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ABSTRACT

We present a new hybrid multiple input multiple output (MIMO)
system combining spatial multiplexing and transmit diversity at dif-
ferent levels. The inner core of the transmit processing is responsible
for space-time coding with variable rate-diversity control. The outer
core is composed of two (coarse) precoding matrices acting as trans-
mit antenna and mode selection matrices. Exploiting the structure
of these selection matrices, a capacity maximizing selection crite-
rion is proposed to optimize the hybrid transmission mode jointly
with the transmit antenna mapping. Simulation results show that
the proposed hybrid system offers significant capacity gains over its
open-loop counterpart and outperforms pure antenna selection and
pure mode selection based systems.

1. INTRODUCTION

Performance enhancements of MIMO systems in terms of higher
spectral efficiencies and lower error rates can be achieved with
“closed-loop” transmission by means of linear precoding [1]. In its
general form, linear precoding consists in applying a linear trans-
formation on the input data streams before its transmission over the
wireless channel. The design of the precoder needs knowledge about
the channel state information, which is generally conveyed from the
receiver to the transmitter using a feedback control channel. A very
attractive and simple approach to linear precoding relies on the use of
limited feedback [2]. These techniques are based on the quantization
of the instantaneous channel information at the receiver followed by
its conveyance to the transmitter using a low-rate feedback channel.
Some closed-loop MIMO techniques operate by selecting the multi-
plexing factor (number of data streams) and/or the transmit antenna
subset for spatial multiplexing systems with linear receivers [3-7].

For instance, a multimode precoding that adapts the best antenna
subset and the constellation of each data stream is proposed in [7].
In [8], the quantization of the principal components of the MIMO
channel subspace in the angular domain is proposed. Most of ex-
isting limited feedback approaches are only focused on pure spatial
multiplexing and do not consider multilayered space-time transmis-
sion in the form of hybrid combinations of spatial multiplexing and
transmit diversity. In [9, 10], adapting the transmission mode from
instantaneous channel knowledge is possible by a dual-mode switch-
ing between different transmit schemes such as beamforming, spatial
multiplexing and transmit diversity.

In this work, we propose a space-time MIMO system consisting
of hybrid combinations of spatial multiplexing and transmit diver-
sity at different levels while using spatially precoded transmission.
The transmit preprocessing is composed of two (coarse) precoding

matrices acting, respectively, as a mode selection matrix and an an-
tenna selection matrix. The first selection matrix specifies the hybrid
transmission mode to be used (among a finite set of possibilities)
by controlling the partitioning of the transmit antennas into trans-
mit layers. The second selection matrix maps the transmit layers
to a subset of transmit antennas. For the proposed system, we ad-
dress the problem of jointly selecting the hybrid transmission mode
and antenna subset for a fixed data rate. Specifically, we propose to
jointly find the antenna and mode selection matrices that best match
the MIMO channel eigenstructure based on a capacity maximizing
criterion. The flexibility to support hybrid modes with different lev-
els of multiplexing and diversity is an innovation aspect of the pro-
posed system.

This paper is organized as follows. Section 2 presents the base-
line system model. In Section 3, we describe the proposed hybrid
MIMO system. In Section 4, the joint transmit antenna and mode
selection problem is formulated. Section 5 contains our simulation
results and the paper is concluded in Section 6.

Notations: The notation and some definitions used throughout this
work are now defined. Scalar variables are denoted by lower-case
letters (a,b,...,q,0,...), vectors are written as boldface lower-
case letters (a, b, ¢, 3, ...), matrices correspond to boldface capi-

tals (A, B,...), and AT is the transpose of A. eEI) denotes a unit
vector of dimension I with an entry equal to 1 at the i-th position
and 0’s elsewhere. The ceiling operator [z] returns the smallest in-
teger above x. The matrix operator D;(A) forms a diagonal matrix
holding the i-th row of A on its diagonal.

