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Abstract—This paper describes the design of a time-
division duplexing frame with a variety of pilots for multiuser
multiple-input–multiple-output orthogonal frequency-division
multiple access (MU-MIMO OFDMA) systems, where the base
station and users are equipped with four and two transmitting
and receiving antennas, respectively. In addition, a simplified
scheduling algorithm for the MU-MIMO OFDMA is proposed,
and its computational complexity is analyzed. The proposed
scheduling algorithm shows comparable sum achievable rates
to the optimal MU-MIMO OFDMA scheduling that searches
for user pairs in an exhaustive manner, whereas its complexity
is fairly reduced. Furthermore, to verify the performance of
MU-MIMO OFDMA systems that employ the proposed frame
structure and scheduling algorithm, a system-level comparison of
the average cell throughputs between the proposed MU-MIMO
and the conventional MIMO OFDMA systems is numerically
performed in a practical cellular environment. As a result, vital
information on how we can apply MU-MIMO OFDMA schemes
in cellular environments is provided.

Index Terms—Cell throughput, multiuser multiple-input
multiple-output (MU-MIMO), orthogonal frequency-division
multiple access (OFDMA), scheduling, sum achievable rates,
time-division duplexing (TDD).

I. INTRODUCTION

IN COMPANY WITH fundamental studies on multiple-
input–multiple-output (MIMO) techniques for single trans-

mitter and receiver [1], [2], MIMO applications for multiuser
(MU) communications have vigorously been researched to
further increase system throughput. For downlink (DL) MU
communications, when the DL broadcasting channel-state in-
formation (CSI) is available at the transmitter, it has been
shown that the capacity bound of Gaussian MIMO broadcast
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channels can be achieved by dirty-paper coding [3]. In cellular
networks, communications from the base station (BS) to the
user equipment (UE) or, simply, users are referred to as a DL
[vice versa, uplink (UL)]. Practical implementation issues have
also been studied in the area through source–channel coding
in the dirty-paper channels [4]. For simple transceivers, various
suboptimal techniques have been studied, e.g., linear processing
methods (including channel inversion and its modifications) [5],
[6], zero-forcing (ZF)-based block diagonalization [7]–[10],
and minimum mean square error (MMSE)-based transmit
and receive processing [11]. Note that the MU-MIMO in a
flat-fading channel can easily be extended to the frequency-
selective channel by employing orthogonal frequency-division
multiple access (OFDMA). The combination of MU-MIMO
and OFDMA converts a broadband MU-MIMO channel into
parallel narrowband MU-MIMO channels [12].

The aforementioned MU-MIMO schemes, however, assume
that both the transmitter and the receiver know the perfect
CSI with no concerns about any channel estimation errors that
occurred in practice. In time-division duplexing (TDD) cellular
systems, the BS and UE generally estimate the DL CSI by using
UL and DL pilot signals, respectively.1 To relax the perfect
CSI condition, a partial CSI feedback scheme using a code-
book, which is made by random vector quantization, has been
introduced in [13] and extended to the user selection scenario
described in [14]. Opportunistic beamforming has also been
studied in [15] and [16], where the precoding vector indices and
signal-to-interference-plus-noise ratio (SINR) values of each
user are fed back to the BS as partial CSI. Recently, for MU-
MIMO systems, the achievable rate has been analyzed with
channel estimation [17].

The performance of partial CSI feedback schemes is ob-
viously inferior to perfect CSI schemes. Hence, the MU-
MIMO techniques may not guarantee more throughput
compared to MIMO techniques due to the interuser interference
(IUI) that arises from CSI uncertainty and the system overhead
required for the acquisition of the (partial) CSI. In particular,
the general resource allocation in terms of frequency-and-
time and user scheduling for MU-MIMO OFDMA has not
been considered.2 It would therefore be fruitful to take into

1For frequency-division duplexing systems, the DL CSI can be estimated at
the UE and fed back from the UE to the BS after quantization.

2Note that the MU scheduling for MU-MIMO in the spatial domain has
extensively been studied in [18]–[22].
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account practical CSI estimation issues with realistic resource
allocation methods. To the best of our knowledge, system-
level performance evaluation with the channel estimation of
UL and DL and with the resource allocation has not been
demonstrated for the MU-MIMO OFDMA systems, and this
case has motivated our study.

In this paper, cell throughputs of the proposed MU-MIMO
OFDMA system and the conventional MIMO OFDMA sys-
tem are compared considering CSI uncertainty and system
overhead. The overall TDD frame and several pilot structures
are designed for the practical MU-MIMO OFDMA systems,
where the BS and users are equipped with four and two
transmitting and receiving antennas, respectively, e.g., next-
generation mobile Worldwide Interoperability for Microwave
Access (WiMAX) [23] (IEEE 802.16m standard [24]), which is
considered one of the international mobile telecommunications
(IMT)-advanced technologies [25], and Third-Generation Part-
nership Project Long Term Evolution (3GPP LTE) advanced
[26].3 In the design framework, linear processing is considered
for MU transceivers with comparatively low complexity, which
results in easier implementation.

First, we employ a UL pilot-sharing technique [27] to im-
prove the mean square error (MSE) performance of UL chan-
nel estimation. In addition to UL pilots, UL sounding pilots
[28]–[30] are adaptively allocated to UEs. Note that UL pilots
are used for the BS to estimate the UL CSI, whereas UL sound-
ing pilots can be inserted into the UL subframe to select DL
UEs [31], i.e., scheduling users. Existing orthogonal DL pilots
with some modifications are employed to estimate plain DL
channels. To estimate an effective DL channel, which consists
of plain DL channel matrices, and MU-MIMO preprocessing
and postprocessing matrices, we design the midamble enabling
reduction of overhead.

Next, we design a suboptimal scheduling algorithm that
jointly selects UEs and their spatial multiplexing modes. Using
a trimming (TR) search [33] based on sequential stack search
[32], the proposed scheduling algorithm can significantly re-
duce the computational complexity at the BS. This fact is
verified from numerical and analytical comparison with an
optimal exhaustive (EX)-search method.

Finally, the MU-MIMO OFDMA system with the designed
frame structure and TR-search algorithm is compared with the
existing MIMO OFDMA system using a closed-loop beam-
forming plus spatial multiplexing (CL-BFSM) [37]. The opti-
mal number of CSI-reporting users in terms of cell throughput
is observed according to the UL SINR. Because the users
occupy orthogonal subcarriers on the restricted UL band for UL
sounding, it has been found that, as the number of CSI-reporting
users increases, the number of UL sounding pilots for each
user decreases, and the CSI uncertainty subsequently increases.
Therefore, the DL throughput can decrease, even if the MU

3The baseline configuration for 3GPP LTE is two transmitting and receiving
antennas in both the BS and the UE. Note that, in 3GPP LTE-Advanced, the
existing MIMO technologies are extended to support configuration with up
to eight and four transmitting and receiving antennas in the BS and the UE,
respectively.

diversity increases as the number of users increases.This paper
can be summarized as follows.

