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Abstract—This paper develops linear precoding schemes competitive choice for future broadband wireless communica-
for the downlink in multiuser multiple-input multiple-output  tion systems. Since OFDM uses multiple subcarriers, optimal
(MIMO) ‘orthogonal frequency division multiplexing (OFDM) jinear precoding for MIMO-OFDM can be implemented by
systems with multiple data streams per user. We extend an deriving linear precoders for each subcarrier independently.
existing multiuser MIMO algorithm, that jointly optimizes the . )
power allocation and the transmit and receive filters, to MIMO- However, due to the generally large number of subcarriers, the
OFDM systems. One extension is to solve the resulting problem of computational load is excessive, and this approach is probably
joint power allocation across OFDM subcarriers. This paper also jmpossible to implement in practice. Furthermore, this ap-
presents efficient methods to reduce the computational load of the 3 55ch js computationally inefficient since the MIMO channels
algorithm by interpolating the precoding and decoding matrices - . . : . )
corresponding to different OFDM subcarriers. The simulations associated with adjacent subcarriers are highly correlated; the
show that the proposed interpolation scheme outperforms pre- Precoder and decoders are correlated as well. For a channel
viously known schemes, but requires that the precoder for each with L, resolvable channel taps and. subcarriers, a rule
subcarrier be tailored to the interpolated receiver. of thumb would be thatN./L; subcarriers are correlated.
This leads us to consider computational saving techniques for
deriving the precoding and decoding filters corresponding to

It is now widely accepted that multiple input multipledifferent subcarriers.
output (MIMO) systems increase the link reliability and/or In this paper we extend the linear precoding algorithm
spectral efficiency of multiuser wireless communications [1presented in [4] to MIMO-OFDM. We first formulate and
Moreover, when channel state information (CSl) is availabkblve the joint power allocation problem over all subcarri-
at the transmitter, linear precoding can be used to furthers. Then, we present methods to reduce the computational
improve system performance by tailoring the transmission kead of MIMO-OFDM by exploiting the correlation between
the instantaneous channel conditions [2]-[5] while retaininie pre/decoding matrices corresponding to adjacent OFDM
the benefits of all-linear processing. CSI at the transmitter $abcarriers. This work can be viewed as a step towards a
mandatory in the multiuser downlink, where a base statierue multiuser orthogonal frequency division multiple access
attempts to communicate simultaneously with multiple userf@®FDMA) system that allows different quality of service

The literature contains various linear precoding schem@oS) constraints for each data stream of a given user.
for multiuser communications. Most recently, Khachah  There is very little work considering linear precoding in
al. in [4] consider a multiuser MIMO system with multiple multiuser MIMO-OFDM systems. Duplicgt al. extend avail-
data streams per user and present an algorithm that joirdlyle algorithms and compare the complexity and performance
optimizes the power allocation and transmit and receive filtes§ three iterative schemes to minimize the system bit error rate
(precoders and decoders) for all users. Given a total poWBER) subject to a power constraint [8]. However, they do not
budget, the algorithm minimizes the sum mean squared eroansider any methods to save on computational load.

(min SMSE) between the transmitted and received signals.Computational and feedback saving methods were explored
The same problem is also considered in [5] where uplinia [9] and [10] in the context of a single-user system. The
downlink duality is used to cast the problem as a semi-defindg@ithors propose a scheme to limit the feedback requirements
programming convex optimization problem. for a MIMO-OFDM system: a fraction of the precoding

On a different front, orthogonal frequency division multimatrices for chosen subcarriers are obtained at the receiver,
plexing (OFDM) is a simple, and now well-accepted, tectguantized and fed back to the transmitter. The complete
nigue to mitigate the effects of intersymbol interference iset of matrices is then recovered using interpolation while
frequency selective channels [6]. OFDM converts a broadbaassuming the precoding matrices are unitary. The interpolator’s
frequency selective channel to a series of narrowband chanm@sameters are optimized based on a mean square error (MSE)
by transmitting data in parallel over many subcarriers. or mutual information criterion. The proposed method only

Combining OFDM with MIMO, producing so called applies to unitary matrices and requires the design of a unitary
MIMO-OFDM, significantly reduces receiver complexity inmatrix codebook used to align the available matrices before
wireless multiuser broadband systems [7], thus making itirterpolation. Our results show that this scheme is not as

