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Multilevel Coding for Multiple-Antenna Transmission
Lutz H.-J. Lampe, Member, IEEE, Robert Schober, Member, IEEE, and Robert F. H. Fischer, Member, IEEE

Abstract—The application of powerful coding for transmission
over multiple-input/multiple-output channels is discussed. The authors emphasize that as an immediate consequence of the mutual
information chain rule, multilevel coding (MLC) constitutes the
optimum coded modulation scheme. On the other hand, simple
bit-interleaved coded modulation (BICM) is only a convenient alternative for the case of two transmit and one receive antennas
when combined with orthogonal space–time block codes. Starting
from MLC, the authors further propose a hybrid coded modulation scheme, which favorably combines the advantages of MLC
and BICM.
Index Terms—Fading channels, multilevel coding, multiple-input/multiple-output (MIMO) transmission, space–time
coding.

I. INTRODUCTION

M

ULTIPLE-ANTENNA transmission has attracted considerable attention as a means to achieve high bandwidth
efficiency and/or high power efficiency over fading channels.
Whereas exceptionally high data rates are accomplished by multiple antennas both at the transmitter and at the receiver opening
equivalent parallel transmission channels [1], [2], improved reliability of communication is due to increased transmit and/or
receive diversity [3]–[7].
In this paper, we consider the application of coded modulation to systems with multiple transmit and possibly multiple
receive antennas. We concentrate on fading channels with fast
time variance with respect to one coding frame and channel state
information available at the receiver only. Regarding multipleantenna signaling as multidimensional modulation, we propose
to separate the optimization of coding and modulation. Such an
approach has shown to be optimum for single-antenna systems
[8]. In perfect analogy, the mutual information chain rule immediately leads to the application of multilevel coding (MLC)
with multistage decoding (MSD) [8], [9] in the case of multiple-antenna systems, too. In contrast to other coding schemes
for multiple-antenna transmission performing close to capacity,
e.g., [10]–[12], for properly designed MLC with MSD iterations
between the metric computation block and the actual decoder
are not necessary.
As a modulation strategy we consider both independent
signaling over each transmit antenna and space–time block
codes (STBC) [13], [14] employing phase-shift keying (PSK)
Manuscript received December 17, 2001; accepted January 16, 2003. The
editor coordinating the review of this paper and approving it for publication is
M. Beach.
L. H.-J. Lampe and R. Schober are with the Department of Electrical and
Computer Engineering, The University of British Columbia, Vancouver, BC
V6T 1Z4, Canada (e-mail: LLampe@LNT.de; rschober@ece.ubc.ca).
R. F. H. Fischer is with the Institute for Information Transmission, University
of Erlangen-Nuremberg, D–91058 Erlangen, Germany.
Digital Object Identifier 10.1109/TWC.2003.821195

and quadrature-amplitude modulation (QAM), respectively.
Here, we exclusively consider STBCs based on orthogonal
designs as studied in [14]. Since orthogonal STBCs transform the multiple-input/multiple-output (MIMO) system into
a single-input-single-output (SISO) system, e.g., [15] and
[16], they facilitate the use of coded modulation schemes
optimized for single-antenna transmission [17]. In particular,
bit-interleaved coded modulation (BICM) [18] is a simple yet
power-efficient solution for multiple-antenna transmission with
orthogonal STBCs, cf. [17] and [19].
After introducing the considered MIMO and, for the use of
STBCs, the equivalent SISO channel model, MLC for MIMO
transmission is described in Section II. BICM is regarded as an
alternative coded modulation scheme and also combined with
STBCs. Furthermore, to facilitate practical implementation,
a derivative of MLC referred to as hybrid coded modulation
(HCM) is proposed. Similar to BICM, HCM relies on Gray
labeling of signal points. But in contrast to BICM, HCM is
directly applicable to MIMO transmission as will be shown.
In Section III, the different coding schemes are compared with
respect to achievable capacity, and the design of MLC and
HCM is illustrated. Simulation results presented in Section IV
are in good accordance with the predictions from information
theory, and Section V concludes the paper.
II. CODING AND MODULATION FOR MULTIPLE-ANTENNA
TRANSMISSION
We consider the discrete-time system model and complex
transmit antennas and
rebase-band signaling using
ceive antennas.
A. Channel Description
discrete-time index), the vector symbol
is sent over a MIMO flat
, where
is an
matrix with
fading channel
entry
,
,
, in the
th row and th column accounting for the fading between
,
transmit antenna and receive antenna . The symbols
are drawn from an ary alphabet, e.g., a
PSK or QAM constellation, with equal transmit power for each
in a vector
antenna [2]. Collecting the received samples
, the input–output relation reads
At time

