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Abstract—This paper explores the implementation of adaptive
coding and modulation schemes for Multiple-Input Multiple-Output
Orthogonal Frequency Division Multiplexing (MIMO-OFDM) feed-
back systems. Adaptive coding and modulation enables robust and
spectrally-efficient transmission over time-varying channels. The ba-
sic premise is to estimate the channel at the receiver and feed this es-
timate back to the transmitter, so that the transmission scheme can be
adapted relative to the channel characteristics. Two types of codebook
based channel feedback techniques are used in this work. The long-
term and short-term CSI at the transmitter is used for efficient channel
utilization. OFDM is a powerful technique employed in communi-
cation systems suffering from frequency selectivity. Combined with
multiple antennas at the transmitter and receiver, OFDM proves to be
robust against delay spread. Moreover, it leads to significant data rates
with improved bit error performance over links having only a single
antenna at both the transmitter and receiver. The coded modulation
increases the effective transmit power relative to uncoded variable-
rate variable-power MQAM performance for MIMO-OFDM feedback
system. Hence proposed arrangement becomes an attractive approach
to achieve enhanced spectral efficiency and improved error rate
performance for next generation high speed wireless communication
systems.
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OFDM, Codebooks, Feedback.

I. INTRODUCTION

HE use of multiple antennas at the transmitter and

receiver is by now a well recognized technique to achieve
high data rates in wireless communications [1]-[4]. The radio
spectrum is scarce and expensive resource, hence efficient
channel utilization techniques are required to support high data
rates. The multipath characteristics of the environment cause
the MIMO channels to be frequency selective. For frequency
selective deep fading, MIMO system remains ineffective.
OFDM, a multicarrier transmission scheme, is well recognized
for its potential to attain high rate transmission over frequency
selective channels [5]. It can transform such a frequency-
selective MIMO channel into a set of parallel frequency-
flat channels. Implementing space resources based on OFDM
i.e., MIMO-OFDM can provide higher data rates [6]. Thus
the combination of the two powerful techniques, MIMO and
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OFDM, is very attractive and promising broadband wireless
communications scheme [7].

Adaptive modulation and coding enables robust and
spectrally-efficient transmission over time-varying channels
[8]-[17]. The basic premise is to estimate the channel at
the receiver and feed this estimate back to the transmitter,
so that the transmission scheme can be adapted relative to
the channel characteristics. Modulation and coding techniques
that do not adapt to fading conditions require a fixed link
margin to maintain acceptable performance when the channel
quality is poor. Thus, these systems are effectively designed
for the worst-case channel conditions. Since Rayleigh fading
can cause a signal power loss of up to 30 dB, designing for
the worst case channel conditions can result in very inefficient
utilization of the channel. Adapting to the channel fading can
increase average throughput, reduce required transmit power,
or reduce average probability of bit error by taking advantage
of favorable channel conditions to send at higher data rates or
lower power, and reducing the data rate or increasing power
as the channel degrades.

Wireless channels are constantly changing due to multi-
path, movement of the receiver, and also the changes in
environment. Having knowledge of the channel prior to the
transmission is very valuable. It enables the transmitter to
exploit the channel in the best possible way. CSI is fed back
to the transmitter as CSIT [18]. A multitude of different
transmission techniques have been proposed in literature,
especially for the special cases of full CSIT and no CSIT. The
throughput can be significantly improved if CSIT is available.
CSIT helps in adapting the transmitted signal to the time
varying channel. Obtaining CSIT for MIMO systems require
considerably higher amount of bandwidth than SISO systems
to transmit CSI back to the transmitter, as there are multiple
antennas and a large amount of CSI has to be sent back to the
transmitter. Since CSI is estimated at the receiver so it has to be
communicated to the transmitter using as few bits as possible,
thus utilizing the minimum possible bandwidth. Hence low
rate channel feedback schemes are required [19]-[24]. Also,
the channel is continuously varying and CSIT becomes con-
tinuously outdated, therefore a continuous feedback is required
from the receiver to maintain a specific performance level.

