(7) translates
the ith M-ary symbol to the complex plane. The channel
output state r;ﬂ associated with the ith subnet of the M-ary
RBF channel equaliser is the product of the CIR matrix H
and the channel input states s’. The variable r’ is also re-
ferred to as the channel output vector and it is expressed

as [11]:
ré- = Hsé-, (6)
where the z-transform of the CIR A(t) having a memory of

L symbols is represented by H(z) = Zﬁ:o hnz~"™ and H
isan m x (m + L) matrix given by the CIR taps as follows:

ho hi ... hi 0
0 ho hi s ... 0

H=| . . o . %
0 ... ho hi_y hg

The RBF weights w; correspond to the a priori prob-
ability of the channel states P(r}), i = 1,... ,M, j =
1,...,ns,4, asshown in (2). The probability of the channel
states P(r’), and therefore the weights of the RBF equaliser
can be derived from the a priori information £Z(c;,) es-
timated by the symbol-based MAP channel decoder. Ex-
plicitly, £EZ(c.) is the interleaved version of the extrinsic
information given by:

E?(Cn) = E;? (cn) — ﬁz‘E(Cn)~ (8)

Based on (6) — assuming a time-invariant CIR and that the
symbols in the sequence s§ are statistically independent of
each other with the advent of using the interleaver — the
probability of the received channel output states rj is given

by:

P(r%)

7 P(SL)

J
= P(Sjl M. Sjr+1)

ZQ(Z)QS”)QSJ(L+m))

i+m
= H P(sjp) ©)
p=1
i+m
= H exp (ﬁf(sjp = Ckprrl)) )
p=1
j = 1, ,’I'LS’Z‘,

(10)

where the transmitted symbol vector component s;, — i.e.
the pth symbol in the vector of (5) — is given by m =
log, M number of bits b;,1,b5p2, - .. ,bjpm, Which consti-
tute the coded symbol cj_,+1. Explicitly, the transmitted
symbol vector component s ;,, is mapped to the coded sym-
bol Ck—p+1-

In summary, the computation of the PDF f% .(vy) of
the ith symbol in (1), ¢ = 1,..., M, which is associated
with the ith subnet of the M-ary RBF channel equaliser, re-
quires the knowledge of the channel states’ a priori prob-
ability P(r§), when determining the RBF weights w; as
shown in (2). Finally, P(rj») can be computed from (10)
using the a priori information £Z(c;). Explicitly, £Z (c;)
is the interleaved version of the extrinsic information given
by Equation 8 and the a posteriori information ﬁf(cn) is
obtained from the channel decoder. Therefore, we have
demonstrated how the soft output £Z(c;) provided by the
symbol-based MAP channel decoder of Figure 1 can be
utilised by the RBF equaliser.

On the other hand, the ith subnet of the M-ary RBF
equaliser provides the a posteriori LP L',f value of the ith
coded symbol ¢} according to:

fIi%BF(Vk‘)

—RBELTN ) (1)
Sy ngFm))

where f& (i) was defined by (1), while Z?"Zl fhnr(vi)
is a normalisation factor, resulting in E?"Zl exp(L(ch)) =
1 and the received sequence vy is defined in (4).

Ef(c};) = ln(

2.2. Performance of the RBF-aided TEQ

We employed the Jacobian RBF-DFE of [10, 11], which re-
duced the complexity of the RBF equaliser by utilising the
Jacobian logarithmic function [25], and decision feedback
assisted RBF-centre selection [11, 20] as well as a TEQ
scheme using a symbol-based MAP channel decoder. The
RBF-DFE based TEQ is specified by the equaliser’s deci-
sion delay 7, the feedforward order m and the feedback
order n. Specifically, we employed 7=2, m=3 and n=1.
The transmitted (m — 1)-bit information symbols are en-
coded by a rate-(m — 1)/m CM encoder, interleaved and
mapped to an M-ary modulated symbol where M = 2™, In
this study we utilised 16QAM in order to obtain an effec-
tive transmission throughput of m — 1=3 information Bits
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Per Symbol (BPS). All the 16QAM-based CM schemes em-
ployed exhibited a similar decoding complexity for the sake
of a fair comparison. More specifically, a component TCM
(or BICM) code memory of 3 was used for the TTCM (or
BICM-ID) scheme. The number of iterations for TTCM
(BICM-ID) was fixed to 4 (8). Hence, the iterative scheme
exhibited a similar decoding complexity to that of the TCM
(BICM) code of memory 6 when quantified in terms of the
number of coding states [6].

