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Abstract

In this paper, four novel loading algorithms are proposed
for multicarrier systems employing spatial diversity. The ob-
jective of these algorithms is to increase system throughput
while ensuring the mean bit error rate (BER) is below a speci-
fied limit. A subcarrier signal is transmitted simultaneously on
a subset of antennas, passed through a multiple-input multiple
output (MIMO) channel, intercepted by a subset of receive an-
tennas, and linearly combined. Both antenna subset configura-
tions may differ for each subcarrier. The rationale for this form
of antenna selection is to efficiently distribute power across the
antennas and to reduce array processing complexity. Bit load-
ing is employed by two of the proposed algorithms to further
increase throughput. Simulation results show a tradeoff be-
tween the allocation algorithm computational complexity and
system throughput.

Keywords: Multicarrier Modulation, Bit Loading, Spatial
Diversity, Antenna Selection

1 Introduction

Multiple antennas can be employed at the transmitter and
receiver to enhance the error robustness of the system [1].
By transmitting multiple copies of the same signal, the like-
lihood that all of them would be severely corrupted by the
channel decreases. This technique of transmitting the same
signal across several antennas to mitigate poor channel condi-
tions is known as spatial diversity. At the same time, when the
channel paths between the transmit and receive antennas expe-
rience frequency-selective fading, multicarrier modulation can
be employed by the system to transform these channels into a
collection of approximately frequency-flat subchannels. As a
result, this yields a lower implementation and computational
complexity at the receiver with respect to equalization and de-
tection [1].

Although system performance is improved when employ-
ing multiple antennas, there are also drawbacks, including in-
creased power consumption and increased complexity of the
array processing algorithms. One possible solution is antenna
subset selection, also known as hybrid selection, where the
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system chooses the best L (resp. Lr) out of N (resp. Nr)
transmit (resp. receive) antennas. The values for L and Lp
are fixed throughout the selection process. Many researchers
have studied the use of antenna subset selection in both single
carrier [2—6] and multicarrier systems [7—10].

Nevertheless, there exists the potential to further enhance
system performance using antenna subset selection, at the cost
of increased hardware complexity. First, conventional antenna
subset selection algorithms fix the size of L1 and Ly by con-
straining the number of RF chains to be fewer than the num-
ber of antennas. However, this may result in an inefficient
allocation of antennas. Second, none of the multicarrier sys-
tems employing antenna subset selection perform bit loading,
a powerful technique to redistribute the data across the subcar-
riers to increase throughput while satisfying some error con-
straint [11]. Third, none of the algorithms perform antenna
subset selection simultaneously at both the transmitter and the
receiver independently for each subcarrier.

In this paper, we address these issues by proposing four
novel allocation algorithms that activate specific antennas, or
subcarriers per antenna, using an adapted version of antenna
subset selection. Employing the proposed algorithms could
potentially result in a reduction in both power consumption
and array processing complexity. Unlike conventional antenna
subset selection, the size of L1 and Ly are not restricted to a
fixed value, such that additional flexibility is available when
choosing which antennas and subcarriers to activate. Further-
more, two of the proposed algorithms perform bit loading in
tandem per subcarrier to increase the overall system through-
put, while satisfying a mean bit error rate (BER) constraint. As
a result, the advantages offered by both frequency and spatial
diversity are exploited.

The rest of this paper is organized as follows: Section 2 pro-
vides some details on the implementation of our multicarrier
system that employs multiple antennas at both the transmit-
ter and the receiver. The proposed algorithms are described in
Section 3 while the simulation results of these algorithms are
presented in Section 4. Section 5 contains several concluding
remarks and final observations.

2 System Implementation

A schematic of the multicarrier transceiver employing mul-
tiple antennas is shown in Fig. 1. Referring to Fig. 1(a), the
high-speed data stream z(n) is demultiplexed into N parallel
data streams of different rates and modulated into N streams
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(a) Multicarrier transmitter with multiple antennas.
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(b) Multicarrier receiver with multiple antennas.