I. INTRODUCTION



effective in the multiuser case. k processeg, with its L x N, decoder matrixv'kH resulting
On the other hand, Colieet al. in [11] use interpolation in
in the context of OFDM channel estimation. They propose
estimating the channels for a subset of the subcarriers, then
using one of several interpolation schemes to obtain tAde global receive filterV¥ is a block diagonal decoder
channels for the remaining subcarriers. However, while thes®trix of dimensionL x N, V = diag[V1, Va, -+, V].
methods are effective in estimating channels, we show thatThe MIMO algorithm presented in the next section exploits
they do not work as well in MIMO-OFDM precoding. the duality between the uplink and downlink of the system.
This paper develops an alternative interpolation scheme, dfge construct a virtual uplink where the uplink transmit
timal in the MMSE sense, for the case of multiuser precodingower vector for usek is qr = [qk1, qk2, - - - qrr,)”, With
This interpolator is shown to be particularly effective whem = [af,...,q%k]". We defineQ; = diag{qi} and Q =
the number of channels to be interpolated over approaches dheg{q}. The transmit and receive filters for userbecome
limit of N./L;. V. and U/ respectively. The received vector at the base
This paper is organized as follows: Section Il presents tiséation and the estimated uplink symbol vector for usere

1Pt = VEHIUVPx + Viin,,. )

system model and gives an overview of the MIMO algorithm. K
Section Il extends the presented algorithm to MIMO-OFDM y = ZHM Q,x; + n, (3)
and solves the joint power allocation problem. Section IV i=1
presents interpolation and complexity reduction methods. Fi- K
nally, Section V wraps up the paper drawing some conclusions. <UL = Z UMH,V;\/Qix; + Uln. (4)

=1
The transmitted symbols are assumed to be independent
This section presents a flat fading multiuser MIMO modawith unit power, i.e.E[xx"] = I. The noisen, is modelled
and briefly summarizes the single-carrier minimum SMSE as AWGN withE[nn”] = o2I,;. To ensure resolvability, in
gorithm of [4] that jointly optimizes the pre/decoding matricethe uplink and downlinkL < M and L, < N, Vk.
and the power allocation. It also presents the extension of t@g MIMO SMSE Minimization Algorithm
MIMO model to the MIMO-OFDM case.

II. SYSTEM MODEL AND MIMO A LGORITHM

As presented in [4], we consider the problem of minimizing
A. Multiuser MIMO System Model the SMSE. LetEP~ be theL;, x Lj, error covariance matrix

We consider the same setup used in [4]: a single base stat?cf)nuserk in the downlink, where

equipped with)M antennas transmitting t& decentralized EPF =E [(&e — xx) (R — xx) 7] . (5)
users. Userk is equipped with N}, antennas andV = , , DL
Zk],(:lNk.. User k receivesL, data streams from the base The diagonal entries ofs, ™ are the MSEs of thel

: K : substreams of uset and thus SMSE” = tr[EPL], where
station and., = 2_k=1 Lg. Thus we havelf transmit antennas tr[-] is the trace operator. The SMSE minimization problem is
transmitting a total of. data streams td{ users, who have

a total of N receive antennas. The symbols of each user are ) K DI
collected in the data vectat, = [z41, ke, ..., 2x,]” and POV tr{E;"] (6)
the overall data vector ig = [x7,x7,...,x%]" k=t
e ' - subject to: < Praz-
User k’'s data streams are processed by the transmit filter ) Pl < Prac
U, € CMxLr pefore being transmitted over th& an-  Using uplink-downlink duality we can solve this problem
tennas. These individual precoders together form the glotialthe uplink and transfer the result to the downlink. In the
transmitter precoder matril ;« , = [U1, Ua, ..., Ugk]. Let uplink, the optimal minimum MSE (MMSE) receiver is
the downlink transmit power vector for usdr be py = MMSE 1
. T . U =J H,yViv/Qy, (1)
[Pk1, 2y - pr) with p = [p],...,p%]", and define

P, = diag{px} and P = diag{p}. The channel between where  J =HVQV"H" +o°Ly. (®)
the transmitter and usér is assumed flat and is representethe sum MSE of the whole system is therefore

by the Nj, x M matrix Hf?. The resultingV x M channel e

matrix isH?, with H = [H,, Hy, ..., Hg] . The transmitter SMSE= Ztr[EUL,MJWSE} —L-M+oI Y. (9)
is assumed to knovH. k

. . k=1
Based on this model, usérreceives a lengtV. vector The SMSE expression in (9) is a function of two variables;
yi = HIUVPx + n, (1) uplink power allocatiorQ and uplink global transmit filteV'.

