Capacity Maximizing Adaptive Subcarrier Selection in OFDM with Limited Feedback
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We propose an efficient adaptive subcarrier selection scheme, in which the active subcarriers and their modulation and coding
schemes (MCSs) are selected at the receiver, and subsequently conveyed to the transmitter using limited feedback. We theoretically
show that capacity maximization can be achieved by selecting subcarriers with highest signal-to-noise ratios (SNRs) and adapting
the number of active subcarriers according to channel environments. Furthermore, an ordering based adaptive subcarrier selection
algorithm is proposed to select the optimal active subcarriers with low complexity. Numerical results show that the proposed
adaptive subcarrier selection scheme provides higher capacity than that obtained by water-filling approaches, even with limited

feedback.
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1. Introduction

To maximize the information rate of orthogonal
frequency division multiplexing (OFDM) transmission,
power and bit loading algorithms have been derived to
adaptively adjust power and data rates across subcarriers
assuming full knowledge of the channel state information
at the transmitter (CSIT) [1] or partial CSIT [2]. Due to
practical limitations on the feedback rate and delay, it is
desirable to allocate equal power to subcarriers in order
to limit the overhead in the feedback channel. In [3], the
author has proposed equal power allocation to the
selected subcarriers with “good” channel gains and has
shown that the degradation in capacity is minimal
compared with that of the optimal water-filling power
allocation. Motivated by several goals including
improving system performance based on the diversity
obtained by subcarrier selection [4] and reducing delays
for real-time wireless communications [5], other studies
have also proposed subcarrier selection.

In most efforts to optimize transmission strategies of
OFDM, this optimization is made at the transmitter
[1]-[5], which results in the requirement of CSIT. Other
approaches optimizing transmission strategies without
CSIT have been addressed in the context of single carrier
multi-input multi-output (MIMO) transmissions [6] and an
adaptive modulation and coding (AMC) scheme in

OFDM [7]. Transmit optimization at the receiver leads to -

larger capacity gain, since the rteceiver can track
instantaneous channel realization and exploit full channel
state information. Furthermore, since there are typically a
small number of transmission modes, the amount of
feedback can be limited.

In this paper, we propose an adaptive subcarrier
selection scheme, which provides higher capacity than
that obtained by water-filling approaches, even with
limited feedback. Based on a capacity criterion, the active
subcarriers and their MCSs are selected at the receiver,
and sent back to the transmitter using limited feedback.
Previously, subcarrier selection via a water-filling based
subcarrier selection algorithm has been proposed [3].
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However, in a realistic case where finite - granularity in
the transmission rate is required, the water-filling based
subcarrier selection scheme is not optimum. In this paper,
we theoretically show that capacity maximization can be
achieved by selecting subcarriers with highest SNRs and
adapting the number of active subcarriers according to
channel environments. Furthermore, an adaptive subcarrier
selection algorithm considering rate quantization is
proposed to select the optimal active subcarriers with
considerably reduced complexity. Arranging all subcarriers
in order of the SNR, the achievable rate as a function of
thenumber of selected subcarriers becomes a concave
function. Consequently, an efficient sequential search
method such as the golden section search method [8] can
be used to find the optimal number of active subcarriers
maximizing the transmission rate with low complexity

even for a large number of subcarriers.

II. System Model

Consider an OFDM system with N subcarriers. Let us

define an active subcamier set A4 in which K.
subcarriers are selected from N available subcarriers. The

high-speed data stream is demultiplexed into several K.

independent substreams. The number of simultaneous
adjusted to the fading
environments. Thesubstreams are then separately coded

substreams  is according

and mapped to symbols. The coding and modulation are

subject to the feedback information M 4i, which denotes
the specific MCS of the substream transmitted via the i
th subcarrier in A. The total transmit power fr is

uniformly distributed over K, independent substreams.

The signal at the receiver is given by

y= iHAx+n,
VKA 18Y)

where Hu=diaglh - hic} | Here, Hu is the
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channel gain for the ith subcarrier in 4. A K, x1

received signal vector is denoted by Y and n is a
K ,x1additive white complex Gaussian noise vector. The

transmit signal is a K4*1 vector denoted by x in which

PT
the ith element represents the symbol multiplied by \/K:A
and transmitted from the ith subcarrier in 4. The active
subcarrier set A4 and the corresponding MCS set

M, =M M ,x,} are chosen at the receiver and are

s
sent back to the transmitter using feedback for transmit
parameter optimization.