• Design of the MU-MIMO OFDMA TDD frame.4 UL
sounding pilots in [28]–[30] are adaptively allocated to
multiple users. The DL pilot structure with some modi-
fications in [24] is used to increase the spectral efficiency.
The DL midamble is designed to estimate effective MU
DL channels and to reduce the overhead.

• Design of the practical MU scheduling algorithm. The TR-
search algorithm in [33] is generalized.

• Evaluation of the system-level cell throughput. Cell
throughputs of the existing MIMO and the proposed MU-
MIMO OFDMA systems are compared under the cellular
environment. It is corroborated that the proposed MU-
MIMO OFDMA system always outperforms the existing
MIMO OFDMA system.

Section II shows the MU-MIMO OFDMA system model. In
Section III, the designed TDD frame and some pilot structures
are described, whereas channel estimation schemes for various
CSI are shown. Section IV presents our proposed scheduling
algorithm. The system throughput is evaluated through a com-
puter simulation in Section V. Finally, Section VI summarizes
this paper with some concluding remarks.

Notation: Throughout this paper, the superscripts T and ∗
denote the transpose and the conjugate transpose, respectively,
of a matrix. tr(A) and det(A) represent, respectively, a
trace and a determinant of matrix A. Cm×n and Rm×n are
m × n complex and real matrices, respectively. The base of
all logarithms is assumed to be two, unless specifically noted
otherwise.

II. MULTIUSER MULTIPLE-INPUT–MULTIPLE-OUTPUT

ORTHOGONAL FREQUENCY-DIVISION MULTIPLE

ACCESS SYSTEM MODEL

An MU-MIMO OFDMA DL system model with one BS
and T users is illustrated in Fig. 1. We assume that the BS
has NT antennas and each user has NR antennas. The MU-
MIMO technique is applied to Q orthogonal frequency bands
known as MU-MIMO adaptive modulation and coding (AMC)
bands. In this section, we mainly focus on a subcarrier, under
the assumption that the same MU-MIMO scheme is applied
to every subcarrier. Assuming that the impulse response that
is sampled from a time-domain channel is shorter than the
cyclic prefix, the equivalent frequency-domain channel matrix
for the nth subcarrier of the kth user (k ∈ {1, · · · , T}) can be
represented as Hk(n) ∈ CNR×NT , which is represented by the
sequential multiplication of N -point inverse discrete Fourier
transform (IDFT), time-domain channel response, and N -point
discrete Fourier transform (DFT) matrices. Suppose that the
entries of Hk(n) are independent and identically distributed
zero-mean complex Gaussian random variables with variance
that is determined by the large-scale propagation path loss and
shadowing between the BS and the UE. The BS estimates the
UL channels, ĤT

BS,k(n) ∈ CNT ×NR , from T users and obtains

4DL and UL subframe structures follow the structures in [24]. We have
employed the UL pilot structure as proposed in [27].
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Fig. 1. MU-MIMO OFDMA system model for DL communication.

the equivalent estimated DL channels ĤUE,k(n) from the
channel reciprocity, i.e., ĤUE,k(n) = ĤBS,k(n), for all users
k ∈ {1, · · · , T} (where the UL channel estimation procedure
and method are specifically shown in Section III-B). Denoting
Lk(n) as the number of data streams for the nth subcarrier
of the kth user, the ZF-based MU-MIMO transmit-processing

matrix ŴBS,k(n) ∈ C
NT ×(NT −

∑
j=1,j �=k

Lj(n))
, which sup-

presses the IUI, is obtained as follows [8], [9]:

ŴBS,k(n)=null
[
Ĥ∗

BS,1(n)F̂BS,1(n)· · ·Ĥ∗
BS,k−1(n)F̂BS,k−1(n)

Ĥ∗
BS,k+1(n)F̂BS,k+1(n)· · ·Ĥ∗

BS,K(n)(n)F̂BS,K(n)(n)
]∗

(1)

where K(n) is the number of users supported at the nth
subcarrier, null(A) is a matrix whose column vectors are or-
thogonal bases of the nullspace of A, and the prereceiver filter
matrix F̂BS,k(n) [7] consists of Lk(n) dominant left singular
vectors of ĤBS,k(n). Accordingly, the kth user’s input signal
vector xk(n) ∈ CLk(n)×1 is multiplied by T̂BS,k(n), where
T̂BS,k(n) = ŴBS,k(n)V̂BS,k(n)ÊBS,k(n) are combined to

yield
∑K(n)

j=1 T̂BS,j(n)xj(n) and are broadcast. Here, the pre-

processing matrix V̂BS,j(n) and the power control matrix
ÊBS,j(n) are described in the following discussion. After
multiplying the received signal with a postprocessing ma-
trix R̂∗

UE,k(n) = Û∗
UE,k(n)F̂∗

UE,k(n) ∈ CLk(n)×NR , the post-
processed signal vector x̃k(n) at the kth user is given by

x̃k(n) = R̂∗
UE,k(n)HUE,k(n)

K(n)∑
j=1

ŴBS,j(n)V̂BS,j(n)

× ÊBS,j(n)xj(n) + R̂∗
UE,k(n)nk(n) (2)

where HUE,k(n) ∈ CNR×NT denotes the actual DL channel of
the kth user, and nk(n) ∈ CNR×1 denotes the sum of an addi-
tive white Gaussian noise (AWGN) and intercell interferences

with variance σ2
k.5 Here, the combining matrix F̂UE,k(n) ∈

CNR×Lk(n) consists of Lk(n) dominant left singular vectors of
the estimated DL channel ĤUE,k(n). The postprocessing ma-
trix Û∗

UE,k(n) ∈ CLk(n)×Lk(n) and the preprocessing matrix

V̂BS,k(n) ∈ C
(NT −

∑
j=1,j �=k

Lj(n))×Lk(n)
for the diagonaliza-

tion of the kth user’s MIMO channel are obtained from the left
and right singular matrices of F̂∗

