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ABSTRACT

In wireless access systems, there has been much interest in enhancing the performance of orthogonal
frequency division multiplexing OFDM) in a frequency selective fading channel. If the channel is static and is
perfectly known to both the transmitter and the receiver, the water-filling technique with adaptive modulation is
known to be optimalm. However, for OFDM systems, this requires intensive traffic overheads for reporting
channel side information on all subcarriers to the transmitter. In this paper, we propose an adaptive modulation
and coding scheme for bit-interleaved coded OFDM (BIC-OFDM) for downlink packet transmissions with
reduced feedback information. To minimize the feedback information, we employ a rate adaptation method based
on the OFDM symbol rather than on each subcarrier. To illustrate the performance gap between the optimal
water-filling and the proposed scheme, we will compare cutoff rates for both schemes. It is shown that the loss
is less than 2dB while the proposed scheme significantly reduces the feedback payloads. Also, the OFDM system
in multiuser environment with subcarrier grouping is considered. It is shown that by exploiting multiuser
diversity the throughput of the proposed scheme approaches the channel outage capacity as the number of users

and the number of subcarrier groups increase.
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I. Introduction

For high speed wireless packet communication
systems, we need to combat the intersymbol inter-
ference caused by frequency selective channels.
Orthogonal
Multiplexing (OFDM), wideband transmission is

By  using Frequency  Division
possible over frequency selective fading channels
without applying equalizers. In addition, bit-inter-
leaved coded modulation (BICM) offers good di-
versity gains with higher order modulation
schemes using binary convolutional codes™.
Bit-interleaved coded OFDM (BIC-OFDM) which
combines the OFDM system with the BICM has
been applied to a wide range of wireless stand-
ards such as IEEE 802.11a wireless local area
network (WLAN)Y.

When the channel is assumed to be quasi-stat-
ic, adaptive modulation and coding (AMC) is a
powerful technique to enhance the link perform-
ance for packet transmission systems[4]. The basic
idea behind the adaptive transmission is to adapt
the transmission power level, channel coding rate
and/or constellation size to the current channel
state. In the OFDM case, the water-filling with
adaptive modulation is known to be optimal if the
channel side information (CSI) is perfectly known

to the transmitter'’

. However, this requires in-
tensive traffic overheads for the feedback channel
to report either the CSI or bit loading information
on all subcarriers to the transmitter.

In this paper, we propose an AMC scheme for
the BIC-OFDM system which requires reduced
feedback information (FI) for downlink packet
transmissions. The proposed scheme significantly
reduces the amount of the feedback payloads by
employing a rate adaptation scheme based on the
individual OFDM symbol rather than on each
subcarrier. With the proposed scheme, each user
equipment (UE) computes the maximum achiev-
able spectral efficiency based on the instantaneous
channel capacity over one OFDM symbol and re-
ports the selected modulation and coding scheme
(MCS) level index for the corresponding spectral

efficiency.
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To evaluate the performance loss compared
with the optimum system with full FI, we first
analyze cutoff rates for both the proposed scheme
and the optimum water-filling (WF) scheme. We
will show in the simulation section that the per-
formance of the proposed scheme comes within
2dB of the WF scheme while significantly re-
ducing the amount of FIL.

Next, we consider a multiuser environment
where the bandwidth efficiency is defined as the
number of users that can be supported simulta-
neously per cell [5]. It is clear that by reducing
the FI amount the bandwidth efficiency for multi-
ple access system improves. Therefore, the pro-
posed scheme allows us to accommodate more
users than the WF scheme with the same band-
width efficiency. In addition, the subchannel
grouping further enhances the system throughput
by decreasing the probability that symbols are
transmitted in deep fadings.

The paper is organized as follows: In section
I, the system model for the proposed adaptive
BIC-OFDM is presented. The proposed AMC
scheme with reduced FI is presented in section III
In this section, we illustrate a simple rate deci-
sion scheme and provide the cutoff rate of adap-
tive BIC-OFDM systems. Then, we extend the
proposed rate adaptation scheme to the multiuser
environment by employing subcarrier grouping.
Finally, the simulation results and conclusion are

presented in section IV and V, respectively.