The channel capacity of H. when an equal transmit

i
power of % is allocated to K. subcarriers belonging to

A is given by

P, 1
C[HA’K_T]:ZN]OgZ
A
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The channel gain to noise power ratio for the nth
L. H =i 2,
subcarrier is denoted by “'» 7~ o?%, where 9. is the
variance of additive white Gaussian noise and Bis the
overall available bandwidth. The optimal active basis set
Amaximizing the capacity cannot be found analytically

and, furthermore, an exhaustive search over all possible

4 }j=1«--,2'“—1 is prohibitive for practical implementations
for large N [7].
adaptive subcarrier selection algorithm to select the

Thus, we derive an ordering based

optimal active subcarriers with low complexity.

III. Capabity Maximizing Subcarrier Selection

We arrange N subcarriers in order of the channel gain
to noise power ratio as follows:
H 2H, 2--2H_. 3)

At low SNR, the capacity supported by the subcarriers

{knkz"'"k.r},

belonging to A= in which the x
subcarriers with the highest channel gain to noise power
ratio are selected among N subcarriers, can be expressed

by Taylor series approximations as follows:

BY.1<B, _B
C(H“"szW;xH TR @)

where the arithmetic mean of the channel gain to noise
power ratio of the x active subcarriers is denoted by

FKX):ZL%Hk”. Equation (4) above shows that the
approximated capacity is a function of the arithmetic
mean of the received SNRs of the xactive subcarmiers.
Therefore, the approximated capacity is an nonincreasing
function of the number of the active subcarriers because
() 2F(2)2--2F(N), As a result, the capacity is a
quasiconcave function of the number of the active
subcarriers because a function is quasiconcave if and only
if either it is nondecreasing, or it is nonincreasing [8].
>H,, ,

Particularly, in the case of iy >H, >

single-carrier transmission by the ki th subcarrier achieves
the optimal capacity.
At high SNR, the capacity supported by the

subcarriers belong to 4. can be approximated as follows:

C(Hq, ) ;lZIog2 H, %Fz(x), )

x B :
where (¥ =2, log, T H, According to the

concavity property, if and only if &/ () <0 then /()
is a concave function [8], the approximated capacity is a

. b
concave function because T HM<0 for x>1. The

capacity gain obtained by sclection of the x+1

subcarriers over the X subcarriers is defined as
G+lx)=3(FR(x+D-F() and the
G(x+L,x)>0 ig

condition
guaranteeing the capacity gain, ie.,
given by ‘
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The condition shows that increasing the number of the
active subcarriers by one can enhance the capacity as
long as the received SNR of the newly activated

subcarrier, H k. Is larger than a threshold, (1+f)x,
which is a steadily increasing function of xand increases
from 2 to the natural logarithmic base, €, as x increases.

L 3 . . 3
Since w7, is steadily decreasing with x, a value may

exist at which x satisfies %Hk,.l S(“’f)x, and over
which increasing X decreases the capacity, at an interval
(1, N=1]. Otherwise, at very high SNR where TH,, >e,
the capacity is an increasing function of x, and thus,
N subcarriers
achieves the optimal capacity. In both approximated

multi-carrier transmission by all the

cases, the capacity achieved by selecting the subcarriers
with the highest SNRs is a quasiconcave or a concave
function of the number of the active subcarriers, and thus
the capacity can be maximized by opthniziﬂg the number
of the active subcarriers according to the received SNR.

Based on the above observations, we derive an
ordering based subcarrier selection algorithm with low
complexity. For rate adaptation per subcarrier, a channel
capacity approximation based allocation scheme that
“rounds off the rate from an approximated Shannon
capacity is considered [3]). The available rates are

assumed to be 9,29, and so on, where 9is the interval

between rate quantization levels. The achievable rates
obtained by selecting x subcarriers with highest SNRs

among all N subcarriers is given by

R(x) zil{w].q’

o N €]
where
B
=1-H, .
Vi * K _ ®)
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Here, T'is a gap reflecting the capacity loss resulting
from a finite-length coding with non-zero error rates and
is a function of the target bit error rate (BER) and coding

method. [ ¥ ] is the largest integer that is smaller than or
equal to V.

Based on the above proofs of quasiconcavity or
concavity of the capacity supported by the active
subcarriers, if 9is assumed to be small enough for fine
R(x)

achievable rate becomes a

granuality, the
quasiconcave or a concave function in an interval [L V]
and has only one maximum in [l,¥]. Finding x°, where
R(x) reaches a maximum, leads to the optimal active
subcarrier set A4, as follows:

A=Yk kyyerk kY. ©

[ L

Due to quasiconcavity or concavity of R(x), an
efficient sequential search method, such as the golden
section search method [9], makes it possible to find x*

with low complexity even for a large N.