2. BASELINE MODEL

Consider a linearly precoded MIMO wireless communication sys-
tem with M transmit antennas and Mg receive antennas, trans-
mitting M independent data streams. Uniform linear arrays of
antennas are considered at each link end. Assume that redundant
transmission in the joint space-time domain is used (e.g. by means
of space-time block coding/spreading), where P denotes the code
length, i.e. the number of channel uses of the space-time code. De-
fine K as the number of useful information symbols contained in a
data stream. The transmission of each data stream is organized into
K data blocks of P symbol periods each. The k-th data block of
the discrete-time baseband received signal can be modeled by the
following input-output relation:

X[k] = HFS[k]+ V[k], k=1,...,K. )
where X[k] = [x[k, 1], ..., x[k, P]] € CMR*P is the received sig-
nal matrix collecting the signal received by the Mg receive antennas
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during P symbol periods, H € CMR*MT j5 the MIMO channel ma-
trix, F € CMT*Ms s the linear precoder mapping M data streams
to M7 transmit antennas, S[k] = & (s[k]) € CMs*P denotes the
k-th space-time codeword, and «(-) represents the space-time encod-
ing function, and V[k] = [v[k,1],...,v[k, P]] € CMR*P is the
additive noise matrix with variance o2. The total transmitted signal
power is equally divided across the Mt transmit antennas and sat-
isfies the constraint ||[FS[k]||% = 1, where || - || is the Frobenius
norm.

3. HYBRID SPACE-TIME MIMO SYSTEM

We propose a space-time MIMO system consisting of hybrid com-
binations of spatial multiplexing and transmit diversity at different
levels while using spatially-precoded transmission. The end-to-end
transmit processing maps Ms independent data streams across a set
of My active transmit antennas, with Mg < My < Mrt. These
My transmit antennas are partitioned into Mg disjoint antenna
groups, also herein referred to as “layers”, where the r-th layer has
a; (not necessarily neighboring) transmit antennas, r = 1, ..., Ms.
Each layer transmits a precoded version of a different data stream.
In its general form, the space-time signal generation is represented
by a cascade of three processing stages:

1. The M input data streams are precoded by G € CMv xMs
yielding My output data streams;

2. The My data streams are space-time coded using a code ma-
trix W € CP*Mv;

3. The resulting signal is assigned to a subset of M7 transmit
antennas using F € CMTxMv |

The inner core of the transmit processing is represented by W while
the outer core is represented by G and F. The inner core W is re-
sponsible for space-time coding and allows to control the number of
channel uses (code length) of the space-time code. The matrix F de-
termines which My (out of Mr) transmit antennas are selected or,
alternatively, how these My antennas are mapped to the M trans-
mit layers. On the other hand, G defines the number of transmit
antennas o, ..., anrg associated with the Mg layers, while pre-
coding across each layer.

Starting from the same general assumptions as those of the base-
line model, we now formulate the proposed hybrid MIMO sys-
tem. The output of the first linear precoding stage, represented by
5[k] € CMV, is given by:

5[k] = Gslk]. @)

The space-time codeword S[k] € CMv P s generated by spreading
§[k] across P symbol periods using the code matrix as follows:

S[k] = & (W, 5[k]) = [D1 (W)3[K],. .., DP(W)§[k]] NG

The transmitted signal matrix U[k] € CM7*P is obtained after the
second linear precoding stage, i.e.:

Ulk] = FS[k]. )

Combining (2), (3) and (4), we finally obtain a compact input-
output relation
X[k] = HU[k] + VK], Q)

where
Ulk] = F -k (W, Gs[k]) (6)
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Fig. 1. Block-diagram of the closed-loop hybrid MIMO system us-
ing joint transmit antenna and mode selection.

is the k-th transmitted signal matrix, expressed in terms of the three
transmit processing operations (F, W, G) characterizing the pro-
posed hybrid MIMO system.

In this work, we assume that both precoding matrices G and F
have a “canonical” structure, i.e. they are full column-rank matrices
composed of 1’s and 0’s. Under this particular structural assumption,
G reduces to a mode selection matrix that determines the number
M3 of layers as well as how the My active transmit antennas are
partitioned into these Mg layers. This is equivalent to choosing the
partitions o, ...,ang. For each choice, a different transmission
mode arises. As a quick example, for My = 3, one can partition the
three transmit antennas into three different manners: i) three groups
of one transmit antenna; ii) two groups of one and two antennas;
iii) a single group of three antennas. It is worth noting that G only
specifies the hybrid transmission mode to be used. The mapping of
transmit layers to transmit antennas is indeed the role of F', which
acts as a antenna selection matrix that maps the Mg transmit layers
to a subset of My antennas. Finally, the code matrix W allows to
control the number of channel uses (code length) of the space-time
code while ensuring orthogonality or, at least, a maximum uniform
angular separation between the transmitted signals.

