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Abstract— In this paper, a double-prioritized trans-
mission is realized in a non-orthogonal multiuser
MIMO-OFDM transmission. First, different qualities-
of-service (QoSs) are realized among different users
via optimizing their transceiver linear filters by mini-
mizing the weighted sum mean-squared error (MSE),
i.e., using different weighting factors. These factors
are selected according to the required QoSs. Sec-
ond, after realizing multiuser transmission with a
minimum MSE (MMSE), we opt for implementing
a prioritized bit-loading to realize three different
classes. The bit-loading is performed according to the
achievable minimum sum MSE exploiting its virtual
diagonalization among users. Hence, bits and power
values are allocated according to the MMSE values
instead of the SNR. Our double-prioritized adaptive
modulation outperforms the non-adaptive multiuser
MIMO-OFDM.

Index Terms— UEP, MIMO-OFDM, multiuser
MIMO system, adaptive modulation, duality, and
MMSE

I. INTRODUCTION

NLIKE the scalar AWGN broadcast chan-

nel (BC), the MIMO BC is in general non-
degraded [3]. This means that the users in MIMO
cases cannot be sorted according to their chan-
nel gains. A straight-forward solution for this
problem was proposed in [1], known as block-
diagonalization, which allows each user to transmit
multiple data streams on the other users’ null-spaces.
This means to change the multiuser problem into
an equivalent parallel (non-interfering) and also a
degraded one. Hence, we exploited the degraded
behavior of this algorithm in [2] to realize different
QoSs by devoting arbitrary data-rates and arbitrary
SER to each user using adaptive hierarchical mod-
ulation. The main drawback of this scheme is the
strict constraint on the number of antennas and the
requirement for an accurate channel state informa-
tion (CSI).

To relief the strict constraint on the number of
antennas and to design a more robust multiuser
MIMO, a non-diagonal beamforming that exploits
the duality between the uplink and the downlink is
required. Thus, the complexity needed to find the
optimum BC transmit filters have been reduced by
utilizing the duality to its equivalent multiple-access
channel (MAC). An early study by Boche et al. was
considering an SINR constraint problem in order to
realize the BC beamformers [3]. Another important
type of this duality, which is the MSE-duality, was
introduced in [5]. Currently, the more practical ideas
are considering the traditional Lagrangian iterative
dual method [6] which reduces the overall complex-
ity. However, they can only guarantee achieving a
local minimum instead of the global one [6].

In order to realize different QoSs amongst users,
Schubert et al. discussed the feasibility region as-
suming a constrained target SINR value (SINRrT)
[3]. Thus, the system is said to be feasible if the
achievable min SINR; is greater than or equal to a
certain SINR, i.e., min SINR; /SINRt > 1. Using
the analogy between the SINR and the MSE, the
authors in [8] considered another QoS constraint,
which is the minimum MSE (MMSE) of the u'™®
user. The MMSE,, in this case is given as a function
of the user SINR and the transmit filter F',, such that

E, = f (1/SINRU(Fu)) . (D

In other words, maximizing the SINR leads to
minimizing F,. This, in general, aims at optimiz-
ing the overall performance, e.g., maximizing the
throughput. Moreover, optimizing the MSE is very
suitable for switching off arbitrary users, or even
data-streams, if they are facing poor channel quali-
ties or, equivalently, very low SINR [6]. Generally
speaking, the optimum resource allocation based
on minimum MSE (MMSE) optimization can be
handled knowing that the relation between MMSE
and SINR.



Accordingly, we implement a UEP bit and power
allocation (similar to [12]) to realize data with
different priorities among each user’s subcarriers.
However, this time according to the unique MMSE
of each user, i.e., using their MMSE,, as if they
are allocating non-interfering parallel channels. Fur-
thermore, arbitrary margin separations are preserved
among users by devoting different MSE weighting
factors w,,.

The rest of this paper is organized as follows.
Section 2 discusses the multiuser MIMO weighted
MSE minimization. Section 3 describes the spatial
UEP bit-loading based on virtual diagonalization
using MSE duality. Section 4 discusses the results.
Finally, we conclude our findings in the last section.

II. MULTIUSER MIMO-OFDM ADAPTIVE
MODEL
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Fig. 1. Adaptive MIMO BC model with the channel H'

According to the system model depicted in Fig. 1,
we consider an n, x n; MIMO BC channel ma-
trix HLUI, where n, is the number of the receive
antennas of the u'™ user for N, users, n; is the
number of the transmit antennas at the base station,
and k is the subcarrier index. The total number
of subcarriers is N. We assume a MIMO channel
version Hlu € CN(0,0%41I) [2], where the channel
matrix entries are uncorrelated zero mean circularly
symmetric complex Gaussian (ZMCSCG) values
and modeled as independent Rayleigh fading blocks
with an exponentially decaying power-delay profile
[12].

