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Abstract: Based on the iterative bit-filling procedure, a computationally efficient bit and power allocation

algorithm is presented. The algorithm improves the conventional bit-filling algorithms by maintaining only a

subset of subcarriers for computation in each iteration, which reduces the complexity without any performance

degradation. Moreover, a modified algorithm with even lower complexity is developed, and equal power

allocation is introduced as an initial allocation to accelerate its convergence. Simulation results show that the

modified algorithm achieves a considerable complexity reduction while causing only a minor drop in

performance.
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Research in multicarrier modulation has grown
tremendously in recent years due to its advantages, es-
pecially for its high immunity to inter symbol interfer-
ence (ISI). For many applications, such as digital audio
and video broadcasting ( DAB, DVB), and WLAN,
multicarrier modulation is an attractive alternative to
single-carrier systems.

In a multicarrier system, to improve performance,
different bits and power can be assigned across the sub-
carriers according to their channel gains'''. Some effi-
cient algorithms, based on the assumption of infinite
granularity in constellation sizes, were presented in
Refs. [2 —3] to implement adaptive bit and power allo-
cation for multicarrier systems. However, the perform-
ance degradation arises when the continuous solutions
of bit allocation are rounded to integers. The iterative
algorithms exploiting a greedy bit-filling procedure
were developed in Refs. [4 —5] to obtain the optimal
performance, which also increased the computational
complexity. In Ref. [6], Krongold et al. designed an al-
gorithm with low complexity using the Lagrange multi-
plier method. Ref. [7] studied the discrete bit-loading
algorithms that tried to balance the tradeoff between
the performance and implementation complexities. Evi-
dently, it is still a key issue to design an adequately
performing algorithm with low complexity for adaptive
allocation techniques. In this paper, we present a new
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approach to reduce the complexity of greedy adaptive
loading (GAL) algorithms without performance degra-
dation.

1 System Model

The key problem of the adaptive discrete bit and
power allocation is formulated as

N N
max C A 2 m; subject to Zp,. <P, (D
i=1 i=1

where N denotes the total number of subcarriers; m; and
p, represent the number of bits and the allocated power
of the i-th subcarrier, respectively; P, is a total power
constraint. Let B denote the maximum number of bits
that can be assigned to each subcarrier. The value of m;
should be an integer number not greater than B. Addi-
tionally, for the m-bit constellation, denote S” as the
signal-to-noise ratio ( SNR) required to maintain
BER,,, the target bit error rate (BER). We thus allocate
p, to guarantee the system BER performance using
S
8
where g, is the channel gain at the i-th subcarrier and

i

(2)

o’ is the subcarrier noise power.

So far, the allocation problem is described as the
optimization problem in Eq. (1); however, it is diffi-
cult to obtain the optimal solution using the classical
Lagrange multiplier method. Hence, a greedy method
based on an iterative bit-loading procedure is devel-
oped, which iteratively assigns one more bits to the
subcarrier requiring the smallest incremental power un-
til the total power constraint is violated. In this way,
the optimal performance can be achieved at a cost of
high computational complexity .
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2 Proposed GAL-Based Algorithms

2.1 Properties of optimal allocation scheme

It can be easily proved that the optimal allocation
system has the maximal power efficiency, when trans-
forming the objective in Eq. (1) as
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Considering any two subcarriers in the system with the
channel gains g’ and gf, we allocate two modulation
modes m; and m;, and denote p; and p; as the corre-
sponding allocated power to guarantee BER,, on the i-
th and j-th subcarrier, respectively. From Eq. (2), the
total transmit power is

B 2 S’Tl“ +Sf}'ﬂ,
Piyj=0 gz 2

(4)
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Then we exchange the allocated modulation modes of
the two subcarriers and recalculate the total transmit
power p/,;. The two different allocation schemes are
compared:

, (8" -5") (g} -8)
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Assuming g’ = gf and m; =m;, so §" =8" and the re-
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sult in Eq. (5) will be negative. It indicates that lower
transmit power is required to transmit a certain number
of bits by allocating higher-order modulation on sub-
carriers with larger channel frequency responses. There-
fore, the optimal allocation pattern should be designed
as shown in Fig. 1. In this figure, the available modula-
tion set is {0, 1, 2, 4}, which represents {unused,
BPSK, QAM, 16QAM}.
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Fig.1 Optimal allocation pattern

