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Impact of Uncertain Channel Estimation and

Outdated Feedback on the Adaptive M-PSK
Modulation

Mohamed L. Ammari, and Francois Gagnon

Abstract—This paper investigates an adaptive )M -ary phase-
shift keying (M/-PSK) modulation scheme over Rayleigh flat
fading channels. The data rate is adapted according to the
channel state. At the receiver, the fading is estimated using pilot
symbols. To cancel the channel impact, we correct the received
signal by dividing it by the estimated value of the fading. So,
we propose to adjust the modulation level by examining the
statistics of the corrected signal. In contrast to the previous works
on the adaptive //-PSK modulation techniques, our modulation
switching protocol takes into account the channel estimation
error variance. Moreover, we derive a new closed-form expression
for the average bit error rate of the considered system.

Index Terms—Adaptive modulation, M/-PSK, Channel estima-
tion, Rayleigh channels

I. INTRODUCTION

The growing demand for wireless systems with high data
rates and quality of service requires spectrally efficient trans-
mission techniques. Classical systems with a robust nonadap-
tive modulation are generally designed to maintain an accept-
able performance in deep fades [1]. In fact, these systems are
implemented to take account of the poorest channel condi-
tions. Furthermore, to ensure the required quality of service,
robust modulation schemes decrease the system throughput.
Adaptive modulation has been proposed as a powerful method
to maintain the desired quality of service and to maximize
the transmission throughput given channel conditions [2], [3].
The basic idea of this technique is to switch between different
modulation constellation sizes depending on the channel state.
For a deep fade, a modulation with a small size constellation
is chosen to reduce the error probability and maintain the
target bit error rate (BER). However, if the channel conditions
are considered to be good, the throughput is increased by
a dense constellation modulation. Therefore, the transmitter
needs the knowledge of the channel fading state to adjust the
modulation level. For this purpose, the receiver estimates the
received signal power and sends the monitored channel fading
information to the transmitter over a reserve channel.

The choice of the modulation and the setting of the modula-
tion switching levels are major parameters to design adaptive
modulation systems. Thus, an accurate channel prediction and
a reliable feedback link between the receiver and the trans-
mitter are required to achieve good performances. Adaptive
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modulation has been investigated by several researchers [1]—
[5]. An exhaustive analysis of adaptive multilevel quadrature
amplitude modulation (M -QAM) for Rayleigh fading channels
has been examined in [1]. The effect of the imperfect channel
prediction and the impact of the time delay on the performance
of an adaptive M-QAM modulation have been discussed in
the literature [5]. A variable rate QAM for data transmission
over selective channels is given in [6]. An adaptive trellis-
coded M-PSK modulation system for Rayleigh fading chan-
nels is proposed in [7]. A non coherent M-ary frequency
shift keying (NC-MFSK) modulation scheme for Nakagami
fading channels has been studied in [8]. An adaptive M-PSK
modulation without channel estimation has been introduced in
[9]. Recently, the authors in [10] have proposed an adaptive
transmission technique for free space optical systems with sub-
carrier phase shift keying (S-PSK) intensity modulation. The
adaptive modulation approach has been extended to multiple-
input-multiple-output (MIMO) systems in [11]-[14].

In this paper, we study an adaptive M-PSK modulation
technique with a coherent detection over Rayleigh fading
channels. To reduce the channel impact, fading estimates
are used to correct the received signal before the coherent
detection. This is done by dividing the received symbol by the
estimated value of the complex fading gain. This process is
called automatic gain control (AGC) [15]. Thus, we propose
a modulation switching protocol based on the power of the
corrected signal instead of that of the received one. In fact,
if the channel estimation is imperfect, the AGC improperly
scales the received signal and the demodulator can perform
incorrectly [15]. In this paper, we study the effect of this
demodulation on the adaptive modulation behavior. To the
best of our knowledge, the investigation of the impact of
channel estimation error on the performance of the adaptive
M-PSK modulation schemes has not been considered before.
The switching strategy and the closed-form expression of the
average BER derived in this paper are novel.

The outline of this paper is as follows. In section II, the sys-
tem and channel models are described. In section III, channel
estimation and prediction techniques based on pilot symbols
are presented. Section IV gives an analytic expression of the
BER for M-PSK system with imperfect channel estimation.
The impact of the channel estimation error is also presented
in this section. Section V discusses the adaptive modulation
procedure and the modulation switching protocol. The effect
of the channel estimation and prediction error is illustrated in
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section VI. A conclusion is given in section VIIL.

