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Abstract— We consider the downlink of a multiuser precoding schemes with perfect Channel State In-
MIMO-OFDMA system with different transmitter and ~ formation (CSI) at the transmitter in combination
receiver concepts, where subcarriers are assigned to with OFDMA and dynamic subcarrier allocation.
users according to some metric. This metric describes £\ ,ithermore. the influence of channel coding on
the channel quality and the user with the highest subcarrier allocation will be investigated.

metric at a subcarrier is allowed to transmit. The Th ind f th . ized fol
examined transmission schemes are shown to behave € remainder o € paper IS organized as fol-

differently based on the chosen metric. Furthermore, 0WS. Section Il introduces the system model, which

the influence of channel coding on this behavior is Will be used throughout the paper. Section Il dis-

investigated. cusses the possible channel metrics and their con-

nection to specific transmission schemes, which are

outlined in Section IV. In Section V we will show

several simulation results and discuss the impact of

the metrics on OFDMA systems. Finally, in Section
|. INTRODUCTION VI the content and results of the paper will be

summarized.
Orthogonal Frequency Division Multiple Access
(OFDMA), especially for Multiple Input Multiple Notation

Output (MIMO) systems, has attracted much in- | the following, vectors and matrices are denoted
terest because of its abilitiy to exploit multiuser,y |ower case and capital bold faced letters, respec-
diversity. Several publications deal with the SUbtiver. We use(s)? for the matrix transpose and
carrier assignment problem for the single antenng)# for conjugate transpose. The identity matrix of
case, where only one channel coefficient per usgimensionn is denoted byL,.. Tr{e}, cond{e} and
and subcarrier determines the current channel Staiig{e} are used for the trace of a matrix, tie
[1](2]. However, multiple antenna systems add theorm condition number and a diagonal matrix with

spatial dimension to be considered, which calls fohe elements of a vector in the argument on the main
different approaches. Information theory suggesi§iagonal, respectively.

the application of Dirty Paper Coding (DPC) [3]
combined with joint power allocation over all users
and subcarriers [4] to achieve the capacity of the Il. SYSTEM MODEL

system. In this paper, though, we will constrain \we consider the downlink of an OFDMA system
to the case of subcarrier allocation with regard tQyith N¢ subcarriers Ny users, each equipped with
some metric, which describes the channel qualityVR receive antennas, and a base station WiNth

in contrast to the allocation of spatial transmissioRntennas assuming perfect CSI at both receiver and
modes to (possibly different) users on a subcarrigfansmitter. Fig. 1 shows the general structure of the
[5]. The effect of dynamic subcarrier allocation metsystem. The received signal in frequency domain of

rics on specific spatial transmission modes is oftefiser; at subcarriek can be denoted as
neglected in favor of an information theoretic anal-

ysis [6]. We focus on a BER comparison of MIMO Vi, = Hpixp, + 10y, D)

Index Terms—MIMO, OFDMA, Resource Alloca-
tion, Precoding
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Fig. 1. System model with transmitter side precoding

wherey;,; € CNe and ng; € CN= are the receive for the Rayleigh channel used, the channel allocation
vector and zero-mean circularly symmetric complewill inherently be fair on average.

gaussian noise with covariancE{nkvi nkHl} =

Iy,, respectively. The transmit vector;, € CN* 1. METRICS

is denoted without user indek as only one user | order to decide which subcarrier is assigned to
per subcarrier will be served. The average subcarrigrspecific user a decision rule is needed. In this paper
SNR is then simply defined by the average powej subcarrier will be assigned to the useut of Ny

per subcarrier,, whereE {Tr {xwxk” }} = Pi.  users, whose channel metde; > (x; ¥V j # . The
The subcarrier channel matricE; ; € C¥**"7 are  channel metriag,,; characterizes the quality of the
obtained by theN¢-point Fourier transform of the MiMO channel of useri at subcarrierk and can
coefficient matrices of the frequency selective charye chosen arbitrarily. An often considered metric
nel H;(¢) € CNw*Nr 0 < ¢ < Lp — 1, containing for MIMO-OFDMA, especially if sum-rate results
the delayed fading gains between the antennas. Thgs considered, is given by the Frobenius norm of
elements ofH;(¢) are i.i.d complex gaussian dis-the channel matrix (3). Particularly eigenvalue based
tributed witho = 1. Thus, methods will be favoured by such a metric. Other
possible choices are the condition number of the

