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Optimum Mode-Switching-Assisted Constant-Power
Single- and Multicarrier Adaptive Modulation

Byoungjo Choi and Lajos Hanz&enior Member, IEEE

Abstract—A set of optimum mode-switching levels is de- imposed on other users of the system, rather than variable bit
rived for a generic constant-power adaptive-modulation scheme rate but constant symbol rate, adaptive quadrature amplitude

based on a closed-form expression of the average bit error ratio ;
(BER) and the average bits-per-symbol (BPS) throughput of the modulation (AQAM) was proposed by Steele and Webb as an

adaptive-modulation scheme. This results in a constant BER, altematiye' while employing \_/arious star quadre_‘ture amplitude
variable-throughput arrangement. The corresponding BPS Modulation (QAM) constellations [6] and [7]. With the advent
throughput performance and the achievable signal-to-noise ratio of pilot symbol-assisted modulation (PSAM) [8]-[10], Otsuki
(SNR) gain are investigated for the optimum mode-switching et al. [11] employed maximum—-minimum distance-based

assisted constant-power adaptive-modulation schemes employinggyare  constellations rather than star constellations in the
various diversity schemes, including maximal ratio combining

(MRC) receive-antenna diversity, a two-dimensional RAKE re- ConteXt_ of AQAM, as a pra.(:t'cal fadmg-countgr measure.
ceiver, as well as transmit-diversity aided space-time (ST) coding, Analyzing the channel capacity of Rayleigh-fading channels
when communicating over various fading scenarios. The BPS [12]-[14], Goldsmith et al. showed that variable power,
throughput of our constant-power adaptive quadrature amplitude  variable-rate adaptive schemes are optimum, approaching the

modulation (AQAM) scheme approaches the throughput of ; i
variable-power variable-rate AQAM within 1 dB. However, the capacity of the channel and characterizing the throughput

achievable throughput gain of the adaptive-modulation scheme, in performance of variable-power AQAM ,[13]' However, t.h.ey
comparison to conventional fixed-mode modems, is substantially @S0 found that the extra throughput achieved by the additional
reduced as the diversity order of the receiver is increased. Hence, variable-power-assisted adaptation over the constant-power
adaptiv_e modulatipn constitutes a lower complexity alternativ_e variable-rate scheme is marginal for most types of fading
to_multlple-transmltter ar_ld receiver-based systems W_h_en g:on5|d- channels [13] and [15].
ering the range of techniques that can be used for mitigating the . .
effects of the channel-quality fluctuations imposed by wireless ~ Since the performance of the AQAM scheme is predeter-
channels. mined by the switching levels employed, various attempts
Index Terms—Adaptive modulation, adaptive quadrature have been made to determine the suitable switching levels.
amplitude modulation (AQAM), fading counter measures, An attempt to find optimum switching levels that are capable
Lagrangian optimization for adaptive modulation, optimum of satisfying various transmission-integrity requirements was
switching levels for adaptive modulation. made by Webb and Steele [6]. They used the bit error ratio
(BER) curves of each constituent-modulation mode, obtained
|. INTRODUCTION from conducted simulations when communicating over an ad-
) ditive white Gaussian noise (AWGN) channel, in order to find
O_B,“J_E COMMUNICAT|ONS channels ty_plcally €X" the signal-to-noise ratio (SNR) values, where each modulation
hibit tlme-varlant_channel-quallty fluctuations [1] andy, e satisfies the target BER requirement [2]. This intuitive
[2] and, hence, conventional fixed-mode modems suffer frogy, oot of determining switching levels has been widely used
bursts of transmission errors, even if the system was des'gne%)troresearchers [11] and [15] since then. The regime proposed

provide a high link margin. An efficient approach to mitigatingo Webb and Steele can be used for ensuring that instantaneous
these detrimental effects is to adaptively adjust the transmy R always remains below a certain threshold BER,

sion format based on the near-instantaneous channel-quqq%ever, no direct relationship between the resultant-average

information perceived by the receiver, which is fed back to therp ¢ the corresponding adaptive modem and the peak-in-
transmitter with the aid of a feedback channel [2]-[4]. Thi§tantaneous BER,;, was available

scheme requires a reliable feedback link from the recelverIn order to generate the optimum switching levels that sat-

to the transmitter. The channel-quality variation should be

sufficiently slow for the transmitter to be able to adapt. Hay |§fy the target average BER, while maximizing the obtainable

[3] proposed transmission-power adaptation, while Caver'sts"per'symbOI (BPS) throughput, Torrance and Hanzo [16]

: . . ) : roposed the employment of a heuristic cost function and ap-
[5] suggested invoking a variable symbol-duration schen?(laled Powell's optimization method [17]. The multidimensional

in response to the perceived channel quality at the expe sg. o .
. i . . : optimization of the cost function produces a set of constant
of a variable bandwidth requirement. Since a variable-power .

schemeancreaseghe peak level of cochannel interference [GEWItChing levels across the entire SNR range and the corre-
P ponding average BER exhibited good agreement with the de-

sired target average BER. However, the actual average BER of

Manuscript received October 17, 2001; revised May 31, 2002. __the adaptive scheme was not constant across the SNR range,
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Fig. 1. Stylized model of the near-instantaneously adaptive-modulation scheme.

ploying a modified cost function was developed to guarantéiee detailed operation of the adaptive-modem scheme of Fig. 1.
a constant target average BER across the whole operating SNiRt, the channel quality is estimated by the remote receiver
range [18]. Since Powell’s multidimensional optimization maf of Fig. 1. This channel-quality measufean be the instanta-

be trapped in a local optimum, rather than identifying the globakous channel SNR, the radio-signal strength indicator (RSSI)
optimum, the previous two schemes often result in suboptin@ltput of the receiver [6], the decoded BER [6], the signal-to-in-
switching levels. Recently, Paret al. [19] proposed a set of terference-and-noise ratio (SINR) estimated at the output of the
optimal switching thresholds based on a multidimensional ophannel equalizer [21], or the SINR at the output of a CDMA
timization technique and an approximated representation of foat detector [22]. The estimated channel quality perceived by
BER of the constituent QAM modes. Chung and Goldsmith [2@¢ceiver B is fed back to transmitter A with the aid of a feedback
also provided a comprehensive set of formulas for determininannel, as seen in Fig. 1. Then, the transmit mode control block
the optimum switching thresholds for various types of AQAN transmitter A of Fig. 1 selects the highest throughput modu-
schemes. In [20], a set of suboptimal thresholds were used fation modek capable of maintaining the target BER based on
the constant-power AQAM scheme under the constraint of rie channel-quality measugeand the specific set of adaptive
quiring a fixed-average BER. mode-switching levels. Oncek is selectedm-ary modula-

In this contribution, we derive an exact closed-forntion is performed at transmitter A in order to generate the trans-
expression for the average BER of our constant-power adapitted signals(¢) and the signad(t) is transmitted through the
tive-modulation schemes employing various phase-shift keyingannel.

(PSK)- and square-QAM constellations and then apply the ) o

Lagrangian optimization technique for deriving the globallf®- Modulation Mode-Switching Model

optimized modulation-mode switching levels. The relationship A K-mode adaptive-modulation scheme adjusts its transmit
between the optimum-mode switching levels is establishatiodek, wherek € {0, 1 ... K — 1}, by employingm,-ary
which holds regardless of the underlying channel scenariodulation according to the near-instantaneous channel quality
Then the corresponding optimum-mode switching-assistggerceived by receiver B of Fig. 1. The mode selection rule is
constant-power adaptive-modulation schemes are investigag@gen by

in various operating scenarios, leading to plausible performance

results and to our discussions. Choose modé whens; < § < sg41 1)

The next section introduces a general model of the constato e o switching levet; belongs to the set = {s) | k =
power adaptive-modulation schemes considered and defines a . K}. The BPS throughput, of a specific modulation
set of parameters characterizing their performance, followed dek is/given bybr, =log, (my ) if my, # 0, otherwisey, = 0. It
the determination of their closed-form expressions when com-. it Jefine thé incremental BRRascy, = by — by 1
municating over a narrow-band Nakagami-fading channel. S Aenk > 0 andco — bo, which quantifies the achievableiBPS

tion 11l derives the optimum switching levels with the aid of th?ncrease when switching from the lower throughput mbde
Lagrangian-based optimization technique. The performance {81

. . modek.
sults of our constant-power AQAM schemes employing various
diversity schemes operating in various fading scenarios are pge-Example: Five-Mode AQAM

sented in Section IV, followed by our conclusions in Section V. A five-mode AQAM system has been studied extensively by

numerous researchers, which was motivated by the high perfor-
mance of the Gray-mapped constituent modulation modes used.

A stylized model of our adaptive-modulation scheme is illuskhe parameters of this five-mode AQAM system are summa-
trated in Fig. 1. In our adaptive-modulation scheme, the modzed in Table I. In our investigations, the near-instantaneous
ulation mode used is adapted on a near-instantaneous basisf@annel quality is defined as the instantaneous channel SNR
the sake of counteracting the effects of fading. Let us descriheThe boundary-switching levels are givensgs-0 andss=cc.

Il. SYSTEM DESCRIPTION
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Fig. 2. Various characteristics of the five-mode AQAM scheme communicating over a Rayleigh-fading channel employing the specific set of swétishing |
designed for limiting the peak instantaneous BERtp = 3 x 10~ 2. (a) The evolution of the instantaneous channel SN&represented by the thick line at the
top of the graph, the associated instantaneous BER) by the thin line in the middle and the instantaneous BPS throudiiputby the thick line at the bottom.
The average SNR i = 10 dB. (b) As the average SNR increases, the higher order AQAM modes are selected more often.
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TABLE | mode selection probability (MSPW,, is defined as the prob-
THE PARAMETERS OFFIVE-MODE AQAM SYSTEM ability of selecting thekth mode from the set of¢ possible
modulation modes, which can be calculated as a function of the

k 0 ! 2 3 4 channel-quality metri€, regardless of the specific metric used,
my 0 2 4 16 64 as

bi 0 1 2 4 6

ck 0 1 1 2 2 My, =Pr[s <& < spy1] 2
mode || No Tx | BPSK | QPSK | 16-QAM | 64-QAM _ / Skt £(6) de 3)

Sk

Fig. 2(a) illustrates the operation of the five-mode AQAMVheres;. denotes the mode-switching levels ajitt) is the

scheme when communicating over a typical narrow—bar?&Obability density func_tion (pd?) of. Then, the average
Rayleigh-fading channel scenario. Transmitter A of Fig. froughputB expressed in terms of BPS can be described as

keeps track of the channel SNRperceived by receiver B with

=

-1

the aid of a low BER low-delay feedback channel—which B= bi / o f(€) d¢ (4)
can be created, for example, by superimposing the values of =0 sk

& on the reverse-direction transmitted messages of transmitter K-1

B—and determines the highest BPS modulation mode main- = by My, (5)
taining the target BER, depending on which regiofalls into. k=0

The channel-quality related SNR regions are divided by th%. L .
. N . which in simple verbal terms can be formulated as the weighted
modulation mode switching levels,. The peak instantaneous um of the throughpui of the individual AOAM constituent

. e . .. S
BER (iBER) limiting scheme [6] was used for deriving the . . .
switch(ing Iez/els usgd in Fig 2([a; We assumed the peagl]< iB des, where the weighting takes into account the probability
; ) « Of activating the various constituent modes. Whegn =

of P, = 3 x 10 2 in Fig. 2(a). The associated instantaneous th th hoi IS0 be f lated
BPS throughput is also depicted, using the thick stepped ling®: the average throughpit can aiso be formulated as

at the bottom of Fig. 2(a). We can observe that the throughput K-1 skl

varied from 0 BPS, when the no-transmission (No-Tx) AQAM B = Z by, / f(&) d¢

mode was chosen, to 4 BPS, when the 16-QAM mode was ac- k=0 Sk

tivated. During the depicted observation window, the 64-QAM K-1 oo oo

mode was not activated. The instantaneous BER, depictedasa = Z [bk / f(&) d€ — by, () dg] (6)
thin line using the middle trace of Fig. 2(a), is limited by the k=0 7Sk I8kt

peak iBER ofP,, = 3 x 1072, E-1

by / HE de+ 3 (e =) / S d

C. Characteristic Parameters 1 1
In this section, we introduce several parameters in order to ~ _ Z . /oo Fe) de = Z o F(s0) @®
k=0 Sk

characterize our adaptive-modulation scheme. The constituent =0
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wherec, 2 by, — by_; andF.(¢) is the complementary cumu- of mn to be a positive integer. In this case, the Nakagami fading

lative distribution function (cdf) defined as model of (12), having a mean ef = m 7, will be used to de-
oo scribe the pdf of the SNR per symbmql in anm-antenna-based
F.(¢) 2 / f(z) dz. (9) diversity-assisted system employing maximal ratio combining
Je (MRC).