UE,k(n)HUE,k(n)ŴBS,k(n)
and F̂∗

BS,k(n)ĤBS,k(n)ŴBS,k(n), respectively. ÊBS,k(n) ∈
RLk(n)×Lk(n) is a diagonal matrix that controls the transmis-
sion power of spatial streams. We assume that equal power is
loaded on each spatial stream for simplicity and ÊBS,k(n) =
PT /

∑K(n)
j=1 Lj(n)ILk(n), where PT is the total transmitting

power of the BS. Assuming that the transpose of the estimated
UL channel ĤT

BS,k(n) is the same as the actual DL channel

HUE,k(n), i.e., ĤBS,k(n) = ĤUE,k(n), the IUI can perfectly
be canceled, and (2) can then be approximated as

x̃k(n) � Û∗
UE,k(n)ĤEF,k(n)V̂BS,k(n)

PT∑K(n)
j=1 Lj(n)

xk(n)

+ R̂∗
UE,k(n)nk(n) (3)

where ĤEF,k(n) = F̂∗
UE,k(n)HUE,k(n)ŴBS,k(n). If the UL

and DL channels are perfectly estimated, after multiplying the
postprocessor Û∗

UE,k(n) and the preprocessor V̂BS,k(n), the

effective channel ĤEF,k(n) can completely be diagonalized to
an Lk(n)-dimensional diagonal matrix D̂k(n) whose diagonal
elements are singular values of the effective channel matrix
ĤEF,k(n). Hence, the estimate in (3) is finally rewritten as

x̃k(n) � D̂k(n)
PT∑K(n)

j=1 Lj(n)
xk(n) + R̂∗

UE,k(n)nk(n).

5We assume that the intercell interferences plus noise is complex white
Gaussian, which is the worst-case assumption of the interferences and gives the
lower bound of the capacity [34]. Because we consider the long-term fading of
the intercell interferences, the infrequent feedback of the variance σ2

k from the
UE to the BS is possible.
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Fig. 2. TDD frame structure.

III. TIME-DIVISION DUPLEXING FRAME STRUCTURE

AND CHANNEL ESTIMATION

In this section, the TDD frame and four types of pilot
structures are introduced. We assume that the number of the BS
and UEs antennas, which are denoted by NT and NR, is given
by four and two, respectively. This antenna configuration for the
practical MIMO OFDMA system is reasonable with respect to
implementation issues, e.g., the spatial restriction of multiple
antennas, the cost of radio frequency, system complexity, and
network latency. Under the MIMO configuration, various CSI
estimation methods are shown according to the designed frame
and pilot structures. Estimation performance is evaluated in
terms of MSE in the last part of this section.

As illustrated in Fig. 2, one TDD frame includes the UL and
DL subframes, which are distinguished by the time, and the
number of used subcarriers, excluding the guard subcarriers,
is 864 [23], [24]. Each subframe is divided into the following
two bands: 1) diversity and 2) AMC bands.6 In diversity bands,
the open-loop beamforming (OL-BF) [35], spatial multiplexing
(SM) [2], OL-BFSM, and double space–time transmit diversity
(DSTTD) [36] are employed. In AMC bands, the proposed MU-
MIMO, OL-BF, and CL-BFSM [37] are used. Brief character-
istics of the employed MIMO schemes are given as follows.
OL-BF is a statistical beamforming technique that uses transmit
antenna correlation. OL-BFSM is a combination of OL-BF
and SM. DSTTD is a combination of space–time block coding
and SM, and CL-BFSM is a combination of CL-BF and SM.

6As generally assumed in [23] and [24], each subframe is divided into
diversity and AMC bands to efficiently utilize the UE’s different mobility
characteristics. The diversity and AMC bands are partitioned by 54 and 18
subcarriers, respectively, in the frequency domain. The ratio between diversity
and AMC bands can be adjusted according to the ratio between high and low
mobility users.

The diversity and AMC bands consist of subchannels, which
are the minimum unit of the resource allocation and channel
coding, where each subchannel size will later be specified. The
time gap between DL and UL subframes allows transition for
the BS from the transmit mode to the receive mode and for
the UEs from the receive mode to the transmit mode—the
receive/transmit transition gap (RTG) and the transmit/receive
transition gap (TTG) are the transition times between the trans-
mit and the receive modes and between the receive and the
transmit modes, respectively. At the end of the UL subframe,
two subsequent OFDM symbols are used for the UL sounding
and control channels. By using the UL sounding channel, where
the UL training tones are transmitted to the BS, the UL CSI
of the selected users for DL MU scheduling can be estimated
at the BS. Feedback information can also be delivered from
the UEs to the BS through the following two UL control
channels: 1) the channel quality information channel (CQICH)
and 2) the fast feedback channel.7 On the DL subframe, one
OFDM symbol, known as a preamble, follows the RTG for both
synchronization and BS identification. Here, we assume that
the DL map (DL-MAP) informing subchannel allocation and
control signal is composed of two OFDM symbols. Some pilot
sequence group that comprises two OFDM symbols, called
midamble, is located at the beginning of the DL AMC band
to estimate an effective DL CSI, which will later be explained.
In the following sections, we particularly explain the design of
pilot structures at the BS and UE and the estimation schemes at
the UE and BS, respectively, to acquire the following channels:
1) the UL CSI of the diversity, AMC, and sounding bands;
2) the DL CSI of the diversity and AMC bands; and 3) the
effective DL CSI of the AMC band.

7The DL SINR and the transmission modes (e.g., DSTTD, SM, and BF) are
reported by using the CQICH and fast feedback channels, respectively [38].
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Fig. 3. UL subframe structure.

A. UL CSI of the Diversity and AMC Bands

The UL subframe structure, including UL pilots, is particu-
larly designed to estimate the UL CSI HBS,k(n) of the diversity
and AMC bands for UL data recovery. Fig. 3 shows the UL
subframe that contains UL subchannels composed of data, null,
and pilot subcarriers, where each subchannel consists of a clus-
ter of 18 subcarriers and 3 OFDM symbols (see Fig. 2). Here,
no data and pilot subcarriers are loaded in the null subcarriers.
For the OFDMA system, the estimation performance of the UL
CSI is usually worse than the DL CSI. Note that the UL CSI
estimation for the kth UE is performed by only using the UL
pilots allocated on the kth UE’s subchannels, which is contrary
to the DL CSI estimation, in which common pilots over all
frequency bands are used for estimation. To estimate MIMO
channels in the frequency domain, pilots are assigned to the UE
antennas in an orthogonal manner over the frequency domain
(subcarriers). For example, if the pilots are deployed for the
first antenna of the kth UE, then the second antenna of the
UE does not transmit pilots on the same subcarriers used for
the first antenna. In addition, to enhance the channel estimation
performance, particularly at the edge of the subchannel, addi-
tional pilots (which are depicted by ∗ in Fig. 3) are allocated at
the exterior of the subchannels, which are orthogonal to their
neighboring subchannels, and the null subcarriers are the sub-
carriers left for the pilot allocation of the adjacent subchannels.
This pilot design, which is denoted as a pilot-sharing scheme,
enables us to have better performance for the UL CSI estimation
[27]. The MMSE estimator [39] is used at the BS for the UL
CSI estimation. All-one sequences are employed as the pilot
sequences, because the MSE performance for MMSE-based
CSI estimation does not depend on the sequence patterns [39].