The transmission burst structure used in this system is
the FMAL1 non-spread data burst specified by the Pan-Euro-
pean FRAMES proposal [26], which is shown in Figure 3.
When considering a Time Division Multiple Access (TDMA)
system having 16 slots per 4.615ms TDMA frame, the trans-
mission burst length is 288 s, as shown in Figure 3. In
our investigations, the transmission delay was limited to ap-
proximately 8 x 4.615ms = 37ms. This corresponds to a
transmission delay of 8 TDMA frames, resulting in a maxi-
mum channel interleaver depth of 8 x 684 = 5472 symbols
can be employed.

A two-path, symbol-spaced CIR of equal tap weights

was used, which can be expressed as h(t) = 0.707+0.7072 1,

where L = 1 and the Rayleigh fading statistics obeyed a
normalised Doppler frequency of 3.25 x 10~°. The fading
magnitude and phase was kept constant for the duration of a
transmission burst, a condition which we refer to as employ-
ing transmission burst-invariant fading. The Least Mean
Square (LMS) algorithm [27] was employed for estimating
the CIR based on the training sequence of the transmission
burst, as seen in Figure 3. Iterative CIR estimation was in-
voked, where the initial LMS CIR estimation step-size used
was 0.05, which was reduced to 0.01 for the second and the
subsequent iterations. This LMS-aided CIR estimation was
outlined in [11].

Figure 4 illustrates the BER and FER versus Signal to
Noise Ratio (SNR) per information bit, namely E;, /N, per-
formance of the RBF-TEQ scheme assisted by 16QAM-
based TCM, TTCM, BICM and BICM-ID, when communi-
cating over a dispersive channel having an equally-weighted
two-path Rayleigh fading CIR and utilising iterative LMS-
based CIR estimation. The iteration gains of TEQ can be
observed by comparing the performance of the first and third
TEQ iteration of the systems. The BER and FER perfor-
mance of the identical-throughput uncoded 8PSK scheme
communicating over non-dispersive AWGN channels was
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Figure 4: The BER and FER versus Ej /Ny performance of the RBF-
TEQ for various CM 16QAM schemes, when communicating over the
dispersive channel having an equally-weighted two-path Rayleigh fading
CIR.

used as a benchmarker for the 16QAM-based RBF-TEQ ar-
rangement using various CM schemes communicating over
the above-mentioned dispersive Rayleigh fading channels.
We found in Figure 4 that at a BER of 10~°, the BER
curves of the TTCM, BICM and BICM-ID assisted schemes
are only about 2 dB away from the benchmarker. How-
ever, as seen in Figure 4 the performance of the TCM as-
sisted scheme improves less rapidly than that of the other
schemes, partly owing to the existence of unprotected bits
in the TCM coded symbols and partly as a consequence of
benefiting from no iterations in case of TCM, as opposed
to the inner iterations of TTCM. The BER disadvantage of
TCM caused by the unprotected bits is overcome by BICM
and BICM-ID, since they protect all bits, while TTCM does
not, but nonetheless benefits from inner iterations. On the
other hand, the FER performance of the TTCM, BICM and
BICM-ID assisted RBF-TEQ schemes was found in Fig-
ure 4 to be better than that of the benchmarker at low SNR
values. Furthermore, it was found from our simulations that
the achievable performance gain remained only marginal
when more than three TEQ iterations were employed. It
is illustrated in Figure 4 that the RBF-TEQ-BICM scheme
attained the highest TEQ gain compared to its counterparts.
The RBF-TEQ-BICM scheme is also the best performer in
terms of the achievable FER, but the RBF-TEQ-TTCM ar-
rangement has the edge in terms of the BER attained.