Let us now assume that we use the instantaneous SNR When the instantaneous channel SINR used as the channel

as the channel quality measufe which implies that no quality measuré in our adaptive-modulation scheme transmit-

cochannel interference is present. By contrast, when opera} over a Nakagami channel, the parameters defm .ed in Sec-
II-C can be expressed in a closed form. Specifically, the

in a cochannel interference-limited environment, we can UMPSM b q
the instantaneous SINR as the channel quality meagure | Can be expressed as
provided that the cochannel interference has a near-Gaussian

Sk+1
distribution. In this scenario, the mode-specific average BER My, :/ f(v) dv (13)
P, can be written as Sk
S :Fc(3k> - FC(sk+1) (14)
by = / Py () £ () dy (10) .
sk where the complementary cdif.(v) is given by

wherep,,, (v) is the BER of them-ary AQAM constituent- .
modulation mode for transmission over the AWGN channel. We E.(v) :/ f(z) dz (15)
usedy rather thart in order to explicitly indicate the employ- ¥

ment ofy as the channel quality measure. Then, the average :/ (@)m g™t T (16)
BER P,,, of our adaptive-modulation scheme can be repre- v NI I'(m)

sented as the sum of the BERs of the specific constituent modes 1 (my i

divided by the average adaptive modem throughputormu- p— T) 17
lated as [23] - ZO T(i+1) (7

K-1
Pavg = 1 Z by Py, (11) In deriving (17), we used the result of the indefinite integral of
b= [26]

!

Py, is the mode-specific average BER given in (10), dhds Z a - S : '> . (18)
the average adaptive modem throughput given in (5) or in (8). = o (-9

The aim of our adaptive system is to transmit as high a number ) ) o
of bits per symbol as possible, while providing the requiret? @ Rayleigh fading scenario, i.e., when= 1, the MPSM;,
quality of service (QoS). More specifically, we are aiming t8f (14) can be expressed as
maximize the average BPS throughpsitof (4), while satis- B B
fying the average BER requirement Bf,, < P;;. Hence, we My = e=3/7 — gmmnr /7, (19)
have to satisfy the constraint of meetifly, while optimizing
the design parameter ef which is the set of modulation-modeThe average throughpiit of our adaptive-modulation scheme
switching levels. The determination of the optimum switchintfansmitting over a Nakagami channel is given by substituting
levels will be investigated in Section Ill. Since the calculatiofil7) into (8), yielding
of the optimum switching levels typically requires the numer-
ical computation of the parameters introduced in this section, K_1 me1l (m_sk )l
it is advantageous to express the parameters in a closed form, B = Z e~ ™SR/ Z 7 . (20)
which is the objective of the next section. =0 — Ti+1)

1) Closed-Form Expressions for Transmission Over Nak-

agami-Fading ChannelsFading channels are often modeled Let us now derive the closed-form expressions for the mode-

as Nakagami-fading channels_[24]. The pdf of the msta_ntan_eosupsecific average BER,, defined in (10) for the various mod-
channel SNRy when communicating over a Nakagaml-fadm%

channel is given as [24]

whereb,, is the BPS throughput of theth modulation mode, / emar\ L pn—i
e dr = — < )

1=

lation modes when communicating over a Nakagami channel.
The BER of a Gray-coded square QAM constellation for trans-
mission over AWGN channels is given as [2]

m\" ym1 -
f(v) = (7) T(m) ey >0 (12)

pmk,QAM('Y) = ZAz' Q(\/ﬁ) (21)

where the parameten governs the severity of the fading and
I'(m) is the Gamma function [25]. When = 1, the pdf of (12)

is reduced to the pdf of over Rayleigh-fading channel. As  where the values of the constantsanda; were given in (47) of
increases, the fading behaves like Rician fading; it becomes thgpendix A. Then, the mode-specific average BERyawm Of
AWGN channel whemn tends taxo. Here, we restrict the value mg-ary QAM over a Nakagami channel can be expressed as in
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Appendix B, yielding (see (22)—(24) at the bottom of the pag&herey is the average SNR per symbeis the set of switching

where g(7)];+* £ g(skt1) — g(sx) andX; is given by levels, K is the number of constituent modulation modgs,
P is the BPS throughput of thgth constituent mode, and the
Xy, a1) = 1 (ﬂ) I'(j+3) mode-specific average BER, is given in (10) Explicitly, (10)
T ar \y ) TG+1) implies weighting the BER,,,, () by its probability of occur-
J 9,2\ Ik k172 ‘ rence quantified in terms of its pdf and then averagirg, in-
X H v e~/ (217) tegrating it over the range spanning fregmto s,.1. Then, with
a; T(k+1)° - okt .
k=1 v 2 the aid of (11), the average BER constraint can also be written
22m\’ 1 T(j+ 1 a as
N ( i > LG+3) 0 < v)
ay ) VET(i+1) 1
(25) Pavg(7;8) = Pin <= Pr(7;s) = P B(v;s).  (29)
. A — — .
where, againu = \/a;7/(2+ a;7) andT(z) is the Gamma A qther logical constraint regarding the switching levels can be
function. expressed as
On the other hand, the high-accuracy approximated BER for-
mula of a Gray-codeth-ary PSK scheméi(> 3) transmitting Sk < Spyt- (30)

over an AWGN channel is given as [27]
3 As we discussed before, our optimization goal is to maximize
Py PSK ™ { (ﬁsm ( )) (ﬁ sin (2_k>>} the objective functionB(7;s) under the constraint of (29). The
set of switching levels hasK + 1 levels in it. However, con-
(26) sidering that often we have = 0 andsxg = oo in various
= Z A; Q(\Vai) (27) adaptive-modulation schemes, we h&{e 1 independent vari-

‘ ables ins. Hence, the optimization task is/a — 1 dimensional
optimization under a constraint [29]. It is a standard practice to
introduce a modified objective function using a Lagrangian mul-

er and to convert the problem into a set of one-dimensional
éﬁ ) optimization problems. The modified objective function
can be formulated employing a Lagrangian multiphg9]

where the set of constants (4;, ai)} is given by

{(2/k, 2sin®(r/my)), (2/k, 2sin” (37 /my)) }. The same ex-

pression as (21) and (27) can be applied to various coherent

QAM schemes [28]. Hence, the mode-specific average B

Py, psg employing PSK constellations and the correspondi

BER of P, sqam When employing star QAM constellations

can be represented using the same equation, namely (24), as

for Pk7QAM- A(S; ’7) :B(’V; S) +A {PR<’7; S) - Pth B(ﬁa S)} (31)
:(1 - )\Pth) B(’V, S) + /\PR(’V, S). (32)

lll. OPTIMUM SWITCHING LEVELS

In this section, we restrict our interest to adaptive-modulde optimum set of switching levels should satisfy
tion schemes employing the SNR per symbdals the channel

quality measureg. Our aim is to optimize the set of switching ~ %A _ 9. (B(%;8)+ A {Pr(;8)— P B(%;8)}) =0 (33)
levelss such that the average BPS throughpiity; s) can be Js 0Os ) )
maximized under the constraint 8., (7;s) = Py andPr(7;s) — P, B(7;s) =0. (34)

Let us definePr for a K-mode adaptive-modulation scheme
as the sum of the mode-specific average BER weighted by g expanding (33) and eliminating the Lagrangiaas shown
BPS throughput of the individual constituent mode in Appendix C, we arrive at the following set of relationships
between the optimum switching levels:

K-1
y:8) = by, P (28)
) z:: ROk yr(sk) =y1(s1) fork=23,... K -1 (35)
Sk41
P qam —/ Py qam(y) f(y) dy (22)
—ZA o) (ﬂ>m ey (23)
“\y /) T(m)
j ] Skt Sk+1
m—1 ( 5 ) m—1

_ZA _ —mv/‘/Q Z + X;(v,ai) (24)

J=0 J=0
Sk

.1
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Fig. 3. The Lagrangian-free functiops(s, ) of (37) to (40) for Gray-mapped square-shaped QAM constellations, Agcomes lowety, (s, ) asymptotically
approaches 0.5. Observe that whilg s;) andy-(s>) are monotonic functionss(sz) andy.(s4) cross they = 0.5 line

10
@)

where the functiony (s ) is defined as

like” shapes and asymptotically approach 0.5 as the switching
levelssy approach zero (or oo, expressed in decibels). While
a1l y1(s1) andys(s2) are monotonic functiongys(sz) andy,(sy
T {brpm, (sk) = br—1 P, (s) } cr(()ss)theg :<0.g line ats; = —7.34 dB and<54 >: 1.82(dB),
k=23,... K—-1 (36) respectively, as can be observed in Fig. 3(b). One should also
notice that the trivial solutions of (35) agg = 0.5 ats; = 0,
which does not contain the Lagrangian multiplleand, hence, k£ =1, 2, 3, 4, as we have discussed in Appendix C
will be referred to as the “Lagrangian-free function.”

yr(sk)

For a given value of{, the other switching levels can be de-
This function can be physically interpreted as the normalizéermined ass> = y5 ' (y1(s1)), s3 = 3 ' (y1(s1)) andsy =

—1
BER difference between the adjacent adaptive-modurygl(yl(sl)). Since deriving the analytical inverse function of
tion modes. For exampley;(si) p2(s1) quantifies vy is an arduous task, we can rely on a graphical or a numer-
the BER increase when switching from the No-Tx modial method. Fig. 3(b) illustrates an example of the graphical
to the binary phase-shift keying (BPSK) mode, whilenethod. Specifically, whern; = a1, we first find the point on
ya(s2) = indi

2p4(s2) — pa2(s2) indicates the BER difference the curvey; directly above the abscissa valuecf, and then
between the QPSK and BPSK modes. These curve will be malaw a horizontal line across the corresponding point. From the
explicitly discussed in the context of Fig. 3. The significancerossover points found on the curvesef y3, andy., with
of (35) is that the relationship between the optimum switchirthe aid of the horizontal line, we can find the corresponding
levelssy, wherek = 2,3,... K — 1, and the lowest optimum values of the other switching levels, namely thosevef as,
switching levels; is independent of the underlying propagatiomnday. In a numerical sense, this solution corresponds to a 1-D

scenario. Only the constituent adaptive-modulation modeot-finding problem [17, Ch. 9]. Since the first Lagrangian-free
related parameters, such &s ci, andp,,, (v) govern this equation is given ag (s1)
relationship.

=pm, (s1) according to (36)y1 (s1)
is monotonic and is restricted to the rangel g2 < y1(s1) <

As an example, let us consider the five-mode AQAM scheme. In general, howevely(s;) for & > 1 may not be mono-
introduced in Section 1I-B. The parameters of the five-modenic, potentially resulting in multiple roots that satigy(sx) =
AQAM scheme are summarized in Table |. Substituting thege(s1). Nevertheless, as we argued in Appendix C, we can es-
parameters into (35) and (36), we have the following tablish a unique relationship between and s;without jeop-

ardizing the optimality in our average SNR range of interest.
y1(s1) =pa(s1) (37) The numerical results shown in Fig. 4 represent the direct rela-
ya(52) =2pa(s2) — pa(sa) (38) tlon_shlp bet\{vee_n the optimum switching Ie\selanql the other
optimum switching levels, nameby, s, ands,. While the op-
y3(s3) =2p16(s3) — pa(s) (39 timum value ofs, shows a near-linear relationship with respect
Ya(s4) =3 pea(s4) — 2p16(54)- (40)

to s1, those ofs3 ands, asymptotically approach two different
constants, as; becomes smaller. This corroborates the trends

The Lagrangian-free functions of (37) to (40) are depicted wbserved in Fig. 3(b), wheig(s3) andy,(s4) crossthey = 0.5
Fig. 3 for Gray-mapped square-shaped QAM.

line ats; = —7.34 dB ands, = 1.82 dB, respectivély. Since
As these functions are basically linear combinations of BEfRe low-order modulation modes are abandoned at high average

curves associated with AWGN channels, they exhibit “waterfalthannel SNRs in order to increase the average throughput, the
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40 wherebg _; is the BPS throughput of the highest order con-
. stituent AQAM modulation modeP,,,,. ,(7) is the average
Ry BER of the highest order constituent modulation mode for trans-
20 asymptotic line R mission over the underlying channel scenario dhg is the
target average BER. The value ¥f#¥; 0) could be positive or

U = negative, depending on the average SiN&hd on the target av-
< erage BERP,,,. Let us denote the avalanche SNRYyas such
that we have’,,, ., (7.) = P:n, Where the highest order modula-
tion mode satisfies the target average BER requirement. We ob-
serve that the modulation mode adaptation is abandoned when
the average SNR becomes higher than the avalanchesgNR,
Another nonzero solution fog;, may exist whens; = 0, if
.40 ) R R D N 5 yr(sk) crosses the horizontal line gf, = 1/2. This situation

T 0 0 | 53 can be observed in Fig. 3(b) feg ands,. The corresponding

switching levels {s;} (dB)