B. UL CSI of the Sounding Band

Using the estimated UL CSI ĤBS,k(n) of the sounding
band throughout the procedure described in Section III-A, it
is possible for the transmitter (BS) to generate preprocessing
and postprocessing matrices, i.e., ÛUE,k(n), ŴBS,k(n), and
V̂BS,k(n), in the DL AMC band. This approach is feasible
if the channel of the DL AMC band slowly enough varies
to be almost identical to the CSI of the UL sounding band
(note that the sounding band is located right before the DL
subframe). Because the MU-MIMO scheme is applied only to
the DL AMC band, the UL sounding is required only on the
UL AMC bands (see Fig. 2). The specific feature of the UL
sounding pilots located at the last two OFDM symbols of the
UL subframe is described in Fig. 4. One sounding in the AMC
band consists of a cluster that includes 18 subcarriers and two
OFDM symbols. The MMSE-based channel estimator that uses
a sounding signal is employed at the BS.

The remarkable characteristics of the UL sounding are the
user-adaptive setup in combination with the MU-MIMO sched-
uler. Other features, e.g., pilot location and sequence pattern,
follow the structures in [28]–[30]. Similar to other pilot se-
quences, the UL sounding pilots are all-one sequences and
equally spaced.8 The sounding pilots for the first and second
transmitting antennas of the UE are placed at the first and
second sounding OFDM symbols, respectively. Let T denote
the number of users who utilize the restricted UL sounding
band. Because the sounding pilots are assigned in an orthogonal
manner across the frequency and time domains, the number
of pilots allocated per transmit antenna of each user is given
by 18/T for one UL sounding. Accordingly, the UL sounding
structures for T = 6, 9, and 18 are illustrated in Fig. 4. When
T = 6, 9, and 18, the number of sounding pilot subcarriers
assigned for one sounding cluster per transmit antenna of each
user is given by 3, 2, and 1, respectively.9 As one of the feasible
power control strategies, we perform power control for each UL
sounding pilot subcarrier so that the received SINRs of the UL
sounding band at the BS can be identical with all UEs [31].10

Under the structure shown in Fig. 4, interesting observations
are made as follows. As T increases, because the number of
pilots per user is reduced, the MSE performance of the UL
CSI estimation is degraded, resulting in more CSI uncertainty.
However, the MU diversity gain increases. Therefore, a tradeoff
exists between the UL CSI estimation performance and the MU
diversity gain according to the number of CSI-reporting users
denoted by T . In Section V, it will be shown that the optimal
T is determined in terms of system throughput for various UL
SINRs through the numerical results.

8When the MMSE estimator is applied, it is shown that the best set of pilot
locations in an MSE aspect is an equally spaced pilot set [41].

9Note that the sounding structure can support an arbitrary T (1 ≤ T ≤
18) with slight modification, although the specific allocation strategy is not
described in this paper.

10The scenario for the UL power control is described as follows. The BS
estimates the channel condition from the UE that requests AMC service to
the BS using sounding pilots. The BS informs the amount of increasing and
decreasing power for each UE by using a DL control channel.
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Fig. 4. UL sounding structure for the UL CSI estimation of the MU-MIMO AMC band.

Fig. 5. DL subframe structure.

C. DL CSI of Diversity and AMC Bands

Fig. 5 shows the DL subframe structure for MIMO OFDMA
systems, including the DL pilot structure, where one DL diver-
sity and AMC subchannels consist of seven equally spaced data
subcarriers, six OFDM symbols, and a cluster of 18 data sub-
carriers and four OFDM symbols, respectively. The DL pilots
are used to estimate the DL CSI HUE,k(n) and then to obtain
the prereceiver filter matrix F̂∗

UE,k(n). DL pilots are all-one
sequences and equally spaced by nine subcarriers throughout
the diversity bands. The DL pilots are designed to be orthogonal
across both the time and frequency domains. For example, the
pilots for the channels that correspond to the first BS antenna
are placed at an odd time and even frequency subcarriers in each
diversity subchannel, whereas the null subcarriers are assigned
for the other antennas of BS. Similarly, orthogonal pilots are
allocated to the subcarriers of other transmit antennas. The DL
CSI of both diversity and AMC bands is estimated by using
only the pilots on the diversity band. That is, no DL pilot is
allocated at the DL AMC bands to avoid additional overhead for

Fig. 6. Midamble structure.

training, which leads to reduced spectral efficiency. However,
because the DL pilots in the diversity bands can be received by
all UEs, including both AMC and diversity users, each user can
estimate the overall DL CSI by using the pilots in the diversity
bands. This design may yield performance degradation on the
estimation for DL CSI. Compared with the case with extra pi-
lots for the AMC band, however, the normalized MSE increase
is negligible, as shown in the computer simulation described in
Section III-E.

D. Effective DL CSI of the AMC Band

In this section, we describe the midamble structure shown
in Figs. 5 and 6 and propose an effective DL CSI esti-
mation scheme, which allows for the UEs to obtain their
MU-MIMO postprocessing matrix. The estimated MU-MIMO
postprocessing matrix Û∗

UE,k(n) is the left singular matrix of

the effective DL CSI ĤEF,k(n) in (3). Because the left singular
vector of ĤEF,k(n) is the same as in ĤEF,k(n)V̂BS,k(n),
which is equivalent to F̂∗

UE,k(n)HUE,k(n)T̂BS,k(n), the es-

timation for HUE,k(n)T̂BS,k(n) is also required to generate
the postprocessing matrices at the UE. Noting that F̂∗

UE,k(n)
is obtained from the procedure shown in Section III-C, to
obtain HUE,k(n)T̂BS,k(n) for the kth user, we can consider
the following two communication scenarios: 1) the feedforward
scheme and 2) the estimation-and-interpolation scheme. In the
former strategy, the BS forwards the preprocessing matrix
by using a signaling channel. In the latter strategy, the UEs
estimate the effective DL CSI by using DL pilots that were
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described in the previous section. However, the aforementioned
scenarios have problems. For the feedforward scheme, because
the size of the complex preprocessing matrix T̂BS,k(n) is NT ×
Lk(n), the BS needs to forward at least 2NT

∑K(n)
k=1 Lk(n)

real values per subcarrier, where K(n) ∈ {1, · · · , NT } is the
number of supported users at the nth subcarrier. Hence, the
feedforward information significantly reduces the DL through-
put, resulting in an inefficient system. On the other hand,
for the estimation-and-interpolation scheme, it is difficult to
interpolate the effective DL CSI estimated by DL pilots due
to the discontinuity of the preprocessing matrices among the
consecutive subcarriers. This discontinuity comes from the fact
that the preprocessing matrix contains the IUI suppression
matrix generated from nonunique nullspaces.