II. SYSTEM MODEL
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Figure 1. Transmission scheme.

In this paper, we consider the discrete baseband system
model shown in Fig. 1. The scheme is summarized as follows.
The receiver sends the monitored channel fading information
to the transmitter on the reverse channel. According to the
channel conditions, the transmitter chooses a proper modula-
tion scheme from a set of M-PSK modulations with different
constellation sizes, a constant transmission power E; and a
fixed symbol rate Ts. The setting of the modulation switching
levels will be discussed in the next section. The symbol rate
and the carrier frequency remain constant. Hence, the spectrum
usage is unmodified by the approach.

The M-PSK modulated sequence is transmitted over a
correlated Rayleigh flat fading channel with an additive white
Gaussian noise (AWGN). Let us denote x, the transmitted
signal and g,, the multiplicative distortion of the flat fading
channel. The received signal at time nT} is then

where wy, is a zero-mean AWGN with variance 02, = Ny /2.

The Rayleigh fading process is generated according to
Jakes’ model [16]. So, g, is a correlated complex Gaussian
process with zero mean and variance ag. The fading auto-
correlation function is determined by the maximum Doppler
spread f4 as [16]

pm = E{gngs_n} = 05 Jo(2m faTsm) 2

where Jy(.) is the zeroth-order Bessel function of the first kind
and * denotes the complex conjugate. The real and imaginary
parts of g, are supposed to be mutually uncorrelated.

At the receiver, the signal y,, is used to estimate the fading
multiplicative distortion g,,. Having the channel estimate, we
can compensate the impact of the fading gain by dividing the
received signal by the fading estimate g,, as [17]

Zn = yn/gn 3)

The corrected signal z,, is then fed to the decision device to
detect the demodulated data bits.

III. CHANNEL ESTIMATION AND PREDICTION

The estimation of Rayleigh flat fading channels has been
widely investigated in the literature. In this paper, we use
the well known pilot symbol assisted modulation (PASM)
technique [18]. For this method, known pilot symbols are
periodically inserted into the data sequence. At the receiver,
pilot symbols are used to estimate the channel fading. Let
us assume that the pilot sequence is of length N,. Thus for
known symbols z,, (i.e. n < N,), a scaled received sample is
introduced as [19]

To estimate the channel gain, scaled samples of equation
(4) are used in order to minimize the following mean square
error (MSE)

E [|9n — gnl’] (5)

where g, denotes the estimate of g,. When scaled samples
are known, the minimum mean square solution is given by

gn = Wo, (6)

where the apostrophe denotes the transpose operator, v,, =
[Un_1, - ,Unsn,] and W = [wi,---,wy.] is the set
of N, filter coefficients obtained by solving the Wiener-
Hopf equations [20]. Indeed, given the scaled received se-
quence {vy,}, the fading process has a Gaussian distribution
fglv,x (gn|Vn, z,) with a conditional mean [20]

Hglv,x = E {gn|vn7xn} = Rnggivn 7

and with a conditional covariance Ry, x given by [20]
Ryux =Ry — RywR,,R,, ®)

where Ry, = E {gnvf} and R,, = E {vnvf} an N, x N,
Toeplitz matrix, and superscript H is the transpose and com-
plex conjugate operator. Therefore, the estimate g, is the
conditional mean given by (7) and the Wiener filter W can
be expressed as in [20]

W' =R,,R,] )

For n > N, data symbols are unknown at the receiver. In
this case, the channel estimation can be performed using past
decisions Z,, to scale the received signal instead of x,,

Up = yn/-f;n (10)

The channel estimate given by (6) can be expressed as
(11)

where e, denotes the channel estimation error. It is easily
proven that e,, is a complex Gaussian random variable with
E{e,} = 0, which means that the channel estimator is
unbiased. The channel estimation error variance is [20]

0; =E{|gn — gn|"} = 0] - Rpw Ry Ry,

In = gn +é€n

12)

Due to the feedback link delay, the channel estimate
obtained at time n is available at the transmitter at time
n + K. Therefore, to adjust the modulation size properly,
the fading prediction is needed [5]. The channel gain at time
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n can be predicted by an unbiased finite-impulse response
(FIR) filter based on a finite number (L) of past estimates
9n—1 = [On-K,Gn—K—1,""* s Gn—Kk—(L—-1)] [5]. The unbi-
ased predicted channel gain is given in [5] by

gn=2L9, | (13)
where @ is the optimal linear predictor in the MSE sense given
by [5]