54 value ofY (¥; 0T) using this alternative solution turns out to be
60 D close toY (¥; 0). However, in the actual numerical evaluation of
-60 -50 -40 -30 -20 -10 O 10 the initial value ofY", we should us& (7; 0") for ensuring the
switching level s, (dB) continuity of the functiort” ats; = 0.
Fig. 4. Optimum switching levels as a function«af. Observe that while the lnves'[.lgatlr.]g the minima and Ehe maximalofas det.all.Ed n
optimum value ofs, shows a linear relationship with respectsiq those ofs;,  APPendix D, it was found that'(¥; s1) has a global minimum
ands, asymptotically approach constant values ass reduced. A low value Of Yy,;;, < 0 ats; = ¢ such thathy py,, () — bopme () =
of s, corresponds to a high value of average SNR. P,;, and a maximum o¥,,...; ats; = 0, as well as another
maximum valueY,,.x2 = 0~ ats; = oo. This implies that
high values of; on the horizontal axis of Fig. 4 indicate the enthere exists a unigue set of optimum switching levels, when we
countering of a low-channel SNR, while low valuessefsug- haveY,,..1 > 0ats; =0, i.e., when the average SNsatisfies
gest that high-channel SNRs are experienced, as it transpiresyfot 7, .
example from Fig. 6. As an example, let us evaluate the constraint function
Since we can relate the other switching levelssigo we Y (¥; s;) for our five-mode AQAM scheme operating over a flat
have to determine the optimum valuesffor the given target Rayleigh-fading channel. Fig. 5 depicts the value¥ ¢f;) for
BER, P, and the pdf of the instantaneous channel SN&everal values of the target average BBER, when the average
f(~) by solving the constraint equation given in (34). Thighannel SNRis 30 dB. We can observe fiat;) = 0 may have
problem also constitutes a 1-D root-finding problem, ratherroot, depending onthetarget BER,. Whens;, = 0fork < 5,
than a multidimensional optimization problem [16]-[18]. Leticcordingto (11), (28), and (41)(s1 ) is reduced to
fine th nstraint functian(v; s ing (34
us define the constraint functian(y; s(s1)) using (34) as Y(7:0) = 6(Pes () — P) 43)

— A — —

Y(¥:s(s1)) = Pr(7:5(s1)) = P B(7:5(s1)) 1) \where Ps4(7) is the average BER of 64-QAM over a flat
where we represented the set of switching levels as a vecfdRYleigh channel. The value &f(7; 0) in (43) can be negative
which is the function ofs;, in order to emphasize that, ©F Positive, depending on the target BER, .
satisfies the relationships given by (35) and (36). More ex- WWe can observe in Fig. 5 that the solutiortofy: s(s1)) = 0
plicitly, Y(’?;s(sl)) of (41) can be physically interpreted asS unique, when it ex_lsts. The locus of the minimifts, ), i.e.,
the difference betweeis; (v;s(s1)), namely the sum of the the trace curve of pointdfuin(s1min), 51,min), WhereY” has the
mode-specific average BERs weighted by the BPS throughpiftimum value, is also depicted in Fig. 5. The locus is always
of the individual AQAM modes, as defined in (28), and th@€low the horizontal line of(s;) = 0 and asymptotically ap-
average BPS throughplﬂ(:y;s(sl)) weighted by the target proaches this Il_ne, as the_target BER, bec_orr_1es s_mal_ler.

BER P, Considering the equivalence relationship given in Fi9-6(a) depicts the switching levels optimized in this manner
(29), (41) reflects just another way of expressing the differenf@” our five-mode AQAM2 scheme maintaining the target av-
between the average BER,, of the adaptive scheme and theé¥rage BERs o, = 107°. _
target BERP,,. Even though the relationships impliedsifs;) ~_ The switching levels obtained using the per SNR-based
are independent of the propagation conditions and the signalfigve!l optimization method [18] are represented as the thin
power, the constraint functiol (v;s(s;)) of (41) and, hence, 9raY linés in Fig. 6(a) for comparison. In this case, all the
the actual values of the optimum switching levels are depend&f@dulation modes may be activated with a certain probability
on the propagation conditions through the ¢ of the SNR until the average .SNR regches the avalan_cht_'-z SNR value, _wh|le
per symbol and on-the-average SNR per symbol the scheme derived using Powell’s optimization technique
Let us find the initial value of (v;s(s1)) defined in (41), abandons the lower th_roughput mo.dulatlon modes one by one
whens; = 0. An obvious solution fos, whens; = Oiss, =0 @S the average SNR increases. Fig. 6(b) deplgts the average
fork=1,2,...,K — 1. Inthis caseY(ﬁ;s(sl)) becomes throughputB of the AQAM scheme expressed in BPS, em-
ploying the switching levels optimized using the Lagrangian
Y(7;0)=bk-1(Pmnp_,(7) — Pir) (42) method. In Fig. 6(b), the average throughput of our six-mode
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Fig. 5. The constraint functiol ( ¥; s(s;)

defined in (41) for our five-mode AQAM scheme employing Gray-mapped square-constellation QAM operating
over a flat Rayleigh-fading channel. The average SNR4vas 30 dB and it is seen that” has a single minimum value, while approaching &ss, increases.
The solution oft” (ﬁ/; s(s1)

= 0 exists whert’(7; 0) = 6{pss(7) — Pir} > 0 and is unique.
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Fig. 6. The switching levels and the average BPS throughput of our five-mode AQAM scheme optimized at each average SNR value in order to aclgeve the targ
average BER oP,;, = 10~2 using the Lagrangian multiplier-based method. The switching levels based on per-SNR Powell’s optimization [18] are represented in
thin gray lines for comparison in (a). The average throughput of the six-mode AQAM scheme using Torrance’s switching levels [16] is represenpedifmrco
as the thin gray line in (b).

AQAM arrangement using Torrance’s fixed-threshold based
Powell-optimized scheme of [16] is represented as a thin gray

line. The Lagrangian multiplier based scheme showed SNR Narrow-Band Nakagami:-Fading Channel
gains of 0.6 dB, 0.5dB, 0.2 dB, and 3.9 dB for a BPS throughput

IV. RESULTS AND DISCUSSIONS

of 1, 2, 4, and 6, respectively, compared to Torrance’s scheme In this section, we study the various aspects of the adaptive
In conclusion, we derived an optimum mode-switchinggquare QAM scheme, employing the optimum switching levels
regime for a general adaptive-modulation scheme using tbESection Il communicating over a narrow-band Nakagaini-
Lagrangian multiplier method and presented our numericafading channel. The pdf of the instantaneous channel SNR
results for various AQAM arrangements. Since the resultd a system transmitting over the Nakagami-fading channel is
showed that the Lagrangian optimization-based scheme is given in (12) and the performance parameters characterizing
perior in comparison to the other methods investigated, we wilie operation of the adaptive-modulation scheme were sum-

employ these switching levels in order to further investigate tmearized in Section 1I-Cl. The closed-form BER expressions of
performance of various adaptive-modulation schemes.

fixed-mode square QAM communicating over a Nakagami
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Fig. 7. The average BER and average throughput performance of a six-mode adaptive square QAM scheme operating over a flat Rayleigh-chignnel (

(a) The constant target average BER is maintained over the entire range of the average SNR values up the avalanche SNR. (b) The average BPStieroughput of
equivalent constant-power adaptive scheme is compared to to Goldsmith’s schemes [15]. The “Goldsmith 1" and “Goldsmith 2” schemes reprieleepbavearia
adaptive scheme employing a hypothetical continuously variable BPS QAM modulation modes and square QAM modes, respectively. The “Goldsmgh 3" sche
represents the simulation results associated with the discrete-power adaptive square QAM scheme reported in [15].

channel can be expressed with the aid of [30, (14-4-15)] as the low SNR region and within half a decibel in the high-SNR
region, in comparison to the ideal continuously variable-power
adaptive QAM scheme employing a range of hypothetical

mm—1 . 7 . .
1 m— 1+ 1 continuously variable BPS throughput-based, rather than
= E A; [5(1—/%)] E ( J) [ (1’1'/%)} Y o

Prugam(7)

] j 92 discrete-throughput-based QAM modes [15], represented as

<

the “Goldsmith 1” scheme in the figure. Goldsmith and Chua

(44) [15] also characterized the performance of a variable-power,
wherey; is defined as discrete-rate as well as that of a discrete-power, discrete-rate
— scheme, which we represented as the “Goldsmith 2" and
i & /2‘1%7_ (45) “Goldsmith 3” schemes in Fig. 7(b), respectively. It can be seen
m T a;y

in Fig. 7(b) that the optimum AQAM scheme outperforms the

and, again, the set of constant$,{ a;} is given in Appendix A. “Goldsmith 2" and “Goldsmith 3” schemes in the high-SNR
The optimum switching levels of adaptive square QAM wenegion, even though we kept the power constant.
studied in Section Il as an example. Fig. 8(a) depicts the average BPS throughput of our

The average BER of our six-mode adaptive square QAWarious adaptive square QAM schemes operating over a
scheme operating over a flat Rayleigh-fading channel is deayleigh channel associated with = 1 at the target BER of
picted in Fig. 7(a), which shows that the modem maintains thi&;, = 10~°. Fig. 8(a) shows that even though the constituent
required constant target BER until it reaches the BER curweodulation modes of our adaptive schemes do not include
of the specific fixed-mode modulation scheme employing tig, 5-, and 7-BPS constellations, the average BPS throughput
highest order modulation mode, namely 256 QAM. It then fokteadily increases without undulations. Compared to the
lows the BER curve of the 256-QAM mode. The various grafixed-mode square QAM schemes operating over an AWGN
lines in the figure represent the BER of the fixed constitueshannel, our adaptive schemes require additional SNRs of less
modulation modes for transmission over a flat Rayleigh-fadirthan 3.5 dB when the throughput is below 6.5 BPS. Let us now
channel. An arbitrarily low-target BER could be maintained amvestigate the effects of the Nakagami fading parameten
the expense of a reduced throughput. the average BPS throughput performance of the adaptive square

The average throughput is shown in Fig. 7(b), together withAM schemes, observing Fig. 8(b).The BPS throughput of
the estimated channel capacity of the narrow-band Rayleitite fixed-mode square QAM schemes for transmission over an
channel [12] and [13], along with the throughput of sever®]WGN channel is depicted in Fig. 8(b) as the ultimate perfor-
variable-power, variable-rate modems reported in [15]. Specifrance limit achievable by the adaptive schemes operating over
ically, Goldsmith and Chua [15] studied the performance ®fakagami-fading channels. As the Nakagami fading parameter
their variable-power, variable-rate adaptive modems based omancreases from 1 to 2 and to 6, the SNR gap between the
BER bound ofm-ary square QAM, rather than using an exacdaptive schemes operating over a Nakagami-fading channel
BER expression. Since our adaptive square QAM schemesatul the fixed-mode schemes operating over an AWGN channel
not vary the transmission power, our scheme can be regardedasreases. When the average SNR is less than6 dB, the
a suboptimal policy [15]. However, the throughput performanarerage BPS throughput of our adaptive schemes decreases
of Fig. 7(b) shows that the SNR degradation is within 2 dB iwhen the fading parameten increases. The rationale of this
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the same target BER as the adaptive schemes, operating over an AWGN channel and a Rayleigh channel, respectineingi@asss, the average throughput
of the adaptive modem approaches the throughput of the corresponding fixed-square QAM modems operating over an AWGN channel.
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Fig. 9. The switching levels and the MPS of the six-mode adaptive-square QAM scheme operating over Nakagami-fading channels at the Rayget BER
10-2. The bold lines are used for the fading parameternef6 and the gray lines are fon=1 in (a).

phenomenon is that as the channel becomes more and nmoglems. When the Nakagami fading parametemis= 1,

like an AWGN channel due to increasing parameter, the the switching levels decrease monotonically, as the average
probability of activating the BPSK mode is reduced, resultin§NR increases. However, when the fading severity parameter is
in more frequent activation of the No-Tx mode and, hence, the = 6, the switching levels fluctuate, exhibiting several local
corresponding average BPS throughput inevitably decrease#ima around 12, 18, and 24 dB. In general, the optimum
We can also observe that the average BPS throughput recorgeitching levels become higher as the average SNR becomes
for the fading parameter afn = 6 exhibits an undulating higher. However, the switching level curves undulate because,
curve. For example, an increasedvalue results in a limited as the average SNR becomes higher, the next higher throughput
improvement of the corresponding average BPS throughpubdulation mode becomes predominantly selected and the
near the throughput values of 2.5, 4.5, and 6.5 BPS. This is laererage target BER cannot be maintained unless the switching
cause our adaptive square QAM schemes do not use 3-, 5-, lwls are increased. In the extreme case.6f> oo, i.e., when
7-BPS constituent modes. Fig. 9(a) depicts the correspondmyerating over an AWGN-like channel, the switching levels
optimum mode-switching levels for the six-mode adaptiveould bes; = s = 0 ands; = oo for otherk values in the
square QAM scheme. The black lines represent the switchiB§R range oB.8 dB < 4 < 16.5dB,s; = s5 = s3 = 0
levels when the Nakagami fading parametemis= 6 and the ands; = s; = oo when we havd6.5 dB < 7 < 22.5 dB,
gray lines whenn = 1. In general, the lower the switchings, = 0 except fors; = oo when the SNR is in the range

levels, the higher the average BPS throughput of the adaptofe22.5 dB < 5 < 28.4 dB. Finally, we haves;, = 0 for
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' ' ' ‘ antenna diversity-assisted adaptive-square QAM scheme op-

P,=10° | erating overD independent Rayleigh channels. However, the
combined average SNR of the MRC assisted adaptive square
. QAM scheme isD times higher than that of the adaptive square

—o— 1BPS QAM scheme communicating over a flat Nakagami-fading

10 -B- 2 BPS 1 channel. Hence, in order to gain an insight into the perfor-
sl z gg";g i mance of the MRC antenna-diversity assisted adaptive square

QAM scheme communicating ové? number of independent
Rayleigh-fading channels, the related performance is presented
in this section without repeating the results similar to those
presented in Section IV-A.