Alternatively, we propose a midamble-based estimation
method for the estimation of effective DL CSI. Each midamble
band consists of a cluster with 18 subcarriers and two OFDM
symbols. The midamble sequences are particularly designed by

[
an bn cn dn

en fn gn hn

]T

=
K(n)∑
k=1

T̂BS,k(n)Pk,Lk(n)

where Pk,Lk(n) is the known symbol made from Lk(n) rows of
the NR-dimensional identity matrix, i.e., Pk,1 = [1 0] or [0 1]

and Pk,2 =
[

1 0
0 1

]
, and is located at one cluster, as shown

in Fig. 6. Note that two OFDM symbols are used to generate
Pk,Lk(n), whose ith column corresponds to the ith symbol. The
BS needs to simultaneously transmit the midamble to support
users (i.e., UEs) as small as possible to reduce the IUI so that
UEs can reliably estimate the effective CSI. Now, we mainly
focus on the case where the number of supported users at each
subcarrier is two, i.e., K(n) = 2 (the other cases can be shown
with a slight modification). Then, according to the number
Lk(n) of streams at each user, two types of midambles are
designed as follows.

• Orthogonal midamble
◦P1,1 = [1 0], and P2,1 = [0 1].
◦P1,1 = [0 1], and P2,1 = [1 0].

• Superimposed midamble

◦ P1,2 =
[

1 0
0 1

]
, and P2,1 = [1 0].

◦ P1,2 =
[

1 0
0 1

]
, and P2,1 = [0 1].

◦ P1,1 = [1 0], and P2,2 =
[

1 0
0 1

]
.

◦ P1,1 = [0 1], and P2,2 =
[

1 0
0 1

]
.

◦ P1,2 = P2,2 =
[

1 0
0 1

]
.

For example, when the BS supports two users who transmit
one spatial stream for the nth subcarrier, i.e., [L1(n) L2(n)] =
[1 1], if P1,1 = [1 0] for one user, then P2,1 = [0 1] for the other
user. If the channel is assumed to be static within two consec-
utive OFDM symbols at the midamble band, then the received

signal Yk(n) = [yk(n, 1) yk(n, 2)] ∈ CNR×NR of the kth user
can be represented as

[yk(n, 1) yk(n, 2)]

= HUE,k(n)
K(n)∑
j=1

T̂BS,j(n)Pj,Lj(n) + Nk(n)

= HUE,k(n)T̂BS,k(n)Pk,Lk(n)

+ HUE,k(n)
K(n)∑

j=1,j �=k

T̂BS,j(n)Pj,Lj(n) + Nk(n) (4)

where yk(n, i) is the ith column vector of Yk(n) for i = 1, 2,
and Nk(n) ∈ CNR×NR is the time-extended matrix represen-
tation of nk(n) in (2). Note that, if the UL CSI estimation in
Section III-A is perfect, then the IUIs, which are the second
term in (4), are completely canceled out. When a least squares
estimator for HUE,k(n)T̂BS,k(n) is used here, the estimate is
simply given by

̂HUE,k(n)T̂BS,k(n) = Yk(n).

Consequently, the estimated left singular vector Û∗
UE,k(n) of

the effective DL CSI can be taken into account as the left
singular vector of the matrix F̂∗

UE,k(n)Yk(n). In particular,
when Pk,1 = [1 0] or [0 1], i.e., the orthogonal midamble is
used, Û∗

UE,k(n) is estimated from the left singular vector of

F̂∗
UE,k(n)yk(n, 1) or F̂∗

UE,k(n)yk(n, 2), respectively. On the

other hand, when Pk,2 =
[

1 0
0 1

]
, ÛH

UE,k(n) is estimated from

the left singular vector of Yk(n), because there is no combining
of the received signal, and F̂∗

UE,k(n) is then represented as the
identity matrix. Therefore, each UE needs only 2 b of feedfor-
ward information per subchannel to distinguish three types of

midamble sequences [1 0], [0 1], and

[
1 0
0 1

]
. Note that this

feedforward quantity is substantially lower than the quantity
required for other signaling methods in the feedforward and the
estimation-and-interpolation schemes.

E. MSE Performance

In this section, we evaluate the normalized MSE11 of various
CSI according to SINR values. The MSE results for the UL
CSI of the diversity and AMC bands, the UL CSI of the
sounding band, the DL CSI of the diversity and AMC bands,
and the effective DL CSI of the AMC bands are illustrated in
Figs. 7–10, respectively.

In Fig. 7, it is shown that the normalized MSE performance
at the UL diversity bands degrades as the velocity increases. It
is also found that the MSE performance of UL AMC bands is
slightly worse than the UL diversity bands when the velocity

11The normalized MSE is used as a performance measure of the estimator,
because it reflects both the bias and the variance of an estimate and is defined as
E[‖Ĥ − H‖2/‖H‖2], where H and Ĥ are the actual and estimated channels,
respectively.
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Fig. 7. Normalized MSE performance for the UL CSI estimation.

Fig. 8. Normalized MSE performance for the UL CSI estimation of the
sounding band.

Fig. 9. Normalized MSE performance for the DL CSI estimation of the
diversity and AMC bands when T = 6.

Fig. 10. Normalized MSE performance for the effective DL CSI estimation
of the AMC band when T = 6 and K(n) = 2.

is 1 km/h due to the relatively small number of pilots. The
UL diversity bands can utilize more pilots to estimate their UL
CSI than the UL AMC bands, because the pilots within one
subchannel are sparsely allocated across the frequency domain
in the UL diversity bands.

In Fig. 8, assuming that the velocity of UEs is 1 km/h, it
is shown that the MSE performance degrades as T increases,
because the number of allocated pilots per user is reduced. For
example, when T = 6, a 3-dB increment of the UL SINR is
required to obtain the same normalized MSE as when T = 3.