® = Ry,R,} (14)
where Rgy =E {gnéffL} and Rgg = E {anLinL}'

The prediction error variance is given by [5]

op =E{|gn — gu*} =0} — RggRg—;Rgg (15)

IV. ERROR PROBABILITY FOR M-PSK

Once the channel estimate g,, is evaluated, it is passed to
the demodulator and sent to the transmitter. To compensate the
channel effect, we divide the received signal y,, by g,. Thus,
the demodulation is performed using the following decision
variable

Unlike previous works, we propose in this paper a modula-
tion switching strategy based on the power of the decision
variable z, instead of that of the received signal y,. In
fact, demodulation decision regions must correspond to the
transmitted M -PSK constellation. In this work, we assume
that the channel does not vary significantly over two symbol
blocks.

A. Decision variable statistics

The decision variable of equation (16) depends on the
channel estimate. It can be written as [17]
Wy — €n T,

~ - (I7)
gn In

Zn =Xp + My

Let us derive the probability distribution function (PDF) of
the “final-noise” m,, conditioned on x,, and g,. It is known
that the channel estimate §,, is a zero mean complex Gaussian
random variable. Since channel estimation error e, and g,
are uncorrelated, it is easily shown that the channel estimator
variance is

var(gn) = Jg = 03 —o?

(18)

The Gaussian real and imaginary parts of w,, and e,z,
are independent. Thus, both w, and e,z, are circularly
symmetric. This yields to the circular symmetry of g, [17].
So, the phase of the channel estimate arg(g,) can be ignored,
and a new random variable can be used [17]

/ . Wy — €nTy
My, = Mn arg(gn) = T
n

= ozw;l (19)

where w,, = wy, — ez, and o = 1/ [gy|.

Given the transmitted symbol z,,, the noise w;l is the sum
of two independent Gaussian variables with independent real
and imaginary parts. So, the conditional PDF of w,, is

’ ’

p(wylen) = p (Rlw,], S[w,]) =

1 [,
ex — %5 5+
27 (0 + fealP0?) 7 | 2007 + wal0?)

] (20)

where R[-] and J[-] denote the real and the imaginary parts.
For M-PSK modulation, xn|2 = F, for all n. So, the
conditional PDF p(w,,|z,) does not depend on x,,

, , 1 "2
p(w,|zn) = p(w,) = exp (%) (21)

= 2
2mos T

where 02 = (02 + Es0?).

B. Instantaneous BER

For adaptive modulation systems, the constellation size is
adjusted based on the instantaneous SNR. Given the channel
gain, the “final noise” is Gaussian with the conditional PDF

P (Mn|Tn,gn) = p(m;lxn,ﬁn)
|G| w, | |9n]?
= — —_ 22
27r0% eXp 20% (22)

It is noted that the PDF p (my|z,) is not Gaussian. The
instantaneous estimated SNR is then
.12
_ Es |gn|

(23)

The relationship between the true instantaneous SNR and the
estimated instantaneous SNR is given by

. Eg)? _ Eolgn’ + Es0? v+ Ey02/0?

" 7 02+ E,2 0 +FEo2 1+ E.2/02
(24)

In
1+ Es02/02

For a given SNR -y, the BER of the M-PSK modulation
with a Gray mapping in AWGN can be approximated by

i) = 2a [ (3)

where k = log,(M) is the number of bits per symbol. This
BER expression will be used by the transmitter to adjust
the modulation size. Unfortunately, it is not invertible in its
arguments M and 7. It was suggested in [21] to approximate
the BER expression by the following generic form

Q

(25)

_ c2Y
Pb(M,’)/) = C1 eXp |:_ okes _ C4:| (26)
where c¢1, ca, c3 and ¢4 are real constants. The determination of
these constants is a nonlinear curve-fitting problem. It can be
solved by minimizing the least-squares criterion. Three models

for BER approximation with different values of {c;} are given
in [21].
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C. Average BER for fixed M-PSK modulation

Using the Rayleigh distribution of |gy,|, it was shown in [17]
that the PDF of a = 1/ |g,,| is

2 a2
pla) = 2.3 OXP (——) ;a>0

)
%9

27)

The PDF of m,, can be obtained from (21) and (27) [17]
D (m;) = / D (m;l|a) do
0
[ #(mila) pla)da
0

Ye
= — (28)
m(1+ ﬁelmn|2)2

where 7. is defined as [17]

p(mn) =

Ve = 52— (29)
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Figure 2. 7 vs 7o for ag =10 and ag =10"4.

