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AQAM under high time delay spread conditions
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Abstract: An analysis process is described for adaptive quadrature amplitude modulation (AQAM) of constant-power con-
stant-symbol-rate over frequency-selective Rayleigh fading channels with inter symbol interference (ISI) and Gaussian noise.
The delay spread resistance of the AQAM scheme is put forward by studying its average throughput and average bit-error-
rate (BER), both of which can be expressed as functions of two variables, the ratio of root mean square (RMS) delay spread
to symbol period and the ratio of average symbol energy to noise. Average throughput reacts regularly to the latter, whereas
it does not react to the former. The AQAM scheme is highly superior in the delay spread resistance in comparison with the
fixed modulation modes. Gains of the AQAM scheme over the fixed modes become more significant as the delay spread be-

comes severer or the average throughput decreases.
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Adaptive modulation, which has been widely
studied, is a promising technique providing a higher
data rate in wireless communications. For example,
Ref. [ 1] discussed the effects of channel prediction;
Refs.[2] and [3] investigated rake-receiver-assisted
adaptive modulation'® ; Ref.[4] derived a set of op-
timal switching levels. However, little research has
been done on the delay spread immunity of adaptive
modulation. The delay spread immunity of the fixed
modulation modes was studied in Refs.[5] and [6].
Ref. [ 7] investigated a variable-symbol-rate adap-
tive modulation scheme by doing simulations under
particular conditions in high delay spread environ-
ments. In this work, constant-power constant-sym-
bol-rate adaptive quadrature amplitude modulation
(AQAM) is analyzed over frequency-selective Ray-
leigh fading channels with inter symbol interference
(ISI) and Gaussian noise, and how the average bit-
error-rate (BER) and average throughput of the
AQAM scheme react to the delay spread is investi-
gated.

1 Instantaneous signal to noise and
interference ratio

We use h(t) to represent impulse response of the
frequency-selective fading channel, and g, () and
2w (1) impulse responses of the transmitting filter
and the receiving filter respectively. The convolu-
tion g, (1) * g,..(t)=g(r) results in a raised cosine
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spectrum with a rolloff factor «; their Fourier trans-
forms satisfy™

G.(f) = G (f) =V G(f). (1)

We set @ = 5in this research, but the analysis pro-
cedure described here can be readily applied to0 < «
< 1. Let { X, | represent the sequence of symbols,
and then the average symbol energy can be given by

EW:%EUX” 12]. (2)

Output of the receiving filter is
r(t) = ZX,,(](Z*?ZTS)‘F‘U(I), (3)

where q(z) = g(¢) * h(t), T,is symbol period and
v(t) is zero-mean Gaussian noise with autocorrela-
tion function ¢, (z) = Nyd(z). For symbol X,,
r(t) is sampled at t = nT, + t,, where timing delay
tq is calculated by using the method presented in
Ref.[9]. The detection sample for X, can be given
as

Uy = Xy 1 q(z) P+ D) X,q(tg — nT)q * (2,) +

n70

v(ty)g*(ty) = Xoz + I(ty) + N(ty), (4)

where z=[q(ty)1*, q" (ty) is the complex conju-
gate of q(ty), and I(ty) and N(t4) denote the ISI
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term and the noise term respectively.

When square QAM modes are used, {X, | is com-
plex-valued, and the instantaneous signal to noise
and interference ratio (SNIR) per symbol 7 can be
expressed as

B SE[ X, 17] (s)
T EN (e P1+ ELI N(zp) 17)°
where
E[I N(zy) I’] = 2N, =, (6)
and according to Ref.[9],
E[II(ty) ’] = 2E[1 X, ’]> R} +
n70
2:E[1 X, 1?1>)6%, (7)

20
where R, and ¢’ are defined as
R, = Elq.(ty = nT)q.Ct) IIELq: (1), (8)
o = S(E[1 q(ty—nT) 1] -
E[l q(z0) PIRY). (9)