. System Model

We consider an OFDM system with N sub-
carriers transmitting information sequences modu-
lated by BICM"”. The BICM achieves the diver-
sity gain in the frequency domain through channel
coding. The BIC-OFDM is constructed by con-
catenating a binary convolutional encoder with a
memoryless mapper through a bit-level interleaver.
After a one-to-one binary labeling map, symbols
in M-QAM are then serial-to-parallel converted
and modulated by the inverse Fourier transform
(IFFT) block.
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Fig. 1 System model for the adaptive BIC-OFDM

Figure 1 shows the system model of the adaptive
BIC-OFDM systems. As shown in the figure, the
transmission rates and power levels are controlled

based on the FI obtained at the receiver. For
the proposed rate adaptation scheme, the MCS
level is determined by the AMC controller at the
receiver with the constraint of the fixed transmit
energy E; on all subcarriers. Each MCS level !/

(I=1,"-",lmax) consists of a convolutional encoder,

c'(He{c C/} and the M()-QAM signal

set with M(1)=1og, M (e {l~.m .} where M)
denotes the QAM constellation size of the [th
MCS level. Since the proposed rate adaptation
scheme is based on one OFDM symbol, the re-
quired FI reduces to the determined MCS level
index only. For the MCS level I, the spectral ef-
ficiency can be written as Rr=R.(})log2M(l)
(bps/Hz) where R.(l) enotes the coding rate of the

channel encoder C (1),

With FFT at the demodulation, the received
signal at the $n$th subcarrier at the ith time slot
after removing the cyclic prefix (CP) is given by

Yni = Hpui Sni + zni wWhere s,; is the transmitted
signal at the nth subcarrier, z,; denotes an in-
dependent, identically distributed (i.i.d) complex
additive Gaussian noise with variance o® per com-
plex dimension and H,; represents the equivalent

channel frequency response.

In this channel model, we make the following
assumptions. Considering the time domain channel
impulse response from the transmitter to the re-
ceiver, a frequency selective fading channel can

be modeled as

L-1

h(t,r):gﬁ(loitﬁ(f‘%) N

o

where the channel coefficient N(P1) are in-
dependent complex Gaussian with zero mean
(Rayleigh fading), 7 stands for the propagation
delay for the pth channel tap, L denotes the num-

ber of channel taps, and 5 () represents the
Dirac delta function.

Both fast fading (i.e. uncorrelated fading co-
efficients in time) and block fading (i.e. static
fading coefficients over a block of transmitted
symbols, independent over blocks) are possible for
this channel model. For the adaptive transmission,
the CSI is assumed to remain unchanged during
one packet transmission. Hence, we will concen-
trate on the block fading model and omit the
time indices i and ¢ for simplicity. This gives rise
to the channel frequency response at the nth sub-

carrier can be written as

Lt . 2nnt
H, =Zh(p)exp(—j NT "]

p=0

where N(P) denotes the pth tap of the channel
response from the transmitter to the receiver and
T represents the sampling period. Note that |H,| is
Rayleigh  distributed and is correlated in
frequency. Throughout this paper, we assume that
the CSI is perfectly known at the UE side. Also,
we consider a single cell system, thus neglect the
interference from neighboring cells.

At the receiver in Fig. 1, the maximum like-
lihood (ML) soft bit metrics for the received
symbol y, are computed by the demapper. These
values are de-interleaved and used as the input to
the channel decoder to determine the transmitted

information sequence.
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M. Adaptive BICM System with
Reduced FI

In this section, we propose an AMC scheme
for the BIC-OFDM with reduced FI. We first
propose a rate adaptation scheme and then consid-
er a multiuser scheduling with subcarrier grouping

to exploit the multiuser diversity.