II. RELATED WORK

In order to send the CSI back to the transmitter in MIMO
systems, several techniques have proposed. Low rate channel
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feedback techniques [19]-[24] include Channel Norm feed-
back techniques [25] and Codebook based channel feedback
techniques. The scope of this paper is to discuss codebook
based feedback techniques. The codebook based techniques,
proposed by Tung [26], combine long-term and low-rate short-
term CSI over correlated MIMO channels which increase the
expected rate as compared to techniques using only short-term
CSI or only long-term CSI. The long-term CSI is collected in
the form of an estimated covariance matrix of the Rayleigh
fading channel statistics and the eigenvectors of the resulting
covariance matrix are used as the unitary matrix. The work
presented here is based on the work of [26]-[29], and is
extended to MIMO-OFDM feedback systems combined with
adaptive modulation and coding.

The paper is organized as follows. In section III, the overall
system model of coded adaptive MIMO-OFDM feedback
system is presented with comprehensive description. In this
section, we also highlight codebook based channel feedback
techniques including decorrelating linear transformation and
feedback index selection. SVD technique for MIMO-OFDM
subcarriers is also demonstrated in this section. Section IV
presents meticulous discussion of adaptive transmission tech-
niques including adaptive coding and MQAM adaptive mod-
ulation. Section V presents comprehensive simulation results
and comparisons to highlight the overall performance gain.
Finally concluding remarks are presented in Section VI.

III. SYSTEM MODEL

Fig. 1 represents the overall system block diagram of a
generalized MIMO-OFDM system with N, transmit and N,
receive antennas. The modulator maps the input to a complex
constellation symbol relative to the number of bits on the
input of the modulator. In this adaptive modulation system, the
modulator is designed as a function of measured channel char-
acteristics. For a subchannel with high SNR, modulation order
such as 64-QAM is used to increase the data rate. Similarly,
a lower modulation order such as QPSK is performed on a
poor subchannel to reduce the error rate. The OFDM symbols
transmitted vector is represented by s, and the components of
white noise n are complex Gaussian with zero mean and unit
variance.

Fig. 2 shows the block diagram of the codebook based
channel feedback model. H € CN-*N¢ represents the complex
channel matrix, where Ny and N, represent the number of
transmit and receive antennas respectively. W; represents the
precoding matrix which comes from the codebook W;. U
represents a unitary matrix and I € {0,...,2% - 1} is the index
of the precoding matrix, where K is the number of feedback
bits. The system model can be written in the form

y=HUW;s+n (D

A. SVD of MIMO Subcarriers

Channel matrix singular value decomposition (SVD)
method is employed in MIMO-OFDM systems in order to
overcome subchannel interference. It allows to allocate the
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transmitted bit and power through the subchannels in an
optimum manner. The SVD technique can be directly applied
to the MIMO channel decomposition when perfect CSI knowl-
edge is available at the transmitter side. The MIMO channel
can be decomposed into a set of parallel SISO channels by
applying a unitary pre-filtering and post-filtering matrix to the
transmitted and received signal respectively [30], as shown
in Fig. 3. In the notation of matrices, the matrix H has the
singular value decomposition:

H; = US; V7 (@)

Now, if we use a transmit precoding filter V; and a receiver
shaping filter U;, the equivalent MIMO channel between the
IFFT and FFT blocks decomposes into parallel subchannels.
Therefore, we can use each parallel subchannel’s SNR to
specify the number of bits and energy allocated. In general,
each precoder and shaping matrix will be different for different
subchannels. The optimization problem will be larger for
MIMO channels than in SISO case, but the decomposition has
allowed us to proceed without any changes to the optimization
algorithm [30].

B. Codebook based Feedback Techniques

Codebook based techniques represent a class of CSI feed-
back schemes in which transmitter and receiver has the same
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Fig. 3. SVD in MIMO-OFDM

set of codebooks available. The two feedback techniques con-
sidered in this paper are described in [26]. The codebooks con-
tain precoding matrices W, and transmit covariance matrices
Q);, where 1 is the feedback index. The size of the codebook
depends on the number of feedback bits. The codebooks are
optimized using convex optimization techniques. The training
algorithm for generation of codebooks is demonstrated in [26].