Figure 1 depicts the block-diagram of a hybrid MIMO system
with closed-loop transmission, with G and F acting as transmit an-
tenna and mode selection matrices, respectively. In the following,
the structure of each block is detailed.

3.1. Outer core structure

As we have mentioned in the previous section, by focusing on the
problem of jointly selecting the transmission mode and the antenna
mapping, we propose simple designs for the outer core structure of
the proposed MIMO system, which are represented by G and F'.

The following assumptions are satisfied by the mode selection
matrix G:
(A.1) The rows of G are unit vectors belonging to the canonical set
(M) Ms)y

S

(A.2) G is a block diagonal matrix composed of Mg mutually or-
thogonal diagonal blocks, the 7-th block containing «, identical unit
rows, as follows:

1o,
1la,

Lou,
with
a1<a23"'SaM5) (8)

Authorized licensed use limited to: UNIVERSIDADE FEDERAL DO CEARA. Downloaded on December 14,2022 at 17:15:05 UTC from IEEE Xplore. Restrictions apply.



so that the following structural constraint holds:

GTG = diag(ou, ..., amg) = diag(a), )
with
Ms
> ar =My, (10)
r=1
where 1, is the “all-ones” vector of dimension ., 7 = 1,..., Mg,

and a € CMV is the generating vector of the mode selection ma-
trix G. This generating vector defines the partition structure of
the transmit array into the Mg transmit layers. Different choices
of @ = [oa,...,anmg] in accordance with the design rules (7)-
(9), yield different hybrid transmission modes in between orthogonal
transmit diversity and spatial multiplexing.

Example (My = 3): For this system configuration, we may have
i) a hybrid mode transmitting three data streams with one transmit
antenna per data stream which means that (a1, a2, a3) = (1,1,1),
corresponding to a three-antenna spatial multiplexing; or ii) a hy-
brid mode transmitting two data streams, one associated with a sin-
gle antenna and the other associated with two transmit antennas, i.e.
(a1,a2) = (1,2). This corresponds to a particular hybrid combina-
tion of spatial multiplexing and transmit diversity.

As mentioned before, the canonical precoder F is an antenna
selection matrix which selects My (out of M) transmit antennas to
transmit the My virtual (space-time coded) data streams. Therefore,
F can be defined as a subset of My columns of Inz,..

3.2. Inner core structure

The code matrix W € CFP*Mv s used to encode the input
symbols in the space-time domain. The role of this matrix is to
jointly rotate the elements of the extended symbol vector §[k] =
[B1lk],- .-, 3my [K]]T € CMV defined in (2) so that orthogonality
between any two symbols 3;[k] and 5;[k], ¢ # j, is ensured (when
P > My) or, at least, a maximum angular separation between any
two of them is ensured (when P < My). A possible structure for
such a rotation matrix is given by the following Vandermonde ma-
trix:

;2w
(Wihin = ¢ 0070070 an

Since Ms < My, we have Mg useful information symbols being
transmitted during P symbol periods, and the code rate is given by:

B= (%) log, (1) bits per channel use (pcu), 12)

where p is the modulation cardinality.

4. JOINT TRANSMIT ANTENNA AND MODE SELECTION

In this section, a new transmit signal design approach is proposed
for the hybrid MIMO system characterized by (5) and (6). We ad-
dress the problem of jointly selecting the transmit antenna subset
and the space-time transmission mode to be used, particular cases of
which are full spatial transmit diversity and full spatial multiplexing.
Specifically, the joint transmit antenna and mode selection problem
consists of selecting the best precoder pair (F, G) from a finite set of
admissible structures known at both transmitter and receiver, which
maximize some performance criterion for a fixed rate. In this case,
a few feedback information bits are required for selecting F and G
from their associated codebooks.

Note that choosing the transmission mode implies choosing the
multiplexing factor Ms of the system. In order to keep a fixed rate
of B bits pcu regardless of the chosen Mg, we may adjust the mod-
ulation cardinality p, or the code length P or, yet, both of them
following (12). In order words, a multimode (modulation and code)
rate adaptation is possible.