The normalized MSE for the DL CSI estimation of the
diversity and AMC bands is also shown in Fig. 9. It is shown
that the MSE performance degrades as the velocity increases,
as in the case of UL CSI estimation. Because the DL CSI is
estimated by not using the pilots in the DL AMC bands but in
the DL diversity bands (“Prop. DL Div. and AMC”), the MSE
performance becomes worse compared to the case when the
pilots are employed in both bands (“Conv. DL Div. and AMC”).
The SINR loss for the MSE performance is, however, shown
within 1.5 dB for each velocity.

Fig. 10 shows a normalized MSE for the effective DL CSI
estimation of AMC bands when T = 6 and K(n) = 2. Note
that MSE performance is affected by the UL SINR for sounding
bands, because the UL CSI estimation is related to the IUI. If
the orthogonal midamble is used, i.e., [L1(n) L2(n)] = [1 1],
then the MSE performance becomes the best and is irrelevant
to the UL SINR, because the IUI does not occur. On the
other hand, when [L1(n) L2(n)] = [2 2], the superimposed
midamble is used, where the MSE performance depends on the
UL SINR and the corresponding IUIs. It is shown that, when the
superimposed midamble is used at a low UL SINR, the MSE
performance does not improve much, even at a high DL SINR.
Then, a MSE error floor is observed.12

12Although not shown in this paper, when [L1(n) L2(n)] = [1 2] or [2 1],
the MSE curve is located in between two cases by using the orthogonal and
the superimposed midambles with four spatial streams (i.e., [L1(n) L2(n)] =
[2 2]).
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IV. PRACTICAL AND SIMPLIFIED

SCHEDULING ALGORITHM

In this section, we propose a practical and simple algorithm
for the resource allocation (i.e., scheduling) of the MU-MIMO
OFDMA system. The scheduling includes the following two
procedures: 1) the selection of supported users and 2) the
assignment of their spatial modes, i.e., the number of data
streams.

A. Problem Formulation and the EX-Search Algorithm

We first define the users-and-modes vector Ω, where Ω =
[Ω(1) · · · Ω(B)], B denotes the number of subcarriers occu-
pied by AMC bands, and Ω(n) = [L1(n) · · · LT (n)] repre-
sents the number of spatial streams allocated to T users for
the nth subcarrier. We now determine the vector Ω in terms
of maximizing the throughput, which can be computed by
using the estimated UL channels {ĤBS,k(n)}. By substituting
Û∗

BS,k(n), F̂∗
BS,k(n), and ĤBS,k(n) to Û∗

UE,k(n), F̂∗
UE,k(n),

and HUE,k(n) in (3), respectively, and using the estimated DL
received signal model, we show an information-theoretic users-
and-modes selection criterion that maximizes the estimated
weighted-sum achievable rates as follows:

max
Ω

B∑
n=1

T∑
k=1

μkRk(n) (5a)

subject to 0 ≤ Lk(n) ≤ NR and
T∑

k=1

Lk(n) ≤ NT (5b)

where

Rk(n) = log det

(
ILk(n) +

PT

σ2
k

∑T
j=1 Lj(n)

× D̂BS,k(n)D̂∗
BS,k(n)

)

D̂BS,k(n) = Û∗
BS,k(n)F̂∗

BS,k(n)ĤBS,k(n)

× ŴBS,k(n)V̂BS,k(n) (6)

and the constraint (5b) is a necessary and sufficient condition
for eliminating cochannel interference (CCI) in the spatial
domain [10]. Here, the weighting factor μk is used for fairness
among the users. For the proportional fairness (PF) scheduling,
μk is given by the inverse of the time-averaged past throughput
[15] and is updated as follows:

1
μk

=
(

1 − 1
tw

)
1
μ̄k

+
Rk(n)

tw
, k ∈ S

1
μk

=
(

1 − 1
tw

)
1
μ̄k

, k �∈ S

where tw is the size of the window that is averaged out over
time, μ̄k is the kth user’s weighting factor at the previous
scheduling time, and S is an index set for the nonzero elements
of Ω(n). On the one hand, when μ1 = · · · = μT , the scheduler

becomes the maximum rate scheduler, which maximizes the
sum achievable rates without considering fairness.

In practice, because Ω is independently determined for each
channel coding block, which is the congregation of some
subcarriers, the aforementioned users-and-modes selection in
(5) may not directly be applied to practical systems. We thus
slightly modify the selection criterion by applying the following
design rules. Within one channel coding block, suppose that
Ω(n) is the same for all n, i.e., Ωg = Ω(1 + M(g − 1)) =
· · · = Ω(Mg) for g = 1, · · · , G, where G = B/M , G is the
number of channel coding blocks, and M denotes the number
of subcarriers in one channel coding block. The modulation and
coding scheme (MCS) is then selected as the largest among the
spectral efficiencies, which guarantee the target frame error rate
(FER) for each subcarrier in one coding block.13 Accordingly,
with modification, the users-and-modes selection criterion in
(5) can be rewritten as

max
Ω

G∑
g=1

T∑
k=1

Lk,g∑
i=1

μkM min
m∈{1,···,M}

MCS(SINRm,g,i) (7a)

subject to 0 ≤ Lk,g ≤ NR and
T∑

k=1

Lk,g ≤ NT (7b)

where Lk,g = Lk(m + M(g − 1)) for m = 1, · · · ,M ,
SINRm,g,i = PT d̂2

m,g,i/(σ2
k

∑T
j=1 Lj,g), d̂m,g,i is the ith

diagonal element of D̂BS,k(m + M(g − 1)) in (6), and
minm MCS(SINRm,g,i) denotes the minimum among M
MCS values in the gth coding block. As aforementioned,
the optimization of (5) and (7), conducted by the EX search,
requires a great amount of excessive computational complexity
when the total number of users increases.14 To reduce the
computational load, a suboptimal algorithm is introduced in
the following section.

B. TR-Search Algorithm

A suboptimal TR-search algorithm is proposed based on the
stack search [32] with unit stack size. The algorithm is a general
version of the previous work in [33] so that it can include the
case when the number T of total users is greater than or equal to
the number NT of transmit antennas. Because the optimization
problem in (7) can independently be solved for each channel
coding block, the TR-search algorithm is described only for the
gth channel coding block. Denoting the kth node (element) in
the lth stack (stage) at the gth channel coding block by Ωl,k

g ,
the proposed TR-search algorithm is described in Algorithm 1.
Note that, based on this algorithm, the configuration Ωl,max

g can
be chosen by locally maximizing the sum achievable rates at
each stage.