The BER expression of the fixed-mode coherent BPSK

Nakagami channel

SNR gain of Adaptive Schemes in dB

i,
i

g scheme can be found in [30, p. 781] and those of coherent
0 s 5 ; s 2 square QAM can be readily expressed using (44) and (45) with
Fading severity parameter, m the substitution ofn = D and¥ = D#. The performance

of antenna-diversity assisted adaptive square QAM schemes

Fig. 10. The SNR gain of the six-mode adaptive-square QAM scheme dan be readily analyzed using the technique developed in
comparison to the various fixed-mode square QAM schemes yielding the sa&@8ction 111

BPS throughput at the target BERBf,, = 107%. The performance advantage iq. 11 ) deni h BPS th h £

of the adaptive-square QAM schemes decreases as the fading becomes 1e59. 11(a) depicts the average throughput performance

severe.Fig. 13. Equivalent low-pass model ab¢h-order antenna diversity of our adaptive schemes employing MRC-aided antenna diver-
based RAKE receiver-assisted AQAM system. sity [31, Ch. 5, 6] operating over independent Rayleigh-fading
channels at the target average BERPpf = 10~3. The markers

Vk, if 4 > 28.4 dB, when considering the fixed-mode squaréepresent the performance of the corresponding fixed-mode
QAM performance achieved for transmission over an AWGRJuare QAM modems in the same propagation scenario. The
channel represented by the makers in F|g 8(b) Observing average SNRs that are required for achieving the target BER
Fig. 9(b), we find that our adaptive schemes become highq))l? the fixed-mode schemes and that of the adaptive schemes
“selective” when the Nakagami-fading parameter becomégcrease as the antenna diversity order increases. However, the

m = 6, exhibiting narrow triangular mode-selection pdflifferences between the required SNRs of the adaptive schemes
shapes. Asn increases, the shapes will eventually converge @d their fixed-mode counterparts also decrease as the antenna
Kronecker delta functions. diversity order increases. The SNRs of both schemes that are

A possible approach to reducing the undulating behavig#quired for achieving the target BERs 8f, = 107" are
of the average BPS throughput curve is the introduction ofdisplayed in Fig. 11(b), where we can observe that employing
3- and 5-BPS mode as additional constituent modem modégal antenna based diversity is sufficient for the fixed-mode
The power-efficiency of 8-Star QAM and 32-Star QAM isschemes in order to obtain half of the achievable SNR gain of
insufficient for maintaining a linear growth of the averagéhe six antenna-aided diversity scheme, whereas triple-antenna
BPS throughput, as we can observe in Fig. 8(b). Instead, @gsisted diversity is required for the adaptive schemes operating
most power-efficient twin-ring phasor-constellation basel the same scenario.
8-ary QAM scheme [30, pp. 279] and 32-ary cross-shaped
constellation based QAM scheme [2, p. 236] have the potentigl performance Over Wide-Band Rayleigh Channels Using
for reducing these undulation effects. Antenna Diversity
The effects of the Nakagami-fading factar on the relative
SNR gain of our adaptive Square QAM scheme can be observedVide-band fading channels are characterized by their mul-
in Fig. 10. The less severe the fading, the smaller the relatiifeath intensity profiles (MIPs). In order to study the perfor-
SNR advantage of employing adaptive Square QAM in compdnance of the various adaptive-modulation schemes, we employ
ison to its fixed-mode counterparts. Except for the 1-BPS mod®/0 different MIP models in this section, namely a shortened
the SNR gains become less than 0.5 dB wheis increased to Wireless asynchronous transfer mode (W-ATM) channel [2, Ch.
6 at the target BER aP,;, = 1075. 20] characteristic of an indoor scenario and a bad-urban re-
duced-model A (BU-RA) channel [32], which is typical for a
hilly urban outdoor scenario. Their MIPs are depicted in Fig. 12.
n‘?he W-ATM channel exhibits short-range low-delay multipath
components, while the BU-RA channel exhibits six higher delay
As we discussed in Section 1I-C1, the performance of thaultipath components. Again, let us assume that our receivers
system when communicating over a flat Nakagami-fadirgre equipped with MRC RAKE receivers [33], employing a suf-
channel having a fading parametersofis equivalent to that ficiently higher number of RAKE fingers in order to capture
of the scheme transmitting ové? = m number of indepen- all the multipath components generated by our channel models.
dent flat Rayleigh channels when maximum ratio combiningurthermore, we employ antenna diversity [31, Ch. 5] at the re-
(MRC)-assisted diversity is employed. Therefore, the resuligivers. This combined diversity scheme is often referred to as
of Section IV-A can be invoked for characterizing an MR@ two-dimensional (2-D) RAKE receiver [34, pp. 263].

B. Performance Over Narrow-Band Rayleigh Channels Usi
Antenna Diversity
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Fig. 11. The average BPS throughput and the required SNR of the MRC-aided antenna-diversity assisted adaptive-square QAM scheme operating over
independent Rayleigh-fading channels at the target average BER,of= 10~2. The markers represent the corresponding fixed-mode square QAM
performances in (a).
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Fig. 12. MIPs of the wireless asynchronous transfer mode (W-ATM) indoor channel [2, Ch. 20] and that of the bad-urban reduced-model A (BU-RA) channel
[32].
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The schematic of our RAKE receiver abdantenna diversity of the MRC-aided diversity-assisted scheme in the absence of
assisted adaptive quadrature amplitude modulation (AQAMultiple access interference (MAI). We can observe that the
system is illustrated in Fig. 13. For the sake of analytic®BPS throughput curves undulate when the number of antennas
tractability we assume that each antenna experiences an idBnincreases. This effect is more pronounced for transmission
tical MIP, while each diversity branch experiences independemter the BU-RA channel, since this channel exhibits six multi-
Rayleigh fading. Our 2-D RAKE assisted fixed-mode QAMyath components, increasing the available diversity potential of
schemes are analyzed in Appendix E and the characterigtie system approximately by a factor of two in comparison to
parameters of the 2-D RAKE assisted AQAM scheme athat of the W-ATM channel. The performance of our adaptive
also given in Appendix F. Hence, the performance of ogicheme employing more than three antennas for transmission
2-D-RAKE assisted AQAM scheme employing the optimurover the BU-RA channel could not be obtained owing to
switching levels can be readily characterized. numerical instability, since the associated curves become

The average BPS throughputs of our 2-D-RAKE assistaimilar to a series of step-functions, which is not analytic in
adaptive schemes operating over the two different types mathematical terms.
wide-band channel scenarios is presented in Fig. 14 for theThe corresponding mode-switching levels and mode-selec-
target BER of P,, = 107%. The throughput performancetion probabilities are shown in Fig. 15. Again, the switching
depicted corresponds to the upper-bound performance lefels heavily undulate. The mode-selection probability curve
direct-sequence code division multiple access (DS-CDMAY BPSK has a triangular shape, increasing linearly, as the
or multicarrier CDMA employing RAKE receivers and thataverage SNRy increases to 2.5 dB and decreasing linearly
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again, asy increases beyond 2.5 dB. On the other hand, tlfiequency-elective Rayleigh channels into frequency-nonse-
mode-selection probability curve of QPSK increases lineadgctive or flat Rayleigh channels for each subcarrier, provided
and decreases exponentially, since no 3-BPS mode is ugbdt the number of subcarriers is sufficiently high. The power
This explains why the BPS throughput curves increase amd bit-allocation strategy of adaptive OFDM has attracted
a near-linear fashion in the SNR range of 0-5 dB and insaibstantial research interests [2] and it was argued that OFDM
staircase fashion beyond that point. We may conclude that ikeparticularly suitable for combined time-frequency domain
staircase-like shape in the upper SNR range is a consequemmeessing [36]. Since each subcarrier of an OFDM system
of the absence of the 3-, 5-, and 7-BPS modulation modesperiences a flat Rayleigh channel, we can apply adaptive
in the set of constituent modulation modes employed. As weodulation for each subcarrier independently from other
discussed in Section IV-A, this problem may be mitigated bgubcarriers. Moreover, a practical scheme would group the sub-
introducing power-efficient twin-ring 8-QAM cross-constella-carriers into similar-quality subbands for the sake of reducing
tion-based 32-QAM and 128-QAM modes. the associated modem mode-signaling requirements. The per-
The average SNRs required for achieving the target BER fofmance of this AQAM-assisted OFDM (A-OFDM) scheme
Py, = 1072 by the 2-D-RAKE assisted adaptive scheme arid identical to that of the adaptive scheme operating over flat
the fixed-mode schemes operating over wide-band fading ch&ayleigh-fading channels, characterized in Section IV-B.
nels are depicted in Fig. 16. Since the fixed-mode schemes emThe MC-CDMA [38], [39] receiver can be regarded as a
ploying RAKE receivers are already enjoying the diversity berfirequency domain RAKE-receiver, where the multiple carriers
efit of multipath-fading channels, the SNR advantages of oplay a role similar to that of the time-domain RAKE fingers.
adaptive schemes are less than 8 and 2.6 dB over the W-ATMIr simulation results showed that the single-user BER
and BU-RA channels, respectively, even when a single anterpexformance of MC-CDMA employing multiple antennae
is employed. This relatively small SNR gain, in comparison tie essentially identical to that of the time-domain RAKE
those observed over narrow-band fading channels in Fig. 11(tB¢eiver using antenna diversity, provided that the spreading
erode as the number of antennas increases. For example, whetor is higher than the number of resolvable multipath
the number of antennas i3=6, the SNR gains of the adaptivecomponents in the channel. Hence, the throughput of the
schemes operating over the W-ATM channel of Fig. 12(a) bBAKE-receiver over the three-path W-ATM channel [2] and
come virtually zero, where the combined channel becomesthe six-path BU-RA channel [32] studied in Section IV-C
AWGN-like channel. On the other hanfl,=3 number of an- can be used for investigating the upper-bound performance
tennas is sufficient for the BU-RA channel for exhibiting sucbf adaptive MC-CDMA schemes when communicating over
a behavior since the underlying multipath diversity provided tthese channels. Fig. 17 compares the average BPS throughput
the six-path BU-RA channel is higher than that of the tree-pagierformances of these schemes, where the throughput curves
W-ATM channel. of the various adaptive schemes are represented as three
different types of lines, depending on the underlying channel
scenarios, while the fixed-mode schemes are represented as
three different types of markers. The solid line corresponds to
The performance of the various adaptive square QAMe performance of A-OFDM and the marke” ‘corresponds
schemes has also been studied in the context of multi-that of the fixed-mode OFDM. On the other hand, the dotted
carrier systems [2], [35], [36]. The family of orthogonalines correspond to the BPS throughput performance of adap-
frequency-division multiplex (OFDM) [37] systems convertive MC-CDMA operating over wide-band channels and the

D. Uncoded Adaptive Multicarrier Schemes
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markers %" and “®” to those of the fixed-mode MC-CDMA tion is about 2—4 dB at the BER of 16, when the minimum
schemes. mean square error block decision feedback equalizer (MMSE-
It can be observed that fixed-mode MC-CDMA has the p&DFE) [40] based joint detector is used at the receiver. Con-
tential to outperform A-OFDM, when the underlying channedidering these SNR degradations, the throughput of fixed-mode
provides sufficient diversity due to the high number of resohMC-CDMA using the MMSE-BDFE joint detection receiver
able multipath components. For example, the performancefalis just below that of the A-OFDM scheme when the channel
fixed-mode MC-CDMA operating over the W-ATM channelis characterized by the BU-RA model. On the other hand, the
of Fig. 12(a) is slightly lower than that of A-OFDM for theadaptive schemes may suffer from inaccurate channel estima-
BPS range of less than or equal to 6 BPS, owing to the insuffien/prediction and modem mode signaling feedback delay [15].
cient diversity potential of the wide-band channel. On the othklence, the preferred order of the various schemes may depend
hand, fixed-mode MC-CDMA outperforms A-OFDM when theon the channel scenario encountered, on the interference ef-
channel is characterized by the BU-RA model of Fig. 12(bjects, and on other practical issues, such as the aforementioned
We have to consider several factors in order to resolve whettoliannel estimation accuracy, feedback delays, etc. In the pre-
fixed-mode MC-CDMA is capable of outperforming A-OFDM.vious sections, we have studied various receiver diversity-as-
Firstly, fully loaded MC-CDMA, which can transmit the samesisted adaptive single- and multicarrier modems. In the next sec-
number of symbols as OFDM, suffers from multicode interfetion, we focus our attention on employing transmit-diversity as-
ence and our simulation results showed that the SNR degrasiated adaptive transceivers and channel coding.
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code reduces the SNR required for achieving a given target BER
at the expense of a reduced BPS throughput, it is interesting
to investigate the performance of adaptive schemes employing
FEC techniques [41]. A variety of FEC techniques have been
used in the context of adaptive-modulation schemes [4], [41]. In
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their pioneering work on adaptive modulation, Webb and Steele 5 : ,9/@ o