4.1. Mode selection codebook

Recall that G is completely specified by its associated generating
vector a. This means that optimizing the 1’s and 0’s structure of G is
equivalent to optimizing the generating vector . Let us define Gz,
as the mode selection codebook of possible generating vectors satis-
fying the design constraints (7)-(9). We propose an interpretation of
« as a partition of My . A partition is a way of writing an integer
My as a sum of positive integers where the order of the addends
is not significant [11]. Let us define Q(Mv, Ms) as the number of
partitions of My into M elements, representing the number of pos-
sible ways to partition My transmit antennas into Mg groups, each
one associated with a different data stream. For instance, [1 1 2] is
a partition of My = 4 transmit antennas into M s = 3 independent
data streams, while [2 2] is a partition of My = 4 transmit antennas
into Ms = 2 data streams.

Applied to our context, for a fixed My, we define the mode
selection codebook Gy, as an ordered set of Ng partitions, where
N is the sum of possible partitions of My transmit antennas into r
antenna groups, r = 1,..., My, ie:

My
Ng =) Q(Mv,r). 13)

r=1

For a fixed My, we can use the following recurrence relation to
calculate Q(Mv, ) (see details in [11]):

Q(MV7T) = Q(MV - 1>T - 1) + Q(MV - 7',7'), (14)

with Q(Mv,T‘) = 0 for r > My, Q(Mv, Mv) = 1 and
Q(My,0) = 0. Therefore, the number Ng denote the total number
of possible transmission modes arising for a fixed number My of
active transmit antennas. This number includes, in addition to pure
multiplexing and pure diversity modes, all the hybrid combinations
of them. All these modes belong to our mode selection codebook.

Based on the parameterization of the mode selection precoder
G = G(a), the elements of the mode selection codebook Gas,, can
be represented by the N possible partitions that can be formed from
the generating vector a. We assume that the Gas,, can be written as
an ordered partition set:

gMV = {aMV,l,...,aMV,i...,aMV,NQ} 5

where sy, 5 is the i-th transmission mode in this ordered set. In the
following, we provide examples of some mode selection codebooks
based on the generating vectors parameterization:

G = {a}={1}

G = {azg,022}={[2], [1 1]}

gs = {asi,aszasst={3],[12,[111]},
Gs = {oas1,042,043,044,0045}

{4, 13, 22,112, [1111)}.

Note, for instance, that codebooks G3 and G4 contain, respectively,
two and three hybrid modes in between pure multiplexing and pure
diversity. Indeed, as the number My, of active transmit antennas
increases, additional hybrid modes appear.
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4.2. Antenna selection codebook

The problem of antenna selection consists of selecting My (out
of M) transmit antennas to transmit Mg space-time coded data
streams. We define the antenna selection codebook Fas,, as the set
of (%3’") matrices taken by selecting My columns of the identity
matrix Inz,.. For each My, Far,, can be written as an ordered set of
matrices:

_’FMV = {FMV117"'7FMVJ"‘"’Fny(ﬁT },
\4

where Fr,, ; is the j-th antenna mapping.

Maximum capacity selection: It is known that a capacity-optimal
transmit signal design is achieved by means of the water-filling solu-
tion provided that the MIMO channel eigenstructure is known at the
transmitter [12]. Despite its optimality, this solution supposes “reci-
procity” between the forward and reverse channels and generally re-
quires a large amount of feedback. Here, we consider a sub-optimal
approach by assuming equal power allocation across the My active
transmit antennas.

Let us consider the proposed space-time MIMO system using
the ¢-th transmission mode parameterized by oz, ,; and j-th an-
tenna mapping F s, ;. The instantaneous MIMO channel capacity
in terms of bits/s/Hz can be expressed as:

Ci,j(H» anvi’FMv,j)

E HZi,j(CVMV,inMV,j)HH)7

= 10g2 det (IMR + M_V

where p is the signal-to-noise (SNR) ratio, and the precoder-
dependent term

Zi:j (aMV ) FMV J)
= Fuy,;G(anmy i) Do(W) D (W) G (amy 6)Figy
N

IMV
T T
=Fuy ;G(amy )G (amy i)Fiy 5 (15)
p=1,...,P,is constructed from the ¢-th mode selection precoder

G(amy ,s) and from the j-th antenna selection precoder Fasy, ;.
with1 <1< Ng,1<j5< (Aﬂg) Due to the unit-norm structure
of W, there is no dependence of Z; ;(aary i, F sy, ,5) on W.