Denote Ap;" as the power efficiency, namely the
required power to transmit one bit on the i-th subcarrier
employing modulation m,. We have

2 am:
m; _ O Sm’

Ap' =

(6)

Given that there is another allocation scheme to trans-

2
m;g;

mit symbols on the j-th subcarrier using m;, the differ-
ence of the power efficiency is

m; m: 2 C(m,- amj Sm
A[)i —Ap/.fza' 2 T 2 o, = (7)
8i 8; m

where «,, is defined as a multiplier factor of modulation
mode m, because it is a constant to a certain modula-
tion mode when S™ is given. It is indicated in Eq. (7)
that the allocation with higher power efficiency will
surely satisfy the condition below:

m; m; glz a"’i
Api'sApiie 5= (8)
8j m;

Two observations can be obtained from (8). First, the

cases of allocating different modulation modes on a
single subcarrier are compared:
Apl"<Apliea,, <a,, 9)
It reveals that allocating the modulation mode with a
smaller multiplier is more efficient than with a larger
one. Generally, higher-order modulation modes always
have larger multiplier factors. Second, the condition of
allocating the same modulation mode to different sub-
carriers is considered by
Ap}'<Aplieg <g; (10)
It shows that the subcarriers with larger channel gains
require less power when employing the same modula-
tion mode. Based on the above observations, a simpli-
fied GAL scheme (S-GAL) is proposed. In each itera-
tion, only subcarriers with the largest channel responses
in each group employing the same modulation modes
have the chance to upgrade their modulation modes.
Take Fig. 1 for example, only one subcarrier among
ny, Ny, n,, and n, is selected to upgrade its modulation
mode.
2.2 Simplified GAL algorithm
Let m,; and m; denote the currently employed mod-
ulations on the i-th and j-th subcarriers, respectively. m’
is the available adjacent higher-order modulation mode
to m. The required incremental power efficiency for up-
grading m, to m; can be obtained by
A ) :M
m] —m, (m] —m))g;

! i

Ap; = (11)

By comparing Ap, and Apjl-, the better allocation
scheme can be determined according to

g _Pplm,m))
Ap'<Apjea~r="——"—= 12
’ Pi gf BCm;, m;) (2

where B(m, m') = (S™ =S8™)/(m' —m) is a constant of
a modulation mode pair (m, m').

This provides an easy way to compare the incre-
mental power of different subcarriers. The right hand
side of (12) can be precalculated, and thus the optimal
subcarrier can be selected using lookup tables. The de-
tails of the proposed simplified GAL (S-GAL) algo-
rithm are described in algorithm 1. It is important to
note that i" can be directly obtained in each iteration
since all subcarriers are sorted at the beginning of our
algorithm with the complexity of O(Nlog,N).

Algorithm 1 S-GAL

(D All the subcarriers initially employ no modula-
tion, and are sorted according to g,.
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(@ Sort the subcarriers using the same constella-
tion into groups. Denote G™ as the subcarrier group
using an m-bit constellation. Thus G° = {1, 2, ..., N}
and G" =((1<m<B), and P, =0.

(3@ Sort out i, which denotes the subcarrier with
the maximal channel gain in G”. Note that the subcarri-
ers in G”, which have employed the maximum constel-
lation size, are not considered.

@ Use (12) to find the optimal subcarrier i
among the i"’s. Assume that i * belongs to G™ .

(5 Calculate the required incremental power Ap),
and check the total power constraint. If P, + Ap;. >
P, the procedure is terminated; otherwise go to (6.

© Remove i * from G"  to G" *', then update P,
=P, +Ap}..Go back 3.

2.3 Modified GAL algorithm

Although the S-GAL algorithm has low complexi-
ty in each iteration, its convergence is slow. A simple
modification for accelerating the convergence is to se-
lect proper initial allocations. A proper initial allocation
step is introduced to accelerate its convergence. Instead
of all-zero initialization, the modulation sizes are ini-
tially allocated based on equi-power assumption, and
then the power is adjusted using (2). The proposed
modified GAL (M-GAL) algorithm is redescribed in
algorithm 2.

Algorithm 2 M-GAL

(D Sort the subcarriers in ascending order accord-
ing to g,.