We first assume tha¥ is fixed. Therefore, minimizing SMSE
where n;, represents the additive white Gaussian noise equivalent to minimizing the trace &—!. The resulting
(AWGN) at the user’s receive antennas with powér that optimization problem is convex i) [12]:
is, Elnynf] = 0?Iy,, whereE[] represents the expectation

opt __ . —1 H _
operator. To estimate it5;, symbolsx;, in the downlink, user Q™ = arg méntr[‘] J, subject to {Q] = Praz.  (10)



The next step is to optimiz& for a fixed power allocation a cyclic prefix. At the receiver, the-th user hasv, antennas
Q. The optimal v;, which minimizes SMSE for a given and DFT blocks. The user attempts to decode its dyn
power allocation when the beamforming vectors of all othestreams on subcarriet by first removing the cyclic prefix,
streams are fixed, is the dominant generalized eigenvectonverting to parallel form, applying the DFT, and filtering
of the matrix pair(HkHJ,:fHk, I/qk; + HkHJ,:lek), where using the decoder matri¥(n). The result isN,. decoded
Jij = I — qr;Hyvi;viLHE [4]. Note that while each step of data vectorst, (n), each of lengtiL,. The goal is to minimize
the iteration is optimal, it is not guaranteed that the algoriththe SMSE over all< users andV, subcarriers betweesy, (n)
will converge to the globally optimal solution. The singleandxg(n).
carrier MIMO algorithm is summarized as follows:
I1l. JOINT POWER ALLOCATION FOR MIMO-OFDM
TABLE I The fact that OFDM makes a frequency selective channel

SMSEMINIMIZATION ALGORITHM effectively flat makes the extension of MIMO precoding to

OFDM theoretically trivial. For example, the linear precoding

———— T

:?étr':tl;éﬁflon' Vic = SVD(HL) andq = (Pras/L) 1., 1] algorithm in Table | can be executed for each subcarrier

1- Virtual Uplink Transmit Beamformingfor k = 1: K,j = 1 : Ly) separately. The only interaction between subcarriers is due to
Vi = émax(HkHJ;fHk,I/qkj + HfJ,ZfHk) the fact that theaotal powerbudget for the system is specified
Vij = Vi [V and not a per-carrier budget. The performance of MIMO-

2- Virtual Uplink Power Allocation

q = arg ming tr[J 1], subject togy; > 0, [[alli = Pras OFDM precodmg is therefore optimized lgintly aIIo_catlng
3- Repeat 1-2 untibldSMSE — newSMSE < € the available power across both users and subcarriers.
Update: Using (9), the SMSE across the streams of all the subcarrier
4- Downlink Transmit Beamformingfor £k = 1 : K) can Sbegvx(/rizieneai S € streams o € S
U, =JH, VvV Qy
5- Set target SINR to actual SIN®or k=1: K,j=1: L) N. K
Yej = SINRkUL SMSE — trlE ULMMSE
6- Downlink Powejr Allocation Z Z [ k(n) ]
p=c’D1-w)-11 n=1k=1 .
= No(L—M)+0>> trI(n)~']. (1)

In the initialization step above, SVD refers to singular value
decomposition. The structure of the matrid@sand ¥ and
further details of the algorithm are given in [4].

n=1

whereJ(n) corresponding to the-th subcarrier is calculated
using (8). The SMSE expression in (11) is a function of two
C. MIMO-OFDM System Model sets of variables; uplink power allocatio¥(n) and uplink
%Iobal transmit filtersV(n) for n = 1,..., N.. We first
pume that all matricéé(n)s are fixed. Therefore, minimiz-
SMSE is equivalent to minimizind ™ tr[J(n)~1]. Let

