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ABSTRACT
The performance of radial basis function decision
feedback equalised burst-by-burst adaptive modu-
lation is presented for transmission over dispersive
wideband mobile channels. Radial Basis Function
(RBF) network based channel equalisers have a close
relationship with Bayesian schemes. The RBF de-
cision feedback equaliser (RBF DFE) is capable of
estimating the 'short term bit error rate' of the
received data burst and this estimate is used as
the modem mode switching criterion in order to
switch between di�erent modulation schemes. This
scheme is shown to give a signi�cant improvement
in terms of mean bit error rate (BER) and bits per
symbol (BPS) performance compared to that of the
individual �xed modulation schemes.

1. BACKGROUND

Burst-by-burst Adaptive Quadrature Amplitude Modula-
tion (AQAM) schemes employ a higher-order modulation
scheme, when the channel quality is favourable, in order to
increase the throughput and conversely, a more robust lower
order modulation scheme is utilized to improve the mean
BER performance, when the channel envelope encounters
a deep fade. The principles of AQAM scheme were sum-
marized for example by Wong [1] et al. In this paper, we
present a novel adaptive modem scheme for transmissions
over wideband mobile channels, which employs a Radial
Basis Function (RBF) based channel equaliser with deci-
sion feedback, in order to mitigate the e�ects of the disper-
sive wideband channel. Chen, McLaughlin, Mulgrew and
Grant [2] proposed a range of so-called RBF network based
channel equalisers, which are potentially capable of error-
freely detecting the received signalling symbols even in a
scenario, where the phasors become linearly non-separable
due to the inter-symbol interference (ISI) inicted by the
channel. In this situation conventional equalisers would be
unable to remove the e�ects of ISI and hence would exhibit
a residual BER. Additionally, Chen et al. [3] introduced de-
cision feedback in their RBF-based equaliser, in order to re-
duce its computational complexity. The RBF decision feed-
back equaliser (RBF DFE) was then extended to higher-
order QAM schemes, which were investigated in [5]. The
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reader is referred to the above references for background
reading.

2. SYSTEM OVERVIEW

The structure of the joint AQAM and RBF network based
equalisation scheme is portrayed in Figure 1. The receiver
�rst extracts the modulation mode used in its received data
burst. At the same time the corrupted received data burst
is equalised, the BER of the transmitted burst is calcu-
lated at the output of the RBF DFE and it is used as the
AQAM modem mode switching criterion in order to deter-
mine the modem mode to be used during the next transmis-
sion burst. This regime assumes a Time Division Duplex
(TDD) arrangement, where the uplink (UL) channel qual-
ity is estimated on the basis of the Downlink (DL) channel
quality.
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Equalised
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Figure 1: System schematic of the joint adaptive modula-
tion and RBF equaliser scheme

2.1. Switching Criterion

TheM-QAM RBF equaliser of [5] consists ofM RBF net-
works that provide the conditional probability density func-
tion of each legitimate QAM symbol, Ii; i = 1; : : : ;M, if the
channel impulse response (CIR) is known. Furthermore, the
centers of the RBF network are assigned the values of the
channel states. The outputs of the RBF networks are given
by [2, 3, 5]:

�i(vk) =

nsX

j=1

wj'j(vk);

'j(vk) = exp(�kvk � cjk
2

=2�
2

);

i = 1; : : : ;M (1)

where � is the RBF width, wj are the RBF weights, cj
are the RBF centers and ns is the number of the hidden
RBF nodes, which are represented by 'j . The a-posteriori
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probability of each legitimate M-QAM symbol, &i(k); i =

1; : : : ; M can be evaluated from the conditional density

function, �i of Equation 1 as follows:

&i(k) = P (Ik�� = Iijvk)

=
�i(vk)P (Ik�� = Ii)

P (vk)
: (2)

Therefore { from the a-posteriori probabilities of symbols {

we can obtain the a-posteriori probabilities of the bits rep-

resenting the QAM symbols. The a-posteriori probability
of the ith bit of the QAM symbols being 0, for example, is

the sum of the a-posteriori probabilities of the symbols with

their ith bit being 0. Therefore, the probability of bit error

associated with the decision that the ith bit has the value
(either 0 or 1) exhibiting the maximum a-posteriori proba-

bility, ~&ibit(k), is given by P i

b (k) = 1 � ~&ibit(k). Given the

probability of bit error, P i

b (k), for the ith bit of an AQAM

symbol, the average probability of bit error for a detected

AQAM symbol at signalling instant k is given by

Pb(k) =

PBPS-1
i=0

P
i

b (k)