In Eq. (8), ¢g.(ty) and g.(ty — nT,) denote the
real parts of g (t4) and g (ty — nT,). Substituting
Egs. (2), (6) and (7) into Eq. (5) then

7(z | daEw/No) = (10)

2
C,z+C,+C
where d is the normalized RMS delay spread, de-
fined as d = ¢,./T., where r,,, is the RMS delay
spread, and

C,=>R., C,=2>)0., C. = N,/E,,.
n70 n70

As timing delay ¢, is a function of Tm[g] , C, and
C, are functions of the normalized RMS delay
spread d according to definitions of R, and o7 .
Therefore, the instantaneous SNIR ¥ can be treated
as a function of z, and the function is conditioned
on d and E_,/N,. We observe from Eq. (10) that 0
< y < 1/G, at a given d and E,/N,.

When binary phase shift keying (BPSK) mode is
used, the sequence { X, | is real-valued and in
Eq.(4), only the real parts of I (zy) and N (1)
need to be considered. In this case, the instanta-
neous SNIR 7 is given by

y(z 1 d, E./Ny)

_ z
B anz + Ch + Cc’ (11)
where 0 << y < 1/(2C,) at a given d and E,/N,.

2  Definition of average throughput
and average BER

At first, we consider a simple multipath Rayleigh

fading channel model, two-ray Rayleigh fading
channel, whose impulse response is given by"”’

h(t) = (hy + jh)6(t) +
(hy, + jh>)6(t — 1), (12)

where 7 is the delay between two rays and h ., h,
h,., h, are zero-mean independent Gaussian ran-
dom variables, each having a 0.25 variance. Thus
we have 7., = /2 and

2 =1q(ty) 17 = [hg(ty) + hogley— )7 +
(hig(ty) + hag(ey — ) ]7. (13)

From Eq. (13), it can be seen that z is deter-
mined exclusively by the instantaneous channel con-
ditions {h., hy, hs, h} at a given d.

As the instantaneous SNIR 7 has different expres-
sions for square QAM than for BPSK, we employ z
as the channel quality measure, which is indepen-
dent of the modulation modes. We observe from
Eq. (13) that z is chi-square distributed with two
degrees of freedom; its probability density function
(PDF) can be given by

p(2) = e, = =0, (14)

where W = [g*(¢,) + g° (¢, — 7)]/2.

We study constant-power constant-symbol-rate
AQAMs, for which the symbol period T, and sym-
bol energy E, are fixed. In the AQAM system with
K modes, b, denotes the bits per symbol (BPS) of
mode k (k=0, 1,---,K—1). Let {l,,1,,",1c} be
the set of switching levels, where [, =0 and [, =
+ o, [, < 2 < [,,; mode k is chosen for transmis-
sion. When mode k is used, the instantaneous BER
is given by

IBER, (7) = DA, ,Q(V a.,7), (15)

where { A, j,a, ;! is a set of mode dependent const-
ants'™ .

We investigate the average spectral efficiency
(expressed in terms of bps/Hz) of the AQAM
scheme through its average BPS, which is in direct
proportion to the former when the rolloff factor « is
fixed. The average BPS and the average BER for
the AQAM scheme can be expressed as

K-1

[+
B, ELIND) = X b " p(2)d= =
k=0 4

k
K-1

D blexp(= 1, /W) —exp(— L,.,/W)], (16)

k=0
BER(d ,Esav/l\]o) =
K-1 L,
>3 IBER, (1) p.(2)dz
k=0 !

vl

B(d,E.IN,)

(17)



154 Journal of Measurement Science and Instrumentation

Vol.3 No.2, Jun.2012

Average BER constraint is applied in this study;
BET; denotes the target BER. Using the method pr-
esented in Ref. [4], we find the optimal switching
levels, which can maximize the average BPS while
maintaining BER(d , E_,/N,) << BER; for any given
d and Eg,/N,. The set of optimal switching levels is
varied depending on d and E,/N,.