Let us define 7" and j* as the optimal mode and antenna selec-
tion precoder indexes that maximize C;, ;(H, aary i, Fary ,5). The
selection criterion solves the following optimization problem:

max Ci,j(H,an,inMv,j)- (16)

(i",57) = arg
’ 1<i<Ng, 1<5<(1T)

The number of bits required to select the optimal transmission
mode and the optimal transmit antenna subset to be used can be writ-
ten in terms of Mt and Mv, as:

e (o ()]

5. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed hybrid
MIMO system when operating in open-loop and in closed-loop. For
open-loop settings, some performance comparisons consider a fixed
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Fig. 2. Capacity results for Mt = 4, Mv = 3, Mg = 3: Random
selection vs. joint antenna and mode selection.

configuration for the antenna and mode selection matrices F' and G.
Whenever F and/or G are fixed, we have:

F= Tary

= G=1Iuy,.
OMp-My)xMy |’ Mv

(18)

This combined setting corresponds to conventional spatial multi-
plexing (SM), where the first My transmit antennas are always se-
lected to transmit My, independent data streams. Our comparisons
also shows the average performance of a “random selection” ap-
proach where F and/or G are randomly selected at each Monte Carlo
run from their associated codebooks.

‘We compare the capacity performance of the hybrid MIMO sys-
tem under open-loop and closed-loop transmissions. In Figure 2, we
investigate the empirical cumulative distribution function (CDF) of
capacity for a system with Mt = 4, My = 3 and Mg = 3 oper-
ating in open-loop and closed-loop for two SNR values: 10dB and
20dB. In the open-loop case, F and G are randomly selected from
their associated codebooks. In this figure, we use dashed lines to de-
note the closed-loop system and solid lines for the open-loop one. As
can be seen, a closed-loop hybrid system with joint transmit antenna
and mode selection performs considerably better than its open-loop
counterpart. Considering the 10% outage capacity, the gain exceeds
3 bits/s/Hz for SNR=10dB and 6 bits/s/Hz for SNR=20dB.

In Figure 3, we evaluate the impact of using mode selection in
addition to antenna selection. We consider a system with Mt = 6,
My = 4 and Mg = 3 and the SNR is set to 10dB. When transmit
antenna selection is used, the 10% outage capacity increases more
than 2 bits/s/Hz w.r.t the open-loop system. Note that an additional
gain of almost 2 bits/s/Hz is provided by the joint transmit antenna
and mode selection approach.

The average bit-error-rate (BER) performance of the hybrid
MIMO system using joint transmit antenna and mode selection has
also been evaluated using the max-min singular value selection cri-
terion and a space-time zero forcing (ST-ZF) receiver. The formula-

tion of the max-min selection criterion and that of the ST-ZF receiver
have been suppressed due to lack of space. Each plotted BER curve

is an average over 10* Monte Carlo runs. The number of received
data blocks is fixed to X = 50. At each run, the transmitted sym-
bols are drawn from a pseudo-random sequence composed of BPSK,
QPSK or QAM symbols. The modulation is adapted as a function
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of M5 in order to keep a fixed data rate regardless of the used trans-
mission mode. In Figure 4, we investigate the impact of using mode
selection in addition to transmit antenna selection in a system con-
figured with Mr = Mgr = 3, My = 2 and P = 1 operating
under both transmit and receive spatial correlation. The transmit and
receive correlation matrices are given by [13]:

1 0.260‘86"j 0.86_0‘26ﬂj
Ry = | 0.2¢70:86m 1 0.2¢0-86m3 | 19)
0.860‘26"j 0.26_0‘86"j 1
1 0.91e7™/2 -0.69
Rp = | 091e777/2 1 0.91e7™/2 | . (20)
—0.69 0.91e777/2 1

The hybrid system with a random mode selection provides a slight

improvement over pure spatial multiplexing with transmit antenna
selection. A significant BER improvement is obtained when the
transmit antenna subset and the hybrid mode are jointly optimized.

6. CONCLUSION

We have proposed a hybrid MIMO system allowing to optimize both
the transmission mode and the transmit antenna assignments based
on the instantaneous MIMO channel using a limited feedback based
capacity-maximizing selection. Contrary to existing approaches,
which are limited to pure spatial multiplexing, pure transmit diver-
sity or simple direct combinations of both techniques, the proposed
system takes into account all possible hybrid transmission modes
arising for a fixed number of transmit antennas. Our simulation
results corroborate the performance gains of the joint transmit an-
tenna and mode selection approach over open-loop transmission and
closed-loop systems based only on transmit antenna selection. Next
steps to be taken include the use of other selection criteria to opti-
mize the antenna and mode selection matrices and, possibly, the use
of cross-layer approaches.
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