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Abstract: Since Schnorr - Euchner Sphere Decoding (SE-
SD) does not guarantee a fixed throughput, the searching
cycles of SE-SD should be limited for the practical
implementation. Given SE-SD with runtime constraint
causes degradation in performance due to the variance of
searching cycles, an enhanced SE-SD architecture with a
small variance of searching cycles is proposed in this paper
for a multi-input multi-output(MIMO) system. Small
variance in number of searching cycle is achieved by
applying parallel partial Euclidean distance (PED)
calculation units to the one-node-per-cycle architecture.
Since the proposed architecture is able to evaluate more
children nodes in a single cycle, average processing cycles
and error performance are significantly improved with a
per-block run-time constraint. Our proposed parallel
architecture increases the complexity about two times, but it
can obtain a 2 dB gain in a 4x4 16QAM system when the
runtime constraint is 7 cycles.

1. Introduction
A large number of work involving the physical-layer study
of MIMO techniques have been done in the past decade.
The optimal MIMO detector, maximum likelihood (ML)
decoder, is infeasible due to high complexity when large
number of antenna is used together with higher modulation
constellation [1]. Efficient algorithms such as sphere
decoder (SD) have been proposed to reduce the complexity
of ML. Among the various variation of SD algorithms,
Schnorr-Euchenr SD (SE-SD) and K-Best (KB) are applied
in the implementation of [1] and [2]. KB architecture
guarantees a fixed throughput and a fully pipelined
architecture by restricting the number of survived node per
depth [2]. However, such simplification causes severe
performance degradation and increases hardware (HW)
complexity. On the other hand, SE-SD is the more
attractive approach as it offers lower hardware complexity
and a better error rate performance compared to KB. In [1],
an efficient state-of-the-art SE-SD architecture based on
one-node-per-cycle strategy is presented. The Architecture

of [1] reduces the circuit complexity by employing the -
norm and direct SE enumeration scheme with PSK
enumeration.

A considerable problem of SE-SD is the fact that the
searching complexity critically depends on the a-priori
choice of the sphere radius [4]. A technique known as
radius reduction with Schnorr-Euchner (SE) enumeration
allows us to avoid this problem. However, the detection
effort varies randomly according to the received SNR and
channel matrix, so the computational throughput is non-
deterministic. In practice, the maximum detection effort
must be limited in SE-SD because the effort to find the
solution may sometimes even corresponds to an exhaustive

search. To limit the maximum detection effort is called the
runtime constraint in this paper. Since run-time constraint
of SE-SD is the cause of performance degradation, further
improvement in reducing the average detection effort is
important. In [3], we described various conventional
schemes to reduce the searching cycles for practical
implementation such as storage-pruning, antenna ordering,
and etc. However, we did not consider the variance of
searching cycle in [3]. Though the average throughput is
reduced, large variance of searching cycles leads to
performance degradation when run-time constraint method
is applied to SE-SD. In [5], potential candidates are
evaluated in terms of probability in descending order so that
more promising candidates can be found earlier in the
search. However, probabilistic search, which requires
prohibitively large memory size, is practically infeasible.

In this paper, we propose a detector algorithm which finds
the ML solution earlier by applying parallel partial
Euclidean distance (PED) calculation units to the one-node-
per-cycle architecture, thus stabilizing the instantaneous
throughput. The proposed architecture has almost no
performance degradation with runtime-constraint. An
efficient minimum (MIN) search scheme is also proposed
for parallel processing.

The rest of this paper is organized as follows. In Section 2,
the algorithm of SE-SD is presented. The proposed
architecture is described in Section 3, and we conclude the
paper in section 4.

2. Schnorr-Euchner Sphere Decoding

We consider a spatial multiplexing MIMO system with NN,
transmit and Nr receive antennas. The transmitter sends

N, spatial streams. Assume that the transmitted symbol is

Gray-labeled M-QAM (or M-PSK)
constellation (M =27). At once, the transmitter maps one
gN, x1 coded bit vector X onto a N, x1 symbol vector

taken from a

S . The transmission of vector s over MIMO channels can
be modeled as y=Hs+n , where y is an N, x1

receive signal vector. H is an N, XN, MIMO channel

matrix which is i.i.d. zero-mean unit variance complex
Gaussian matrix, perfectly known to the receiver. I is a
vector of independent zero-mean complex Gaussian noise

entries with variance N, /2.

Depth-first SD algorithm can be divided into two parts, the
first part is the partial Euclidean distance (PED) calculation
and the second part is the tree traversal. The following
inequality expresses the sphere constraint [1]:
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Figure 2. Example of modified tree-searching strategy (L=2)
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The left part of inequality (1) can be decomposed into
PEDs as
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where y =Q"y, Qand R are the QR decomposition of

Z,,,

,(2)

H, and r; is the element of upper triangular matrix R.

Y, and s ; are the elements of y and S, respectively.

7; (Si) is called PED. PED can be re-written for efficient

implementation as
n(s)=
=53,

J=i+l
An efficient SD uses the one-node-per-cycle architecture
which calculates PEDs of all children nodes of a mother
node [1]. Fig. 1 shows a simple example of tree searching

and tree traversal of depth-first SD when N, =3 and

M =2 . The number beside each circle (node) is the
accumulated PED of the node. In this paper, tree level i is
presented in descending order. A dotted rectangle
represents the nodes which are calculated at the same time.
Dark gray nodes are pruned nodes because the accumulated
PEDs of their mother nodes already exceed the radius r.