Lrp—1 . .
H,, - Z Hi(é)e_jw ’ @) channel matrix (4) or the channel capacity (5).
=0
Cei = 4/ Tr {HkHZ sz} (3)
where 2, are the normalized equidistant sampling
Cri = —cond {Hy;} (4)

frequencies. The channel is assumed to be constant

over one OFDM symbol, but changing indepen- (ri = logy det (I+ PHY Hy,)  (5)

dently between OFDM symbols. All other aspects O{'he condition number of the channel matrix

the downlink system are assumed to be perfect (e.q. . .

long enough guard interval, perfect s nchronizatior'g‘romlses good results for zero Forcing (ZF) or

etc% gng P y Viinimum Mean Square Error (MMSE) based trans-
If channel coding is applied, &, 5]oct convolu-

mission schemes, as this gives a measure of or-
tional code | dt de the data of thogonality of the channel matrix columns. A good
lonal code 1S Used to encode the data of a USEr ovel, qition numbers for example hints at low noise
one OFDM symbol only. Additionally, results for a

) enhancement/low transmit power degradation for ZF
half rate BGPI.D Turbo C_:ode [7] will be shown. Du eceive/transmit filtering, respectively.
to the constraint of coding over one OFDM symbo
it may happen that a user will be assigned only a few
subcarriers, which leads to short code words. This
is especially disadvantageous for the turbo code asThe focus of this paper lies on preprocessing
only a short interleaver can be used. Coding ovenethods assuming perfect CSI at the receiver. As
more OFDM symbols will lessen this problem, buta comparison, also simple receiver centric schemes

IV. TRANSMISSIONMODES



are considered, but mainly linear and non-lineaB. Non-linear Precoding

precoding algorithms will be applied. Each of the Non-linear precoding structures apply the idea
schemes will be introduced shortly in the following.of pirty Paper Coding (DPC) in practical ways.
To ease notation the user and subcarrier indices afgmlinson-Harashima-Precoding (THP) [10] has
omitted in this section. been widely applied to MIMO systems and will be
the only non-linear scheme considered. The general
structure as shown in Fig. 2 applies a modulo oper-

ation as the transmitter equivalent of a hard decision

The general structure of linear precoding leads 1@, the interference reduced signals. The Decision
a transmit vectox = Gr,d with d € CN* being

the symbol vector (withM-ary symbols). In order
to control the transmit power, normalization has to <-e—» 7 J > L, —®— Qf ——

A. Linear Precoding

I¢]

>N

be applied to the transmit filter.
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Fig. 2. General THP structure in DFE representation
Hence, eq. (6) defines the transmit filter to be neutral
with regard to the transmit power on average. Feedback structure of THP can be described via a
As the first linear precoding algorithm ZF pre-QL-decompositiorH = LQ. Under the assumption
filtering will be introduced. Equivalent to receiverof Ng = N the elements of Fig. 2 result to
side ZF filtering the transmit filter matrix is chosen
to be B =

Grozr = HY (HHT) ' @)

(10)

This approach leads to a transmit power loss if the Lqa = diag([L11,---, Lnyng]) - (11)

corresponding channel matrix is badly conditionedyhether a ZF or MMSE approach is used depends
The MMSE or regularized prefiltering [8] matrix, on the QL-decomposition, which can be applied to

which can be expressed as an extended channel mati = [H” /Y1y 17
N -1 to achieve the MMSE solution. Furthermore, sorting
" n, Nr
Grxmuse = H (HH + PINT> , (8) can be used to enhance the performance of the

scheme [11].
takes this into account and leads to a compromise

between power loss and interference suppressida. Receiver centric

These standard approaches are known to performin order to compare the precoding schemes to a

close to the according receiver side algorithms. receiver centric transmission scheme, we consider
Another well known linear precoding technique isspatial multiplexing (SM) with ZF and MMSE re-

based on the Singular Value Decomposition (SVDgeive filtering, where the receive filters are given by

of the channel (12) and (13) respectively.
H = USV! | (©) Greze = (HH) ' H” (12)
. . N -
where U and V are unitary matrices and Grxvmse = (HHH + PINT> H". (13)
S = diag ([A\1,...,An,]) IS @ diagonal matrix con-
taining the singular values; of the channel assum- V. SIMULATION RESULTS

ing A\; > 0Vj <, r being the rank of the channel. The following mean BER results are achieved
At the transmitter sidé&sT, = V will be used. With as the mean of the individual user's BER, which
the receiver side filteGr, = U the MIMO system makes sense because the Rayleigh channel is fair
is then decomposed into SISO systems which can on average, i.e. every user will perform equally on
be used to transmit data independently. Typicallgverage. Throughout this sectidiy = 6 channel
this decomposition is applied in combination withtaps will be used in the simulations. The equal
some rate and power allocation e.g. the Krongoldistribution of subcarriers among all users is referred
algorithm [9]. to as the "static” case.