Figure 2 illustrates the impact of the channel gain estimation
error on the system SNR. For smaller SNRs, the estimation
error o2 has a negligible effect. However, for higher SNRs, the
discrepancy between 7. and 7g is important. For 02 = 1075,
a saturation floor is observed at 50 dB.

For systems with a perfect channel estimation (02 = 0), the
”final noise” PDF is [17]

)7 ’_YO

p(my)=———""-—3 (30)
7 (L +Folmn ?)*
where 7 is the average free noise signal-to-noise ratio
_ o
Yo = —5 €19
UU7

It was shown in [17] that the average symbol error rate
(SER) with a perfect channel estimation is
M-1
M

1 1
Pyo ==~ Cu {5 + = tan™" (Gar cot %)] (32)

where
= i (.
Yo SIn” (=~
(=T ey (QMZF (33)
1+ 7p sin (M)
The BER can be approximated by
Ps 0
Pyo=——= (34)
logy (M)

For an imperfect channel gain estimation, the BER of the
M-PSK system is obtained by replacing g by 7. [17]. In fact,
it can be seen that the “final noise” PDF has the same form
for both perfect estimation (30) and imperfect estimation (28)
cases.

The BER degradation due to the channel gain estima-
tion error is plotted in Fig. 3. Curves correspond to M &
{4,16, 64,256}, Wiener filter length N, = 20 and normalized
Doppler spread fy7, = 1072 It is shown that, for higher
SNRs, the BER degradation is not negligible. The channel
estimation error can lead to a 2 dB performance loss. Hence,
to set the modulation size switching levels, it is important to
take into account the channel estimation error.

BER

M = 4,16, 64, 256

10
““““ Perfect channel estimation
¢ | Imperfect channel estimation
10 : : : ‘
0 10 20 30 40 50

SNR [dB]

Figure 3. Average BER degradation due to channel gain estimation error.
M € {4,16, 64,256}, Ne = 20 and f4Ts = 1072,

V. ADAPTIVE MODULATION

Wireless radios are used over a wide range of link con-
ditions. Furthermore, a small error probability and a high
transmission throughput are required. Adaptive modulation is a
powerful method to maintain the desired BER and to maximize
the transmission throughput given channel conditions [1]-[5].
The basic idea of this technique is to switch between different
modulation constellation sizes depending on the channel state.
So, adaptive modulation improves the use of the channel
capacity [1]. The choice of the modulation mode and the
determination of the switching metric are major parameters
to design an adaptive modulation. In this context, we propose
a fixed power M-PSK scheme with a variable discrete rate
of transmission. All uncertainly about the the channel gain
(estimation error and prediction error) are considered.
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A. Modulation switching protocol

An important issue in an adaptive modulation system is the
strategy for the choice of the modulation level. The transmitter
adjusts the modulation size based on the required BER and the
predicted instantaneous SNR

-2
o Eq |gn|

n =

o2 (35)

Let us consider an adaptive M-PSK scheme with N dif-
ferent modulation sizes (M7, My, - -+, My) varying from the
lower constellation size to the higher constellation size with
an increasing order. For adaptive discrete rate modulation
systems, the SNR range is divided to N regions given by
Ri = [, 1), where (75,77, ,7vx) are the switching
levels and 3, = oco. If the predicted SNR 7, is in the region
R, the associated modulation level M;(7,,) = 2* is selected
and transmitted. When the SNR 7,, is less than +§, there is no
transmission. So, 7§ is the channel cutoff SNR below which
transmission is stopped.

For a Gray mapping and a constellation size M;(7,) = 2k,
the instantaneous BER can be expressed from (24) and (26)
as

. € Yn
Py (i, Y, 07) = c1€xD lm] (36)

where
’ 62

2T 11 B.02)02
This BER expression depends on the channel gain and the

estimation error variance o2. So, the transmitter can use
equation (12) to evaluate Ug.

