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ABSTRACT

A novel, un-even protection Phase Shift Keying tech-
nique is proposed for the encoding of the required
modulation scheme in an adaptive modem arrange-
ment, which exhibits an improved performance in
comparison to previously proposed schemes. The
performance is derived numerically and a system
dependent optimisation is presented. A benefit of 5
dB is achieved in a Rayleigh channel. '

1. INTRODUCTION

Adaptive modulation schemes [1] vary the number of trans-
mitted bits per symbol on a frame by frame basis. Typ-
ically a robust modulation scheme is employed to mitigate
bit errors during deep fades, and a less robust scheme ex-
hibiting a higher throughput is invoked to exploit the short
term improvement of the fading envelope. The correlation
between the up- and down-link channel conditions in a Time
Division Duplex (TDD) scheme can be exploited to estim-
ate the channel quality before transmission. Each frame
must carry some redundant information to identify which
modulation scheme has been employed; these take the form
of control symbols. Failure to correctly decode the control
symbols in a practical system could be catastrophic, as not
only would the current frame be lost, but the data syn-
chronisation would be jeopardized. Therefore, it is equally
detrimental to over-estimate or under-estimate the number
of transmitted bits per symbol.

In this treatise we proposed a novel unequal protection
control symbol encoding scheme and evaluated its perform-
ance in contrast to two previously published benchmark-
ers. Let us initially consider the simplest possible solution,
namely using a single M-ary Phase Shift Keying (PSK)
symbol for transmitting the number of bits/symbol side-
information.

2. SINGLE PSK CONTROL SYMBOL

A possible approach to convey the number of modulation
bits/symbol side-information is to employ a single M-ary
Phase Shift Keyed (PSK) symbol, allowing the encoding of
M different modulation schemes. The Symbol Error Rate
(SER) of the control symbols, at a given SNR, will repres-
ent the probability of the receiver demodulating the data
symbols within a frame with the wrong modulation scheme.
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The SER of an M-ary PSK modulation scheme in a Gaus-
sian channel was given by Proakis [2] as:
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and + is the SNR. The outer integral in Equation 1 may eas-
ily be solved numerical using Romberg’s method [3]. However,
the inner integral is improper and may be computed us-
ing the Second Euler-Mazlaurin summation formuls as de-
scribed by Press et al [3]. In the case of v > 40 and M > 2
Equation 1 is approximated by: '

Parzq (7) = 2Q(y/2ysin 72) (8)
" where the Gaussian Q(z) function is defined by: .
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Therefoie, generally Equations 1 and 3 may be written as:
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The above general expression for the M-PSK SER, which
was given by Equation 5, may be used to determine the up-
per bound performance [4] of the M-PSK SER in a Rayleigh
fading channel as follows:

Pao(S/N) = / " Puy(s/N) - F(s,8)ds,  (6)
0

where N is the noise power and F(s, S) is the PDF of the
fading Rician or Rayleigh channel. This PDF may be writ-
ten in terms of the instantaneous received power, s, and the
average received power S as:
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Table 1: Optimised switching levels for speech and com-
puter data systems through a Rayleigh channel, shown in
dB

respectively, where K is the Rician K-factor. Either of these
Equations may be substituted into Equation 6. Numerical
evaluation of the performance of PSK, where M = 5, is
given in Figure 1 for K factors of 0, 4 and 16. These results
were achieved by solving Equation 6 using the trapezium
rule, with instantaneous power integration limits of -80dB
and 20 dB and steps of 0.1 dB; the dBs were relative to the
mean signal level. The Figure also shows simulated perform-
ance of b PSK at the same K values. Good correspondence
between the simulated and numerical results is achieved. It
can be observed that the SER reduces with increased aver-
age channel SNR and increased K factor.