[6] used a set of binary Bose—Chaudhuri-Hocquenghen (BCH) 7

codes. Vucetic [42] employed various punctured convolutional L EERRER [ S T
codes in response to the time-variant channel’s status. On the A

other hand, various trellis coded modulation (TCM) [41], [43], 00 "5 10 15 20 25 20 35 40
[44] schemes were used in the context of adaptive modulation Average SNR per symbol ¥ in dB

by Alamouti and Kallel [45], Goldsmith and Chua [46], as well
as by Holeet al. [47]. The comparative study of TCM, turboFig. 17. The average BPS throughput of the adaptive schemes and fixed-mode
TCM, bit-interleaved coded modulation (BICM), and iterativel ﬁgﬁ’;‘;?aﬁg";t’]‘_'éiocmgﬁél 2 Ezf%ﬁtbtigdtaﬁgggg;;}‘i‘qgﬁSt.he W-ATM
detected BICM was provided in [41], [48]. Kellet al. studied
the performance of redundant residue number system (RRNS)
codes in the context of adaptive multicarrier modulation [2pptimum switching levels derived in Section Il It is assumed
[49], [50]. Various turbo-coded adaptive-modulation schemdgat the perfectly estimated channel quality experienced by
have been investigated also by Liewal. [4], [41], [51]-[53]. receiver A is fed back to transmitter B superimposed on the
With the advent of space—time (ST) coding techniques [4X]ext burst transmitted to receiver B of Fig. 1. The modulation
[54]-[56], various concatenated coding schemes combining 81pde-switching levels of our AQAM scheme determine the
and FEC coding can be applied in adaptive-modulation schenaérage BER as well as the average throughput.
[41]. In this section, we investigate the performance of var- The modulated symbol is now ST encoded. As seen at the
ious concatenated ST, block-coded, and turbo-coded adaptradtom of Fig. 18, Alamouti's ST block code [41] and [55] is ap-
OFDM [2], [4], [41] and MC-CDMA schemes. plied across the frequency domain, since itwas found in[41] and
Fig. 18 portrays the stylized transmitter structure of oUb8] that from a wide-ranging set of combined channel coding
system. The source bits are channel coded by a half-rate tusmal ST coding schemes, this particular combination exhibited
convolutional encoder [41], [57] using a constraint lengtthe largest coding gain at a given complexity and at an effec-
of K = 3 as well as turbo interleaver having a memory dfive throughput of 2- and 3-BPS. A pair of the adjacent subcar-
L = 3072 bits and channel interleaved by a random blockers belonging to the same ST encoding block is assumed to
interleaver. Then, the AQAM block selects a modulation modeave the same channel quality. We employed a wireless asyn-
from the set of no transmission, BPSK, QPSK, 16-QAM, anchronous transfer mode (W-ATM) channel model [2, p. 474]
64-QAM, depending on the instantaneous channel qualiansmitting at a carrier frequency of 60 GHz, at a sampling
perceived by the receiver, according to the SNR-dependeate of 225 MHz, and employing 512 subcarriers. Specifically,
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we used a three-path fading channel model, where the averatyges of thick lines represent the average BPS throughput of
SNR of each path is given by, = 0.791 927, 4, = 0.124245 our AMC-CDMA scheme, while the four thin lines represent
andv; = 0.083 847. The MIP of the W-ATM channel is illus- those of our AOFDM modem. The four pairs of hollow and
trated in Fig. 12(a) in Section IV-C. Each of the transmit-divefilled markers associated with the four different ST-coded
sity channels associated with a different antenna is assumed@~DM and AMC-CDMA scenarios considered represent
exhibit independent Rayleigh fading. the BPS throughput versus SNR values associated with the
The simulation results related to our uncoded adaptifiged-mode OFDM and fixed-mode MMSE-BDFE JD-assisted
modems are presented in Fig. 19. In Fig. 19(a), both the contMC-CDMA schemes. Specifically, observe for each of the 1, 2,
uous black lines and the related markers drawn in continucaisd 4 BPS fixed-mode schemes that the right-most markers,
lines represent the BERs, while their gray or “halftone” countenamely the circles, correspond to the 1-Tx/1-Rx scenario,
parts the BPS throughputs. Viewing Fig. 19(a) from a differetthe squares to the 2-Tx/1-Rx scheme, the triangles to the
perspective, all the lines indicate analytical results, while all tHeTx/2-Rx arrangement, and the diamonds to the 2-Tx/2-Rx
markers correspond to simulation results. The set of three BE&enarios. First of all, we can observe that the BPS throughput
curves represented by the black lines that are decreasingcasves of OFDM and single-user MC-CDMA are close to each
the average SNR increases corresponds to those of fixed-motteer, namely within 1 dB for most of the SNR range. This
OFDM and the MC-CDMA schemes supportiig= 1 and is surprising, considering that the fixed-mode MMSE-BDFE
16 users. Since we employed the optimum-switching level®-assisted MC-CDMA scheme was reported to exhibit around
derived in Section Ill, both our adaptive OFDM (AOFDM)10 dB SNR gain at a BER of I0 and 30 dB gain at a BER
and adaptive single-user MC-CDMA (AMC-CDMA) modemsof 10~° over OFDM [59]. This is confirmed in Fig. 19(b)
maintain the constant target BER of T0up to the “avalanche” by observing that the SNR difference between thand e
SNR value and then follow one of the three BER curves camarkers is approximately 10 dB, regardless whether the 4,
responding to the fixed 64-QAM mode. However, “full-user2, or 1 BPS scenario is concerned.
AMC-CDMA, which is defined as an AMC-CDMA system Let us now compare the achievable SNR gains of the adap-
supportingU = 16 users with the aid of a spreading factotive modems over the fixed modems. The SNR difference be-
of G = 16 and employing the MMSE-BDFE joint detectiontween the BPS curve of AOFDM and the fixed-mode OFDM
(JD) receiver [4] and [40], exhibits a slightly higher averageepresented by the symbwolat the same throughput is approx-
BER than the BER target oP,, = 10 > due to the fact that imately 15 dB. The corresponding SNR difference between the
the residual multiuser interference (MUI) of the imperfecadaptive and fixed-mode 4, 2, or 1 BPS MC-CDMA modem is
joint detector does not strictly follow a Gaussian distributiorapproximately 5 dB. More explicitly, since in the context of the
Since in Section Il we derived the optimum-switching level8V-ATM channel model [2, p. 474] fixed-mode MC-CDMA ap-
based on a single-user system free from MUI, the levels grears to exhibita 10-dB SNR gain over fixed-mode OFDM, the
no longer optimum when the residual MUI does not follovadditional 5—dB SNR gain of AMC-CDMA over its fixed-mode
the Gaussian distribution. The average throughputs of theunterpartresultsin atotal SNR gain of 15 dB over fixed-mode
various schemes expressed in terms of BPS steadily incre@$DM. Hence, ultimately, the performance of AOFDM and
and at high SNRs reach the throughput of 64 QAM, nameAMC-CDMA becomes similar.
6BPS. The throughput degradation of “full-user” MC-CDMA, Let us now examine the effect of ST block coding. The SNR
imposed by the imperfect JD, was within a fraction of a decibajain of the fixed-mode schemes, due to the introduction of a
Observe in Fig. 19(a) that the analytical and simulation resuRsTx/1-Rx ST block code, is represented as the SNR difference
are in good agreement, which we denoted by the lines abetween the two right-most markers, namely circles and
distinct symbols, respectively. squares. These gains are nearly 10 dB for fixed-mode OFDM,
The effects of ST coding on the average BPS throughpwhile they are only 3 dB for the fixed-mode MC-CDMA
are displayed in Fig. 19(b). Specifically, the four differenmodems. However, the corresponding gains are less than
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Fig. 19. Performance of uncoded five-mode AOFDM and AMC-CDMA. The target BERis= 10~ when transmitting over the W-ATM channel [2, pp.
474]. (a) The constant average BER is maintained for AOFDM and single-user AMC-CDMA, while “full-user” AMC-CDMA exhibits a slightly higher average

BER due to the residual MUI. (b) The SNR gain of the adaptive modems decreases as ST coding increases the diversity order. The BPS curves appear in pairs,

corresponding to AOFDM and AMC-CDMA— indicated by the thin and thick lines, respectively— for each of the four different ST code configurations. The
markers represent the SNRs required by the fixed-mode OFDM and MC-CDMA schemes for maintaining the target BERimtd@junction with the four
ST-coded schemes considered.

1 dB for both adaptive modems, namely for AOFDM andlVe observe in the figure that the BER reaches its highest value
AMC-CDMA. Since the transmitter power is halved due t@round the “avalanche” SNR point, where the adaptive-mod-
using two Tx antennas in the ST code, a 3—dB channel SNiRation scheme consistently activates 64 QAM. The system
penalty was already applied to the curves in Fig. 19(b). Th& most vulnerable around this point. In order to interpret this
introduction of a second receive antenna instead of a secgitnomenon, let us briefly consider the associated channel
transmit antenna eliminates this 3-dB penalty, which resuitgerleaving aspects. For practical reasons, we have used a
in a better performance for the 1-Tx/2-Rx scheme than for tlfized turbo interleaver length of. = 3072 bits. When the
2-Tx/1-Rx arrangement. Finally, the 2-Tx/2-Rx system givaastantaneous channel quality was high, the= 3072 bits
approximately 3—4 dB SNR gain in the context of fixed-modeere spanning a shorter time-duration during their passage
OFDM and a 2-3 dB SNR gain for fixed-mode MC-CDMA over the fading channel, corresponding to a reduced number
in both cases over the 1-Tx/2-Rx system. By contrast, tlo modulated symbols since the effective BPS throughput was
SNR gain of the 2-Tx/2-Rx scheme over the 1-Tx/2-Rx basddgh. Hence, the channel errors appeared more bursty than
adaptive modems was, again, less than 1 dB in Fig. 19(b). Manethe lower-throughput AQAM modes, which conveyed the
importantly is, for the 2-Tx/2-Rx scenario, the advantage df = 3072 bits over a longer time duration, corresponding to
employing adaptive-modulation erodes, since the fixed-modéhigher number of modulated symbols and, hence, dispersing
MC-CDMA modem performs as well as the AMC-CDMAthe error bursts over a longer duration of time. The uniform
modem in this scenario. Moreover, the fixed-mode MC-CDMAlispersion of erroneous bits versus time enhances the error-cor-
modem still outperforms the fixed-mode OFDM modem byection power of the turbo code. On the other hand, in the SNR
about 2 dB. We conclude that since the diversity-order increagegion beyond the “avalanche” SNR point seen in Fig. 20(a),
with the introduction of ST block codes, the channel qualitthe system exhibited a lower uncoded BER, reducing the
variation becomes sufficiently small for the performanceoded BER even further. This observation suggests that further
advantage of adaptive modems to erode. This is achievedregearch ought to determine the set of switching thresholds
the expense of a higher complexity, due to employing twdirectly for a coded adaptive system, rather than by simply
transmitters and two receivers in the ST-coded system. estimating the uncoded BER, which is expected to result in

The performance of the concatenated ST block coded amehrly error-free transmission.
turbo convolutional coded adaptive modems is depicted inWe can also observe in Fig. 20(a) that the turbo-coded BER
Fig. 20. We applied the optimum set of switching levels desf AOFDM is higher than that of AMC-CDMA in the SNR rage
signed in Section Il for achieving an uncoded BER of B0~%.  of 10-20 dB, even though the uncoded BER is the same. This
This uncoded target BER was stipulated after observing thatjipears to be the effect of the limited exploitation of frequency
is reduced by the half-ratég = 3 turbo convolutional coding to domain diversity of coded OFDM, compared to MC-CDMA,
a BER below 107, when transmitting over AWGN channels.which leads to a more bursty uncoded error distribution, hence
However, our simulation results yielded zero bit errors wheategrading the turbo-coded performance. The fact that ST
transmitting 18 bits, except for some SNRs when employinglock coding aided multiple antenna systems shows virtually
only a single antenna. error-free performance corroborates our argument.

Fig. 20(a) shows the BER of our turbo-coded adaptive Fig. 20(b) compares the throughputs of the coded adaptive
modems, when a single transmit and receive antenna is useddems and the uncoded adaptive modems exhibiting a com-
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Fig. 20. Performance of the concatenated ST block-coded and turbo-convolutional-coded adaptive OFDM and MC-CDMA systems over W-ATM channel of [2,

p. 474]. The uncoded target BERF%;, = 3 x 102, The coded BER was less thanf0for most of the SNR range, resulting in virtually error-free transmission.