13We design the MCS-level selection method without considering the hybrid
automatic repeat request (HARQ), which remains for future work.

14A combinational search of the EX-search algorithm in (5) is given

by G
∑NT

k=1 TCkJk , where TCk = T !/(k!(T − k)!), x! = x(x − 1) · · · 1,
and Jk is the number of possible spatial modes for k users under (7b). More
details will be analyzed in Section IV-C.
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TABLE I
NUMBER OF OPERATIONS (MULTIPLICATION AND ADDITION) REQUIRED FOR BASIC COMPUTATION (FLOPS)

TABLE II
NUMBER OF OPERATIONS (MULTIPLICATION AND ADDITION) REQUIRED FOR THE USER-AND-SPATIAL MODE SELECTION (FLOPS)

Algorithm 1: TR-search algorithm.

Define

C
(
Ωl,k

g

)
=

T∑
k=1

Lk,g∑
i=1

μkM min
m∈{1,···,M}

MCS(SINRm,g,i)

in (7a).
for g = 1 to G do
for k = 1 to T do

Lk,g = 0
end for
Cmax = 0
while

∑T
k=1 Lk,g < NT do

for k = 1 to T do
if Lk,g < NR then

βk = C([L1,g · · · Lk,g + 1 · · · LT,g])
else

βk = −1
end if
C0 = maxk βk

if C0 ≤ Cmax then
break

end if
Cmax = C0

Ωl,max
g = [L1,g · · · Lp,g + 1 · · · LT,g]

end for
end while

end for

C. Analysis of Computational Complexity

In this section, the computational complexities for both the
EX and TR searches are analyzed. The overall complexities are
G times the complexities for selecting Ω in the gth channel cod-

Fig. 11. Number of operations versus the number of users when NT = 4 and
NR = 2.

ing block. The basic computation complexities are summarized
in Table I based on the Golub–Reinsch singular value decompo-
sition algorithm [42]. The number of floating operations (flops;
multiplications plus additions) involved in selecting users and
modes is denoted by F(T,NT , NR), with given parameters of
T , NT , and NR, and is shown in Table II. For simplicity, the
optimal number of the spatial streams is assumed to be one.
After some manipulation, the computational complexity order
of the EX and TR searches is derived by O(TNT ) and O(T ),
respectively.15 It is obvious that the complexity of the EX-
search method is much higher than the TR-search method, par-
ticularly when the number of users increases. Fig. 11 illustrates
the number of flops for the EX and TR searches as a function

15f(x) = O(g(x)) means that positive constants C and c exist such that
f(x) ≤ Cg(x) for all x > c.
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TABLE III
SYSTEM PARAMETERS [23]

TABLE IV
MULTICELL ENVIRONMENTS [43]

of the number of users. It is shown that the numerical and
analytical results match well as the number of users increases.
The numerical results are evaluated from the sum achievable
rates shown in the next section.

V. THROUGHPUT EVALUATION

In this section, to demonstrate the advantage of the proposed
MU-MIMO OFDMA system over the existing MIMO OFDMA
system, i.e., CL-BFSM, we perform a system-level simulation
that evaluates the system throughput. In particular, the sum
achievable rates in the DL AMC bands are examined according
to various UL SNRs and the number T of UL sounding users.
The overall average cell throughput is also evaluated under four
different bands—UL diversity, DL diversity, UL AMC, and DL
AMC bands—by considering the overhead of the TTG, RTG,
preamble, DL-MAP,16 and pilots in Fig. 2.

A. Simulation Environments

We describe our basic assumptions, system parameters, and
multicell environments as follows.

• Basic assumptions. The PF scheduler [15] is employed.
Initial synchronization, including the frame, timing, and
carrier frequency, is perfectly executed. The power of the
pilot subcarriers at both the UL and the DL is boosted by
2.5 dB compared to the data subcarriers [31]. The velocity
of AMC users is 1 km/h, whereas the velocity of diversity

16We assume that each UE can perfectly decode the DL-MAP due to the
strongest channel coding scheme, such as the quadrature phase-shift keying of
code rate 1/12 in the IEEE Std. 802.16 [24], [31] and 3GPP standards [43].
Any orthogonal mapping rule between the BS antennas and the DL-MAP can
be possible, although the specific mapping rule is not described in this paper.

users is 1, 60, or 120 km/h, and the target FER is given by
10−2.

• System parameters. NT = 4, and NR = 2. The basic
OFDM parameters, such as carrier frequency, bandwidth,
and DFT size, are the same as the parameters of the mobile
WiMAX standards [23], [24], and more specific system
parameters are listed in Table III.

• Multicell environments. The simulation methodology of
the Third-Generation Partnership Project 2 (3GPP2) is
employed to construct a multicell environment [43]. A cell
is formed as a hexagon whose radius is 1000 m. The cell
is piled up in the nearest outer 18 cells. The users are ran-
domly distributed in a uniform manner. The propagation
model follows the COST 231 Urban model, which is also
known as the personal communication system extension to
the Hata model [44]. More specific system parameters are
listed in Table IV.

The considered AMC parameters are listed in Table V. The
convolutional turbo code (CTC) is used as our coding scheme,
and the eight MCS levels, which include the smallest and
largest code rates among 32 levels, are selected from the CTC of
IEEE 802.16e [31]. To support the boundary users at each cell,
1/12, 1/8, and 1/4 code rates of CTC are obtained by repetition.
Input information bits and spectral efficiency denote the total
number of transmitting bits per spatial stream for one AMC
band and the number of bits per channel use (pcu), respectively.

B. Sum Achievable Rates in DL AMC Bands

Based on the frame structures and simulation environments,
we are ready to run the system-level simulation, which shows
the sum achievable rates (bits per subcarrier) of the proposed
MU-MIMO and conventional MIMO OFDMA systems in the
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TABLE V
AMC PARAMETERS [31]

Fig. 12. Sum achievable rates in the DL AMC bands versus the UL SINR in
the UL sounding band when T = 6 and the DL SINR is higher than 10 dB in
the DL AMC bands.

DL AMC bands. The simulation is simultaneously performed
with the MU scheduling after running the multicell simulation.
The proposed MU-MIMO and CL-BFSM [37] schemes17 are
employed for the MU-MIMO and MIMO systems, respectively,
in the DL AMC bands.