1) Decorrelating Linear Transformation (DLT): The first
technique uses the long-term channel statistics to perform
a unitary transformation of the channel coefficients. DLT is
based on estimating the unitary matrix from the long-term
channel statistics. This linear transformation will decorrelate
the channel coefficients which results in a more efficient
codebook. The main point of DLT is that the transformed CSI
can be transmitted back to the transmitter with low overhead.
It decouples the channel and increases the capacity of the
channel. The Covariance matrix RT?, estimated from long-
term channel statistics, is given by

RT® = % > HY(n)H(n) 3)

nenN

where H is the MIMO channel matrix. Singular value
decomposition of RT* gives UT® and D according to the
following relation.

UTmDTw(UTw)H —_ RTJ; (4)

where UT? is the decorrelating matrix calculated using the
available channel statistics.

The second feedback technique uses only the low-rate short-
term CSI. It is dependent on the feedback obtained from the
receiver. Unlike the first technique, it only depends on the
instantaneous CSI. It does not rely on the long-term statistics
of the channel like the first technique. Here we do not need to
estimate the decorrelating unitary matrix. Hence this technique
is not computationally as rigorous as the first one. Though

this technique bears shortcomings interms of throughput as
compared to the first one.

2) Index Selection: Two different methods can be used for
the selection of the feedback index described in [26]-[29].
First one is the mutual information based index selection, and
second one is based on channel norm. Mutual information
based index selection is a useful method when using adaptive
modulation and coding. While channel norm based index
selection is useful when fixed modulation and coding is used.

In Mutual Index Selection (MIS), the index is selected based
on the Shannon Capacity equation. This scheme was used
in [26]-[29], and the codebooks have been designed for this
scheme. In this method, the Index corresponding to precoding
matrix WW; which gives the highest expected rate is denoted by
1. The following relation shows the feedback index selection
in MIS

I = argmaxdet(Iy, + HUQ, U HM) (5)

where
Qi=Ww,WwH (6)

Channel Capacity is calculated for all the transmit covari-
ance matrices (); in a particular codebook. The index of
the matrix which gives the best performance for that sample
instant is sent back to the transmitter. The respective transmit
covariance matrix @); is used in the next transmission.

IV. ADAPTIVE CODING AND MODULATION
A. Adaptive Modulation

The advantage of OFDM is that each subchannel is rela-
tively narrowband and is assumed to have flat-fading. How-
ever, it is entirely possible that a given subchannel has a low
gain, resulting in a large BER. The variation in fading statistics
among different subcarriers in OFDM channels suggest that
some good subcarriers with high channel power gain can be
made to carry more bits and be allocated with less transmission
power, and vice versa for relatively weaker subcarriers [32].
Thus, it is desirable to take advantage of the subchannels
having relatively good performance.

The optimal adaptive transmission scheme, which achieves
the Shannon capacity for a fixed transmit power is the wa-
terfilling distribution of power over the frequency selective
channel [30]. However, while the waterfilling algorithm will
indeed yield the optimal solution, it is difficult to implement
practically.

Two adaptive loading algorithms are implemented in this
work for adaptive rate and power allocation [32] to each
subchannel. Initially each subchannel is allocated energy and
bits using Chow’s allocation [33]. Then optimized energy and
bit allocation is done using Campello’s algorithm [34, 35].

B. Adaptive Coded Modulation

Additional coding gain can be achieved with adaptive
modulation by superimposing trellis codes or more general
coset codes on top of the adaptive modulation. Specifically,
by using the subset partitioning inherent to coded modulation,

876



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:6, No:8, 2012

trellis or lattice codes designed for AWGN channels can be
superimposed directly onto the adaptive modulation with the
same approximate coding gain. The basic idea of adaptive
coded modulation is to exploit the separability of code and
constellation design inherent to coset codes.

Coded modulation is a natural coding scheme to use with
variable-rate variable-power MQAM, since the channel coding
gain is essentially independent of the modulation. We can
therefore adjust the power and rate (number of levels or
signal points) in the transmit constellation relative to the
instantaneous SNR without affecting the channel coding gain.