(a) The coded BER becomes higher near the “avalanche” SNR point when a single antenna was used. (b) The coded adaptive modems have SNR gains up to 7 dB
compared to their uncoded counterparts, achieving a comparable average BER.

parable average BER. The SNR gains due to channel codiftgs was due to the fact that the adaptive modem avoids burst
were in the range of 0-8 dB, depending on the SNR region aedors even in deep channel fades by reducing the number of
on the scenarios employed. Each bundle of throughput cuniets per modulated symbol, eventually to zero.
corresponds to the scenarios of 1-Tx/1-Rx OFDM, 1-Tx/1-Rx
MC-CDMA, 2-Tx/1-Rx OFDM, 2-Tx/1-Rx MC-CDMA,
1-Tx/2-Rx OFDM, 1-Tx/2-Rx MC-CDMA, 2-Tx/2-Rx OFDM,
and 2-Tx/2-Rx MC-CDMA, starting from the far right curve, We characterized the performance of various constant-power,
when considered for throughput values higher than 0.5 BP&laptive-modulation schemes using the globally optimum
The SNR difference between the throughput curves of tswitching levels based on the Lagrangian technique. In Sec-
ST and turbo coded AOFDM and those of the corresponditign 11-C1, the closed-form expressions were derived for the
AMC-CDMA schemes was reduced compared to the uncodaderage BER, the average BPS throughput, and the MPS of
performance curves of Fig. 19(b). The SNR gain owing tive adaptive-modulation schemes, which were shown to be
ST block coding assisted transmit diversity in the context diependent on the mode-switching levels as well as on the
AOFDM and AMC-CDMA was within 1 dB due to the halvedaverage SNR. A set of relationships between the optimum
transmitter power. Therefore, again, ST block coding appearswtmde-switching levels of a generic constant-power adap-
be less effective in conjunction with adaptive modems. Phrasice-modulation scheme was provided, where the relationships
from a different perspective, the advantages of adaptive-mdwld regardless of the operating channel scenario. The globally
ulation erode in conjunction with multiple transmitters andptimum switching levels were derived such that the average
receivers since both techniques attempt to mitigate the effeBiSR remains at the constant target average BER, while
of channel quality fluctuations. achieving the maximum possible BPS throughput for the given
In conclusion, the performance of ST block coded comverage SNR.
stant-power adaptive multicarrier modems employing optimum Then, in Section IV-Athe performance of uncoded AQAM was
SNR-dependent modem mode-switching levels were invasharacterized, when the underlying channel was a Nakagami-
tigated in this section. The adaptive modems maintained tfaeling channel. It was found that an adaptive scheme employing
constant target BER stipulated, while maximizing the averageb,-BPS fixed-mode as the highest throughput constituent
throughput. As expected, it was found that ST block codingodulation mode achieved the highest possible BPS throughputs
reduces the relative performance advantage of adaptive madhievable by any link adaptation for the given SNR upyto,
ulation, since it increases the diversity order and eventuaBPS. For example, a three-mode AQAM scheme employing
reduces the channel quality variations. When turbo convolNo-Tx, 1-BPS BPSK, and 2-BPS QPSK modes attained the
tional coding was concatenated to the ST block codes, neamgximum possible average throughput up to 1 BPS. Hence,
error-free transmission was achieved at the expense of halvadging higher-throughput modes, such as 4-BPS 16-QAM to
the average throughput. Compared to the uncoded systé¢he three-mode AQAM scheme, which resulted in a four-mode
the turbo-coded system was capable of achieving a high®AM scheme did not achieve a better BPS performance across
throughput in the low SNR region at the expense of a highttte throughput range below 1 BPS. Instead, this four-mode
complexity. The study of the relationship between the uncodd@AM scheme extended the maximal achievable average BPS
BER and the corresponding coded BER showed that adaptitieoughput of the AQAM scheme to 2 BPS, while asymptotically
modems obtain higher coding gains than that of fixed modenashieving a throughput of 3 BPS as the average SNR increases.

V. SUMMARY AND CONCLUSION
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On the other hand, the relative SNR advantage of adaptive sets {4;, a;} are given as [2], [61], [62]
schemes increased in comparison to fixed-mode schemes as

the target average BER became lower and decreased asrthe2, BPSK {(1,2)}
fading became less severe. More explicitly, less-severe fadigg—y QpPsK {(1,1)}
corresponds to an increased Nakagami fading parametey 3 12 9 32 1 52

an increased number of diversity antennas, or to an increasee-16, 16 — QAM {<Z’ T) , <Z’ T) , <_Z’ T)}
number of multipath components encountered in wide-band ¥ 7 >/
fading channels. As the fading becomes less severe, the avefggess 64 — QAM {<l 1_> , <E_ 3_> i <_i_ ‘)_> ,
BPS throughput curves of our adaptive square QAM schemes 12721 12°21)°\ 12721
exhibit undulations owing to the absence of 3-, 5-, and 7-BPS 1 92 1 132

square QAM modes. (E’ﬁ)’ <_E’ﬁ>}

The comparisons between fixed-mode MC-CDMA and {(15 12> (14 32) ( 5 52)

adaptive OFDM (AOFDM) were made based on a number 8t =256, 256—QAM ¢ { oo, == 355
different channel models in an effort to verify the applicability 6 72 . g2
of our conclusions for different propagation scenarios. In <__,_>7 <__,_>7
Section IV-D, it was found that fixed-mode MC-CDMA might 32785 3285
outperform adaptive OFDM, when the underlying channel [ 6 112) (3 132) (ﬁ 152)
32785 )7 \3278 /7 \32785 )’
1

provides sufficient diversity. However, this conclusion has
7 172 6 192
32 85)’ <_3_2’ 85)’
1
32

to be verified by further research under more practicable
212 2 232 3 257
"85 )7 \32785 )7 \327 85 )

conditions, since in practice MC-CDMA might suffer from <
MUI and AOFDM might suffer from imperfect channel-quality <

estimation and feedback delays.
Concatenated ST block-coded and turbo-convolu-

tional-coded adaptive multicarrier systems were investigated in  ( _ 2 272) <_i. 292) } . (47)
Section IV-E. The coded schemes reduced the required average \ 32" 85 )"\ 32’ 85
SNR by about 67 dB at a throughput of 1 BPS, achieving near
error-free transmission. It was also observed in Section IV-E
APPENDIX B

that increasing the number of transmit antennas in adaptive
schemes was not very effective, achieving less than 1-dB SNR
gain, due to the fact that the transmit power per antenna had
to be reduced in order to limit the total transmit power for the A closed-form solution for the “mode-specific average BER”
sake of fair comparison. In conclusion, adaptive modulatiaf a maximal ratio combining (MRC) receiver usiigh order
can be viewed as the lower complexity solution mitigatingntenna diversity for transmission over independent Rayleigh
the wireless channel's quality fluctuations in comparison tthannels is derived, where the “mode-specific average BER”
multiple transmit- and receive-antenna-assisted ST-codeders to the BER of the adaptive-modulation scheme, while ac-
systems [4]. Additionally, it is important to note that while aivating one of its specific constituent modem modes. The pdf
conventional fixed-mode transceiver simply drops a call whefz(y) of the channel SNR is given as [30, eq. (14-4-13)]

the instantaneous channel quality is below a certain level, the

adaptive transceivers drop their throughput, which is increased f 1 — AP/ > (48)

MODE-SPECIFIC AVERAGE BER OF AN
ADAPTIVE MODULATION SCHEME

again during instances of high channel quality. This powerful i) = (D—1)!5
technique has the potential for doubling the teletraffic capacity o ) ]
of the network when supported by intelligent networkin@there’Y is the average channel SNR. Since the pdf of the in-

procedures, as demonstrated by the results of [60]. stantaneous channel SMRwhen communicating over a Nak-
agami-fading channel is given as

m _om—1
APPENDIX A (v) = <m) 7 ™7 4 >0 (49)

BER OF QAM OVER AWGN CHANNEL 5 5 ) T(m)

The BER of fixed-mode QAM schemes communicating ovf,e qlowing results can also be applied to a Nakagami-fading
AWGN channel is given as [2] channel with a simple change of variable givenias= m and

5 =75/m.
Pm(y) = Z AiQ(Vaiy) (46) The mode-specific average BER is defined as
PT(O@/};’??D?a)
3
where Q(z) is the Gaussiar®)-function defined ax)(z) = 2 /*Q a7 ) f+(7)dy  (50)
1/v2r [ e=*/2dt and {4, a;} is a set of modulation mode a Var) /07)

dependent constants. For the Gray-mapped squeaiey QAM _ A 1 D1 _—~/7
modulation modes associated with= 2, 4, 16, 64, and 256, N /a QVar) (D —1)!'5P e dy (1)
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where Q(z) = 1/@];600642/2 dt. Applying integra- By substitutingZ,;(«, 3) of (57) into (52), the regional BER

tion-by-part or[u dv = uwv — [v du and noting that P.(¥;a,a,3) can be represented in a closed form.
u=Q(/av) APPENDIX C
NG /2 RELATIONSHIP BETWEEN OPTIMUM SWITCHING LEVELS
du = — IR
b 227y 7 The optimum set of switching levels should satisfy
1 D-1 ,—v/%
d’U—(D_l)':YD’Y € d’y aA a B B B
_ = = 52 (B(vis) + MPr(v;8) — P B(y:8)}) = 0 (58)
D-1 dq Os Os
v=— e~ V/7 (Z) y
a=o ’ whereA(s; ), Pr(7;s) and B(¥;s) were given in (31), (28),
and (8), respectively. The following results are helpful in evalu-
(50) becomes ating the partial differentiations in (58):
D-1 d @
_ /s 1 9 9 Sk
Po(a,3;4,D,a) = | e /7 a (1) — — P, =—o d
( /ﬂ v ) [ Q(\/_7) dz:;] 5 dl ) Dsn ask s pm1\‘71(7) f(’y) Y
Dz_:l | =Py, (k) (k) (59)
3" Li(e.p) (52) ) o [
P =—
Z o [ o o
where (,) pm’” 5k) f(sk) (60)
d o / fG)dy=~f(s). (6D
Ii(e, B) = /ﬁ va 1 (1) L o7/ (21%) dv (53) o
' o 2V2rdb \v) /v

Using (59) and (60), the partial differentiation Bf, defined in

andy = /a7/(ay + 2). Let us consided, for the case of (28) with respect ta, can be written as
d=0

R o bt P (50) F 1) = b (s2) Ss) (62
I()(Oé,ﬂ):/ 2\/%%6 T d’)/ (54)

whereb, is the BPS throughput of an,-ary modem. Since the
average throughput is given by = "1 " ¢x F.(s) in (8),

Upon introducing the variable® = 2 and exploitin - " . .
P 9 /1 P g the partial differentiation oB with respect te;. can be written

thatdy = 24 /v/a dt, we have using (61)
avy\ 1° OB
(e.p) = na (V)] (55) 95 iy fsn) (63)
H 8 Jsk
Applying integration-by-part once to (53) yields wherec;, was defined ag, £ by, —by,_; in Section II-A. Hence,
(58) can be evaluated as
2 d «
o 1 [~ 1 _, 2
lufo ) = [ i (2) e >] [=ulL = AP (bt Py (50) =B (52)}] F(5)=0
0 1@ fork=1,2,....,K —1. (64)
+t = pla—y  (56)
7 A trivial solution of (64) is f(sx) = 0. Certainly,
which is a recursive form with the initial value given in (55){5% = ook = 1,2,..., K — 1} satisfies this condition.

Again, the lowest throughput modulation mode is “No-Tx"

in our model, which corresponds to no transmission. When

the pdf ofy satisfiesf(0) =0, {sx =0, k=1,2,..., K —1}

Ta(e, B) can also be a solution, which corres_ponds to the fixed-mode

o ) ~ mg_1-ary modem. The corresponding avalanche SNR

[ p2 Dd+1) & <2u2>d_l yi=1/2 e_(w/@“z)] defined as the SNR beyond which only the highest throughput
1=1

For this recursive form of (56), a nonrecursive formigfcan
be expressed as

V2ar ¥4T(d + 1) a T(i+ 1) AQAM mode is used, can be obtained by substituting
f {sp=0,k=1,2,...,K — 1}into (34), which satisfies

2u> 1 I(d+1) (ﬂ) i
+ =) = . 57
[( ay ) JrI(d+1) ne I 8 7) Pmsc_1(Va) — Pen = 0. (65)

a
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When f(s) # 0, (64) can be simplified upon dividing bothare employed as the constituent modulation modes. We found

sides byf(sx), yielding that choosing the highest root always resulted in an insignifi-
cant performance loss in terms of the average throughput. By
—cp(1—=APw) + A {bk_l Doy (Sk) — bkPm, (sk)} =0 considering tha; (s1) is @ monotonically decreasing function

fork=1,2,...,K —1. (66) andthat,(s;)alsodecreases nearthe odd-indexed roots, since
we haveyy.(sk,n — ¢) > yi(s1) andyg(sk,n +6) < yi(s1)

Rearranging (66) fok = 1 and assuming; # 0, we have around an odd-indexed rosj ,,, it can be concluded that
A d sy,
1= APy = = {bopmy(51) = b1Dm, (51)}.  (67) Ta, 0 whenyy(sx) = y1(s1)- (72)
c1

Substituting (67) into (66) and assuming# 0 for k # 0, we Equation (72) states that tféh optimum switching leved;, al-
have ways increases, whenever the lowest optimum switching level,
namelys;, increases. Again, our extensive numerical evalua-

% {br_1 Py 1 (58) = biePmy (51) tions have confirmed this argument.