3 Five-mode AQAM performance

Five modes are employed for the AQAM scheme.
Mode 0, 1, 2, 3 and 4 refer to no transmission,
BPSK, QPSK, 16QAM, 64QAM respectively when
the case BET; =10 " is studied.

Let thr, represent the instantancous SNIR value
that is required by mode k (k =1,2,3,4) for obtain-
ing the instantaneous BER of 10 °. We obtain from
(15) that thr, = 6.79 dB, thr, =9.8 dB, thr; =
16.54 dB,thr=22.55 dB. As0 << y < 1/(2C,) for
BPSK, we have IBET, (7) > 107 for all y when thr,
=1/(C,), and similarly, IBET,(y) > 10 for all y
when thr,=>1/C,(k =2,3,4). Since C, is a function
of the normalized rms delay spread d, at first, we
need to decide the range of d, where the corre-
sponding values of C, make BER(d,E,/N,)<10 °
possible.

Fig.1 illustrates 1/(2C,) and 1/C, for 0<d <0.5.
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0 e4le31 0.1e12 0.2 3203 0.4 e33e42 0.5
Normalized RMS delay spread d

Fig.1 1/C, and 1/(2C,) as functions of normalized rms
delay spread d

In Fig. 1, the two curves are monotonic decreas-
ing for 0<d <0.25 and only left continuous at d =
0.25. Four lines parallel to the X axis and with or-
dinates thr,, thr,, thr; shown in Fig. 1. The line
thr, crosses the curve 1/C, at two points, the abscis-
sas of which are denoted by e41 and e42; When line
thr; at three points, the abscissas are e31, ¢32 and
e33; When line thr, one point, the abscissa is e2.
Line crosses the curvel/(2C,) at one point whose
abscissa is denoted by el. It should be noted that e2

=el, because is twice of thr,. We use e12 to repre-
sent e2 and el to obtain e41~0.032, e42~0.464,
e32=10.063, ¢32~=0.276, ¢33==0.432, e¢12==0.126
with help of the graphical method. We observe
from Fig. 1 that when ¢12<Cd <C0.25, IBET, () >
107 is true for all y and all modulation modes.
Therefore, the average BER of 10 ° cannot be
achieved in range e12<Cd <<0.25. However, it is
possible in ranges 0<d <el2 and 0.25<d <0.5.
Then, the average BER and average BPS are inves-
tigated in the two ranges.

3.1 Average BER

When d<<0.01, fixed 64QAM mode is able to ob-
tain 10 ° average BER, whereas when d =0. 02 its
irreducible average BER is higher than 10 *. Under
average BER constraint, for a given d<<0.01, aver-
age BER of the AQAM scheme BER(d, E.,/N,) is
a constant at 10" until E,/N, increases to thresh-
old for fixed 64QAM mode obtaining lower than
10 * average BER, and then the AQAM scheme be-
gins to function as fixed 64QAM mode. For 0.02<<
d<el2 and 0.25<d<0.5, BER(d,E/N,)=10""
regardless of d and Eg,/N,.

3.2 Average BPS for 0<d<el2

The average BPS B(d, E./N,) is depicted as a
function of E,/N, for different values of d (Fig.2
(a)), where eight curves are plotted in order not to
crowd the graph. The average BPS as E_,/N, ap-
proaching infinite By, (d) is shown in Fig.2(b).
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Fig.2 BPS performance for 0<d<el2

Observing Fig.2, we find that all curves approach
saturation points when E /N, = 48 dB. AQAM
scheme can achieve the average BPS of 1 when d<<
0.11; 2, when d<0.07; 4, when d<0.03; 6,
when d<<0.01. By contrast, fixed BPSK mode can-
not obtain the average BER of 10 * when d >0.05;
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the fixed QPSK when d=0.04; fixed 16QAM when
d=0.02.