Fig. 12 shows the sum achievable rates in the DL AMC bands
versus the UL SINR in the UL sounding band. It is assumed
that the number of DL AMC users is 6, where such users with
a SINR of higher than 10 dB are randomly selected. As an
upper bound on the performance, for the case when the UL CSI
of the sounding band, DL CSI, and effective DL CSI are per-
fectly estimated, the maximum sum achievable rates are given
by 13.1, 12, and 8.7 b/subcarrier in the following three sys-
tems, respectively: 1) MU-MIMO systems with the EX search
and perfect estimation (MU-EX-Perf); 2) MU-MIMO systems
with the TR search and perfect estimation (MU-TR-Perf); and
3) conventional MIMO systems with the EX search and per-
fect estimation (Conv-EX-Perf). The sum achievable rates of
the proposed MU-TR-Perf are comparable with the optimal

17In particular, the CL-BFSM is identical to the proposed MU-MIMO,
assuming that a UE is always supported for each AMC band.

Fig. 13. Sum achievable rates in the DL AMC bands versus the number T of
UL sounding users, where the DL SINR is higher than 10 dB, and the UL SINR
in the UL sounding band is given by 10 and 15 dB in the DL AMC bands.

MU-EX-Perf within approximately 8.5% performance loss. We
now consider the cases with CSI estimation error, which leads
to reduced sum achievable rates. In practice, as the UL SINR
increases, the sum achievable rates of the MU-MIMO system
increase due to the reduced IUI. In addition, some interesting
observation is shown in Fig. 12 and is described as follows.
The MU-MIMO systems with the TR search and estimation
error (MU-TR-Est) show the nearly same sum achievable rates
as in the MU-MIMO systems with the EX search and estimation
error (MU-EX-Est). For the MU-TR-Est, we obtain a sum
achievable rate gain up to 38% under the UL SINRs from
5 dB to 20 dB compared with the conventional MIMO systems
with the EX search and estimation error (Conv-EX-Est).

Fig. 13 shows the sum achievable rates in the DL AMC bands
versus the number T of UL sounding users who report their
own CSI. The sum achievable rates of MU-EX-Perf, MU-TR-
Perf, and Conv-EX-Perf tend to grow as T increases because
of the MU diversity gain. However, the sum achievable rates
of MU-EX-Est, MU-TR-Est, and Conv-EX-Est do not always
monotonically increase with respect to T . This is because the
number of sounding pilots per user varies according to T ,
and the CSI uncertainty is changed. As T increases, the MU
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TABLE VI
LINK-LEVEL LOOKUP TABLE FOR THE UL AMC: SINR (IN DECIBELS; TRANSMISSION MODE)

TABLE VII
LINK-LEVEL LOOKUP TABLE FOR THE UL DIVERSITY: SINR

(IN DECIBELS; TRANSMISSION MODE)

diversity gain also increases, whereas the UL CSI estimation
performance in the UL sounding band is degraded. Therefore,
the optimal T maximizes the sum achievable rates according
to the UL SINR. Our simulation results show that, when the
UL SINR in the UL sounding band is 10 and 15 dB, the
optimal T is given by 6 and 9, respectively. It is also observed
that the designed MU-MIMO OFDMA system has higher sum
achievable rates than the MIMO OFDMA systems and the gain
ranges from 11% to 86% in the DL AMC bands when T varies
from 2 to 18.

C. Overall Average Cell Throughput

In this section, the system-level cell throughput is shown
by performing both link-level and multicell simulations in the
other bands (except for the DL AMC band). The link-level
lookup tables that satisfy the FER 10−2 for each MIMO scheme
are generated and summarized in Tables VI–VIII for the UL
AMC, UL diversity, and DL diversity bands, respectively, after
running the link-level simulation.18 The considered MIMO
schemes are summarized in Table IX. In the multicell simu-
lation, it is assumed that the total number of users given by
15, nine, four, and two users move at a velocity of 1, 60, and
120 km/h, respectively. The number of the DL AMC users
is given by six out of nine users who move at a velocity of
1 km/h. We focus on the physical (PHY)-layer throughput,
which is the UL/DL data throughput that includes overheads,

18For the DL AMC band, the system-level simulation is based on the link-
level lookup table generated not from each MIMO scheme but from each spatial
stream, i.e., single-antenna channel. This is because both MIMO techniques,
i.e., our MU-MIMO and CL-BFSM, in DL AMC bands can support multiple
spatial streams, and thus, different MCS levels can be applied to each stream.

TABLE VIII
LINK-LEVEL LOOKUP TABLE FOR THE DL DIVERSITY: SINR

(IN DECIBELS; TRANSMISSION MODE)

TABLE IX
MIMO SCHEMES FOR THE LINK-LEVEL SIMULATIONS

e.g., the TTG, UL control, RTG, preamble, DL-MAP, and pilots
shown in Fig. 2. When the ratio of the UL/DL frame length and
the AMC/diversity band are 19/20 and 1/3, respectively, and the
received SINR of the UL sounding band at the BS is fixed as
15 dB according to the power control by UEs, the average cell
throughput is then shown in Table X. Based on this result, we
may conclude that the proposed MU-MIMO OFDMA system
yields a cell throughput improvement of 22.5% compared with
the conventional MIMO OFDMA system.

VI. CONCLUSION

In this paper, we have described the TDD frame and the pilots
that enabled us to estimate CSI for MU-MIMO OFDMA sys-
tems where the BS and UEs are equipped with four transmitting
and two receiving antennas, respectively. The UL pilots, UL
sounding, DL pilots, and midamble were constructed for the
estimation of UL CSI, UL CSI of sounding bands, DL CSI,
and effective DL CSI, respectively. To reduce the computational
complexity of MU scheduling, the simplified algorithm, which
can select users and spatial modes, was also proposed. It was
shown that, with a great computational complexity reduction,
the performance of the proposed suboptimal TR search is
almost identical to the optimal EX search. It was found that
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TABLE X
AVERAGE CELL THROUGHPUT WHEN THE TOTAL NUMBER OF USERS IS 15 IN UL/DL SUBFRAMES AND THE RECEIVED SINR OF THE

UL SOUNDING BAND AT THE BS IS FIXED AS 15 dB BY THE UL POWER CONTROL

the sum achievable rates of the proposed MU-MIMO OFDMA
system increased up to 86% (at least 11%) compared with
the conventional MIMO OFDMA system in the DL AMC
bands. We also evaluated the overall average cell throughput,
including both UL and DL subframes, and verified that the
cell throughput of the proposed MU-MIMO OFDMA system
increased by 22.5% compared with the conventional MIMO
OFDMA system. Further investigation of the performance gain
for the MU-MIMO OFDMA systems under various antenna
configurations remains for future work. Suggestions for further
research in this area also include designing a robust MU-MIMO
OFDMA technique based on the channel estimation error.
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