We have previously proposed [} a scheme of optimising
the switching levels in an adaptive modulation scheme to
achieve a given target Bit Error Rate (BER) at the cost of
the bits/sample (BPS) channel capacity. We optimised the
switching levels in order to arrive at an upper bound per-
formance for two schemes, one with a BER of 1.0 x 1072
and the other with 1.0 x 10™*. Because of their BERs, we
referred to these scehmes as speech and computer data sys-
tems and the optimised switching levels are shown in Table
1, where the thresholds I; — 4 correspond to switching from
disabling tranmissions in the lowest SNR region to binary
PSK (BPSK), quaternary PSK {QPSK), 16-level Quadrat-
ure Amplitude Modulation (16QAM) and 64QAM, respect-
ively. We note however that the associated delay or latency
ramifications are currently under investigation. The accept-
able SERs of the control symbols for the speech and com-
puter data schemes are approximately 1 x 1072 and 1x 1074,
respectively. The acceptable SER may only be approxim-
ated because the dependence between control symbol errors
and BER in the data symbols has not been exactly quanti-
fied. It can be seen from the Figure that in a Rayleigh chan-
nel (K = 0) a SER of 1 x 107% and 1 x 10™* are achieved at
average channel SNRs of approximately 20 and 40 dBs, re-
spectively. Let us now consider the improvements achieved
by majority voting.

3. MAJORITY DECISION BASED CONTROL

Steele and Webb [1] proposed an adaptive modulation scheme

that employed one of four fixed differential modulation schemes

depending upon the instantaneous channel conditions. It
was proposed to use Differential PSK (DPSK) control sym-
bols. In their system three idemtical differential control
symbols were transmitted and a majority decision was car-
ried out on the basis of the decoded control symbols. This
scheme has been modified to use coherent detection and
non-differentially encoded symbols. Irrespective of whether
differential or non-differential encoding are used, this vot-
ing scheme can be be described by a Binomial distribu-
tion. Upon exploiting this binomial relationship as well as
Equation 6, for non-differential transmissions over Rayleigh
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Figure 1: Simulated and numerical upper bound perform-
ance of 5 symbol PSK in fading chaunnels with varying K
factors and both with 3-symbol majority voting disabled
and enabled

channels we have a control SER of:
PMrb(S/N)=/ Purgs(s/N) - F(s,8)ds, (9)
0

where

n=1

Pargso/) = 3 (3 ) ues(o/ 0 (0o s/
n=0
(10)
and Pus.5(S/N) is the upper bound control SER. of three-
symbol majority decision based M-PSK in a Rayleigh chan-
nel.

Steele ans Webb [1] had proposed an adaptive modula-
tion scheme that could transmit with one of any four fixed
modulation schemes and therefore the control symbols were
quantized to four levels, that is M = 4. The adaptive mod-
ulation scheme considered here employs one of five fixed
modulation schemes and therefore M = 5. Figure 1 shows
the numerical solution of Equation 9 for Rician K factors of
0, 4 and 16 and M = 5. Simulated results are also shown
and these correspond well to the numerical results. The im-
provements that result from majority voting over the single
control symbol transmission are approximately 1.6 dB, 2.1
dB and 2.7 dB for K = 0, K = 4 and K = 16 channels
respectively. The explanation for the increase in differen-
tial between the majority voting and single control symbol
transmission as K increases is the reduction of the fade
depth. This is because the channel errors now become more
random and independent, rather than bursty, thereby redu-
cing the chances of several consecutive erronous symboals.
The drawback of the proposed majority voting scheme is
that it adds more redundancy to the transmitted burst.

4. DISCRETE WALSH CODES

Otsuki et al [6] also proposed using control symbols to
identify to the receiver, which modulation scheme had been
employed for the data symbols. They proposed using a four
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Figure 2: Simulated and numerical upper bound perform-
ance of, 4 and 5 PSK in a Rayleigh fading channel, as well as
simulated performance of 4 symbol duration, 2 code Walsh
control sequences in fading channels with K values of 0, 4
and 16

symbol Walsh code and to use maximum likelihood correl-
ation detection to decode the Walsh codes. They suggested
using simple orthogonal codes and transmitting them using
BPSK, exploiting the maximum amplitude displacement in
the 1°¢ and 3"¢ Euclidean quadrants of the coordinate sys-
tem. When Walsh codes of length n are used, there should
be 2™ [7] (n = 1,2, ...) fixed modulation schemes in order to
avoid redundant mapping of the side-information on to the
control symbols. A Walsh code that has 2" levels requires
at least\pn - T seconds of the frame for transmission of the
code, where T is the symbol duration. Otsuki et al [6] pro-
posed an adaptive modulation scheme that could transmit
with one of any four fixed modulation schemes (QPSK, 16,
64 and 256 Square QAM) and therefore the minimum code-
length was n = 2, although they opted for using n = 4. This
required using the duration of four symbols to transmit the
code. The performance of the Walsh codes, as control sym-
bols, was simulated in channels with Rician K factors of 0, 4
and 16. As a comparison, the performance of a single 4 PSK
control symbol through a Rayleigh channel was calculated
numerically from Equation 6. Both the Walsh function and
the single 4 PSK control symbol performance are plotted
in Figure 2. This figure also re-plots the performance of a
single 5 PSK control symbol from Figure 1.