Table 1summarizes the E /N, gain that AQAM
scheme achieves over fixed modes under the average
BER of 10 * and the same (average) BPS. Table 1
shows that the gains are significant, which increase
with the normalized rms delay spread d and de-
crease statistically when the (average) BPS increas-
es. When the (average) BPS is 6, there are no
gains.

Table 1 Gains of AQAM scheme over fixed modes under the
average BER of 10 * and the same (average) BPS

Required E,/N,(dB) for the

average BER of 10 °* Gain
d (Average) BPS= 1 /dB
AQAM BPSK
0.01 8.45 24.12 15.67
0.02 8.55 24.65 16.1
0.03 8.73 25.74 17.01
0.04 8.98 28.14 19.16
0.05 9.33 - -
(Average) BPS=2
AQAM QPSK
0.01 13.12 27.28 14.16
0.02 13.37 28.38 15.01
0.03 13.82 31.41 17.59
0.04 14.55 — —
(Average) BPS=4
AQAM QPSK
0.01 20.29 34.32 14.03
0.02 21.36 — -
(Average) BPS=6
AQAM QPSK
0.01 48 48 -

3.3 Average BPS for 0.25<d<0.5

In view of bad performance in the range 0.34<.d
<0.5, where B,(d)<0.1, we concentrate on 0.
25<d<<0.33, where the average BPS B(d,E,/N,)
reacts to d and E,/N, as it does in Fig.2(a). Fig.3
depicts By (d)=1.19 for 0.25<d<0.33. We have
Bi(d) = 1.19 as d approaches 0.25 and B, (d)<
1 when d >0.27.

We observe from Fig.2(b) and Fig. 3 that B, (d)
decreases monotonically as d increases for 0 < d <
e12 as well as for 0.25<d<.0.33,but this is not true
from perspective of the overall range of 0<d <0.
33. For example, B,(0.31)>B;(0.12). This can
be explained by Fig. 4, where the parameters C,,
C, and W are illustrated for 0< d <0.33. We have
two observations from Fig.4: 1) None of the three
curves are continuous at d = 0. 25, which results

from discontinuity of the timing delay ¢, at d =
0.25" ;2) Respective trends of the three curves for
0<d<0.25 are similar to those for 0.25<d <0.33.
The two points lead to the irregular behavior of
B (d),including that for e12<<d<.0.25. We con-
sider B,;(d) =0 for e12<<d<<0.25.
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Fig.3 By, (d) for 0.25<d=<0.33

-15: /

8 20
25+
-30+ — G
-G
=35} —-— W
-40

0 005 01 015 02 025 03 035
Normalized RMS delay spread d

Fig.4 C,, C, and W as functions of normalized RMS de-
lay spread d

The results we have obtained for 0 <d <0. 126
hold true for other channel models, because the ef-
fects of delay spectrum shape on performances can
be neglected when d <0.2"". The results we have
obtained for 0.25<d <0.5 can be regarded as lower
bounds on the performances, because the two-ray
channel model we use, whose two rays have equal
power, represents an extremely unfavorable trans-
mission environment.

4 Conclusions and other consider-
ations

Compared to the fixed modes, AQAM scheme is
highly superior in the delay spread resistance, espe-
cially under severer delay spread and lower through-
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put.

As normalized rms delay spread d increases, the
average BPS does not decrease monotonically for
overall range of 0<d <0.5.

When d <0.27, it is possible for AQAM scheme
to achieve an average BPS between 1 and 6 while
providing an 10 * average BER.

Although the rolloff factor «a is fixed at 0.5 in this
study, the analysis procedure described in this re-
search can be readily applied to any 0 < a << 1.

Resistance to delay spread can be increased by us-
ing an even higher o, which, however, will cause a
wider transmission bandwidth. We will investigate
the trade-off between delay spread resistance and
spectral efficiency (in terms of bps/Hz) as an exten-
sion of this work. In addition, we will find the de-
tails about how the delay spread resistance of
AQAM scheme depends on delay spectrum shape
when the normalized rms delay spread d exceeds
0.2.
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