Fig. 1 Schematics of the multicarrier transmitter and receiver em-
ploying multiple antennas in a diversity configuration.

of symbols. The choice of subcarrier modulation schemes and
data rates are determined by the bit allocation algorithm em-
ployed by the system. These streams are then upsampled by
a sampling factor N and filtered by one of /N bandpass filters
constituting the synthesis filterbank. The NN subcarrier out-
puts of the synthesis filterbank are fed to the N7 antennas for
transmission. However, the transmit antenna selection algo-
rithm chooses which subset of antennas should transmit each
subcarrier signal, turning off the corresponding subcarriers on
the other antennas!. At each transmit antenna, the subcarriers
are summed, forming the signals s;(n), ¢ = 1,..., Ny, and
transmitted.

At the receiver, the Ny receive antennas intercept the sig-
nalsj(n), j =1,..., Ng, as shown in Fig. 1(b). The analysis
filterbanks at each receive antenna separates r;(n) into N sub-
carriers and downsamples them by a sampling factor V. The

I'The transmit antenna selection is an on/off procedure, where in Fig. 1(a),
T]Z. = 0 turns off subcarrier 7 being fed into transmit antenna j, while T]Z. =1
leaves it on.

receive antenna selection algorithm then chooses which set of
antennas to use for each subcarrier in the signal combining
process>. The combined subcarriers are then demodulated and
multiplexed together, forming the reconstructed high-speed
data stream Z(n). Note that equalization would also be em-
ployed by the system at some stage in the receiver on each
subcarrier to compensate for the distortion introduced to the
signal s;(n) by the multiple input/multiple output (MIMO)
channel. In the next section, the MIMO channel model em-
ployed in this work will be outlined.

3 Proposed Algorithms

The primary objective of the proposed algorithms is to in-
crease the overall throughput of the system while ensuring
the mean BER, P, is below a specified limit, Py. Note that
this approach has been used in several single-input single-
output (SISO) multicarrier bit loading algorithms [11]. To sat-
isfy this objective, the algorithms are designed to search for
the appropriate number of bits per symbol, b;, and the trans-
mit/receive antenna configuration, s;, for subcarrier ¢, where:
(i) 5; € Sconfig, (i) the subcarrier index 7 = 1,..., N, (iii) the
set Sconfig contains all possible transmit and receive antenna
configurations, and (iv) N is the total number of subcarriers.
The secondary objective is to use as few antennas as possible
to achieve the largest possible throughput. Thus, each subcar-
rier signal is broadcast simultaneously by a subset of transmit
antennas rather than by all transmit antennas, as long as the
throughput for each configuration is equivalent. Similarly, the
intercepted copies of the subcarrier signals are picked up by a
subset of, rather than all, the receive antennas as long as the
throughput value of each configuration is equivalent.

Mathematically, the proposed algorithms attempt to solve a
two-step optimization problem, where the first step is of the
form:

N
maxd b M

subject to :

P (ibP>/(ib) <Pr, @

where P; is the BER for subcarrier ¢, which is computed from
the subcarrier signal-to-noise ratio (SNR), ~;, via closed form
expressions [12]. Now let Syax denote the set of antenna con-
figurations that yield the largest throughput in Eq. (1), where
Smax € Sconfig- The algorithms then solve the second step:

s-glsin (pryi - mri(8:) + pri - nR,i(5:)) 3)

2Referring to Fig. 1(b), the algorithm can either allocate a weight of p;. =
0 to turn off subcarrier ¢ on receive antenna j, or a weight corresponding to
either equal gain combining (EGC) or maximum ratio combining (MRC) of
the L i antennas that are chosen for that subcarrier.

3The value of ~; is equal to the composite SNR value due to the recom-
bining of the different signal paths from the transmitter to the receiver. Thus,
i 1s also a function of the antenna subset configuration s;.



where 0 < np;(s;) < Ny and 0 < ng(s;) < Npg are the
number of active transmit and receive antennas for antenna
configuration s;, Np and Ny are the total number of transmit
and receive antennas, and pr; & pg,; are weights such that
w7, + pig,; = 1. In this work, since minimizing the number
of transmit and receive antennas is equally important, these
weights are set to i ; = pur,; = 0.5.

The differences between the four proposed algorithms is
due to the choice of additional constraints, namely,

by =by =---=bp, “4)
§1 =82 =+ = S5N, @)

where Egs. (4) and (5) constrains the modulation schemes and
the antenna subset configurations to be identical for all subcar-
riers. Therefore, the four proposed loading algorithms can be
defined as:

e Signal-level antenna subset selection (i.e., employs both

Eq. (4) and (9)),

o Subcarrier-level antenna subset selection (i.e., employs
only Eq. (4)),

e Signal-level antenna subset selection with bit loading
(i.e., employs only Eq. (5)),

e Subcarrier-level antenna subset selection with bit load-
ing (i.e., employs neither constraint).