The coded modulation scheme is shown in Fig. 4. The coset
code design is the same as it would be for an AWGN channel,
i.e., the lattice structure and conventional encoder follow the
trellis or lattice coding designs. Let G denote the coding gain
of the coset code given by

k bits k+rbits

\_\ ‘ N
UncodedDats | po o o | Coded N, Coset
Bits v} Bits Selector

Oneof 24
Cosets
Uncoded Data \'\ Unmd!d[lm\"\ Signal Point Signal Adaptive
Bits | Bits Selector Polnts Modulator
Buffer Constellation
Points
Fig. 4. Adaptive Coded Modulation Scheme
—2r o

G.=27d%,, )

where 27~ is the constellation expansion factor in (in two
dimensions) from the r extra bits introduced by binary channel
encoder, and d,,;, denotes the minimum distance code given
by

dmin = (d;m ds) ®)

where d, denotes the minimum distance between points
within a coset, and dg denotes the minimum distance between
the coset sequences.

The source coding (modulation) works as follows. The
signal constellation is a square lattice with an adjustable
number of constellation points M. The size of the MQAM
signal constellation from which the signal point is selected is
determined by the transmit power, which is adjusted relative to
the instantaneous SNR and the desired BER, as in the uncoded
case above.

The bit error rate (BER) for an AWGN channel with
MQAM modulation, ideal coherent phase detection, and SNR
v [30] is bounded by

Pb < 26—1.5’y/(M—1) (9)

A tighter bound good to within 1 dB for M > 4 and 0 <
v < 30dB is

P, < 0.2¢157/(M=1) (10)

V. RESULTS
A. Assumptions and Simulation Parameters

For the scope of this work, six different signal constellations
are used, M € {0,1,2,4,6,8}. We assume that the feedback
channel is perfect. Although a noisy or imperfect channel
could be assumed, see for example [26]. Here we mainly focus
on perfect feedback with K € {1,2,4}, where K is the number
of feedback bits. The parameters used for OFDM throughout
the simulations are: 64 subcarriers, OFDM symbol time of 64
symbol periods and Guard interval of 16 symbol periods.

B. Results and Analysis

Fig. 5 shows the expected rate performance for the MIMO
system with codebook based channel feedback over a series of
SNRs. The results are simulated for the cases of perfect CSIT
and 4-bit feedback both with the first feedback technique,
in which the Unitary matrix is estimated from long-term
channel statistics. Fig. 6 shows the expected rate performance
for the same system for all the cases highlighted in Fig. 5
with second feedback technique, based only on instantaneous
channel information.

Fig. 7 indicates the performance gain obtained with the
implementation of OFDM in the fixed modulated MIMO feed-
back system. A performance gain of about 3 dB is observed
with the incorporation of OFDM [29]. Fig. 8 highlights the
performance gain acquired with the implementation of adap-
tive modulation and coding in the MIMO-OFDM feedback
system. Adaptive bit and power allocation schemes further
enhance the performance gain to an appreciable extent of 4.5
dB. Coded adaptive MIMO-OFDM feedback system provides
a substantial coding gain of about 1 dB, as illustrated in Fig.
8. Hence, a net appreciable performance gain of about 5.5
dB is obtained with the incorporation of OFDM, adaptive
modulation and coded adaptive modulation in the MIMO
system with codebook based channel feedback.

Fig. 9 shows the error rate performance of the coded
and uncoded adaptive MIMO-OFDM feedback systems. It
is clearly evident that coded system provides lower error
rate than the uncoded one. The comparisons are evaluated
for different values of SNR, interms of number of errors.
Hence proposed arrangement becomes an attractive approach
to achieve enhanced spectral efficiency and improved error
rate performance for next generation high speed wireless
communication systems.

VI. CONCLUSION

This paper explores the implementation of adaptive coding
and modulation schemes for MIMO-OFDM feedback systems.
Adaptive coding and modulation enables robust and spectrally-
efficient transmission over time-varying channels. MIMO-
OFDM system combines the advantages of both the techniques
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i.e., MIMO and OFDM to simultaneously increase spectral
efficiency, and eliminate the effects of delay spread in a multi-
path fading environment. Comprehensive analysis and compar-
isons of simulation results show that coded adaptive modula-
tion for MIMO-OFDM feedback system provides considerable
improvement as compared to the uncoded one. The coded
modulation increases the effective transmit power relative to
uncoded variable-rate variable-power MQAM performance for
MIMO-OFDM feedback system. Hence proposed arrangement
becomes an attractive approach for next generation high speed
wireless communication systems.
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