(37

B. Average BER

The average instantaneous BER is given by averaging (36)
over the true SNR ~,, [5]

Py(n, 08, 0,) = / Py, s 02)P (A )y (38)
0
where the conditioned PDF p(vy,|%,) is given in [5]
UMU & =) exp [_7 +7- vp]

p('yn |:7n) = - —
Tp Yp

2 -
xIo (_— (3 - vp))
p
where U (+) is the Heaviside’s step function, Iy(-) is the zeroth
order modified Bessel function and

(39)

= 2
_ Yoo

’YP = 2p (40)
%

where 012) is the prediction error variance given by (15).

Following results presented in [5], the average instantaneous
BER is

5 e c15 0,2('_710 - :Yn)
Py(Gn, 02, 07) = = = (41)
P B+ CoVp B+ CoYp
where
B = (2 — cy) “2)

BER
sb

6 —E—Uf:() and (rf, =0
107 F > _ 2 _ 03 i
—+—o;=0and o, =10
—v—o02=10"% and o) = 1073
-e-0’=0ando; =10""
o -02=103 and 02 = 10! \
v -0 and o,
10% ‘ ‘ i N
20 25 30 35 40 45
7 [dB]
Figure 4. Impact of channel estimation and prediction error variances on

the instantaneous BER of the 64-PSK modulation. The BER is evaluated for
4o = 30 dB using the model 3 of [21] and equation (41).

The impact of both channel estimation and prediction error
variances in the BER is shown in Fig. 4. In this figure, we have
plotted the instantaneous BER of the 16-MPSK modulation
versus the predicted SNR 7, for 79 = 30 dB and different
values of o2 and o2. It is shown that a small prediction error
variance O'g = 107" has a negligible impact. However, a loss
of 1 dB is observed for o7 = 10~". The channel estimation
error variance has a more noticeable effect. At a BER of 1076,
the performance loss due to 02 = 1073 is about 3 dB.

The average BER of an adaptive M-PSK can be obtained
using definition in [21]

'st+1 _ 9 9 5 N
ki / Py(Yn, 07, 0,)p(An)dAn
v,

’YLS+1 B 5
ky / P(Yn)dn
5

(43)

VI. SPECTRAL EFFICIENCY

The spectral efficiency of any modulation scheme is defined
as the average data rate per unit bandwidth. When a A/-PSK
modulation of size M; = 2% is used, the instantaneous
throughput is k;/7Ts (bps). Assuming Nyquist data pulses
(the transmitted signal bandwidth is B = 1/T), the spectral
efficiency is then

(44)

where R is the data rate.

Besides spectral efficiency, the system outage probability is
an important metric for the performance analysis. The outage
probability is defined as the probability that the received SNR
is bellow the cutoff SNR ~3. This latter corresponds to the
minimum acceptable SNR which ensures the required BER.

In this section, we consider the maximization of the spectral
efficiency with a constant transmit power and an instantaneous
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BER constraint
Py(n,0%,0,) <BERy4 (45)

This condition must be satisfied for all SNR in the correspond-
ing region R; = [77,77,,) [5]
Py(n,02,00) < Py(7f,02,00) = BERg, V¥ € Ry (46)

Therefore, the optimal rate region boundaries can be obtained
from (41) and (46)

' 5 (ﬂl + 0/2'_710) _
_ ﬂl +/027P In

BERy4 47)
Ca c1f

P

Figure 5 gives the optimal rate adaptation based on (47) for
different values of o2 and 0127. Dotted curves correspond to the
ideal scenario with a perfect channel estimation and prediction
which serves as a benchmark. The instantaneous number of
bits per symbol k(%) increases as the instantaneous predicted
SNR 4, increases. Once again, it can be seen that the channel
estimation error has more impact than the prediction error.

For a given BERy, 07 and o7, the optimum switching levels

{7, 73, -+ .y} can be easily obtained from Fig. 5.
8 8
02=0
e
6 6
02=10"°
G Gy
2 2
0 0

60 0 60

Figure 5. Optimal rate adaptation for BERg = 10~4 and 70 = 30.

The variation of the spectral efficiency as a function of 7y
for different values of o and o is depicted in Fig 6. Solid
curves and dashed curves correspond respectively to target
BER; = 1072 and BERy; = 107%. At an SNR 75 = 35
dB and for a BER; = 1072, an estimation error variance
of 02 = 1073 reduces the spectral efficiency from 4 bps/Hz
to 3 bps/Hz. The impact predication error o7 = 1073 is
insignificant. Nevertheless, this estimation error variance has
a noticeable impact on the outage probability specially for
higher SNRs as it is illustrated in Fig 7. In fact, this value
of o2 reduces the performance of the 4-PSK modulation and
has a negligible impact on modulations with M > 4. This
explains the degradation of the outage probability with a small
estimation variance.