'AT denote the Hermitian transpose of A

A. Formulation and Weighted Sum-MSE

Since our approach uses the MAC-BC duality, one
can solve the dual (virtual) MAC scenario to find
the transmit and the receive filters. Thereafter, these
filters are linearly mapped to the original scenario
[6] Thus, for a dual MAC, the transmit and the
receive antennas are interchanged, i.e., the mobile
terminals act (virtually) as the transmitters, where
each mobile terminal is loaded with n,. (virtual trans-
mit) antennas, while the base-station is deploying an
ng (virtual receive) antennas. This is simply done
by considering the original channel matrix to be
HL, while the virtual MAC remains H,,. Hence, the
overall equivalent (dual) uplink received signal at
the u™ user, after passing through the receiver post-
processing W € C™*"_is given by

N,
r=W>» HF¥x,+Wn, (2)
=1

where W = [W;W5.. W,.. Wy ]T and W, is the
dual individual post-processing for each user. F,, €
Cmrxnr g the user’s dual pre-coding matrix, ¥, €
Cm*mr is a spectral shaping matrix, and n € C™+*!
is the AWGN vector with zero mean and variance
o2. In order to find the minimum weighted sum-
MSE, the following optimization problem must be
solved

N,
minimize,, Z w; B
i=1
N,
subject to Z Tr <FIFZ> <P,, 3
i=1

where F, denotes the mean-squared error of user
u symbols and w; is a weighting factor required to
adapt the QoS. Assuming a total transmit power of
P, = 1. Knowing that the receiver filter given in
[5], [6] to be a MMSE receiver, which minimizes
the MSE for each user individually, we can write

FIH T “4)
-1

W,

Nu
= F,H, (oL, +) H,F,FH]
k=1

The following algorithm shows how to fulfill the
Karush-Kuhn-Tucker (KKT) conditions and achieve
the MMSE using the iterative scaled gradient pro-
jection methods. The conversion of this algorithm is
discussed in [7, Theorem 2].



B. Prioritized Multiuser transmission

The optimum resource allocation based on the
weighted sum-MSE in (3) aims at minimizing the
sum-MSE multiplied by a weighting vector w =
[wi,..,wy,]T, where 1 -w = 1. w can be arbitrarily
chosen in order to realize UEP among the given
users [8]. Thus, achieving this minimum sum-MSE
results by switching off users with weaker channel
gains and, instead, concentrate the power only on
the good users. This is known in adaptive schemes
as the greedy method, which can easily maintain a
QoS-based transmission. If w; = wy = ... = wy, =
1/N,, the minimization problem in (3) yields an
optimum uncoded symbol-error ratio SER [6].

In order to solve the constrained optimization
problems in (3), the authors in [6] proposed to solve
a standard unconstrained gradient algorithm which
is modified in order to accommodate the power
constraint as follows [10], [7]:

+
F(t+1) — |:F(t) o anlvE(F(t)) s (5)

where E is the total error given in [7], n is the
step size, V corresponds to the matrix-valued Nabla
operator (Jacobian matrix) [10, Chapter 3], and the
notation [x]™ denotes the orthogonal projection (with
respect to the Euclidean norm) of a vector z onto its
convex set, say, X. In particular, [z]" is defined as
in [10, Chapter 3] by [z]* = arg min cx ||z — z||2.

M represents a preconditioning positive definite
diagonal matrix, which is chosen (according to [10,
Section 3.2]) to be

M_l(t) = LI ’

N,
PR (FE“)

where the denominator in this equation has a very
small value. Therefore, this scaling is independent
of the SNR. One of the sub-optimality reasons is
that this scheme always guarantees similar power
allocation across different streams at high SNR, i.e.,
the scaling is extremely small. VE,, (F(t)) is defined
(also similar to the Lagrangian method in [11]) as

OFE,(Fu®)

oF
= —-HT!(wT-S) T 'HJF,.

(6)

VE, (ng) - 7

Now, substitute (7) into (6) then into (5) to achieve
an accurate F,,. Once F, is computed, T is calcu-
lated using H,, and F, using (4). Finally, W, is
computed using (4); further iterations are required
for enhancing the results.

The details of these steps are implemented in [6,
Algorithm 1] using an iterative gradient projection
method. This algorithm fulfills the KKT conditions
to achieve the MMSE for all users. The conversion
of this algorithm is also discussed in [7, Theorem
2].

C. Uplink/downlink conversion:

After the transceiver filters are computed for the
dual problem, these filters have to be converted to
the original scenario. The conversion to the original
filters is performed based on the following steps:

1) compute the scaling factor o for the first user

as in [6, Algorithm 1, line 12],

P

)

g = N,
Tr (z wiPZTHZT—QHZ»Pi>
i=1

where « is the factor used to model the near-
far effect in the dual MAC.