BPS
; (3)

where BPS is the number of bits per AQAM symbol and

the overall probability of bit error for the detector is given

by Pbit = EfPb(k)g.
For our joint AQAM and RBF DFE scheme, we are

unable to employ the true average probability of bit er-

ror Pbit as the modem mode switching criterion, since a

prompt burst-by-burst based modem mode selection is re-

quired. Hence we invoked the estimated short term prob-
ability of bit error or BER, Pbit, short-term, which was

estimated by averaging Pb(k) of Equation 3 over a single

transmission burst according to:

Pbit, short-term =

P
F

n=1
Pb(n)

F
; (4)

where F is the number of AQAM symbols per frame. Thus,

we could estimate the channel quality on a frame-by-frame

basis, based on the estimated Pbit, short-term value.

The estimated short-term BER perceived by the re-

ceiver is compared to a set of switching BER values corre-

sponding to the various legitimate modulation modes and

the modulation mode is selected for the next transmission
burst assuming reciprocity of the uplink and downlink. This

implies that the similarity of the short-term BER of consec-

utive UL and DL data bursts can be exploited, in order to

set the next modulation mode. The modulation modes uti-
lized in our system are BPSK, 4-QAM, 16-QAM, 64-QAM

and no transmission (NO TX).

Therefore, the modulation mode is switched according

to the estimated short-term BER, Pbit, short-term, as fol-

lows:

Mod.
Mode

=

8>>>>><
>>>>>:

NOTX if Pbit, short-term � P
M

2

BPSK if PM
2

> Pbit, short-term � P
M

4

4QAM if PM
4

> Pbit, short-term � P
M

16

16QAM if PM
16

> Pbit, short-term � P
M

64

64QAM if PM
64

> Pbit, short-term,

(5)

where PMi ; i = 2; 4; 16; 64 are the switching BER thresholds

corresponding to the various M-QAM modes.

3. SIMULATION RESULTS

3.1. Assumptions

In our simulations the following assumptions were stipu-

lated:

1. Perfect channel impulse response estimation or chan-

nel state estimation was used at the receiver. The

RBFs' centers were assigned the values of the chan-

nel states [5].

2. The channel impulse response is time-invariant for

the duration of the transmission burst, but varies

from burst to burst, which corresponds to assuming

that the channel is slowly varying.

3. We assumed furthermore that the receiver had per-

fect, ie error-free knowledge of the modulation mode

used in its received transmission burst.

4. The RBF DFE used in the system neglected error

propagation due to erroneous decision feedback, which

in practical terms implied a negligibly low probability

of symbol errors, hence feeding the correct symbol to
the RBF subset center selection process [5].

3.2. Simulation Model and BER-motivated Mode

Switching

In our experiments pseudo-random symbols were transmit-
ted in a �xed-length burst. The simulation parameters are

listed in Table 1, noting that we analysed the joint AQAM

and RBF equaliser scheme over a two-path equal-weight

Rayleigh fading channel. The wideband fading channel was
frame-invariant. The RBF DFE used in our simulations had

a feedforward order of m = 2, feedback order of n = 1 and

decision delay of � = 1. We will analyse the performance of

the joint AQAM/RBF DFE for two systems, a higher in-

tegrity scheme, having a target BER of 10�4, which can be
rendered error-free by error correction coding and hence we

referred to this arrangement as a data transmission scheme;

the lower integrity scheme was designed for maintaining a

BER of 10�2, which is adequate for speech transmission es-
pecially in conjunction with FEC. The target BPS values of

these schemes were 3 and 4.5 bits per symbol, respectively.

