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Abstract A multi-input multi-output (MIMO) detection
scheme that requires considerable low complexity but still
achieves the near optimal performance is proposed. The
fundamental idea of the proposed MIMO detection scheme
consists of two points: 1) the computational complexity is
restrained by a complexity limit in low signal-to-noise ratio
(SNR) region; 2) while in high SNR region, the complexity
is significantly reduced by the proposed search space
method. Comparing with existing fixed-complexity tech-
niques of MIMO detection (e.g., K-best sphere detector
and reduced-search maximum-likelihood (RS ML) detec-
tion), the significant benefit of proposed detection scheme
is that less computational power will be spent for the given
data rate, or the throughput of detector can be increased for
high SNR cases. According to the simulation results, the
near optimal performance can be obtained while the
detection complexity is kept considerable small.

Keywords multi-input multi-output (MIMO), search
space, computational complexity, posterior probability

1 Introduction

Multiple-input multiple-output (MIMO) antenna systems
have attracted much attention for more than a decade
because of their capabilities of achieving high data rate and
spectral efficiency [1]. To exploit the potentials of MIMO,
one of the challenges is the very high computing power
that is required at the receiver end.

The maximum-likelihood (ML) detection has the
optimum performance when a priori information of each
bit is unknown, and the signals are transmitted through an
additive white Gaussian noise (AWGN) channel [2]. Under
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the above assumptions, the ML detector calculates the
square of Euclidean distance between a received signal
vector and its replica made by a channel response and the
candidates of the transmitted signal vector, and it searches
for the transmitted signal vector corresponding to the
minimum distance from all replica candidates. The ML
detector requires such an exhaustive search and it imposes
exponentially computational complexity on the receiver.

To simplify the prohibitive complex search problem in
ML detection, sphere (lattice) decoders are shown in Refs.
[3,4] to be capable of achieving near optimal performance
with reasonable complexity. The main idea in sphere
decoding is to search over only hypotheses that lie in a
certain hypersphere of radius 7, rather than to search over
the entire search space [3]. Furthermore, K-best sphere
detector is proposed to guarantee the signal-to-noise ratio
(SNR) independent fixed-complexity with performance
close to ML [5]. In Ref. [6], another fixed-complexity
MIMO detector is proposed, which has the basic idea that
the search space is reduced as much as possible under the
limit of computational effort before the exhaustive search.

In this paper, we propose a MIMO detection that reduces
search space as much as possible based on the posterior
probabilities computed from the output of zero-forcing
(ZF) equalization. We represent the search space in the
Cartesian product; hence, it is convenient for reducing the
search space through determining each dimension sepa-
rately. Comparing with former detection schemes, our
proposed scheme owns two benefits, which are given as
follows.

1) Most existing sphere detectors are working in the
heuristic fashion and lack systematic strategy to connect
the complexity and detection performance. The relation
between the reduced search space and its corresponding
detection performance can be derived in the proposed
scheme.

2) In existing fixed-complexity MIMO detectors, the
complexity is SNR independent; therefore, it would be a
waste of computational power for high SNR. Consider the
proposed scheme, less computational power will be spent
by the given data rate for high SNR cases (in other words,
energy efficiency is increased). Moreover, the throughput
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of detector can be increased in SNR region, which enables
the receiver to have the capacity of adaptive throughput
control according to the SNR.

Notation Throughout this paper, matrix is set in
boldface as H. H,, denotes the mth column of matrix H,
and H;; is the entry (7, j) of the matrix.

2 System model

We consider a MIMO channel with N; transmit and N,
receive antennas, which can be represented as the matrix
H of dimension N;xN,. Let Nyx1 vector x- be the
transmitted symbols that belong to a rectangular O*
quadrature amplitude modulation (QAM) constellation.
The received signal is given as

Yo = Hcxc+ve, (1)

where each entry of the N;x1 noise vector vc is a zero-
mean complex Gaussian noise, having a variance of 2.
Moreover, the complex model in Eq. (1) is often described
by the equivalent real-valued representation [7], which is

Re(yc)

a Im(yc)
Re(H:) —Im(H:)] [Re(xc) Re(vc)
= +
Im(H:) Re(H:) | |Im(xc) Im(vc)
=Hx +v. @)

This is also referred to as real value decomposition.
Here, let M denote the covariance matrix of v, which
fulfills that M = diag(0?/2,02/2,...,02/2). Assume the
mth entry of x satisfies that x,, € S = {51,5,,....50}. We
further assume N; = N,. (The case of N, > N, can be studied
without much more effort.)