OFDM combats intersymbol interference by converting

. . : S

broadband frequency selective channel into a series of paraﬁe
narrowband flat fading channels. This is done by applying the® ™. p L el

inverse discrete Fourier transform (IDFT) at the transmitt%rllo_ca(tiii)ang {n&gg[:il f’or é’"qt(é\é C)str}ga;sdgfbga{libt}hs(zL}Eiafr?ggr

and the discrete Fourier transform (DFT) at the receiver. '

We consider a multiuser MIMO-OFDM system with possi- The resgltmg optlmlzatl_on p.roblem 'S a ngm convex

; . oblems inQ(n) respectively; therefore it is convex i,
bly multiple data streams per user that employs linear precag- . ) ) ]
us allowing for a relatively easy solution [13]:

ing. This system can be seen as a series of parallel Ml

systems presented in Section II-A, each with a flat fading Ne

channel resulting from the lengtN- DFT operation applied PP = arg H}I}HZU[J(TL)A] (12)
to the multi-tap frequency selective channel. The discrete time n=1

domain channel impulse response Hastaps with uniform ] Ne

profile and independent and identically distributed (i.i.d.) subject to >~ tr[Q(n)] = Pror.
complex Gaussian distribution. We further assume that each n=1

user places data on every subcarrier and has the same numliare P,,; is the total power allocated to all the subcarriers.
of streams on every subcarrier. A MIMO-OFDM system is The next step is to optimize th¥(n)s for a fixed power
illustrated in Fig. 1 where just one uskris shown. allocation ®. We propose to optimizéV(n) for minimum
The system had/ transmit antennas and us8&g subcar- SMSE given the power allocation determined for subcarrier
riers. The base station transmifts, data streams to usdr n using (12). The algorithm used for joint power allocation is
on every subcarrier, resulting in a total &% L, data streams presented in Table II.
per user. The transmit filtetJ(n), corresponding to the- The initialization of the algorithm in Table Il is the same
th subcarrier, produces/ outputs which are to be input toas the one used for the MIMO algorithm of Table I. In
the corresponding antennas. However, Miesuch outputs for the iteration phase the algorithm determirféén) for n =
each antenna are first converted to the “time domain” using &an .., N. based on the power allocation given to subcarrier
IDFT, then converted to serial form and finally augmented with. Then, using the calculatéd(n)s, the power allocation over
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Fig. 1. MIMO-OFDM system with withK users,M transmit andNx receive antennas amdl. subcarriers. The base station and one ésare shown.

TABLE Il
JOINT POWER ALLOCATION ALGORITHM 10° T T
—©— Per carrier power allocation
Initialization: —1c —&— Joint power allocation
Vi(n) = SVD(H,(n)) and¢ = £t [1,... 1]7
Iteration: 1072k
1- Virtual Uplink Transmit Beamforming
forn=1:Ne,k=1:K,j=1: L 3

Viej (1) = &max (Hi(n) ¥ Iy (n) ~?Hy (n),
L/qy;(n) + Hy ()7 Jpej(n) = H(n))
Vi (n) = vis () /v, ()]
2- Virtual Uplink Pgwer Allocation

Average BER
=
o
T

¢ = argming 7]:];1 tr[J(n)~1], 107k
subject 0¢nk; > 0, [[¢ll1 = Prot
3- Repeat 1-2 untibldSMSE — newSMSE < € 10k
Update:
for n=1: N, ~
4- Downlink Transmit Beamformin(for £ = 1 : K) 10y
U (n) = J(n) “H (n)Vi(n) Qy(n) ., | | ‘
5- Set target SINR to actual SINfor k =1: K,j =1: Ly) 105 5 0 15 20
Yrj(n) = SINR[E(n) Subcarrier SNR=P__/o?=P_/(N.0?) (dB)

6- Downlink Power Allocation
p(n) =o*(D(n)"' —¥(n)~'1

Fig. 2. Comparison of BER performance of joint power allocation vs. per
subcarrier power allocation for MIMO-OFDM withf = 4, K = 2, N, = 2
. . . . andL, =1V k,L; =6, N, = 64.
all streams of all the subcarriers is determined by solving the ¢

convex optimization problem in (12). This repeats until the

change in the overall SMSE is negligible. The update phagg interesting indicator from this plot is that for all the

repeats steps (4-6) of Table | for each subcarrier. additional complexity, this optimal power allocation does
Figure 2 presents the impact of using optimal power ot provide significant gains at reasonable levels of BER.