No. of data symbols per burst 144

No. of training symbols per burst 27

Transmission Frequency 1.9GHz
Transmission Rate 2.6MBd

Vehicular Speed 30 mph

Normalised Doppler Frequency 3:3� 10�5

Channel weights 0:707 + 0:707z�1

Table 1: Simulation parameters

The BER switching thresholds corresponding to M-

QAM, PMi ; i = 2; 4; 16; 64, can be obtained by estimating

the BER degradation/improvement, when the modulation

mode is switched from M-QAM to a higher/lower num-

ber of modulation levels. In this experiment, we obtain
this BER degradation/improvement measure from the es-

timated short-term BER of every modulation mode used,

under the same instantaneous channel conditions. Figure 2

shows the estimated short-term BER of all the possible
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Figure 2: The estimated short-term BER for all the possible
modulation modes that can be invoked, assuming that the
current mode is 4-QAM { versus the estimated short-term
BER of 4-QAM for the two-path Rayleigh fading channel
of Table 1.

modulation modes that can be invoked, assuming that the
current mode is 4-QAM, versus the estimated short-term
BER of 4-QAM under the same instantaneous channel con-
ditions. The short-term BERs of the modulation modes
are obtained on a burst-by-burst basis from Equation 4. In
order to obtain the target BER of 10�2, Figure 2 demon-
strates how each switching BER threshold P

4

i is obtained.
For example, if the estimated short-term BER of the re-
ceived 4QAM transmission burst is below P

4

16 = 10�12, the
modulation mode can be switched to 16-QAM for the next
transmission burst, since the short-term BER of this 16-
QAM transmission burst is expected to be below the target
BER of 10�2. The 4QAM error probability of P 4

16 = 10�12

used in this example for switching to 16QAM appears ex-
tremely conservative, but it is justi�ed by the large un-
certainty associated with the estimation of the BER due
to the Rayleigh-faded impulse response taps. This man-
ifests itself also in the rather spread nature of the BER
estimates in Figure 2. A feasible technique for mitigating
this phenomenon is employing the fade-tracking scheme of
Figure 11.2 in Reference [6].

Using the method demonstrated by Figure 2, the switch-
ing BER thresholds were obtained for the target BER of
10�2 and 10�4, as listed in Table 2 and Table 3, respec-
tively in the context of all possible combinations of the
mode transitions. Note that the extremely low values for
P

4

16 = 1 � 10�45 and P
16

64 = 1 � 10�50 in Table 3 were ob-
tained by extrapolating the curves similar to Figure 2 but
for 16-QAM and 64-QAM, respectively, in order to achieve
the target BER of 10�4.

3.3. RBF/AQAM Performance Comparison with

Constituent Fixed Modulation Schemes

The performance of the joint AQAM/RBF DFE is com-
pared with that of the constituent �xed modulation schemes
in Figure 3. The BER and BPS performance was eval-
uated for two di�erent adaptive modulation schemes. In
the �rst scheme, the transmitter always transmitted data
without transmission blocking or disabling. By contrast, in

P
M

2 P
M

4 P
M

16 P
M

64

NO TX 9� 10�3 5� 10�5 0:0 0:0

BPSK 1� 10�2 5� 10�5 0:0 0:0

4-QAM 6� 10�2 1� 10�2 1� 10�12 0:0

16-QAM 2� 10�1 1� 10�1 1� 10�2 1� 10�8

64-QAM 3� 10�1 2� 10�1 9� 10�2 1� 10�2

Table 2: The switching BER thresholds P
M

i of the joint
adaptive modulation and RBF DFE scheme for the target
BER of 10�2 over the two-path Rayleigh fading channel of
Table 1.

P
M

2 P
M

4 P
M

16 P
M

64

NO TX 9 � 10�5 1� 10�15 0:0 0:0

BPSK 1 � 10�4 1� 10�15 0:0 0:0

4QAM 1:5 � 10�2 1 � 10�4 1 � 10�45 0:0

16QAM 1:2 � 10�1 5 � 10�2 1� 10�4 1� 10�50

64QAM 2:2 � 10�1 1:5 � 10�1 3� 10�2 1� 10�4

Table 3: The switching BER thresholds P
M

i of the joint
adaptive modulation and RBF DFE scheme for the target
BER of 10�4 over the two-path Rayleigh fading channel of
Table 1.

the second scheme, dummy data was transmitted, when-
ever the estimated short-term BER of the received BPSK
transmission burst was higher than the target BER, a sce-
nario, which we refered to as transmission blocking. The
transmission of dummy data during blocking allowed us to
keep monitoring the BER, in order to determine when to
commence transmission and in which modem mode.