A APPENDIX D
= — by Pm.(81) — b1pm, (81)}. (68
c1 {0 pmg (82) = bapum, (s1)} - (68) EXTREME VALUES OF Y (7;s(s1))
In this context, we note that the Lagrangian multipieis not ~ In order to find the minima and the maxima B{; s(s1))
zero, since the substitution of = 0 in (66) leads to—c, = definedin (41), we have to evaluate the derivativ¥ 6f; s(s1))

0, which is not true. Hence, we can eliminate the Lagrangid¥th respect tos;, which can be expressed as

multiplier upon dividing both sides of (68) by. Then we have 1
c_

dy Y dsy,
pe(se) = ga(s) fork=2,3,... K—1  (69) ds1 = 2 sy der 73)
. . . K-1
where the functiony, (s,) is defined as N 9 (Pr — P B) dsy, (74)
r 03k R th d81 -
(sk) £ ! {brpm, (k) = br_1p (sk)} ~
Ye(Sk) = — mip ) — Vk— m_1 ¢ 3
Ck Upon substituting (59) through (63) into (74) we have
k=23,... K—-1 (70)
dy
which does not contain the Lagrangian multiplleand, hence, dsy
it will be referred to as the “Lagrangian-free function.” K—1 p
Le’F us now invgstiggte some properti.es ofthe Lagrangian-free— Z {bk_1pmk,1 (5%)=bk Py (51 )+Pin Ck} f(sk) %
functionyi (sx) given in (70). Considering thaj, > b, and 1 51
Dy (Sk) > Pm,_, (sk), it is readily shown that the value of K-lr, s
yx(sk) is always positive. Whes,, = 0, yx(sx) becomes = Z [i {bo Pmg (81)—b1 Py (81) H-Pin ck} f(sk) d_s,]:
k=1
1 K—1
0) £— {brpm, (0) = bp—1 Ppm,_, (0 1 d
i (0) Ck{ P (0) = bt Py (0} :c_{bopmo(sl)_blpm1(sl)+Pth} Z Ck f(Sk)f.
_ U [ bk 1 (71) ' k=1 '
T | 2 2 [ 2 (75)

Note also thats;, = 0is a sufficient but not necessary condiConsideringf(sx) > 0 andexploitingds;/ds; > 0 given in
tion for satisfyingyx(sx) = 1/2. We also note that we have(72), we can conclude from (75) thdl"/ds; = 0 has roots
limg, ok (sk) = 0. Since0 < y1(s1) = pm,(s1) < 1/2 whenf(sg) = 0for all &k or whenby p,,, (s1) — bo Dy (1) =
holds, we can conclude that there is at least one solution #8y,. The former condition corresponds to eithge= 0 for some

sy, satisfying (69) for the given;. In generaly,(sx) may not pdf f(v) or to s, = oo for all pdfs. By contrast, when the con-
be monotonic, although:(s1) is. Whenyx(sx) is not mono- dition of by py, (s1) — bo Py (s1) = Pe is met,dY/dsy = 0
tonic in the range of.(sx) < 1/2, we have asetaV =2i+1 has a unique solution. Investigating the sign of the first deriva-
number of roots ,|n=1,2,..., N for (69) wherei is a posi- tive between these zeros and using the mini-max analysis [26],
tive integer. By considering the sign@i\/9sy, it can be readily which will be described with the aid f76) to (83) we can
shown thatA reaches its local maxima af, ,, wheren is an conclude thal’(7; s1) has a global minimum o¥,;, < 0 at
odd integer. In order to arrive at the global maximumiofall s; = ¢ such that; p,,, ({) — bo pm, () = Py and a max-

of these odd-numbered rootg should be considered. How-imum of Y.< 1 ats; = 0, as well as another maximum value
ever, our extensive numerical results have shown that a mblz,.» = 0~ ats; = oo.

tiple-root scenario occurs only at high average SNRs, namelySince Y (7; s1) has a maximum value at; = oo, let us
close to the avalanche SNR#@f when 64 QAM and 256 QAM find the corresponding maximum value. Let us first consider
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limg,—ooPavg (7;s), Where upon exploiting (11) and (28) wewherev,,, = E/NOE[a?L’n]. Let us assume furthermore that
have each of theD diversity channels of Fig. 13 has the same MIP,
although in practical systems each of iiehannels may have a

_limy, 00 Pr (76) different MIP. Under this assumptiofy ,, in (85) can be written

lim Pz (7;s)

s1—00 ~ limg, o B as¥,. The total SNR per symboty, at the output of the com-
_0 biner in front of the demodulator depicted in Fig. 13, is given as
=5 77)
D
When applying I'Hopital’s rule and using (59) through (63), we N = Z - (86)
have d=1
. : d
limg, o0 Pr :thﬁOO 1, TR (78) While the characteristic function of, under the assumption of
limg, oo B limg, oo ﬁB independent identical diversity channels, can be formulated as
. 1
= lUm — by pm,(81) — bo P (s1) (79) N
aooa =1 ———>s 87)
o (80) i) = 1L a—555.50 (

implying that P (7; 51) approaches zero from positive values s q51ving the well-known technique of partial fraction expan-
whens; tends tox. Since, according to (11), (28), and (41), th%ion (PFE) [26]4- (jv) can be expressed as
functionY (¥;s(s1)) can be written ag(P. — Pin), we have 7

D N
lim Y(3;51) = lim B(Pavg — Pin) (81) o () = Ag, b 88
= lim B(0" — P) (82) o
=0". (83) Wwhere the constarit, ,, can be found by equating (87) and (88).

The pdf ofy, f5(v) can be found by applying the inverse
Hence, Y(’?;S(Sl)) asymptotica”y approaches Zero fronFOUI'ier transform Oi/)v(jv) in (88), which is given, with the
negative values, as; tends tooo. From the analysis of the aid of [30, p. 781, Eq. (14-4-13)] by
minimum and the maxima, we can conclude that the constraint

function Y (7;s(s1)) defined in (41) has a unique zero only b N 1 P
if Y(7;0") > 0 at a switching value ob < s; < ¢, where FN =32 Ain le e/, (89)
¢ satisfiesby pim, (¢) = bo pm,(¢) = Pu. By contrast, when d=1n=1 "

Y (%;0%) < 0, the optimum switching levels are all zero and

the adaptive-modulation scheme always employs the highes?ince we now have the pgf(v) of the channel SNR, Ie'F us
order constituent modulation mode. calculate the average BER of-ary square QAM employing
Gray mapping. The average BER can be expressed as [2],

APPENDIX E [30]

BER OF 2-D RAKE ASSISTEDQAM

An ideal RAKE receiver [33] combines all the signal powers
scattered oveN paths in an optimal manner so that the instan-
taneous SNR per symbol at the RAKE receiver’s output can
maximized [30]. The noise at the RAKE receiver’s output is
known to be Gaussian [30]. The SNR at thedth ideal RAKE

P.i = /0 h Py (V) f(7)dry (90)

herep.,, (v) is the BER ofm-ary square QAM employing
fay mapping for transmission over Gaussian channels [2]

receiver’s output in Fig. 13 is given as [30] Py (V) = Z A Q(Vai) (91)
~
Y4 = ZW;”’ (84) whereQ(z) is the Gaussiam)-function defined ag)(z) =
n=1 1/V2m f_;’o et /24t and {A;, a;} is a set of modulation mode

dependent constants, which are given, for example, in [2] and
whereyy,, = E/N, aj,, and{aq,,}are assumed to be normal-[62]. The average BER of.-ary QAM in our scenario can be
ized, such thaEf::l a?lm becomes unity. Since we assumedalculated by substituting,,, () of (91) andf5 () of (89) into
that each multipath component has an independent Rayle{@h)
distribution, the characteristic function ¢f can be represented

as (30, p. 802] Pat) = [T T aqamion @
N 1
1

Py (JU) = H T=joan (85) = Z AiP.(7; a;) (93)

n=1
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where each constituent BER.(7; a;) is defined as Upon substituting,,,, () of (91) andf () of (89) into (98), we
have

Sk+1 ,Yd—l e—y/ﬁn

P = [ QW) f0)dn. (94)
70 | Q(Vai) et

— dy
74

D N

P, = Z A; Z Z Adn

i d=1n=1 v Sk
Using the similarity off5 () in (89) and the pdf of the SNR of D N
a D-element antenna-diversity assisted MRC system transmit- = > A; > Y Aan Pr(sk, Sk41,¥n, d; a:). (99)
ting over flat Rayleigh channels [30, p. 781], the closed-form i d=1n=1
solution for the component BER. (7; a;) can be expressed as
A closed-form expression foPg(sk, Sk+1,¥n, d,a;) can be
found by applying change-of-variables repeatedly, which can

P ;(7’131) be expressed as
1 o0 oo d=1 ,—/7n
_ Z Z / e—a:2/2 Ad,n Y € — dz d’}/ j Sk41
iminm1 V2T Jo Jyay (d =1t e S
D N d d—1 . i Pp=|—e 7/ Q(\/ﬂ)z "
B 1— pn, d—1+7\ (1 R LT+ 1)
EE S B o)
d=1n=1 1=0 Skl
(95) d—1
+ D X (7 Anai) (100)
i=0
where p,, £ VvV @i¥n /(2 + a;7,) and the average SNR per ! Sk

symbol isy = D Eflv:l - SubstitutingP. (7; a;) of (95) into TN o

(93), the average BER of an-ary QAM RAKE receiver using Wherelg(v)]s; ™" = g(sk+1) — g(sx) andX; is given by
antenna diversity can be expressed in a closed form.

p2 TG+ 3)

X (s Yn, @) = -
APPENDIX F 5857, 1) V2a;m 3, T(j + 1)
PERFORMANCE OF2-D RAKE-ASSISTEDAQAM j 2\ I~k _k1/2
. . . o 2in \" Y —aiv/(2i2)
In this section, we consider the characteristic parameters of X Z @ I(k+ 1) ¢
the ideal 2-D RAKE-assisted AQAM scheme described in Sec- k=1 . 12
tion IV-C and Appendix E. 202\’ 1 T(j+3) V@i
+ - —— = n @
aiTn (i +1) Hn
Average Thoughput (101)
The average throughp#(7, s) expressed in terms of bits per R
symbol (BPS) according to (8) is given by where, again, = v/ a;y,/(2 + a;¥,) andl'(z) is the Gamma
function. Then, the average BER,.(7,s) of our adaptive-
K1 modulation scheme can be represented using (11).
B(v,8)= )  aFe(v) (96)
=0 REFERENCES

[1] R. Steele and L. Hanzo, EdsMobile Radio Communication2nd
. ed. New York: IEEE Press; Wiley, 1999.
where the complementary cdf of the instantaneous SMR ) [2] L.Hanzo, W. T.Webb, and T. Kelle§ingle- and Multi-Carrier Quadra-
can be expressed with the aid of (89) as ture Amplitude Modulation New York: IEEE Press; Wiley, 2000.
[3] J. F. Hayes, “Adaptive feedback communicationsZEE Trans.
Commun. Technglvol. COM-16, pp. 29-34, 1968.
D N do1 5 k [4] L.Hanzo, C. Wong, and M. Yeddaptive Wireless TransceiversNew
_ (;/— York: Wiley; IEEE Press, 2002.
F.(yv)= Z Z Aan e/ n Z —t (97) [5] J. K. Cavers, “Variable rate transmission for Rayleigh fading channels,”
d—1n=1 E—0 I(k+1) IEEE Trans. Commun. Technolol. COM-20, pp. 15-22, Feb. 1972.
[6] W.T. Webb and R. Steele, “Variable rate QAM for mobile radilcEE
Trans. Communyol. 43, pp. 2223-2230, July 1995.
whereT'(z) is the Gamma function [26]. [7] R.Steeleand W. T. Webb, “Variable rate QAM for data transmission over
Rayleigh fading channels,” iRroc. Wireless'91Calgary , AB, Canada,
1991, pp. 1-14.
APPENDIX G [8] M. L. Moher and J. H. Lodge, “TCMP—A modulation and coding
strategy for rician fading channelslEEE J. Select. Areas Commun.
AVERAGE BER vol. 7, pp. 1347-1355, Dec. 1989.
_ e - - [9] J. K. Cavers, “An analysis of pilot symbol assisted modulation for
The mode-specific average BER, was defined in (10) as Rayleigh fading channels,|EEE Trans. Veh. Technolvol. 40, pp.
686-693, Nov. 1991.
. Skt1 [10] S. Sampei and T. Sunaga, “Rayleigh fading compensation for QAM in
L land mobile radio communicationdEEE Trans. Veh. Technolol. 42,
Pt [ ) S . (98)  lndmobileradiocomm:



CHOI AND HANZO: MODE-SWITCHING-ASSISTED SINGLE- AND MULTICARRIER ADAPTIVE MODULATION

(11]

(12]

(23]

(14]

[15]

[16]

(17]

(18]

[19]

(20]

[21]

(22]

(23]

[24]

(25]
(26]

[27]

(28]

(29]
[30]
(31]
(32]
(33]

(34]

(35]

[36]

[37]

(38]

S. Otsuki, S. Sampei, and N. Morinaga, “Square QAM adaptive modula{39]
tion/TDMA/TDD systems using modulation level estimation with Walsh
function,” Electron. Lett, vol. 31, pp. 169-171, Feb. 1995.