(

(1)
denotes the complex
where
additive white Gaussian noise (AWGN) assumed to be spatially and temporally uncorrelated and with equal variance
,
, at each receive antenna.
The fading gains are zero-mean complex Gaussian random
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processes with variance
and presumed to be mutually independent for different antenna pairs. We assume fast fading with
respect to one coding frame, i.e., an ergodic Rayleigh fading
channel is modeled. On the other hand, the fading is slow with
respect to one modulation interval and, hence, channel state
information (CSI) is available at the receiver (but not at the
transmitter).
Regarding capacity arguments [2], independent signaling for
each transmit antenna is optimum and subsequently applied.
For convenience, we choose uniformly, independently, and
with variance
, i.e.,
identically distributed symbols
transmit power is kept constant independent of
. Additionally, for BICM we also consider the use of orthogonal STBCs
consecutively transmitted vectors
[13], [14], i.e.,
constitute one
modulation matrix symbol
,
, which is addressed by
scalar symbols
,
symbols/(channel use). Expecting the
i.e, the rate is
channel to remain constant during channel uses and applying
linear processing at the receiver as described in [13] and [14],
the MIMO fading channel (1) transforms into a SISO fading
channel1

MLC with MSD can approach the constellation constrained caare chosen as [8]
pacity if and only if the code rates

(4)
might be applied,
In general, a multidimensional mapping
but in terms of capacity any mapping function is optimum. For a
practical implementation, we follow a pragmatic approach and
bits via a mapping rule
to one
map blocks of
transmitted over one anconstituent PSK/QAM symbol
tenna. This means that we sort the levels of MLC first according
to the significance of bits and then according to the position
within the vector symbol
, i.e., bits
address
, bits
address
,
and so forth. Ungerböck and Gray labeling are commonly used
[8]. This implementation of
for the constituent mapping
MLC for MIMO transmission is illustrated in Fig. 1(a).
C. Bit-Interleaved Coded Modulation
If the dependencies between the levels are neglected for decoding, the mutual information is lowered to

(2)
(5)
The scalar fading gain
chi-square with
has variance

is
degrees of freedom, the desired signal
, and
is AWGN with variance
.

However, to achieve
single code with rate

here it is sufficient to use a

B. Multilevel Coding

(6)

We assume that the channel realization
is known to the
is known at the transmitter.
receiver, and the distribution of
,
Then, as we do not aim to optimize the distribution of
the average mutual information
(cf. [2]) constitutes the maximum achievable transmission rate for the MIMO
channel given the distribution of . Therefore, subsequently we
as constellation-constrained capacity
also refer to
.
denote a bijective mapping function of
Let
binary digits ,
, to
consisting of
ary symbols. Then, by apvectors
plying the chain rule
(3)

instead of , in general, different codes. This simple strategy is
the well-known BICM [18]. Its application to the current situation is depicted in Fig. 1(b); see [20].
For SISO channels it has been shown [18] that BICM suffers
only a negligible loss in capacity compared to MLC/MSD provided that a Gray labeling of signal points is possible. However,
it is not obvious whether and how a labeling of vector symbols
suitable for BICM can be found.
Since Gray labeling of scalar PSK/QAM symbols is well established regarding the equivalent SISO channel (2), the combination of BICM with STBC is appealing for MIMO systems,
e.g., [17] and [19]. Fig. 1(d) gives the transmitter block diagram
for this coded modulation strategy.
D. Hybrid Coded Modulation Schemes

the actual vector channel is decomposed into equivalent binary
channels or levels. The decomposition (3) immediately suggests
that independent encoding of binary data streams at the transmitter and successive decoding at the receiver is optimum. This
strategy is known as multilevel coding (MLC) with multistage
decoding (MSD) [8], [9]. The separation of coding and modulation via MLC allows us to apply standard binary codes optimized for single-antenna transmission over the AWGN channel.
We particularly note that, as well-established for SISO channels,
1For

convenience, the subscripts  and  are omitted.

The MLC scheme as proposed in Section II-B might be
disadvantageous for implementation due to the possibly large
number of encoders, which also implies shorter code lengths
compared to BICM if the transmission delay is limited. To
overcome these drawbacks, hybrid coded modulation (HCM)
schemes combining the advantages of MLC and BICM are
perfectly suited.
level corIn particular, we propose to merge each
responding to one constituent PSK/QAM symbol as shown in
levels.
Fig. 1(c). Thus, the hybrid scheme consists of only
levels, but
MLC and MSD are applied with respect to these
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 =N for MLC, HCM, BICM, and BICM with STBC
Fig. 2. Capacity over E
over spatially uncorrelated Rayleigh fading channels. (a) N = 2. (b) N = 3.
Dashed lines: N = 1 as reference curves.

almost as efficient as MLC in terms of achievable capacity. To
, the code rates have to be chosen as
approach