We will commence by analysing Figure 3(a), where the
joint AQAM/RBF DFE scheme was designed for speech
transmision, i.e. for a BER of 10�2. For the adaptive
scheme, which did not incorporate transmission blocking,
the performance with adaptive modulation was better or
equivalent to the performance of BPSK in terms of the mean
BER and mean BPS for the SNR range between 0dB and
8dB. At the channel SNR of 8dB, even though the mean
BER performance is equivalent for the BPSK mode of the
adaptive scheme and for the �xed-mode BPSK scheme, the
mean BPS for the adaptive scheme improved by a factor of
1.35, resulting in a mean BPS of 1.35. In the SNR range of
8dB to 15dB, the adaptive scheme outperformed the 4QAM
scheme in terms of its mean BER performance. At the
channel SNR of 15dB, the mean BERs of both schemes are
equivalent, although the mean BPS of the adaptive scheme
is approximately 2.6, resulting in a substantial improve-
ment, when compared to 4QAM. The adaptive scheme that
utilized transmission blocking achieved a mean BER below
10�2. As the SNR improved, the performance of the adap-
tive schemes both with and without transmission blocking
converged, since the probability of encountering high short-
term BERs reduced. The mean BER and mean BPS per-
formance of both adaptive schemes converged to that of
64QAM for high SNRs, where 64QAM became the domi-
nant modulation mode.

Similar trends were observed for data-quality transmis-
sion, i.e. for the 10�4 target BER scheme in Figure 3(b).
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However, we note that for the SNR range between 8dB to
17dB, the mean BER of the adaptive scheme without trans-
mission blocking was better, than that of BPSK. This phe-
nomenon was also observed in the wideband joint AQAM
and DFE scheme of [1], which can be explained as follows.
The mean BER of the system is the ratio of the total num-
ber of bit errors to the total number of bits transmitted.
The mean BER will decrease with a decreasing number of
bit errors and with an increasing number of the total bits
transmitted in the data burst. For a �xed number of sym-
bols transmitted, the number of total bits transmitted in a
data burst is constant for the BPSK scheme, while for the
adaptive scheme the total number of bits transmitted in a
data burst increased, when a higher-order modulation mode
was used. However, when a higher-order modulation mode
was used for transmission, the probability of erroneous bits
increased. If the relative bits per symbol increment upon
using AQAM is higher than the relative bit error ratio in-
crement, then the mean BER of the adaptive scheme will
be improved. Consequently the adaptive mean BER can be
lower than that of BPSK.

In summary, the joint adaptive modulation and RBF
DFE scheme has its advantages, when compared to the indi-
vidual �xed modulation schemes in terms of mean BER and
mean BPS performance. Note however that the target per-
formance for speech and data transmission in terms of the
mean BPS (4.5 and 3, respectively) can only be achieved for
the adaptive scheme with and without transmission block-
ing, if the channel SNR is above about 22dB. Thus, the
advantage of using an adaptive scheme with transmission
blocking is that the performance of the joint AQAM and
RBF DFE scheme can be 'tuned' to a certain required mean
BER performance. Furthermore, due to the modem mode
switching the associated bit errors exhibit a less bursty error
distribution than that of �xed modems, which renders the
AQAM scheme more amenable to channel coding, resulting
in higher channel coding gains. However, the disadvantage
is that the utilization of transmission blocking results in
transmission latency - an issue which was addressed in ref-
erence [7].

3.4. Comparison with Upper Bound Performance

In this section, we compare the performance of the joint
AQAM/RBF DFE with its upper bound performance and
derive the BER switching thresholds, PMi ; i = 2; 4; 16; 64.
In deriving the upper bound performance of the joint adap-
tive modulation and RBF based equalisation scheme, in
addition to the assumptions listed in Section 3.1, we also
assume that the short-term BER estimate Pbit, short-term
is known prior to transmission for all the modulation modes
used in the system. We also assume that given the esti-
mated Pbit, short-term for a particular modulation mode,

the transmitter has perfect knowledge of the corresponding
short-term probability of bit error for the other modulation
modes used in the system under the same channel condi-
tions.