In order to compare the performance of the RBF-TEQ
assisted CM scheme to that of the conventional DFE as-
sisted CM scheme, we have plotted in Figure 5 the BPS
throughput versus E}, /Ny performance of the RBF-TEQ as-
sisted CM-16QAM scheme at BER=10—° when employing
LMS CIR estimation and that of the conventional DFE as-
sisted CM-16QAM scheme assuming perfect CIR knowl-
edge, when communicating over the two-path Rayleigh fad-
ing channel. The conventional DFE’s feedforward order
m and feedback order n were set to seven and one, re-
spectively, since we found from our simulations that fur-
ther increasing the values of m and n yielded no signifi-



RBF-TEQ, 2path Rayleigh Fading

BER=10"

6 Shannon Bound

4 1 |terat|0n DFE-CM

~ 3 nerauons

2 * Uncoded-AWGN
% Uncoded-DFE(2-path)
A TCM
1 O TTCM
0 BICM
¢ BICMHD
0
0 5 10 15 20 25 30 35
Ey/N, (dB)
Figure 5: The BPS throughput versus Ej,/Np performance at
BER=10""° of the RBF-TEQ for various CM 16QAM schemes, when

communicating over the dispersive channel having an equally-weighted
two-path Rayleigh fading CIR.

cant performance improvement when communicating over
the two-path Rayleigh fading channel. Specifically, the con-
ventional DFE exhibits a lower complexity than that of the
RBF-DFE. However, the BER performance of the conven-
tional DFE scheme is lower than that of its RBF-DFE coun-
terpart owing to experiencing an error floor in the high SNR
region [11]. From Figure 5 we notice that the conventional
DFE assisted CM-16QAM schemes exhibited approximately
4 to 7 dB coding gain compared to the identical-throughput
conventional DFE assisted uncoded-8PSK scheme at a BER
of 10~5. However, the achievable coding gain of the vari-
ous CM schemes was significantly increased when the RBF-
TEQ scheme was employed, although this was achieved at
a higher complexity owing to employing an increased num-
ber of iterations. Explicitly, a coding gain ranging from 10
to 17 dB was achievable at a BER of 10~ by the various
CM schemes against the identical-throughput conventional
DFE assisted uncoded-8PSK scheme, when the RBF-TEQ
scheme used 3 iterations.

Having studied the performance of the RBF-TEQ ar-
rangement employing various CM schemes, let us now com-
mence our discourse on employing CM schemes in the con-
text of the reduced complexity In-phase/Quadrature-phase
TEQ system to be described in Section 3.1.

3. RBF ASSISTED REDUCED COMPLEXITY 1/Q
TURBO EQUALISATION

3.1. Principleof 1/Q Equalisation

We denote the modulated signal by s(t), which is transmit-
ted over the dispersive channel characterised by the Channel
Impulse Response (CIR) h(t). The signal is also contami-
nated by Additive White Gaussian Noise (AWGN) n(t) ex-
hibiting a variance of 02 = Ny/2, where Nj is the single-

sided noise power spectral density. The received signal r(¢)
is then formulated as [6, 28]:

r(t) = s(t)*h(t)+n(t)
= [s1(t) +isq(t)] *
+ n(t) +jnq(t)
= r(t) +jre(t), (12)
where we have:

T[(lf) = S[(t)*h[(t)—SQ(t)*hQ(t)+n1(t)(l3)
re(t) = si(t) x hq(t) + sq(t) * hi(t) + nq(t),

since the CIR h(t) is complex-valued and therefore con-
sists of the | component h;(t) and Q component hg(t).
On the same note, s7(¢) and sq(t) are the | and Q compo-
nents of s(t), while n;(t) and ng(¢) denote the correspond-
ing AWGN components. Both of the received 1/Q signals,
namely r;(t) and r¢(¢) of (14) become dependent on both
s7(t) and s (t) owing to the cross-coupling effect imposed
by the channel having a complex CIR. Hence, a conven-
tional channel equaliser, regardless of whether it is an iter-
ative or non-iterative equaliser, would have to consider the
effects of this cross-coupling.