As expected, the single QPSK control symbol is slightly
more robust than the single 5 PSK control symbol. The dif-
ference is about 1.5 dB under Rayleigh channel conditions.
The Walsh code in a Rayleigh channel appears to be consid-
erable better than the QPSK symbol, although they both sig-
nal the same information. However, the Walsh function oc-
cupies four symbol spaces. Gfeller [8] states that each time
the number of samples of the same symbol is doubled and
the resulting received signals averaged, the effective received
SNR increases by 10log,q(2) ~ 3 dB. This would suggest
that transmitting the same single QPSK control symbol four
times would result in approximately 6 dB SNR improve-
ment over the single symbol performance given in Figure 2.
Therefore, the error rate of a burst of four identical QPSK
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Figure 3: An uneven error protection 5 PSK symbol
with complex symbol phasers at C1,Cs...Cs, and decision
boundaries at 81,65 ...605

control symbols, averaged at the receiver, would be approx-
imately coincident in Figure 2 with that of the Walsh code.
For the case of four fixed modulation schemes using Walsh
codes and averaging an equivalent number of times repeated
QPSK symbol in order to convey the side-information have
an equivalent performance. However, when the number of
fixed modulation schemes deviates form 2", the additional
flexibility of the repeated PSK symbols is a more attractive
than using the Walsh code for transmitting control inform-
ation.

5. UNEVEN ERROR PROTECTION

A novel approach to the problem of control symbol trans-
mission is to use modulation symbols that have uneven error
protection. Consider a coherent PSK modulation constella-
tion with N complex vectors, C;...Cn, and N decision
boundaries at 61 ...0y. If such a constellation was to be
transmitted using QPSK then conventional thinking would
maximise the minimum distance between each of the N vec-
tors. This maximisation would result in the vectors being
equally distributed around a circle and the decision bound-
aries also spaced evenly with the same separation as the
constellation points. This is the case for conventional PSK
because there is no correlation between the symbol trans-
mitted and the channel conditions. However, when PSK
symbols are used to transmit control information about the
fixed modulation scheme that has been employed for the
data in the frame, there will be a strong correlation between
the channel conditions and the symbol transmitted. It is
therefore proposed to use a robust symbol communicate that
there is no data in the frame and accept a more noise sensit-
ive symbol when the data is encoded with square 64 QAM.
For an adaptive modulation scheme that can employ No
Transmission, BPSK, QPSK and 16 or 64 square QAM this
uneven error protection 5 PSK symbol is shown in Figure
3.



S/N 91 —65 92 —91 93—92 94—93 95—94
dB X217 X2m X 27 X2 X2

10 1.2254 | 0.8106 0.6997 | 0.4060 0.0000
15 1.0040 0.7444 | 0.6971 0.4560 | 0.2362
20 0.9513 0.7322 0.7010 0.4798 0.2774
25 0.9353 | 0.7295 | 0.7031 | 0.4847 | 0.2890
30 0.9302 0.7286 0.7036 | 0.4866 0.2926
35 0.9287 | 0.7279 | 0.7037 | 0.4875 | 0.2939
40 0.9284 | 0.7277 | 0.7036 | 0.4877 | 0.2942

Table 2: Optimised 8, values, for the adaptive speech sys-
tem switching levels, through a Rayleigh channel, shown in
Radians

S/N | 6; — 05 — 61 | B3—03 | Ba—0;5 | 65— 6,4
dB X 21 x 27 X 27 X2 X2

10 1.8009 0.6705 0.5244 0.1459 0.0000
15 1.5694 0.7128 0.5688 0.2906 0.0000
20 1.4548 | 0.6940 | 0.5771 | 0.3228 | 0.0928
25 1.4165 | 0.6887 | 0.5791 | 0.3325 | 0.1248
30 1.4047 | 0.6898 | 0.5793 | 0.3349 | 0.1328
35 1.4020 | 0.6893 | 0.5800 | 0.3359 | 0.1345
40 1.4020 | 0.6863 | 0.5797 | 0.3364 | 0.1371