In our experiments pseudo-random symbols were trans-
mitted in a �xed-length burst for all modulation modes
over the frame-invariant wideband channel. The receiver re-
ceived each data burst having di�erent modulation modes
and equalised each one of them independently. The esti-
mated short-term BER for each modulation mode was ob-

0 5 10 15 20 25 30 35 40
SNR (dB)

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

B
E

R

0 5 10 15 20 25 30 35 40
0

1

2

3

4

5

6

B
P

S

64 QAM BER
16 QAM BER
4 QAM BER
BPSK BER

without TX blocking
TX blocking
- BER :
AQAM RBF DFE

without TX blocking
TX blocking
- BPS :
AQAM RBF DFE

(a) Speech Transmission

0 5 10 15 20 25 30 35 40
SNR (dB)

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

B
E

R

0 5 10 15 20 25 30 35 40
0

1

2

3

4

5

6

B
P

S

64 QAM BER
16 QAM BER
4 QAM BER
BPSK BER

without TX blocking
TX blocking
- BER :
AQAM RBF DFE

without TX blocking
TX blocking
- BPS :
AQAM RBF DFE

(b) Data Transmission

Figure 3: The BER and BPS performance of the joint
AQAM/RBF DFE, showing also the BER performance of
the constituent �xed modulation schemes, namely BPSK, 4-
QAM, 16-QAM and 64-QAM, over the two-path Rayleigh-
fading channel of Table 1. The modem mode switching lev-
els used for the joint AQAM/RBF DFE scheme are listed
in Table 2.

tained. The highest-order modulation mode,M� that pro-
vided a short-term BER PM

�

bit, short-term, which was below

the target BER Pbit, target, when:

M�
= max

(
M = 2; 4; 16; 64;

such that PMbit, short-term � Pbit, targetg
;

(6)
was chosen to be the actual modulation mode that was used
by the transmitter and its received equalised frame was used
for the actual BER calculation of the system.

Figure 4(a) shows the BER and BPS performance of
the joint AQAM/RBF DFE scheme designed for speech-
transmission with the switching thresholds given in Table 2
{ when using the current received frame's BER estimate, in
order to determine the modem mode of the next transmis-
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Figure 4: The BER and BPS performance of the joint
AQAM/RBF DFE scheme using the current BER es-

timate in order to estimate the next burst's trans-

mission mode, and its upperbound performance, using
the parameters listed in Table 1. The modem mode switch-
ing levels used for the joint AQAM/RBF DFE scheme are
listed in Table 2 and Table 3 for speech-transmission and
data-transmission, respectively.

sion burst { in contrast to its upper bound performance.
The performance comparison shows that there is little per-
formance degradation, when the current received burst's
short-term BER estimate is used to control the modulation
mode of the next transmission burst based on the switch-
ing parameters of Table 2 for the AQAM scheme designed
for speech transmission. Since the channel of Table 1 is
slowly varying, the performance of the joint AQAM/RBF
DFE scheme based on the switching parameters of Table 2
is comparable to its upper bound performance.

Figure 4(b) shows the BER and BPS performance of the
joint AQAM/RBF DFE scheme designed for data-transmis-
sion with the switching thresholds given in Table 3 in com-
parison to its upper bound performance. The degrada-

tion with respect to the upper bound performance of the
AQAM/RBF DFE scheme designed for data-transmission
is more signi�cant compared to the adaptive scheme de-
signed for speech-transmission, as seen in Figure 4(a) and
Figure 4(b). Note that for the low BER switching thresh-
olds of P 4

16(= 1 � 10�45) and P 16

64 (= 1� 10�50) in Table 3,
which were used in the adaptive scheme for the target BER
of 10�4, the RBF DFE is unable to provide a high accu-
racy BER estimate. As the SNR improves, the frequency
of encountering the switching thresholds P 4

16 and P
16

64 in-
creases and thus the performance degradation compared to
the upper bound increases.

4. CONCLUSIONS

The RBF DFE was shown to provide an 'on-line' BER es-
timation of the received data burst, which was used as the
modem mode switching criterion for the adaptive modula-
tion scheme. Our simulation results showed that the pro-
posed RBF DFE-assisted burst-by-burst adaptive modem
outperformed the individual constituent �xed modulation
modes in terms of mean BER and BPS performance. A
method to obtain the switching BER thresholds of the joint
AQAM/RBF DFE scheme was proposed and was shown to
provide little performance degradation in comparison to the
associated upper bound performance.
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