locations across both users and subcarriers. The figure illggy example, at a BER 2 x 103, the power gains are

trates the results of Monte Carlo simulations comparing th@proximately 0.2dB. Since complexity reduction is a central

performance of the joint power allocation algorithm in Table lheme of this work, the rest of this paper uses an equal-power

. . . Po, X N
with the simpler case of allocating equal pow8f... = “3** allocation across all subcarriers.
to each subcarrier. In each case the power allocated to each

user is obtained optimally. The simulations consider a MIMO- V. COMPLEXITY REDUCTION USINGINTERPOLATION
OFDM system withN, = 64, M = 4, K = 2, N, = 2 and Since equal power allocation across subcarriers appears
L = 1 for both users. The channel hds = 6 taps with close to optimal in multiuser MIMO-OFDM systems, it is
uniform power profile and i.i.d. complex Gaussian distributiorpossible to execute the precoding algorithm of Table | indepen-
The noise is assumed to be AWGN. We also assume thatlently for each subcarrier. However, since practical MIMO-
cyclic prefix of appropriate length is used to avoid intersymb@FDM systems typically have a large number of subcarriers,
interference. The plot shows the average BER versus aver#ige is computationally prohibitive. The key to savings in
SNR per subcarrier. The results are the average of 20€@mputational load is that the fading on closely spaced subcar-
channel realizations with 10000 BPSK symbols per user péers is correlated [11], [14]. This implies the corresponding
realization. precoder, decoders and power allocations are also correlated.
Figure 2 shows that, as expected, allocating power optimallising an argument of degrees of freedom, we expect approx-
across subcarriers provides some performance gains. Howeweately N./L; subcarriers to be well correlated. This can be




exploited in various ways to reduce the computational load 1
of obtaining the pre/decoding matrices and power allocation
vectors.

We group the subcarriers into clusters each contaidifng
adjacent subcarriers. The simplest and most intuitive method to .
reduce the computations édustering obtaining the precoding . 10F
matrices and power allocations for the center subcarrier of4
each cluster and using those parameters for all the subcarrier§ 10 -
in that cluster [9], [14]. Clustering is therefore equivalent $ —*— Complete interpolation L.,=8
to piecewise constant interpolation. A more sophisticated 107} — & Complete interpolation L =4
interpolation scheme should outperform this method. & Simple clustering L =4

10 f

—g— Simple clustering LC|=8

. . S L Proposed interpolation L_=8
A. Proposed Interpolation Algorithm 10 d

We propose an interpolation method inspired by OFDM ‘ :
channel interpolation for the purpose of estimation presented % 5 10 15 20
in [11]. We interpolate the entries of the precoding matrices SNR =P, /0 (@)
and power allocation vectors over subcarriers using a low pass
interpolation algorithm presented by Oetkeh al. in [15]. Fig. 3. Comparison of BER performance of proposed interpolation algorithm
To achieve an interpo'ation factor @f, the algorithm uses Vs. clustering and complete interpolation for MIMO-OFDM withl =
a length2rL + 1 FIR interpolating filter with unit pulse % =%k =2 andLy =1V k, Lt =6, Ne = 64.
responseh(n), n = —rL,...,rL. h(n) is designed so that
ll(z- f(r))*h—z|? is minimized for bandlimited signals(n).
The symbolx represents convolution andis multiplication.
f(n) is the sampling function defined g&n) = 1, if n =

—o— Proposed interpolation LC|:4

No Interpolation
n

Figure 3 illustrates the performance of the proposed algo-
rithm. The system parameters are the same as in Fig. 2. The
. figure compares the performance of the proposed interpolation
0 mod r, and0 otherwise. . _algorithm to that of the simple clustering approach and to
' The mte_rpolatlon. scheme IS showr! in Table 1II. It flrsEhe complete system implementation (executing the MIMO
finds the virtual uplink pre'codmg.matrlcéé(n) and power algorithm for every subcarrier). To illustrate the importance
allocation q(n), where n is the index of the subcarnersof matching the precoder to the decoder, the figure also shows

at the cIust_ers’ poundaries, by executing steps (1'3_)_0f %% results of interpolatingll parameters Y, U, p, and q).
MIMO algorithm in Table I. TheV andq for the remaining o simylations were performed for cluster sizesiof — 4
subcarriers in each cluster are then found by interpolating th 8. Note thatN, /L; — 64/6 ~ 10