Table 3: Optimised 6, values, for the adaptive computer
data system switching levels, through a Rayleigh channel,
shown in Radians

5.0.1. Optimisation

Each of the transmitted phasors were restricted to be in
the centre of their decision thresholds. Other than that, no
constraint was placed upon the values of C,,. Equation 6
may be modified to allow for the employment of different,
non-integer M PSK schemes depending upon the channel
conditions, yielding the SER of,

Iy Py (grzgs) oSN F 5 S)ds
4P (5yar) o 8/N) F 5, 5)ds
() = +fll: PM:(eg_gz)g(s/N)‘F(S,S)ds
I P s (g ) o3/ N) - F(3,5)ds
T Pars () o8/ Fl5,S)dn

(1)
where P, (S/N) is the upper bound SER in a Rayleigh chan-
nel for 5-symbol uneven protection PSK. Clearly, the values
for 8, are dependent upon the switching levels I,. Comnsid-
ering the speech and computer data systems that were intro-
duced above it is possible to minimsie the SER in Equation
11 by finding optimum values of 8, for given ranges of av-
erage channel SNRs. This was achieved using Powell’s [3]
optimisation, where the cost function was P, (S/N) and the
initial conditions were 81 —0s = 02 —81 = 03 —05 = 04 —03 =
05 — 64 = 0.27w. The optimisation was conducted for average
SNRs of 10, 15, 20, 25, 30, 35 and 40 dB and for each av-
erage channel SNR value the optimisation was terminated,
when the iteration on iteration improvement was less than
1%. The optimal vales for 6, at the range of average channel
SNRs are given in Table 2 for the speech-optimised scheme,
while for the computer optimised schemes in Table 3.
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Figure 4: Five PSK decision boundaries with SER optim-
ised for tramsmission of control symbols of the adaptive
modulation speech system in a Rayleigh channel calculated
at average SNRs of 10-40 dB
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Figure 5: Five PSK decision boundaries with SER optim-
ised for transmission of control symbols of the adaptive
modulation computer data system in a Rayleigh channel
calculated at average SNRs of 10-40 dB

6. RESULTS AND CONCLUSIONS

The results of the phase optimisation are also plotted in Fig-
ures 4 and 5 in terms of the optimum phase rotations versus
average channel SNR. Both these Figures show clearly that
the control symbol transmitted at high SNRs require smaller
‘protection zones’ compared with the symbols transmitted
at lower SNR. In the case of the speech system character-
ised by Figure 4, it can be seen that the rotation between
adjacent phasor positions is less than for the computer data
system, while the disabled region’s protection zone is wider.
Since there is less less protection zone between the speech
system’s decision angles, there is a reduced overall bene-
fit from employing an un-equal protection control system.
Conveniently, however, this is less of a problem, because the
acceptable BER in the speech system is higher and therefore
control errors are also more acceptable.

Figures 4 and 5 also show that once the average channel
SNR exceeds about 25 dB, there is little change in the op-
timum symbols decision thresholds angles. Therefore, there
is little benefit in changing the symbols decision threshold
angles on the basis of the long term signal level. Results
are shown in Figure 6 for the simulated and numerical solu-
tion of the SER using the symbols decision threshold angles,
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Figure 6: SER through a Rayleigh channel for both speech
and computer data optimised systems, for specific average
channel SNRs and using the 30 dB optimised values for all
SNRs. The markers represent the simulated and lines the
numerical results; 5 PSK numerical results are shown for
comparison.

which were optimum at 30dB. It can be seen that the pen-
alty for using the 30 dB optimised angles for all SNRs is
small, limited to 1 dB and 2 dB for the speech and com-
puter data systems, respectively. However, the total SNR
benefit of using un-equal protection PSK is in access of 5
dB for the computer data system and 1 dB for the speech
system. This is virtually a 'zero-cost’ improvement and sets
an upper bound on the performance for a single control sym-
bol. Multi-symbol performance can easily be determined by
exploiting Gfeller’s [8] expression.
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