A detailed description of the proposed algorithm performing
subcarrier-level antenna subset selection with bit loading is
shown in Fig. 2. Note that the other three proposed algorithms
have a similar structure, although with additional constraints.
The theoretical values for P;, given all possible antenna con-
figurations and modulation schemes, are computed and stored
in a look-up table for easy access. Then Steps 2 and 3 are per-
formed to allow a quick exit in case it is not worth perform-
ing antenna subset selection and bit allocation. The algorithm
then performs a search of each subcarrier and antenna config-
uration for the largest signal constellation such that P; < P
is satisfied, where P is the peak BER limit for any given sub-
carrier. The antenna configuration that yields the largest sub-
carrier throughput is then chosen for each subcarrier. In the
case of a tie, the configuration employing the fewest antennas
is chosen. Then the mean BER P is computed and the value
of P is modified by an amount 6. Steps 4 and 5 are then re-
peated with the new value of Pto yield a new configuration,
from which the mean BER P’ is computed. The values of
P and P’ are compared with Py and their relation with the
mean BER threshold will determine the next steps the algo-
rithm will perform. If both are above or below Pr, the value
of P is steadily modified until P and P’ straddle Py, in which
case the algorithm zooms in on Pr. The algorithm stops when
it has found a configuration and allocation that has maximized
the throughput while satisfying P < Pr.

4 Simulation Results

To evaluate the performance of the proposed algorithms, a
multicarrier system based on some of the operating parameters

1. Initialization: Compute P;, ¢« = 1,...,N, for
all available modulation schemes and antenna
configurations.

2. If the largest P; for the largest available
signal constellation is less than Pr, set all
subcarriers to that constellation, employ 1
transmit antenna, employ 1 receive antenna, and
exit algorithm, else go to Step 3.

3. If smallest P; for the smallest (non-zero)
signal constellation is greater than Pr,
null all subcarriers and exit algorithm, else
proceed to Step 4.

4. Find largest signal constellation for all
subcarriers and antenna configurations such
that P, < P, where P is the peak BER limit per
subcarrier.

5. Select antenna configuration with largest b;,

i = 1,...,N (in case of a tie in the number of
bits, choose configuration with fewest overall
antennas) .

6. Compute P using Eq. (2).

7. If P< Pr, let P=P+6, else P =P —§, where
§ is the stepsize.

8. Find largest signal constellation for all
subcarriers and antenna configurations such
that P; < P.

9. Select antenna configuration with largest b;,
i = 1,...,N (in case of a tie in the number of
bits, choose configuration with fewest overall
antennas) .

10. Compute P’

11. If both P > Pp and P° > Pr (resp. P <
Pr and P’ < Pr) , .and no previous straddling of
Pr, let P=P, P=P —§ (resp. P = P+59),

and go to Step 8, else go to Step 12.

12. If both P < Pr and P’ < _Pr, and Pr was
straddled before, let P =P, P =P +§, and go
to Step 8, else go to Step 13.

13. If both P and P’ are straddling Pr and the
number of times this occurred is less than a
specified amount, reduce §, let P = min(PJB/),
set P = P 4+ 6 (the future P’ should be on

the same side of Pr as P), and go to Step 8.

Otherwise, finalize the allocation and end the

algorithm.

Fig.2 Proposed subcarrier-level antenna subset selection algorithm
with bit loading.

used in the IEEE 802.11a standard are employed [13]*. The
option to null subcarriers also exists in circumstances where
the prevailing channel conditions are too poor. However, un-
like the standard, where the same modulation scheme is em-
ployed across all the subcarriers, the proposed algorithms that
employ bit loading can use a different modulation scheme for
each subcarrier. Results from all the proposed algorithms were
obtained for a target BER value of Py = 1075,

The antenna elements employed by the arrays are \/2 omni-
directional dipole antennas’ placed in a uniformly-spaced lin-
ear array with adjacent antenna separation of d and oriented
such that they are all perpendicular to the xy-plane, i.e., verti-
cally polarized. For physical space considerations, the largest

“4The system possesses N = 64 subcarriers (with 6 “guard subcarriers” at
each end of the 16.6 MHz bandwidth), uses BPSK, QPSK, square 16-QAM,
and square 64-QAM modulation, and has an operating frequency of 5 GHz.