(@ For each subcarrier, allocate m, =m when §" <

2
gf; <§"*'. Calculate p, from (2).

g
N

@ Calculate P, = 2 p; - Since the transmit power
i=1

is normalized, thus P, < P, is avoided.

total

@) Obtain G"(0<m<B) by grouping the subcar-
riers according to their initialized constellations. And
the i"’ s are determined.

() Use (12) to select the optimal subcarrier i
among the subset made up of i"(0<m<B).

©® If the required total power overflows, end the

algorithm.

(7 Remove i* from G"  to G" *', then update
i"" from G" ,P, =P, +Ap!..Go to (3.

The proposed M-GAL algorithm reduces both the
computational complexity in each iteration and the num-
ber of iterations. It will be shown in the next section that
the performance gap between the optimal allocation and
the proposed M-GAL algorithm is negligible.

3 Numerical Results

3.1 Performance of proposed algorithms

We simulate S-GAL and M-GAL algorithms in
an OFDM system with 256 subcarriers and BER,, =
10 *. The wireless channel is modeled as a six-tap
multipath channel with its power profile decaying ex-
ponentially. M-QAM is employed with the constella-
tion size set as {0,1,2,3,4,5,6}. Then the §"’s are
determined using the BER expressions for M-QAM
given in Ref. [8].

In Fig. 2, the throughput of different bit and pow-
er allocation algorithms are compared. The S-GAL al-
gorithm achieves the same performance as the algo-
rithm in Ref. [5], and the performance of the M-GAL
algorithm is very close to them. The performance of
the Wyglinski’s algorithm using equal power alloca-
tion is also shown for comparison. All these algo-
rithms outperform the Leke’s algorithm. It should be
noted that we choose a proper value of SNR gap de-
noted as /" in Ref. [3] to guarantee the BER con-
straint. As given in Ref. [8], it can be calculated from
I'= -In(5BER,)/1.5.
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Fig.2 Throughput of different adaptive allocation algorithms
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3.2 Quantitative complexity analysis

In this subsection, we analyze the complexity of
our proposed algorithms with conventional ones. The
quantitative complexity comparison is listed in Tab. 1.
Denote I, as the required number of iterations of dif-
ferent algorithms. Fig. 3 shows the simulation results
of I,. Because the numbers of iterations of different
algorithms are independent, the value of I, in Fig. 3 is
normalized. As shown in Fig. 3, the numbers of itera-
tions of the S-GAL and the M-GAL algorithms are
normalized by NB.

For instance, the numerical complexity is calcu-
lated in the scenario as N =256, B =6 and I, at SNR
=20 dB in Fig. 3. In this case, the Lei’s optimal algo-
rithm requires more than 3. 8 x 10°operations, which is
much greater than 38 290, the number of operations
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Tab.1 Quantitative complexity comparison

Algorithms Quantitative complexity
Leke’ s in Ref. [3] Nlog, N + (51 4. +11)N
Lei’ s in Ref. [5] I.;(3B-4)N
Krongold’ s in Ref. [6] Ix(B+4)N

Wyglinski’ s in Ref. [7]
Proposed S-GAL
Proposed M-GAL

Nlog,N+ (2B +7 +Iw(B+2))N
Nlog, N +I5(5B +4)
Nlog,N +2N +I(5B +4)
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Fig.3 Normalized number of iterations /, of different

adaptive allocation algorithms

for the S-GAL algorithm. Meanwhile, the Leke’s, the
Krongold’s, and the Wyglinski’s algorithms require
12 381, 25 561, and 30 939 operations, respectively.
And the proposed M-GAL algorithm requires only
7 133 operations. It indicates that the S-GAL algo-
rithm is still more complex than conventional subopti-
mal algorithms due to its optimality. However, the M-
GAL algorithm outperforms the others while requiring
approximately half of the operations of Leke’s or a
quarter of Krongold’s.

4 Conclusion

In this paper, two efficient bit and power alloca-
tion algorithms are proposed for multicarrier systems.
Compared with conventional GAL-based algorithms,

e
A

the S-GAL algorithm reduces the complexity from
O(N) to O(B) in each iteration. The complexity is
further reduced in the M-GAL algorithm by introdu-
cing an efficient initial allocation. This algorithm re-
quires no more than half of the number of operations
of some existing algorithms. And its performance ap-
proaches very closely that of the optimal one. Simula-
tion results verify the effectiveness of our proposed al-
gorithms.
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