IV. Numerical Results

The capacity of the proposed scheme is investigated in
this section. An OFDM system with N =128 subcarriers
is considered. The interval between rate quantization
levels is assumed as 9=1/2, The system may use a
block turbo coded M-QAM with a target BER 107, and
therefore T =1.95(2.9dB)[9]. In the simulations, we use
six-path frequency selective Rayleigh fading channels
with an exponential power delay profile and a decaying
constant of one.

Fig.l shows the achievable rate R(x) in (9) averaged
over 10,000 channel realizations as a function of the
ordered subcarrier index x, which represents an active
subcarrier set consisting of N —(x—1) subcarriers with
highest SNRs among N subcarriers. The results show that
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Fig.1. The average achievable rate as a function of the number of active subcarriers.

-

j

[
o
—
(5]
Q
[11]
[17]
c @ v
O = ]
2E
% © ' _
(5}
88 c . :
=2J05 ' '
o 0 = [l Il
520 " !
Fre=--="=1=~=="==r===-=-= Fr====-= hl
M%M ) 1 \ h
aa®© 1 . . .
aosl _ ! ! !
i b D
emm 1 ] ] [ 1
BES al ' ' ' '
9TE 2 ! ! ! _
U.EE w-r--:._|.....r...|-_....-.._ .",
. _ : _
OBE Z[) ) ' ' ' '
2 uw|; " " ' ' '
' ' ' ' : '
++H_u+ ) 1 ' + ' )
! _ ! ' ! _
_ ! ! : ! _
! ! ! : ! _
, ! _ ! ' : _
1 1 1 L i I 1
W M W N - W
o™ (o] — o

(zH/sda] Awuaiy3 leniads

20

15

10

Average SNR [dB]

Fig.2. Transmission rate comparison between subcarrier selection schemes.
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the average achievable rate is a concave function of the
number of selected subcarriers. As the average received
SNR increases, the number of active subcarriers
maximizing the achievable rate increases, which coincides
with the observations at extreme SNR cases in section III.
Transmission rate comparisons between subcarrier
selection schemes are shown in Fig. 2. For reference, the
transmission rates achieved by the equal power allocation
scheme and the water-filling approach, when the capacity
loss from the non-zero error rate and the rate quantization
_is considered, are presented. Equal power allocation with
both the proposed ordered subcarrier selection and the
water-filling based subcarrier selection [3] schemes are
also considered. The proposed ordered subcarrier selection
scheme shows an enhancement in the transmission rate
over the water-filling based subcarrier selection scheme
that provides comparable transmission rates with the
water-filling power allocation approach. The results
indicate that the proposed ordered subcarrier selection
algorithm provides an optimal solution in the realistic
case where rate quantizationis required. The proposed
subcarrier which
quantized achievable rates over possible active subcarrier

selection  scheme, compares the
sets, can choose the optimal active subcarrier set that
maximizes the quantized sum rate provided by the active
subcarriers. On the other hand, the water-filling based
subcarrier selection scheme [3] selects subcarriers with
higher SNRs than a certain threshold, which is derived
from the water-filling solution. However, in the threshold,
the effect of rate quantization cannotbe included. In' the
case of no rate quantization, both algorithms show
identical transmission rates. Furthermore, the capacity
difference between the proposed subcarrier selection and
the equal power allocation indicates that the proposed
subcarrier selection can provide considerable capacity
enhancement with only additional feedback information
on the active subcarriers.

V. Conclusion

In this paper, we propose an adaptive subcartier
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selection scheme, which provides higher ‘capacity than
that obtained by water-filling approaches, even with
limited feedback. Based on a capacity criterion, the active
subcarriers and their MCSs are selected at the receiver,
and sent back to the transmitter using limited feedback.
Furthermore, an efficient ordered subcarrier selection
algorithm considering rate quantization is proposed to
select the optimal active subcarriers with considerably
reduced complexity. Numerical results show that the
proposed ordered subcarrier selection algorithm provides
an optimal solution in the realistic case where rate
the proposed
can provide

quantization is required. Furthermore,
subcarrier
considerable capacity enhancement over the equal power
with additional feedback
information on the active subcarriers.

adaptive selection scheme

allocation scheme only
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