precod?ng matri.ces and power aIIocati(_)n. Finally, the downlin' The figure shows that the proposed interpolation algorithm
plreco(;h?g matrices apd pc;awer allocgtlons are Zorgppte_? Elsg}gsily outperforms the simple clustering approach, especially
](c:ose” ort;n express_ll_(;]r?s oy execut_mlgbsteps ( 'f) In 2 %lr L., = 8. The performance of the algorithm approaches that
dor all su Earr(ljers.d IS 1S esser;]tmt] ecau;e, or conereffty,e complete system implementation (without interpolation)
etection, the decoder must maich the encoder. for both cluster sizes. A cluster size éf; = 4 results in a

TABLE Il penalty of 1dB at a BER of x 1073, while L.; = 8 results
PROPOSED INTERPOLATION ALGORITHM in a penalty of 2dB.
1- forn=1:Ly:N. B. Enhanced Clustering
Find V(n) and q(n) using steps (1-3) of Table I. One reason the clustering approach described earlier results

2- for all entries ofV andq . f is th I | d .
Interpolate the samples obtained in step (1) along the frequency in poor performance is that all parameters are clustered (equiv-

dimension. alently, using piecewise constant interpolation). The precoders
3- forn=1:N. and decoders are therefore the same for all subcarriers in a

Normalize all the columns o¥ (n) . .

Scaleq(n) to satisfy Pras requirement cluster, but the channel changes, making them mismatched.
4- forn=1:N, _ For a fair comparison, in this section we investigate the match-

ComputeU(n) and p(n) using steps (4-6) of Table I. ing of the downlink precoderlJ(n), and power allocation,

p(n), to the clustered decoddF and uplink power allocation

The interpolation steps of this algorithm tackle the mosgf. The algorithm is detailed in Table IV. This algorithm is
computationally intensive operations of the MIMO algorithrmore computationally efficient than the proposed interpolation
in Table I: the iterations finding/ and q, the SVD to obtain algorithm as it avoids the interpolation step.
V, and solving the convex optimization problem to obtain We verify the performance of this algorithm via Monte
q. Step 4 of the algorithm obtains the precoddi¥), and Carlo simulations. The results, based on the same system as
power allocationsp(n), for each subcarrier, thereby matchingn the previous examples, are shown in Fig. 4. As expected,
the precoding with the decoding. The availability of closethis algorithm outperforms the simple clustering approach.
form solutions makes these computations fairly efficient. The noticeable result here is that the enhanced clustering



TABLE IV
ENHANCED CLUSTERING ALGORITHM

1- form=L./2: Ly : Ne
Find V(n) and q(n) using steps (1-3) of Table |
2- form=1:N,

As expected, there is a trade-off between performance and
execution time. Enhanced clustering is efficient, but is effective
only up to a cluster size df.; = 4. The proposed interpolation
scheme is more complex, but is also more robust to cluster
size. With a penalty of 2dB, the interpolation scheme provides

ComputeU(n) and p(n) from steps (4-6) of Table | using
V(c) and p(c); ¢ = index of center subcarrier of current cluster.

a good tradeoff between savings and performance loss.

V. CONCLUSION

o This paper attempts to make practical the extension of

—5— Simple clustering LC|:8

Average BER
=
o

—— Enhanced clustering Lc|=8
—o— Simple clustering L~

multiuser MIMO linear precoding to MIMO-OFDM systems.
The focus here, for convenience, is the algorithm of [4].
We solved the problem of optimal power allocation across
subcarriers and showed that it does not provide significant
performance gains. We then presented an enhanced clustering
and an interpolation technique, which is MSE optimal, to in-
terpolate across subcarriers the downlink decoders and uplink
powers. We have shown that it is crucial to match the precoders
4 to the decoders. The interpolation technique is robust to cluster

—— Proposed interpolation L =8 size and appears to provide a good tradeoff between savings
107 1| —e— Proposed interpolation L =4 A in computational load and performance.
—a4— Enhanced clustering L4
REFERENCES

No Interpolation
n

T i

10 15
SNR=P__ /o2 (dB)
max

0 5 20

(1]

[2]
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