3 MIMO detection with predetermined
search space

MIMO detection is the problem of estimating the
transmitted vector x, given y and H, related as Eq. (1).
The ZF estimate of the transmitted vector, denoted x*¥, is
written as

¥ =H'y=H"H) 'H"y

=x+ (H'H) 'H"v =x+G*v, (3)

where ()" is the computation of Moore-Penrose pseudo
inverse [8]. Let v = G“ for the following discussion.

To obtain the optimal performance of MIMO detection,
ML estimate can be utilized, which is given by

M= arg min ||nyx||2, ())]
x€D

where D denotes the search space of the detection and can
be represented in the Cartesian product form that

D=8SxS8x+x8
= {(x1.x0,- .00 ) [x, € S, m = 1,2,... 2N},

and each ordered 2N-tuple (x;,x5,...,x2;) corresponds to a
possible transmitted vector. The straightforward way to
solve ML estimate problem is exhaustive search, in which
the value of Eq. (4) is computed for each of the O**
hypotheses. Since the complexity of exhaustive search
method grows exponentially in 2N, and is not desirable
even for a small 2N, therefore, such utilization of ML
estimate is not available in real-time wireless applications.

Consider the merits of ZF and ML estimates, we propose
a novel MIMO detection scheme, which is demonstrated
by Fig. 1 and named as reduced search space (RSS) ML
detection. In RSS ML detection, the received signal is
estimated by ZF equalizer; thus, x*can be obtained. With
x*¥ further information about the noise and channel
conditions can be derived, which can be expressed through
sophisticating-constructed metrics, i.e., the posterior
probabilities. Then, the required search space is deter-
mined, which is always reduced greatly comparing with
that of the ideal ML detection before the exhaustive search
done in the RSS ML detector.

Let us define the search space for RSS ML detector,
which has been reduced and is given as

DRSS — Sl X 82 X X SZN‘
= {(X] ’x27"‘:x2M)|xm € Sm, for allm},

where each S,, C S. Use x* to denote the kth hypothesis
within the reduced search space, which corresponds to one
and only one (xyx,...Xpy) sequence in D", where

2N,
1<k<K and K = |D*5| = Hm]il |S,uls || denotes the
size or cardinality of the set, which is the number of

elements in such set. In this paper, K is called the search
space size of the proposed detection scheme.

start

equalizer

ZF search space
pre-determination

exit
RSS ML
detector

Fig. 1 Block diagram of RSS ML detector
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4 Search space reduced method

In this section, we introduce a search space reducing
method that determines the required search space through
computing the posterior probability from ZF equalizer
output. Our reducing criterion includes two points: 1) the
reduced search space needs to cover all the hypotheses
such that the cover probability is large enough; 2) the space
size should be reduced as much as possible.

4.1 Posterior probability-based reducing

Let M denote the covariance matrix of ¥, which can be
written as

During the following discussion, we focus on some
detections where the transmitted signal vector is X.

Consider each entry of v, we can get the probability
density function (PDF) as

S
p({}m) pr— —e 2Mm,m,

2nM ,, ,,

m=12,..2N, (5

then, given the channel matrix H and noise v, the
conditional PDF of x% can be expressed as

(XZF 75\)2
75 1 ,#
Py |s;) = ——=—=—=¢
2nM ,

. m=12,.2N,. (6)

We wish to design a signal identifier that makes the
decisions on the search space reducing upon the observa-
tion of x** such that the probability of each X,, falling into
the search space is large enough. With this goal in mind,
we consider a decision rule based on the computation of
posterior probabilities expressed as

P(Si)p(ernF|Si)
0o
dp

If the a priori probability are equal, i.e., the signals {s;}
are equiprobable, and the above representation can be
simplified further.