However, it was exploited by Hoher in a non-iterative
TCM context and it was demonstrated in an iterative turbo-
equalised context in [11] that we can compute the I and
@ components of the decoupled channel output r/(t), as
though they were dependent on s;(¢) or sg(t) only, in the
context of the following equations [6, 16]:

Pit) = () + () * ho(t)
+ilra(t) — 8 (t) * hr (1))
= s7(t) % hr(t) + nr(t)
+ils1(t) * ho(t) + ng(t)]
= s7(t) xh(t) +n'1(t),
ro(t) = —rq(t) +31(t) x hq(t)
+jlrr(t) = 81(t) * hr (1))
= —sq(t) * hr(t) —ng(t)
+il=sq(t) * ho(t) +n(t)]
= —sq(t) xh(t) +n/q(t), (14)
where n/;(t) = ni(t) + jng(t) and n/g(t) = —ng(t) +
jnz(t) are the corresponding noise component for /7 (t)
and r'g(t), respectively. Note that in (14) we have as-

sumed perfect signal regeneration, i.e. §;(¢t) = s;(¢) and
5¢g(t) = sq(t), as well as perfect channel estimation, i.e.
hi(t) = hy(t) and ho(t) = hq(t), in order to highlight the
underlying principle of the reduced complexity equaliser.
More explicitly, the removal of the cross-coupling imposed
by the complex CIR is facilitated by generating the esti-
mates 57(t) and 3 (t) of the transmitted signal [29] with
the aid of the reliability information generated by the chan-
nel decoder and then by cancelling the cross-coupling ef-
fects imposed by the channel, yielding r';(¢) and 7' (¢),

[hr(t) + jho ()]
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The notation 7. represents a channel interleaver, while 7rc_1 is used to de-
note a channel deinterleaver.

respectively. In the ideal scenario, where perfect knowledge
of both the CIR and that of the transmitted signal is avail-
able, it is plausible that the channel-induced cross-coupling
between the quadrature components can be removed. How-
ever, when unreliable symbol estimates are generated owing
to the channel-impaired low-confidence reliability values,
errors are introduced in the decoupling operation. Nonethe-
less, we will show that the associated imperfect decoupling
effects are compensated with the aid of the iterative turbo
equalisation process in its consecutive iterations.

Following the above decoupling operation, the modi-
fied complex channel outputs, namely r/;(¢) and ' (¢) of
(14), respectively, can be viewed as the result of convolving
both quadrature components independently with the com-
plex CIR on each quadrature arm. Consequently, we can
equalise s;(t) and sq(t) independently, hence reducing the
number of channel states and the associated complexity quite
significantly.

In the RBF-1/Q-EQ scheme we utilised the principle of
separate 1/Q equalisation outlined as in Section 3.1, where
two separate RBF equalisers were used for the | and Q com-
ponent of the transmitted symbols. The in-phase-RBF-EQ
has RBF centres, which consist of the in-phase decoupled
channel output r (¢) of (14) and vice-versa for the quadrature-
RBF-EQ. The number of possible channel output states is
reduced, since the decoupled channel output /() is depen-
dent on v/M 1 number of possible in-phase or quadrature-
phase transmitted symbols instead of the original M number
of possible symbols.

3.2. System Overview

Figure 6 illustrates the schematic of the turbo equaliser util-
ising two reduced-complexity RBF-1/Q equalisers. The same
notation are employed here as in Section 2. The subscripts
in Figure 6 are used for representing the iteration index,

Lor approximately v/M for non-square constellations.

while the argument within the brackets () indicates the in-
dex of the receiver stage, where the equalisers are denoted
as receiver stage 0, while the channel decoder as receiver
stage 1.