(8)
On the other hand, HCM offers lower implementation complexity and reduced transmission delay compared to MLC.
For the particularly proposed implementation of the hybrid
coding scheme, HCM is similar to the V-BLAST (Bell Laboratories Layered Space–Time) architecture [21], [22] with separate coding for each substream (layer) associated with a certain transmit antenna. In particular, levels of HCM correspond
to layers of BLAST and MSD corresponds to successive interference cancellation (SIC). However, in contrast to proposals for
coded BLAST with SIC, e.g., [23], we apply the rate design (8)
according to the capacities of the equivalent channels [8].
III. COMPARISON AND DESIGN OF CODING SCHEMES
Fig. 1. Coding for multiple-antenna transmission: (a) MLC, (b) BICM,
(c) HCM, and (d) BICM with STBC.

Based on the constellation-constrained capacity the performances of the different coding schemes are compared and a design procedure for MLC and HCM is presented.

within each level BICM over
bits is performed. The
)
corresponding mutual information follows as (

A. Comparison

(7)
where, in general,
is true. However, applying Gray labeling of
and
constituent symbols, the difference between
is negligible, e.g., [18, Figs. 4, 5]. Hence, HCM is

In Fig. 2, the capacities for the interesting scenarios of
(left) and
(right) transmit antennas with independent
,
4-PSK signaling are depicted as function of
where
and
are the average received energy per symbol
at each receive antenna and the one-sided noise power spectral
density, respectively. We note that by use of Gray labeling for
4-PSK symbols, MLC and HCM yield identical performance,
). For the
i.e., only one curve is shown for each pair (
application of BICM, the capacities for transmission with appropriate STBCs are also presented. The curves corresponding
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to a single transmit antenna and BICM serve as a reference. In
all examples Gray labeling of the constituent constellation is applied.
is considered [Fig. 2(a)]. To support the same
First,
maximum rate of 4 bits/(channel use) Alamouti’s STBC (
) [13] based on 16-QAM symbols and 16 QAM with
are employed, respectively. For these schemes, BICM
performs practically as well as MLC [18]. In the case of
, the only advantage of the multiple transmit antennas is spatial diversity. This diversity is optimally utilized by the STBC.
bits/(channel use), gains
Aiming at target rates of, e.g.,
of
in power efficiency are achievable. Clearly, since
fast fading offers temporal diversity, which is efficiently exploited by coding, the effect of additional spatial diversity is not
as significant as for the block fading scenario, e.g., [1]. Interestingly, independent signaling over two transmit antennas and
MLC (HCM) is inferior to space–time block coded transmission. This result is due to the different constituent signal constellations applied.2 However, the comparison based on different
constellations is fair as the number of transmit symbols per modulation interval is equal in all cases and, thus, the demodulation complexity becomes comparable. We further observe that
BICM with Gray labeling of constituent symbols is not suitable
, cf. [19] and [20].
for vector symbols
, the situation changes3 . Whereas, the capability
For
of the MIMO channel is properly utilized by independent transantennas, the STBC cannot improve over a
mission for
SISO scheme with increased diversity [15]. Hence, independent
4-PSK signaling in combination with MLC (HCM) outperforms
the STBC. Remarkably, this is also true for BICM which loses
about 0.8 dB compared to MLC (cf. [19] and [20]). The advanover
transmit antennas amounts to
tage of
about 2 dB for target rates of 2 3 bits/(channel use).
[Fig. 2(b)]. For
Next, we discuss the results for
fixed maximum rate of 6 bits/(channel use), the rate 3/4 STBC
,
) given in [16] with 256-QAM symbols and 64
(
are employed, respectively. Again, BICM
QAM with
is almost optimum for these schemes [18].
As can be seen, in terms of constellation-constrained capacity
.
the orthogonal STBC is not a convenient choice for
is
The diversity advantage over transmission with
more than compensated by the rate loss implying the use of
the large 256-QAM constellation. On the other hand, for the
MIMO channel with both three transmit and three receive antennas, considerable gains are achievable with independent signaling and MLC (HCM), e.g., about 5 dB for 4 5 bits/(channel
use). The loss due to BICM is comparatively small for
but significant for
.
It is also interesting to estimate the decoding complexity of
BICM with STBCs compared to MLC and HCM. Considering
the number hypothetical data symbols, which have to be taken
into account for metric computation, the complexity is the same

2Of course, regarding unconstrained capacity with Gaussian inputs independent multiple-antenna transmission is optimum.
3Note that the signal-to-noise ratio E
 =N is measured at each receive antenna. Accordingly, a gain of 3 dB/4.77 dB for N = 2/N = 3 over N = 1
is simply due to the increased received energy of the desired signal.