Therefore, once x% has been known, we are able to
define and compute the cover probability as

P(silxi) = L i=12,..0. (7)

P(Suly) = > Plsi), m=12,..2N,  (8)

S;ES,,

that denotes the probability of X,, being covered (included)
in the set S,,. Then, we can present our search space
reducing method, and the procedure for which can be

P(S,, xo) for all m=

described using the pseudocode shown as Algorithm 1 (as
shown below), in which the search space is reduced as
much as possible if only under the requirement that
1,2,...,2N, are larger than P,

In order to keep the computational complexity under
control, we introduce the input Cy;,;; to Algorithm 1, which
is the maximum allowed search space size for the
exhaustive search and is called as the complexity limit
corresponding to the exhaustive search. Note that the break
instruction terminates the execution of a for or while loop.

Algorithm 1  Search space reducing (x**, Py, Ciimic)

for m == 1:2N,

S, =¢
S, =S
PSS, I¥5):=0
while P(S,, |x%) < Py

s 1= argmax P(s;x)

NSO
Po(Sulxi) := Pe(Sul¥i) + P(s;lx0)
Sy = S,U{s;}
if [D*% > Ciimt
Sy = Sp—{s;}
break
else
gm = gm - {S/}
end
end
end
return S, m=1,2,....2N,

Consider v again, the joint PDF can be written as

B 1 LT
N=———rec 2 Y. 9
PO) = N et bt ®
The joint conditional PDF of x*F is given as
p(x*[x®)
1 CL(ZF _ ONT i ZF (k)
_ (™ —x" )M (e —x\Y)
=———— —¢? . 10
(2N (detM)™: (10)
Hence, the posterior probability can be expressed as
N 1 (2ZF | F)
P2 — K( PTRT) ok (1)
2 P

Given that x** has been known, let us define and compute
the cover probability as
> pt

x®) DRSS

PC(DRSS|xZF) — |xZF)’ (12)

which denotes the probability of the event that the
transmitted signal vector X being covered (included) in
the search space D®%S. Since D®® is defined in the
Cartesian product form, Eq. (12) can further be expressed
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as

P (DRSS |x7F) = Y PP (13)

k k k
x(l Jes, x; 'es, x;,\;tesz,v‘

The meaning behind P (D*55|x*F) can be explained as
follows:

Lemma 1 Since H is not always an orthogonal matrix,
we obtain the relation as

P.(D*®x"T) = 1-2N,(1-Py).

Set Py large enough, we can make the performance
decrease very little; because if only P.(D®5|x*") is large
enough, the probability of the transmitted signal vector X
falling in the reduced search space is large enough so that
the performance decrease can be little.

4.2  Complexity analysis

The computational complexity of RSS ML detection
algorithm is going to be investigated. To ignore the
difference of hardware implementations, we focus on
counting the numerical instructions, including real addition
(subtraction) and real multiplication, which massively exist
within the detection. For sake of simplicity, we assume
each addition or multiplication to be one flop, supposing
that one search needs two flops so as to be consistent with
the assumption made in Ref. [6].

The resulting computational complexity F needed by the
proposed RSS ML algorithm is the summation of
computation complexity required by ZF estimate, by
Algorithm 1, and exhaustive search, which fulfills the
following relation:

F = Fzp + Falgorithm 1 + Fisearching
< 32N 4 88N? + 3N,
ZF
+4N? 4 (96NZ —2N,) + 2N, +

worse case of Algorithm 1

2Cimic > (14)
——

exhaustive search

where Fzp, Fajgorithm1 and Fyearching are the complexity
required by ZF estimate, by Algorithm 1, and exhaustive
search. Herein, the complexity counting of ZF estimate and
exhaustive search is in the same way as that in Ref. [6].
Hence,

SS
Fsearching = 2|DR |<2C1imit-

Equation (14) indeed gives the upper bound of resulting
computational complexity. When for high SNR, the
computational complexity required by exhaustive search
would be less than 2Cj;,;; because the proposed search
space reducing method will contribute its effect of cutting
off the search space. In Algorithm 1, we get the sum of the
first five items of Taylor series expansion to approximate

exp(-).