The conventional minimum mean square error DFE seen
at the top left corner of Figure 6 is used for the first turbo
equalisation iteration for providing soft decisions in the form
of the LP L(0) to the CM decoder. Invoking the DFE at
the first iteration constitutes a low-complexity approach to
providing an initial estimate of the transmitted symbols, as
compared to the more complex RBF-1/Q-EQ. The symbol-
based MAP channel decoder of Figure 6 generates the a
posteriori LP L7 (1) and from that, the extrinsic informa-
tion of the encoded symbols L§(1) is extracted. In the next
iteration, the a posteriori LP L% (1) is used for regenerat-
ing estimates of the | and Q components of the transmit-
ted signal, namely s;(¢) and 3¢ (%), as seen in the *Symbol
Estimate’ block of Figure 6. The a posteriori information
was transformed from the logarithmic domain to modulated
symbols using the approach employed in [29]. Furthermore,
based on the received signal r(¢) and the estimated signals
51(t) and 3¢ (t), the CIR is estimated in the *Channel Esti-
mate’ block to yield 27 (t) and h¢(t). The estimated trans-
mitted quadrature components $;(¢) and $¢(¢) as well as
the CIR estimates /() and hq(t) are then passed to the
"Decoupler’ block of Figure 6. At the *Decoupler’ block,
47(t) and 5¢ (t) are convolved with 77 () and hg (t) to yield
Sr(t)*xhr(t), 51(t)*ho(t), So(t)xhr(t)and $q(t) xho(t).
These resultant outputs are used for removing the cross-
coupling effect seen in (14), from both quadrature compo-
nents of the received signal r(t), yielding »’;(¢) and g (t)
according to (14).

After the decoupling operation, »';(t) and r'q(t) are
passed to the RBF-1/Q-EQ in the schematic of Figure 6. In
addition to these received quadrature signals, the RBF-1/Q-
EQ also processes the apriori information received, which
consists of the extrinsic LPs L§(1) derived from the pre-
vious iteration, and generates the a posteriori information
L%(0). Subsequently, the combined channel and extrinsic
information L5(0) is extracted from both RBF-1/Q-EQs in
Figure 6 and combined, before being passed to the Log-
MAP channel decoder. As in the first turbo equalisation
iteration, the a posteriori and extrinsic information of the
encoded symbol, namely Z5(1) and L§(1), respectively, are
evaluated. Subsequent turbo equalisation iterations obey the
same sequence of operations, until the iteration termination
criterion is met.

3.3. Performance of the RBF-I/Q-TEQ

In this section, we will study the performance of a number
of RBF-1/Q-TEQ schemes employing various CM schemes.
Similar simulation parameters to those outlined in Section 2.2
are used. Again, the RBF-DFE based TEQ is specified by
the equaliser’s decision delay 7, the feedforward order m



and the feedback order n. The number of RBF nodes is
Nei = M“*™ " and the number of scalar channel states

of the Jacobian RBF equaliser is n, s = l\7IL+1, where we
have M=M for the non-1/Q based full-complexity RBF-TEQ
system, while M=v/M for the 1/Q based RBF-TEQ system.
Again, M is the constellation size and L + 1 is the CIR du-
ration. The estimated computational complexity of gener-
ating the a posteriori LP for the Jacobian RBF equaliser is
given by [10]: ng;(m + 2) — 2M + n ; number of addi-
tions/subtractions and 2n_» number of multiplications/divi-
sions. Here, we employed 7=2, m=3 and n=1 for the RBF-
TEQ, as well as m=7 and n=1 for the conventional DFE.
Therefore, the “per-iteration” complexity of the full-RBF-
TEQ expressed in terms of the number of additions/subtrac-
tions and multiplications/divisions is about 20704 and 512,
respectively, while that of the RBF-1/Q-TEQ is about 328
and 32, respectively. Note that in the context of employing
16QAM and communicating over a two-path Rayleigh fad-
ing channel, i.e. when L = 1, the number of RBF nodes
in the RBF-TEQ and RBF-I/Q-TEQ are ML+m—" — 163

and VM~ = 169/2, respectively. For the same sys-
tem, the trellis-based TEQ schemes such as the SOVA or
the max-log MAP equaliser would require a computational
complexity on the order of O(162), which is comparable to
that of the RBF-1/Q-TEQ and is 163 /162 = 16 times lower
than that of the RBF-TEQ. Owing to lack of space, the per-
formance of CM-assisted trellis-based TEQ schemes is not
studied in this paper.