6 :
-x-0’=0 ;0%=0
e p
2_, 2_1+73
5t -© - O'e—O cp—lO
2_4n3 . 2_
-+ - oe—lO ; op—O
4t| - B -o*=10° ; a2=10° =
e p —q

Spectral efficiency [bps/Hz]
N w

=

Figure 6. Spectral efficiency vs 5o for BERgq = 10~3 (solid curves) and
BER, = 106 (dashed curves).
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E 10 T \\\\\\% > B
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E_ \\O\ N \\J'\ - {7
2 N—
5 10%H - x -0=0 ;0’=0 N ]
@] ; 4 N
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e p N\
2_1~3 . 2 N
-4 - oe—lO ; Up—O
- g-0=10% ; o%=10°
-3 e p
10 L L L L L L
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Yo [dB]

Figure 7. Outage probability vs 7o for BERy = 103 (solid curves) and
BERy = 10~ BERy = 10~ (dashed curves).

VII. CONCLUSION

A commonly used coherent detection technique in a
Rayleigh flat fading channel consists in dividing the received
signal by the estimated fading in order to compensate for
amplitude and phase deviations. In this paper, we investigated
an adaptive M -PSK modulation scheme for Rayleigh flat
fading channels when the received signal is corrected with
imperfect channel estimates. The combined impact of channel
estimation and channel prediction errors is evaluated.

The evaluation of the BER conditioned on the estimated
and predicted values of the channel gain has been presented.
The BER expression takes into account the channel estimation
error variance. The receiver uses this BER expression to adjust
the modulation size based on the required BER.

Unlike previous works, the modulation switching strategy
that we propose is based on the power and statistics of
the corrected signal. The influence of the imperfect AGC is
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analyzed. In this paper, we have considered an adaptive rate
system with a constant power. The presented analysis can be
extended to variable power systems following [5], [21].

(1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

REFERENCES

A. J. Goldsmith and S.-G. Chua, “Variable-Rate Variable-Power MQAM
for Fading Channels,” IEEE Trans. Commun., vol. 45, no. 10, pp. 1218-
1230, Oct. 1997.

R. Steele and W. T. Webb, “Variable rate QAM for data transmission
over Rayleigh fading channels,” in Proc., IEEE Wireless’91, 1991, pp.
1-14.

‘W. Webb and R. Steele, “Variable Rate QAM for Mobile Radio,” IEEE
Trans. Commun., vol. 43, no. 7, pp. 2223-2230, Jul. 1995.

A.J. Goldsmith and S. G. Chua, “Adaptive Coded Modulation for Fading
Channels,” IEEE Trans. Commun., vol. 46, no. 5, pp. 595-602, May
1998.

S. Falahati, A. Svensson, T. Ekman, and M. Sternad, “Adaptive Modula-
tion Systems for Predicted Wireless Channels,” IEEE Trans. Commun.,
vol. 52, no. 2, pp. 307-316, Feb. 2004.

M. L. Ammari and F. Gagnon, “On Combining Adaptive Modulation and
Unbiased MMSE-DFE Receiver to Increase the Capacity of Frequency
Selective Channels,” in Telecommunications, 2009. AICT ’09. Fifth
Advanced International Conference on, 2009, pp. 203-208.

S. M. Alamouti and S. Kallel, “Adaptive Trellis-Coded Multiple-Phase-
Shift Keying for Rayleigh Fading Channels,” IEEE Trans. Commun.,
vol. 42, no. 6, pp. 2305-2314, Jun. 1994.

F. F. Digham and M. S. Alouini, “Variable-Rate Noncoherent M-
FSK Modulation for Power Limited Systems Over Nakagami-Fading
Channels,” IEEE Trans. Wireless Commun., vol. 3, no. 4, pp. 1295-
1304, Jul. 2004.

A. S. Lioumpas and G. K. Karagiannidis, “Variable-Rate M-PSK
Communications without Channel Amplitude Estimation,” IEEE Trans.
Commun., vol. 58, no. 5, pp. 1477-1484, 2010.