3.1 Rate Adaptation Scheme for BIC-OFDM

Systems

The proposed scheme utilizes the channel ca-
pacity with a given channel realization. The in-
stantaneous channel capacity of the OFDM system

with N subcarriers can be expressed as

@

The rate adaptation problem in this paper is
equivalent to maximization of spectral efficiencies
subject to the fixed transmission power and rate
on all subcarriers. The instantaneous capacity rep-
resented in (2) provides the maximum achievable
transmission rate for given channel responses. For
the proposed scheme, the UE determines the

transmission rates by averaging the instantaneous

channel capacity with a constant channel gap I’

" Define R*:{Rl’“.’leax} as a set of all possi-
ble spectral efficiencies in the AMC table which
is constructed from channel code rates and modu-
lation levels. First, UE determines the transmission

H :{Hm"'l HN—l}

rate for given as

R(H):arggllg

18 E |H,
R —-=> log,| 1+—=—"—
' anf; 92( o’T

where the average symbol energy for each
M-QAM constellations is normalized as Ej.
Then, the UE reports the MCS level index cor-

responding to the determined rate R(H) to the
BS. Based on this information, the BS generates

physical layer frames with selected code rates and
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modulation levels. Due to the frequency selectivity

of the channel, the received symbols at each
subcarrier normally exhibit different received sig-
nal to noise ratios (SNR). The BIC-OFDM miti-
gates the fluctuation by employing the AMC over
the OFDM symbol.

For the proposed scheme, the amount of required

FI is only [10g, |y | bits, irrespective of N, which
is the number of bits required to represent one of

Imax MCS levels. Here, [2] denotes the smallest in-
teger no less than a. In contrast, for the WF case,
the amount of FI increases as the number of sub-
carrier increases. Assuming that the water-filling

optimization is carried out at the UE side, the WF

scheme requires N ([og, My, T+ Nq) bits in total for
the amount of FI in the uncoded case where N, de-
notes the number of bits to represent the quantized
power level.

Now, to compare the theoretical performance of
the proposed scheme with that of the optimal WF
scheme, we analyze channel cutoff rates for both
adaptation schemes. The cutoff rate provides a
practical achievable information rate when employ-
ing a finite complexity detection scheme. The cut-
off rate of a BICM scheme can be computed
from the Bhattacharyya bound on the average bit
error probability of the parallel channel model™
in the absence of codingm. Theoretically, the cut-
off rates can be obtained as the ergodic average
of the instantaneous cutoff rates in i.i.d. fading
channels with an infinite length interleaver to sat-
isfy the assumption of the parallel channel model.
In contrast, for the BIC-OFDM, the transmitted
symbols for each subcarrier experience correlated
fadings in frequencies. Therefore, the cutoff rate
of BIC-OFDM should be computed by averaging
the instantaneous cutoff rate over one OFDM
symbol[sl,

The instantaneous cutoff rate Ry of a dis-
crete-time channel generated by the BIC-OFDM
with M-QAM can be written as [9]

R, (H)=m(1-log, (1+E,[P(b>B bH)]))

www.dbpia.co.kr
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where m=log,M.
For the ideal water-filling, the number of bits
loaded in the nth subcarrier, m,(H,), can be de-

termined by

mn(Hn):{logz(HES'O_'j"le

where |2 indicates the largest integer not ex-
ceeding a. Denote Znv as a set of M-QAM sig-

nals whose ith bit is b (i € {1,~-,m}’ be {0'1}).
By employing the Bhattacharyya union

bound to represent the transition error proba-
bility in (3), the instantaneous cutoff rate for the

WF scheme can be expressed as
WE 1 N-1
R! (H):szn(Hn)(l—logz(uB(Hn,mn(Hn))))
n=0

where the Bhattacharyya factor B(Hn'mn(Hn))

is computed by

B(Hn’mn(Hn)):%iEb,y

In contrast, for the proposed scheme, the num-
ber of bits loaded on each subcarrier is set to be
the same over one OFDM symbol. For the ideal
case, the maximum achievable spectral efficiency

can be written as
- 1 E |H |2
m(H )=|—) log,|1+—=——-""—
n( n) \‘N HZ:; gz[ O_z .