A. Uncoded Results
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and Np = Nr = 2 antennas { 4 bit/s/Hz, —— 8 bit/s/Hz),
b) Nrp = Nr = 4 antennas { 8 bit/s/Hz, —— 16 bit/s/Hz);
N¢ = 1024 subcarriers Ny = 5 users andLg = 6.

can be achieved for the SVD based linear precoding,
where the Frobenius norm offers a slight advantage
over the rate metric for higher numbers of antennas.
Interestingly, sorting changes these results for THP
as the original interference structure of the channel
matrix is changed and the precoding processes the
antennas in order of the channel gains (weakest first).
This is very similar to the information theoretic
approach of successive encoding, which may be the
reason that the rate metric performs best.

Fig. 4 shows several transmission modes for
Npr = Nr = 4 antennas. For every mode, the best
metric was chosen (ZF/MMSE condition number,
SVD Frobenius norm, sorted THP rate) to achieve
the lowest possible BER. Sorted MMSE-THP offers
the best BER performance without bit and power
loading, whereas precoding via SVD with bit and
power loading leads to the overall best performance.

a) Spatial multiplexing with receiver side ZF filtering It can be observed that all schemes perform well

with dynamic subcarrier allocation. Even ZF pre-
coding with dynamic subcarrier allocation performs
better then sorted MMSE THP in the static case.

Fig. 3 shows results for SM with receiver side ZF3  coded Results
filtering for Np = Np = 2andNy = N =4 using
QPSK and 16-QAM. It can be seen, that iy =

Ngr = 2 the condition number metric performs well
as expected, but the rate metric shows slightly bett:
performance. For more antennas though it seenr
that the condition number becomes a stronger metr
with respect to the performance of ZF filtering,
outperforming the rate metric. Since the performanc
of ZF based techniques is highly dependent on thi
structure (e.g. orthogonality of columns) of the chan
nel matrix, a good condition number hints at low
noise amplification which gets more important for ¢
higher number of interfering signals. Similar result:
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The application of practical codes is mostly ne-

a) Mean BER for 47, 5] coded spatial multiplexing
system with receiver side ZF filtering avp =
antennas { 4 bit/s/Hz, —— 8 bit/s/Hz), b)Ngp = Np = 4
antennas +{ 8 bit/s/Hz, —— 16 bit/s/Hz); No = 1024 subcar-
riers, Ny = 5 users andLr = 6.

Nr = 2

—QO— SVD + Krongold
= % = sort. MMSE THP static
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Fig. 4.

Ny =5 users andLr = 6.
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a) Mean BER of different transmission schemes fo
Ngr = Nr = 4 antennas at 16 bit/s/H& - = 1024 subcarriers,

glected if OFDMA resource allocation is optimized,
therefore it is of much interest, to investigate the
influence of codes of different strengths on several
fransmission schemes and channel quality metrics.
Fig. 5 shows coded results for equivalent param-
eters as denoted for Fig. 3. Obviously, for high



SNR the Frobenius norm leads to a performanadifferent channel quality metrics which were used to
degradation in contrast to the uncoded case wheapply dynamic subcarrier allocation. In the uncoded
every dynamic allocation strategy performed bettezase channel allocation with respect to the support-
than the static scenario. Additionally, the observedble channel rate, which inherently is an information
behavior with regard to the condition number and théheoretic measure under the assumption of ideal
rate metric is preserved, but the difference in BERodes and infinite code word lengths, performs well.
is smaller. Furthermore, it becomes obvious, thatdowever, it is obvious that for higher number of
the used convolutional code leads to a performan@atennas metrics which are well fit to the struc-
gain due to the frequency diversity which can beure of the transmission scheme gain over the rate
exploited by the code. However, performance imetric. Interestingly, sorted THP seems to be less
actually degraded foN; = Np = 2 at 8 bit/s/lHz constrained by the condition number of the channel
and Ny = Ni = 4 at 16 bit/s/Hz which leads to the matrix. With regard to the information theoretic
conclusion, that stronger codes should be appliezhalysis of dynamic OFDMA in the literature we
in such scenarios. Accordingly, Fig. 6a shows thean conclude that the often used Frobenius norm is
a bad measure for schemes based on a ZF or MMSE
design, a much more overall robust approach would
be to use the rate for dynamic subcarrier allocation if

a) b)

no specific scheme is considered. Especially for BER
107 optimization of coded transmission our results hint
at a non rate based approach to subcarrier allocation
L0-2 problems as the difference to the other metrics seems
o not to decrease for stronger codes.
L
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VI. CONCLUSIONS

We have shown the bit error rate performance of
several MIMO transmission modes with respect to