2) compute the scaling factor for the remaining
users using their weighting values such that:

Qi = QpA/Wy

3) find the downlink transceiver filters

FPY = [0, T 'H,Fi..0, T 'H,Fy, "
1

Wt = “Fla ©)
u

III. VIRTUAL DIAGONALIZATION AND
THROUGHPUT MAXIMIZATION

A. Per-user Sum-rate

The previous MSE minimization does not guar-
antee independence (diagonalization) across users,
which is the main goal in realizing adaptive —and
prioritized— transmission. Even more, individual user
streams are not jointly optimized and, hence, cannot
be used directly by any rate-adaptive algorithm.
Therefore, it is required to minimize the MSE of
each stream separately. However, the question here
will be: can we make these streams independent? On
the one hand, this is a very complex optimization
approach. On the other hand, if even complexity is
not an issue, it will not be optimum solution from the
capacity point of view. The reason for sub-optimality
is the non-convexity of (3) in {F,, W} [3], which
results into local minima. Therefore, it is required to
imitate, e.g., the block-diagonalization. This virtual
diagonalization can only be achieved if the SINR is
used in the sum-rate formula such that

R! =log, (1+SINR,) Vi€ {1.M,}, (10)



Therefore, one can exploit the relation between the
SINR and the MMSE. This relation is found to
be, similar to the linear MMSE equalizer derivation
given in [4, Chapter 10] or the bijective mapping
[6]:

1
MMSE, = ————
‘" 1+SINR,’

where MMSE,, is the summation of all individual
MMSE for the data streams used by user u. Hence,
the per-user sum-rate is

an

R, = —log, (MMSE,,) . (12)

This can still give a good estimate for the overall
data rate for the u'" user’s streams without the need
for optimizing each stream separately [7].

B. UEP Bit-loading

Similar, to the algorithm in [12], the MMSE,, . for
each user v and for every subcarrier k£ are sorted in
descending order according to their MMSE values
(from low to high). Thus, bits of the first class are
allocated to the stronger subcarriers (with the lowest
MMSE). Accordingly, the noise margins of the users
v, are iteratively adapted to fulfill the required bit-
rate using the same approximation in [9], which
requires few iterations to converge. However, an
accurate noise margin -y, needs to be computed first.
Therefore, the average number of bits allocated to all
data streams is

bui ~ —logy (MMSE, 1) - (13)

C. Power allocation

The power is automatically allocated via the gra-
dient projection method pre-coding matrix F,,. How-
ever, the power allocated from this algorithm suffers
from sub-optimality due to allocating similar power
values across the streams and subcarriers at high-
SNR values (as mentioned in Section II). Therefore,
we implemented a spectral shaping matrix ¥ which,
first, devotes zeros to the location where the water-
filling would allocate zero-power. Second, after the
bit-loading is calculated using the algorithm in [12],
the power on the non-zero subcarriers are allocated
according to bit load values and the user margin ~,,.

I'V. RESULTS

Figure 2 depicts the performance of the non-
adaptive prioritized weighted sum-MSE. In this case,
wy > wp > wa, i.e., userg has the highest priority,
while usery has the least one. These results have

been generated using 2 bits/symbol/stream, i.e., 4
bits/user. In the middle of these curves (thick blue)
one can see the performance of the non-weighted
sum-MSE minimization, as an average of the highest
and the lowest priority user.
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Fig. 2. Sum-MSE vs Weighted MSE with 4/bits/user

In Fig. 4, the performance of the three users
with weighted sum-MSE are depicted using UEP
bit-loading with a margin separation between UEP
classes of 3 dB. From this figure, one can notice
that the double prioritized transmission is achieved
with (almost) equal separations between classes and
users. Moreover, in Fig. 4, the adaptive UEP bit-
loading is depicted for the first and the third users
using equivalent 2 bits/symbol/stream. One can eas-
ily notice a performance gain of 12 dB (between the
first user’s highest protected class and the same user
using non-adaptive modulation). However, at low-
SNR subcarriers, the non-adaptive scheme outper-
forms the adaptive one due to overloading the high-
SNR subcarriers. In Fig. 5, the UEP bit-loading
performance (using a non-weighted sum-MSE) is
considered to deliver an average performance be-
tween the highest and the least protected users.

V. CONCLUSIONS

We described a double-prioritized adaptive UEP
transmission. First, a weighted MMSE, utilizing the
MAC-BC duality, has been implemented, which re-
alizes different QoSs. Second, a UEP adaptive mod-
ulation that allows for arbitrary margin separations
combined with the prioritized weighted sum-MSE
was considered. This means to allow for different
user QoS among users and data. Results in case
of adaptive (using virtual UEP bit-loading) mul-
tiuser MIMO-OFDM outperforms the non-adaptive
case by almost 12 dB. This is due to utilizing
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Fig. 3.  SER for MIMO-OFDM multiuser with 3 users, each
with 3 data priority classes with 1365 bits/class

SNR [dB]

Fig. 4. SER for adaptive and non-adaptive modulation

the subcarriers with the lower MMSE. The non-
prioritized non-weighted sum-MSE remains at an
average performance between users with prioritized
transmission.
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