. RAMC
Then, the instantaneous cutoff rate o for

the proposed scheme is given by

RDANc(H)=rﬁ](Hn)%g‘(l—logz(HB(Hn,rﬁ](Hn)))).

3.2 Multiuser Scheduling with Subcarrier
Grouping
Now, we consider multiuser environments to

U0 The multiuser

exploit the multiuser diversity
diversity gain increases with the number of users
simultaneously accessing the BS. Since the re-
quired FI for the proposed scheme is only the

selected MCS level index, a larger number of
UE’s can report the FI using the bandwidth allo-
cated for the feedback channel. In this case, the
multiuser diversity can be obtained by an oppor-
tunistic scheduling[w]. For simplicity, in this paper,
all users are assumed to have the same statistics
for channel conditions.

Suppose that K users are in a cell and each
user has sufficient data stream in its waiting
queue. Let R denote the data rate requested by
the user k. By a greedy scheduling'", the BS se-
lects a user with the highest R; among all the da-
ta rates reported from every users. Extension to
the proportional fair scheduling proposed in [12]
is straightforward. The proportional fair scheduling
algorithm utilizes asynchronous channel variations

by selecting users with the maximum value of

Rk/Ravg,k where R

ag.k  denotes the moving
average of the data rate at which the user has
been served in the previous time slots. This
scheduler assigns the transmission to the user with
the best channel condition, while providing ap-
proximately the same number of time slots to all
users.

Now, in order to further improve the perform-
ance of the multiuser scheduling, we propose a
method of subcarrier grouping. By dividing the
whole subcarrier into several groups and allocating
each subcarrier group to the users with the most
favorable channel condition, the probability that
symbols experience deep fadings reduces as the
number of groups increases. Therefore, perform-
ance can be improved by avoiding the trans-
mission through subcarriers with

unfavorable channel conditions.

To this end, total N subcarriers are divided in-

to G groups. Denoting G*g as a set of the pre-
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www.dbpia.co.kr



241513 =52 °08-02 Vol. 33 No. 2

determined subcarriers assigned for the gth group
(g=0,1,---,G-1), the kth user computes the achiev-

R

able data rate "k.g for all groups as

5 s G E |Hy [
Reg =argmin|R N > Iogz(lJrT

“
neGy

k
where Hi represents the channel frequency re-

sponse at the nth subcarrier of the kth user. Here,
we assume that the number of subcarriers in each
group is the same for simplicity. Then, UE re-
ports the determined MCS level index for all

groups corresponding to Ris to the BS. At the
BS, the user to transmit a packet on the gth sub-
carrier group is selected by the one with the

R

maximum kg . In this case, the required FI

amount for K users becomes | 100l [XGXK
This is still much less than the FI amount re-
quired for the WF scheme. When sufficient users
request packet transmissions simultaneously, it can
be assumed that at each subcarrier group, there
exists at least one user who wants to transmit
packets. In this case, the FI amount can be fur-
ther reduced by reporting only the best MCS lev-
el among all subcarrier groups at each user. By
doing this, the amount of FI considering K users

reduces to (|7|ng Imax—|+ﬂ092 G—D>< K .