 =N
Fig. 3. Capacity C and capacities C of the equivalent channels over E
for N = 2 and 4 PSK. (a) MLC with Ungerböck labeling. (b) HCM with Gray
labeling. Solid lines: N = 1. Dashed lines: N = 2. Dashed-dotted lines:
Rate design for C = 2:5 bits=(channel use).

for
but increased by a factor of four for
the rate 3/4 STBC.

due to

B. Design of MLC and HCM
The application of MLC and HCM requires adjustment of
and
encoders, respectively.
the rates of the
For transmission close to information theoretic limits, the rates
have to be chosen according to the capacities of the equivalent channels [8]. Of course, the rate design depends on the labeling of signal points. Whereas HCM requires Gray labeling
with respect to the constituent signal constellation, MLC can approach capacity with any labeling. For finite code length, however, Ungerböck labeling has a small advantage [8] and is applied subsequently.
transmit antennas and 4–PSK constellaAssuming
tions, Fig. 3 illustrates the design for MLC and HCM, respectively. As an example, a rate of 2.5 bits/(channel use) is chosen.
and
of the
equivThe capacities
alent channels are plotted. Note that due to Gray labeling of
and
holds. In the
4 PSK,
case of MLC, the four address bits are sorted as described in
Section II-B.
Following the capacity rule [8], the target rate 2.5 bits/
(channel use) divides optimally into the individual rates
(MLC),
, and
(HCM),
, of the component codes, respectively.
The capacities for the particular example are summarized in
are very
Table I. We note that the code rates for
. Hence, a rate design
similar to the respective rates for
without a priori knowledge about
yielding almost optimum
performance for both one and two receive antennas is also
possible.
IV. SIMULATION RESULTS
The performance of the proposed coding schemes is further
illustrated by simulated bit-error rates (BER) for
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TABLE I
CAPACITIES OF EQUIVALENT CHANNELS FOR MLC AND HCM. N
PSK. TARGET RATE 2.5 BITS/(CHANNEL USE)

= 2 AND 4
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codes with different rates (see Table I). For desired BERs of
, the coded modulation schemes perform within
dB of the capacity limits. Whereas for one receive
antenna BICM with STBC is favorably applied, for two receive
antennas MLC and HCM with independent transmission from
each antenna are superior. With respect to transmission with
) and
only one-transmit-antenna gains of about 1.5 dB (
2 dB (
) are achieved, respectively.
V. CONCLUSION
Powerful coding for transmission over MIMO channels is discussed. In perfect analogy to the SISO channel, the application
of MLC as an optimum coding scheme for MIMO transmission
is an immediate consequence of the mutual information chain
rule. In contrast to SISO transmission, BICM is not an appropriate alternative if directly applied to vector symbols, whereas
BICM in combination with STBCs offers high power efficiency
and
. Starting from the MLC approach,
for
HCM is proposed for multiple-antenna transmission. It is shown
that HCM can provide a favorable tradeoff between the optimality of MLC and the simplicity of BICM. Hence, HCM is a
promising candidate for power- and bandwidth efficient transmission over MIMO channels.

 =N for transmission with N = 2 and 2.5 bits/(channel
Fig. 4. BER over E
use) over spatially uncorrelated Rayleigh fading channels. : MLC/HCM as
designed in Table I. : BICM with Alamouti’s STBC. : N = 1 as reference.
Dashed lines: respective rate-distortion capacity limits.



2

transmit antennas and spatially uncorrelated Rayleigh fading
channels.
In particular, MLC and HCM with independent 4-PSK signaling and BICM with Alamouti’s STBC and 16-QAM symbols
are compared for a target rate of 2.5 bits/(channel use). Again,
is used as reference system.
BICM with 16 QAM and
Whereas Ungerböck labeling of the constituent constellation is
used for MLC, Gray labeling is applied in case of HCM and
BICM. For MLC and HCM the rates are assigned according to
Table I. To perform close to the theoretical limits, binary turbo
codes [24] (parallel concatenated convolutional codes with 16
states each) with code length 8000 are employed. The code rate
is adjusted by symmetric puncturing of parity symbols, cf. [25].
The decoders perform eight iterations. Both the interleavers of
the turbo codes and the bit interleavers are randomly generated.
Consecutive fading gains are generated independently of each
other, but kept constant during two modulation intervals in case
of the STBC.
In Fig. 4, the measured BERs are plotted over
( : average received energy per information
bit at each receive antenna) for
(left) and
(right), respectively. As a reference, using the numerical results
from Section III-A, the corresponding capacity limits taking the
finite error rate into account (“rate-distortion capacities”) [26]
are also shown. Apparently, the simulated BERs are in good
accordance with the results derived from information theory.
We note that the small differences in the BER performance of
MLC and HCM are due to the particularly used punctured turbo
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