N. D. Chatzidiamantis, A. S. Lioumpas, G. K. Karagiannidis, and
S. Arnon, “Adaptive Subcarrier PSK Intensity Modulation in Free Space
Optical Systems,” IEEE Trans. Commun., vol. 59, no. 5, pp. 1368-1377,
2011.

A. Maaref and S. Aissa, “Optimized Rate-Adaptive PSAM for MIMO
MRC Systems with Transmit and Receive CSI Imperfections,” IEEE
Trans. Commun., vol. 57, no. 3, pp. 821-830, 2009.

U. Fernandez-Plazaola, E. Martos-Naya, J. F. Paris, and A. J. Goldsmith,
“Adaptive Modulation for MIMO Systems with Channel Prediction
Errors,” IEEE Trans. Wireless Commun., vol. 9, no. 8, pp. 2516-2527,
2010.

M. Torabi, J. Frigon, and B. Sanso, “Performance Analysis of Adaptive
Modulation in Multiuser Selection Diversity Systems with OSTBC over
Time-Varying Channels,” IEEE Signal Processing Lett., vol. 1, no. 99,
pp. 1-10, 2012.

M. L. Ammari, K. Zaouali, and P. Fortier, “Adaptive modulation and
decision feedback equalization for frequency-selective MIMO channels,”
Int. J. Commun. Syst.., 2013.

X. Tang, M. S. Alouini, and A. J. Goldsmith, “Effect of Channel
Estimation Error on M-QAM BER Performance in Rayleigh Fading,”
IEEE Trans. Commun., vol. 47, no. 12, pp. 1856-1864, Dec. 1999.

W. C. Jakes, Microwave Mobile Communications. New York: Wiley,
1974.

M. G. Shayesteh and A. Aghamohammadi, “On the Error Probability
of Linearly Modulated Signals on Frequency-Flat Ricean, Rayleigh, and
AWGN Channels,” IEEE Trans. Commun., vol. 43, no. 2/3/4, pp. 1454—
1466, Feb/Mar/Apr 1995.

J. Cavers, “An Analysis of Pilot Symbol Assisted Modulation for
Rayleigh Fading Channels,” IEEE Trans. Veh. Technol., vol. 40, no. 4,
pp. 686-696, Nov. 1991.

A. Svensson, “1 and 2 Stage Decision Feedback Coherent Detectors for
DQPSK in Fading Channels,” in Proc., IEEE Veh. Technol. Conf., 1995,
pp. 644-6438.

H. V. Poor, An Introduction to Signal Detection and Estimation.
Springer, 1998.

S. T. Chung and A. J. Goldsmith, “Degrees of Freedom in Adaptive
Modulation: A Unified View,” IEEE Trans. Commun., vol. 49, no. 9,
pp- 1561-1571, Sep. 2001.

Mohamed Lassaad Ammari Mohamed Lassaad
Ammari received the Engineering degree from the
University of Carthage, Tunis, Tunisia, in 1995 and
the M.Sc. and the Ph.D. Degrees from the Université
Laval, Qubec City, QC, Canada, in 2000 and 2003,
respectively. Since 2003 he has been a Research As-
sociate with the Laboratory of Communications and
Integrated Microelectronics, Ecole de Technologie
Supérieure, Montreal, QC. His research interests in-
clude channel equalization, multiple-input-multiple-
output orthogonal frequency-division multiplexing
systems, turbo detection, space-time coding, and adaptive modulation.

Francois Gagnon Francois Gagnon (S’87-M’87-
SM’99) was born in Quebec City, PQ. Canada. He
received the B. Eng. and Ph. D. degrees in electrical
engineering from Ecole Polytechnique de Montreal,
Canada. Since 1991, he has been a Professor in
the Department of Electrical Engineering, Ecole de
Technologie Supérieure, Montreal, Canada. He has
chaired the department from 1999 to 2001 and is
now the holder of the Ultra Electronics (TCS) Chair
in Wireless Communication in the same university.
His research interest covers wireless high speed
communications. modulation, coding, high speed DSP implementations and
military point to point communications. He has been very involved in the
creation of the new generation of High Capacity Line Of Sight military radios
offered by the Canadian Marconi Corporation, which is now Ultra Electronics
Tactical Communication Systems. The company has received, for this product,
a ’Coin of excellence’ from the US army for performance and reliability.