SThe wavelength is equal to A = 1/(5 GHz) = 0.06 m.
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Fig. 3 Throughput results for different algorithms employed by a
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Fig. 4 Mean BER results for different algorithms employed by a
(Nt = 2, Nr = 2) multicarrier system. Note that “SC” and “Sig.”
stand for subcarrier-level and signal-level antenna subset selection
algorithms.

array configuration employed at either the transmitter or re-
ceiver is 2 antennas®. Simple transmit diversity is employed
at the transmitter while maximal ratio combining (MRC) is
performed at the receiver to recombine the received signals’.
The physical separation between the transmitter and receiver
was varied between 1 m and 60 m®. The MIMO channel con-
sists of a collection of SISO channel responses generated us-
ing the method proposed by Saleh and Valenzuela [14]°. The
SISO components of the MIMO channel were assumed to be
uncorrelated since the adjacent antenna separation was set to

6 Although more antennas would improve system performance, this en-
hancement would come at the cost of increased computational complexity for
the algorithm.

"Results for when equal gain combining (EGC) is employed showed a
small decrease in throughput performance.

8The change in transmitter/receiver separation distance corresponds to an
SNR change ranging from 59 dB to -11 dB.

9The SISO components were assumed to be time-invariant, non-line-of-
sight, and uncorrelated.
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Fig. 6 Mean BER results for different array configurations using the
proposed antenna subset selection algorithm (subcarrier-level) with
bit loading.

d = 5. However, the effect of antenna separation on system
performance was also examined for d = X and d = 0.25\
using the model proposed in [15]. Finally, for each MIMO
channel realization, the algorithms were operating at 70 dif-
ferent averaged SNR values equally spaced in the logarithmic
domain. The trials were repeated for 10000 different MIMO
channel realizations and the results averaged.

Referring to Figs. 3 and 4, the throughput and mean BER
results of the proposed algorithm and its three variants are pre-
sented for an (N7 = 2, Nr = 2) multicarrier system. It can
be observed that the proposed algorithm possesses the largest
throughput values, followed by the signal-level antenna subset
selection algorithm with bit loading, the subcarrier-level an-
tenna subset selection algorithm, and the signal-level antenna
subset selection algorithm. For example, at an SNR of 20 dB,
the throughput of a (2,2) system employing these four algo-
rithms are 305, 280, 240, and 150 bits per symbol, respec-
tively. This is due to the increased number of available con-
figurations that the algorithms can choose, with the proposed
algorithm having the most flexibility. This is evident from the
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Fig. 8 Throughput loss due to correlation for the signal-level an-
tenna subset selection algorithm employing bit loading when d = .

mean BER results shown in Fig. 4, where the proposed algo-
rithm comes the closest to Pr = 10~° while the others are
farther away from Pr. Another observation is that as the total
number of antennas employed by the system increases, so does
the throughput, as shown in Fig. 5 for the proposed algorithm.
This is due to the system further exploiting the spatial diver-
sity offered by these arrays. Moreover, more configurations
are available to the algorithms, thus given them more flexi-
bility in reaching a larger throughput, evident from the mean
BER results in Fig. 6.

As for the effects of correlation, the system experiences a
very small decrease in throughput for d = A, as shown in
Figs. 7 and 8. Simulations have shown that for d = 0.25),
the system experiences a loss of at most 30 bits per symbol.
However, even with the loss in throughput for d = 0.25), the
simulation results show that it is advantageous to use MIMO
and bit loading.

5 Conclusion

A novel algorithm was proposed that performs both an-
tenna subset selection and bit loading in tandem for a mul-
ticarrier system employing multiple antennas. The proposed
algorithm, as well as three simpler variants, can increase the
overall throughput of the system while being constrained by
a mean BER limit. The results showed that the proposed al-
gorithm achieved the best throughput performance at the cost
of the largest computational complexity. When correlation in

the MIMO channel model is considered, the algorithms show
only a negligible throughput degradation for d = \ and a small
decrease for d = 0.25\. Thus, combining antenna subset se-
lection and bit loading offers substantial gains in terms of in-
creased throughput.
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