5 Simulation results

We assume that all elements of the channel matrix H - are
independent and identically distributed zero-mean com-
plex Gaussian random variables having a variance of 1. Let

SNR = 10Ig(E, /o),

where Ej is the average transmit symbol power. Since in
practice 4 x4 MIMO systems are quite popular; therefore,
in this section, we focus on investigating the properties of
such case.

Figure 2 shows the symbol error rate (SER) performance
of RSS ML detection employing 16-QAM and 64-QAM
with the complexity limit Cy;n; = +00. RSS ML #1 denotes
the RSS ML detection with Po=1-10", while #2 with
Py=1-10"°. It can be seen that, if Py is set to 1 —10 > and
1-107, the SER performance of RSS ML is approaching
to that of the ML detection when SNR is not larger than
25 dB; the performance of RSS ML with Py=1-107 is
tiny better than that with Py=1-107.

107!

| == ML, 16-QAM
107 - 9= ML, 64-QAM
—a— 7F, 16-QAM
-A-7F, 64-QAM
10-4L —¥— RSSML#I,
- ¥- RSS ML #1,

16-QAM
64-QAM
—8— RSS ML #2,

16-QAM
e - 8- RSS ML #2, 64-QAM

0 5 10 15 20 25
SNR/dB

Fig. 2 SER versus SNR in 4x4 MIMO system

Figure 3 shows the average search space size K of RSS
ML detection employing 16-QAM and 64-QAM with the
complexity limit Cj;,;; = +00. RSS ML #1 denotes the RSS
ML detection with Py=1—10"° while #2 with P,=1-10"°.
It can be seen that the average search space size decreases
greatly compared with ideal ML detection, especially when
SNR is large; the space size of RSS ML with Po=1-10"°
is tiny larger than that with Pp=1-10". Since the
complexity limit Cj;pi =400, results show the efficiency
of proposed search space reducing method in high SNR
region.

Furthermore, we investigate the performance and
average complexity of the proposed detection scheme
together with K-best sphere decoding in Ref. [5] and
reduced-search maximum-likelihood (RS ML) detection
introduced in Ref. [6]. In this simulation, both RS ML
detection and the proposed RSS ML detection use 8000 as
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Fig. 3 Average search space size versus SNR in 4x4 MIMO
system

the complexity limit in the search stage; meanwhile, we set
K =5 for 16-QAM and K = 10 for 64-QAM considering K-
best sphere decoding. SER is shown in Fig. 4, where the
complexity limit is set to be Cjn;e = 8000 for proposed RSS
ML detection, RSS ML #2 denotes the RSS ML detection
with Py=1-107¢. The total number of numerical instruc-
tions of one detection considering each above scheme is
computed and presented in Fig. 5, where the complexity
limit is set as Cj;mie = 8000 for proposed RSS ML detection,
RSS ML denotes the RSS ML detection with Po=1-10°.
Based on that in Figs. 4 and 5, it can be found that if
SNR is larger than 16dB in 16-QAM (or larger than
20dB in 64-QAM), the proposed RSS ML detection will
have better SER performance and cost less complexity
power than K-best sphere decoding. In low SNR region
and if 07 and K values are small, K-best sphere decoding
might cost less complexity power than proposed scheme
when they have almost the same SER performance.
However, we can also find the constellation size impacts
greatly on K-best sphere decoding because its complexity
is determined directly by Q0* and K. As shown in Fig. 5,
when 0= 64 and K = 10, the complexity of K-best sphere
decoding becomes more than two times of that of RS ML
and RSS ML detections even in a low SNR region.
Therefore, we know that taking RSS ML detection and K-
best sphere decoding into consideration, and the former
has its advantage in high SNR region or in the case that O*
and K are large and disadvantage only in low SNR region
at same time O? and K are small enough. RSS ML scheme
always costs less complexity than RS ML detection when
they have almost the same SER performance. The reason
herein is clear that RS ML detection always spends the
computational power based on the complexity limit, while
Algorithm 1 of our proposed scheme can cut off
considerable search work even before the search stage
once SNR is sufficiently large. Another important
observation in Fig. 5 is that the complexity of the proposed