W. C. Y. Lee, “Estimate of channel capacity in Rayleigh fading environ- [40]
ment,”|[EEE Trans. Veh. Technglol. 39, pp. 187-189, Aug. 1990.

A. J. Goldsmith and P. P. Varaiya, “Capacity of fading channels with
channel side information,/EEE Trans. Inform. Theoryvol. 43, pp.
1986-1992, Nov. 1997.

M. S. Alouini and A. J. Goldsmith, “Capacity of Rayleigh fading chan-
nels under different adaptive transmission and diversity-combining techg]
nique,”|EEE Trans. Veh. Technolol. 48, pp. 1165-1181, July 1999.

A.J. Goldsmith and S. Chua, “Variable rate variable power MQAM for [43]
fading channels,TEEE Trans. Communvol. 45, pp. 1218-1230, Oct.
1997.

J. M. Torrance and L. Hanzo, “Optimization of switching levels for adap-
tive modulation in a slow Rayleigh fading channétfectron. Lett, vol.

32, pp. 1167-1169, 1996.

W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery,
Numerical Recipies in C Cambridge, U.K.: Cambridge Univ. Press,
1992.

B. J. Choi, M. Minster, L. L. Yang, and L. Hanzo, “Performance [46]
of Rake receiver assisted adaptive-modulation based CDMA oveT
frequency selective slow Rayleigh fading channElgctron. Lett. vol. 47]
37, pp. 247-249, 2001.

J. Paris, M. del Carmen Aguayo-Torres, and J. Entrambasaguas, “Op-
timum discrete-power adaptive QAM scheme for Rayleigh fading chan-48]
nels,”IEEE Commun. Lettvol. 5, pp. 281-283, July 2001.

S. T. Chung and A. Goldsmith, “Degrees of freedom in adaptive modu-
lation: A unified view,”IEEE Trans. Communvol. 49, pp. 1561-1571,
Sept. 2001.

C. H. Wong and L. Hanzo, “Upper-bound performance of a wideband
burst-by-Burst adaptive modemlEEE Trans. Communvol. 48, pp.
367-369, Mar. 2000.

E. L. Kuan, C. H. Wong, and L. Hanzo, “Burst-by-burst adaptive joint-
detection CDMA,"Proc. IEEE Vehicular Technology Conf.’99 Fallol.

2, pp. 1628-1632, Sept. 1999. [51]
J. M. Torrance and L. Hanzo, “Upper bound performance of adaptive
modulation in a slow Rayleigh fading channetlectron. Lett, vol. 32,
pp. 718-719, 1996.

M. Nakagami, “Then-distribution — A general formula of intensity dis-
tribution of rapid fading,” inStatistical Methods in Radio Wave Propa-
gation W. C. Hoffman, Ed. New York: Pergamon , 1960, pp. 3-36.
I. S. Gradshteyn and I. M. RyzhiRable of Integrals, Series and Prod-
ucts New York: Academic , 1980.

E. Kreyszig,Advanced Engineering Mathematid&h ed. New York:
Wiley , 1993.

J. Lu, K. B. Letaief, C. I. J. Chuang, and M. L. Lio, “M-PSK and
M-QAM BER computation using signal-space concepl&EE Trans.
Commun,.vol. 47, no. 2, pp. 181-184, Feb. 1999.

B. J. Choi, “Multi Carrier Code Division Multiple Access,” PhD, Uni- [55]
versity of Southampton, Dept. Electron Computer Sci., Southampton;
U.K., 2001.

G. S. G. Beveridge and R. S. Schech@ptimization: Theory and Prac-
tice.  New York: McGraw-Hill, 1970.

J. G. ProakisPigital Communications3rd ed. New York: Mc-Graw
Hill, 1995.

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

“COST 207: Digital Land Mobile Radio Communications,” Office for
Official Publications of the European Communities, Luxembourg, 1989.[58]
R. Price and E. Green Jr, “A communication technique for multipath
channels,’Proc. IRE vol. 46, pp. 555-570, Mar. 1958.

M. K. Simon and M. S. AlouiniPigital Communication Over Fading
Channels: A Unified Approach to Performance Analysiblew York:
Wiley, 2000.

C. Y. Wong, R. S. Cheng, K. B. Letaief, and R. D. Murch, “Multiuser
OFDM with adaptive subcarrier, bit, and power allocatidiEE J. Se-
lect. Areas Communvol. 17, pp. 1747-1758, Oct. 1999.

T. Keller and L. Hanzo, “Adaptive multicarrier modulation: A conve- [61]
nient framework for time-frequency processing in wireless communica-
tions,” Proc. IEEE vol. 88, pp. 611-642, May 2000.

J. Bingham, “Multicarrier modulation for data transmission: An idea
whose time has comelEEE Commun. Magpp. 5-14, May 1990.

N. Yee, J. P. Linnartz, and G. Fettweis, “Multicarrier CDMA in indoor
wireless radio networks,” iRroc. PIMRC’93, 1993, pp. 109-113.

[41]

[44]

[45]

[49]

[50]

[52]

(53]

[54]

[56]

[57]

[59]

[60]

(62]

559

K. Fazel and L. Papke, “On the performance of convolution-
ally-coded CDMA/OFDM for mobile communication system, Rnoc.
PIMRC’93 1993, pp. 468-472.

A. Klein, G. K. Kaleh, and P. W. Baier, “Zero forcing and minimum
mean square error equalization for multiuser detection in code divi-
sion multiple access channel$EEE Trans.Veh. Technelol. 45, pp.
276-287, May 1996.

L. Hanzo and B. Y. T. H. LiewJurbo Coding, Turbo Equalization and
Space-Time Coding New York: Wiley, IEEE Press, 2002.

B. Vucetic, “An adaptive coding scheme for time-varying channels,”
IEEE Trans. Communvol. 39, pp. 653-663, May , 1991.

H. Imai and S. Hirakawa, “A new multi-level coding method using error
correcting codesfEEE Trans. Inform. Theorwol. IT-23, pp. 371-377,
May 1977.

G. Ungerboeck, “Channel coding with multilevel/phase signdBEE
Trans. Inform. Theoryol. IT-28, pp. 55-67, Jan. 1982.

S. M. Alamouti and S. Kallel, “Adaptive trellis-coded multiple-phased-
shift keying Rayleigh fading channeldEEE Trans. Communvol. 42,

pp. 2305-2341, June 1994.

S. Chua and A. J. Goldsmith, “Adaptive coded modulation for fading
channels,1EEE Trans. Communvol. 46, pp. 595-602, May 1998.

K. J. Hole, H. Holm, and G. E. Oien, “Adaptive multidimensional coded
modulation over flat fading channeldEEE J. Select. Areas Commun.
vol. 18, pp. 1153-1158, July 2000.

S. X. Ng, C. H. Wong, and L. Hanzo, “Burst-by-Burst adaptive decision
feedback equalized tcm, ttcm, bicm and bicm-id,Pioc. IEEE ICC'01
June 2001, pp. 3031-3035.

T. Keller, T. Liew, and L. Hanzo, “Adaptive rate RRNS coded OFDM
transmission for mobile communication channels,’Piroc. Vehicular
Technology Conf. 2000 Sprindokyo, Japan, May 15-18, 2000, pp.
230-234.

T. Keller, T. H. Liew, and L. Hanzo, “Adaptive redundant residue
number system coded multicarrier modulatiolEEE J. Select. Areas
Commun,.vol. 18, pp. 1292-2301, Nov. 2000.

T. Liew, C. Wong, and L. Hanzo, “Block turbo coded burst-by-burst
adaptive modems,” irProc. Microcoll'99, Budapest, Hungary, Mar.
1999, pp. 59-62.

C. Wong, T. Liew, and L. Hanzo, “Turbo coded burst by burst adap-
tive wideband modulation with blind modem mode detectionPinc.
ACTS Mobile Communications SumnSbrrento, Italy, June 1999, pp.
303-308.

M. Yee, T. Liew, and L. Hanzo, “Radial basis function decision feedback
equalization assisted block turbo burst-by-burst adaptive modems,” in
Proc. Vehnicular Technology Conf.’99 FallAmsterdam, The Nether-
lands, Sept. 1999, pp. 1600-1604.

V. Tarokh, N. Seshadri, and A. Calderbank, “Space-time codes for high
data rate wireless communication: Performance criterion and code con-
struction,”IEEE Trans. Inform. Theoryol. 44, pp. 744—-765, Mar. 1998.
S. M. Alamouti, “A simple transmit diversity technique for wireless
communications,”|[EEE J. Select. Areas Commurvol. 16, pp.
1451-1458, Oct. 1998.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
coding for wireless communications: Performance resul&EE J.
Select. Areas Commuymwol. 17, pp. 451-460, Mar. 1999.

C. Berrou and A. Glavieux, “Near optimum error correcting coding
and decoding: Turbo-codesJEEE Trans. Commun.vol. 44, pp.
1261-1271, Oct. 1996.

T. Liew, J. Pliquett, B. Yeap, L.-L. Yang, and L. Hanzo, “Concatenated
space time block codes and TCM, turbo TCM, convolutional as well
as turbo codes,” ifProc. IEEE GLOBECOM'0pSan Francisco, CA,
Nov.—Dec. 27-1, 2000.

B. J. Choi, E. L. Kuan, and L. Hanzo, “Crest-factor study of MC-CDMA
and OFDM,” inProc. Vehicular Technology Conf.’99 Fallol. 1, Ams-
terdam, The Netherlands, Sept. 19-22, 1999, pp. 233-237.

J. Blogh and L. Hanza3G Systems and Intelligent NetworkingNew
York: Wiley; IEEE Press, 2002.

M. S. Alouini, X. Tand, and A. J. Goldsmith, “An adaptive modulation
scheme for simultaneous voice and data transmission over fading
channels,"EEE J. Select Areas Communol. 17, pp. 837-850, May
1999.

D. Yoon, K. Cho, and J. Lee, “Bit error probability of M-ary quadrature
amplitude modulation,Proc. IEEE Vehicular Technology Conf. 2000
Fall, vol. 5, pp. 2422-2427, Sept. 2000.



560

,.
#
[

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 52, NO. 3, MAY 2003

Byoungjo Choi received the B.Sc. and M.Sc.
degrees in electrical engineering from KAIST,
Korea, in 1990 and 1992, respectively. He receive:
the Ph.D. degree in mobile communications fron .
the University of Southampton, U.K. )
He has been with LG Electronics, Korea, since Jary”
uary, 1992, where he was involved in developing thé
KoreaSat monitoring system, digital DBS transmis
sion system, and W-CDMA based wireless local loog
(WLL) system. He was a Postdoctoral Research As
sistant at the University of Southampton, U.K., from

Lajos Hanzo (SM'92) received the Master's
degree in electronics, in 1976 and the Ph.D. degree
in telecommunications in 1983, both from the
Technical University of Budapest, Hungary.

During his 27-year career in telecommunications,
he has held various research and academic posts
in Hungary, Germany, and the United Kingdom.
Since 1986, he has been with the Department of
Electronics and Computer Science, University of
Southampton, Southampton, U.K., where he holds
the Chair in telecommunications. Currently, he is

September 2001 to August 2002. His current research interests include mmanaging an academic research team, working on a range of research projects
bile communication systems design with empasis on adaptive modulation aidtedhe field of wireless multimedia communications sponsored by industry,

OFDM, MC-CDMA, and W-CDMA.

the Engineering and Physical Sciences Research Council (EPSRC) U.K,,

Dr. Choi is a recipient of the British Chevening Scholarship awarded by thiee European IST Programme, and the Mobile Virtual Centre of Excellence
(V.C.E), U.K. He is an enthusiastic supporter of industrial and academic
liaison and offers a range of industrial courses. He has coauthored 10 IEEE
Press-Wiley books on mobile radio communications, published in excess of
400 research papers (http://www-mobile.ecs.soton.ac.uk).

Dr. Hanzo organized and chaired conference sessions, presented overview
lectures, has been awarded a number of distinctions, and is also an IEEE Dis-

British Council, U.K.

tinguished Lecturer.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