Considering the multiuser scheduling for the
WF scheme, the WF process can be performed
by either the BS or the UE. When the base sta-
tion performs the WF process, the required FI is
increased by K times compared to that of the sin-
gle user case. This amount of FI may be too
large to be handled in practical systems due to
the limited bandwidth for the feedback channel.
In contrast, if the WF process is performed at the
UE and reports the loading information on sub-
carriers, it is difficult to control the transmit pow-
er constraint since each UE does not know the
bit and power loading information for other users.
Therefore, the multiuser scheduling with the WF

112
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Table 1. AMC Table for simulation
| Ri Rc Modulation
1 1 bps/Hz 1/2 QPSK
2 2 bps/Hz 1/2 16-QAM
3 3 bps/Hz 3/4 16-QAM
4 4 bps/Hz 2/3 64-QAM
5 4.5 bps/Hz 3/4 64-QAM
6 5 bps/Hz 5/6 64-QAM

scheme may be inappropriate for the system with
bandwidth limited feedback channels. In contrast,
as the proposed scheme does not need to perform
the WF process, it can be easily applied to prac-

tical multiuser environments.
IV. Simulation Results

In this section, we present simulation results
for the proposed method. We consider the OFDM
system with N=512 subcarriers and the cyclic pre-
fix length is set to 128 samples. A 5 tap ex-
ponentially decaying channel profile is assumed
for all users. The AMC table used for simulations
is listed in Table 1.

For the channel coding scheme, a 64 state
punctured convolutional code is employed where
higher rate codes are obtained by puncturing the
R.=1/2 mother code™. Over 10,000 frame trans-
missions are simulated to measure the system
throughput. In evaluating the performance of each
AMC scheme, we adopt the “goodput” to measure
the system throughput by counting information
bits in decoded frames with correct cyclic re-
dundancy check (CRC) in the automatic repeat re-
quest (ARQ) mechanism".

In Fig. 2, we exhibit cutoff rates of the pro-
posed scheme and the ideal WF scheme. Here,
the maximum modulation level is set to M=64.
As shown in the figure, the performance loss is
relatively small, while the proposed scheme sig-
nificantly reduces feedback payloads. The pro-
posed scheme shows about 2 dB loss compared
with the WF scheme at the spectral efficiency of
2.5 bps/Hz.
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Fig. 3 shows the goodput in the single user
case. For comparison, we also plot the results of
the WF schemes both in the uncoded and the
coded cases. For the coded case, we illustrate the
result of the adaptive BIC-OFDM proposed in
[15] which performs the Levin-Campello algorithm
to obtain the bit loading on each subcarrier with
modified channel gap I' considering the mini-

mum free distance of the convolutional code. For

the proposed scheme, the channel gap I is set
to be 8 dB to satisfy the 1% frame error rate.
As shown in the figure, the proposed scheme
shows the performance loss of about 2 dB at the
spectral efficiency of 2.5 bps/Hz, which is con-
sistent with the result of Fig. 2. It should be,
however, noted that the amount of feedback re-
duces to the MCS level index. Employing the
AMC table in Table I, only 3 bits of FI are suf-
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Fig. 4 Effect of the number of users and groups

ficient for the proposed scheme, while 512 x
(2+6)=4096 bits should be reported for the un-
coded WF scheme if N,=6 bits are assumed to
quantize the power level for each subcarrier.

Since the required FI for the proposed scheme
is significantly reduced, a larger number of users
can share the bandwidth allocated for the feed-
back channel.

In Fig. 4, we plot the performance of the pro-
posed scheme with the greedy scheduling with the
subcarrier grouping to illustrate the performance in
the multiuser case. As can be seen in this plot,
dividing the whole subcarrier into several groups
exhibits significant performance gains. Thus the
proposed schemes show considerable improvements
in terms of the goodput by accommodating multi-
ple users and thus approach the 1% outage ca-

pacity as K and G increases.
V. Conclusion

In this paper, we propose an AMC scheme for
the BIC-OFDM system which can reduce feedback
control channel overheads significantly. The re-
duced FI improves the overall system bandwidth ef-
ficiency, thus a larger number of users can be ac-
commodated with the same bandwidth efficiency. In
addition, we propose a subcarrier grouping based
multiuser scheduling scheme utilizing the proposed
AMC scheme. Simulation results show that the pro-
posed methods exhibit considerable performance

improvements with a reasonable complexity.
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