Figure 7 illustrates the BER versus E}, /N, performance
of the TTCM assisted RBF-1/Q-TEQ and RBF-TEQ schemes
on an iteration by iteration basis. In terms of the attainable
BER, the performance of the first three iterations of RBF-
I/Q-TEQ-TTCM is inferior to that of the first iteration of
RBF-TEQ-TTCM for BER values below 10—, This is due
to the employment of a conventional DFE during the first it-
eration of the RBF-1/Q-TEQ-TTCM scheme, as well as ow-
ing to the imperfect 1/Q decoupling effects, when unreliable
symbol estimates are employed. However, as more reliable
symbol estimates become available with the aid of the itera-
tive TEQ scheme during the forthcoming iterations, the per-
formance of RBF-1/Q-TEQ-TTCM becomes comparable to
that of the full-complexity RBF-TEQ-TTCM arrangement.
Eventually, the performance of RBF-1/Q-TEQ-TTCM hav-
ing eight iterations is identical to that of RBF-TEQ-TTCM
having four iterations for BER values below 10~#, as shown
in Figure 7. Note that the complexity imposed by the con-
ventional DFE during the first RBF-1/Q-TEQ iteration is in-
significant compared to that of the remaining RBF based
iterations. Hence, we should compare the complexity of
the RBF-DFE assisted scheme using seven iterations in the
eight-iteration aided RBF-1/Q-TEQ-TTCM scheme shown
in Figure 7, to that of the four-iteration full RBF-TEQ-TTCM
scheme shown in Figure 7. Therefore, it can be shown

H H 4 20704
that complexity reduction factors of = - == ~ 36 and

1. 32 ~ 9 were obtained in terms of the required num-

ber of additions/subtractions and multiplications/divisions,
respectively.

Specifically, as shown in Figure 7, the 3 BPS through-
put RBF-1/Q-TEQ-TTCM scheme employing eight itera-
tions required an E}, /N, of about 14.85 dB at BER=10"°
when communicating over dispersive two-path Rayleigh fad-
ing channels. By contrast, the identical 3 BPS throughput
uncoded 8PSK AWGN benchmarker and the conventional
DFE assisted uncoded 8PSK scheme communicating over
the dispersive two-path Rayleigh fading channels required
an E, /N, of 12.97 dB and 31.63 dB, respectively, at a BER
of 10~5. Therefore, the RBF-1/Q-TEQ-TTCM scheme em-
ploying eight iterations, required only about 14.85-12.97
= 1.88 dB higher SNR at BER=10"°, than the identical
throughput 3 BPS uncoded 8PSK AWGN benchmarker. The
coding gain of the scheme is about 31.63-14.85=16.78 dB
at BER=10""°.

4. CONCLUSION

In conclusion, the BER performance of both the 16QAM-
based RBF-TEQ-CM and RBF-1/Q-TEQ-CM schemes when
communicating over wideband fading channels, was found
to be only about 2 dB away from the identical-throughput
uncoded 8PSK scheme communicating over AWGN chan-
nels. We found that the RBF-1/Q-TEQ scheme employing
LMS-based CIR estimation exhibited only marginal perfor-
mance losses compared to ideal systems employing perfect
CIR estimation. This is because the effect of error propa-
gation was reduced significantly when employing RBF-1/Q-
TEQ scheme, compared to that of the complex-valued RBF-
TEQ scheme.

Our simulation results show significant complexity re-
ductions for the RBF-1/Q-TEQ-CM scheme when compared
to complex-valued RBF-TEQ-CM, while achieving virtu-
ally the same performance. This was demonstrated in Fig-
ure 7.

We have also compared the performance of the RBF-
TEQ-CM and RBF-1/Q-TEQ-CM schemes to that of the
conventional DFE assisted CM scheme, where the coding
gain of the RBF-TEQ-CM and RBF-1/Q-TEQ-CM schemes
is significantly higher than that of their conventional DFE
based counterpart, as we have demonstrated in Sections 2
and 3. Although the complexity of RBF-TEQ is higher than
that of the conventional DFE, the RBF assisted schemes
are capable of maintaining a lower complexity than that of
their conventional trellis-based counterparts, when commu-
nicating over both dispersive Gaussian and Rayleigh fading
channels, while maintaining a similar performance [11, 14].
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