scheme varies according to the constellation size, i.e., 07,
in median SNR region (e.g., 0 to 20 dB) because different
constellations have different properties of geometry, which
directly affect the search space reducing of Algorithm 1
considering our proposed scheme. While in other two
extremes, exactly speaking, in high SNR region, the search
stage uses quite low computational power, thus making the
item Fyearching in Eq. (14) be far smaller than other two
items Fzp and Fajgorithm1; in other words, the final
complexity is dominated by Fzr and Fajgorithm 1; While in
low SNR region, the reducing efficiency of Algorithm 1
upon search space cannot be guaranteed, and the item
Ficarching approaches to 2Cjmi. In summary, the final
complexity is basically determined by Fzg, Faigorithm 15
and 2Cjni. Besides, in high SNR region, the item
Fajgorithm 1 0 Eq. (14) decays as SNR increases; therefore,
the final complexity of proposed scheme approaches to Fzx
when SNR is high enough, as shown in Fig. 5.

]00
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-©-ML, 64-QAM
—+— ZF, 16-QAM
1073} - + - ZF, 64-QAM

SER

—5— RSS ML #2, 16-QAM Y
- v - RSS ML #2, 64-QAM Y
|—2— RSML. 16-QAM %
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Fig. 4 SER versus SNR in 4x4 MIMO system
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Fig. 5 Average computational complexity versus SNR in 4x4
MIMO system
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6 Conclusions

We present a MIMO detection scheme that reduces the
search space based on the metrics calculated in the
predetermination stage. The chosen metrics in this paper
are the posterior probabilities. The proposed detection
scheme can achieve the near optimal performance with the
computational complexity decreases greatly.

Acknowledgements This work was supported by the National Basic
Research Program of China (No. 2007CB310602).
Appendix A
We give proof to the Lemma 1 given in this paper.
Proof Let A4,, denote the event that the transmitted

symbol X,, is covered by S ,, in some detection, and A,
otherwise. Then

PC(DRssleF) = P(Al,/lz,,/Iz]\]l)

and
Pc(8m|xiF) =P(4,) = 17P(Zm)'

The probability of the joint events fulfils that

2N,
1= P(Ay.Ap,.doy) <D P(A,),
m=1

(AD)

then

2N,
PUDMS) 2 1= (1= P(S,)).

m=1

(A2)

Moreover,
Py = (Sylxy ) 2 P,

Hence, Lemma 1 is true.

References

1. Telatar I E. Capacity of multi-antenna Gaussian channels. European
Transactions on Telecommunications, 1999, 10(6): 585-595

2. Proakis J G. Digital Communications. 3rd ed. New York: McGraw-
Hill, 1995

3. Hassibi B, Vikalo H. On the expected complexity of sphere decoding.
In: Proceedings of the Thirty-fifth Asilomar Conference on Signals,
Systems and Computers. 2001, 2: 1051-1055

4. Agrell E, Eriksson T, Vardy A, Zeger K. Closest point search in
lattices. IEEE Transactions on Information Theory, 2002, 48(8):
2201-2214

5. Wong K W, Tsui C Y, Cheng R S K, Mow W H. A VLSI architecture
of a K-best lattice decoding algorithm for MIMO channels. In:
Proceedings of IEEE International Symposium on Circuits and
Systems. 2002, 3: 273-276

6. Chouayakh M, Hnopp A, Lankl B. Low-effort near maximum
likelihood MIMO detection with optimum hardware resource
exploitation. Electronics Letters, 2007, 43(20): 1104-1106

7. Lee K, Chun J. ML symbol detection based on the shortest path
algorithm for MIMO systems. IEEE Transactions on Signal
Processing, 2007, 55(11): 5477-5484

8. Paulraj A, Nabar R, Gore D. Introduction to Space-Time Wireless
Communications. Cambridge: Cambridge University Press, 2007



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