In [1], the norm calculation in (3) is approximated to the

b, —r.s

2
i+1 ii 1‘

+7,(s"). 3)

where b,

[” - and I’ - norm to reduce the complexity.
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In [3], some techniques such as radius update with SE
enumeration, storage pruning, and antenna ordering which
enhance the efficiency of depth-first SD are presented. The
strict SE enumeration selects the preferred child with the
smallest PED for forward and backward recursion of the
tree-searching algorithm. An exhaustive search becomes the
bottle-neck of the critical path in the one-node-per-cycle
SE-SD architecture. Authors in [1] solved this problem

through sorted lists generation. After calculating bl. 4 in(3),

signal constellation points can be grouped into 3 PSK-
subset according to their distance from the origin. Then,

ordering can be performed according to the position of b, ,

If the region to which b,,, belongs is known, the ordering

of each subset is given a priori before calculating PED.
PED calculation is only performed for the preferred
children in each subset which has the minimum PED. Then,
the minimum PED among 3 preferred children from subsets
is searched using 2 comparators in 2 comparator steps. This
scheme reduces area complexity by ignoring the remaining
children of each subset.

3. Proposed Architecture

3. 1 Effect of Parallelism of PED Calculation

SE-SD has the fastest average processing cycle when
implemented with the various options in [3]. However, the
number of visited nodes varies according to channel gain
and thermal noise. Moreover, the characteristic of R matrix
is that the expectation values of the diagonal terms

decreases as row index is increases, which makes r,
120t

value is the smallest among the diagonal entries. Small
diagonal term increases the probability of wrong selection
at higher level of the tree [5]. Therefore, tree-searching
requires large amount of processing cycles for backward
recursion. For example, if the symbol ‘+1° is selected at i =
3 in figure 1, ML-solution can be found within 3 cycles.

To evaluate the more promising candidate at an earlier
stage, we propose a more parallel metric calculation unit
(MCU) to calculate PED. To adopt parallel MCUs to SE-
SD, some modification of SE algorithm is required.
Originally, SE-SD evaluates children of one mother node,
then, picks the node, which has the smallest PED as the
next mother node. If SE-SD meets a leaf or dead node,
backward recursion which evaluate first untried node in the
storage is performed in depth-first manner. However, the
proposed parallel architecture evaluates L mother nodes at
once where L is equivalent to the number of parallel
MCUs. After evaluating children of L mother nodes, SE-
SD finds L nodes which have the minimum PED among
L x M children. The nodes which are not selected are
visited later. In the case of backward recursion, it also
chooses L mother nodes as the next mother nodes, but the
depth of each mother node may not be same. Figure 2
shows a simple example of modified tree-searching strategy
in a 4x4 QPSK configuration. In this example, original SE-
SD spends 7 cycles to find the ML solution, but modified



SE-SD finds the ML solution in 4 cycles. The modified tree
searching strategy has an additional benefit. If the ML
solution comes from one of the descendants of s2 in level
one, modified SE-SD saves more cycles during backward
recursion compared to the original SE-SD because modified
SE-SD already performed the calculation for children of s2
in level two.

Figure 3 and 4 show the CDF curves of searching cycles
and the BER performance obtained through computer
simulation which applies the same condition used for figure
2. When the number of parallel processing units increases,
the ML solution can be found earlier, and the performance
with run-time constraint is also increased. It implies that
evaluating more nodes at a time improves the probability of
finding the ML solution earlier. D ave(7) in figure4
represents the runtime constraint, which means that SE-SD
stops after 7 cycles. At L =2, SE-SD already achieves
almost ML performance with no severe performance
degradation. Thus, we choose the L as 2 for the proposed
architecture.
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Figure 6. Decision regions to select 2 MIN-PED nodes
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Figure 4. Performance with runtime constraint

3. 2 Hardware Architecture

It is possible to implement the proposed SE-SD
architecture by modifying the state-of-the-art SE-SD
architecture [1] as illustrated in figure 5. The bottle neck of
this proposed architecture lies at the searching for 2 MIN
selection due to SE enumeration. To find 2 MIN children
among 2M children, 2(2M —1)+1 comparators are
required with bubble sorting (g + 2 comparator steps). To
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alleviate the complexity, 2 MIN nodes of each MCU are
selected directly by using decision region of QAM signal
constellation in the forward recursion. At first, 2 MIN
nodes among M children are selected at each MCU. Then,
2 MIN nodes are selected among four nodes. Directly
choosing 2 MIN values at each MCU can be done with
signal constellation. After the calculation of b, , , the
decision region of bi+] can be found, we then choose the
first MIN node and second MIN node. For second MIN
node, the decision regions are illustrated in figure 6. 8
comparators are required to know the region of bi . - For
backward recursion, this proposed architecture incurs slight
complexity increment. Six sorted lists from two MCUs are
generated for backward recursion, while architecture [1]
generates three sorted list. Thus, 2 MIN nodes selection
among 2 smallest nodes in all sorted lists is required for
backward recursion.

Table 1 shows the estimated hardware complexity. In this
analysis, the symbols are represented by integer to reduce
the number of multipliers, and a 12 bit fixed point
calculation is assumed. Adder equivalent units such as a
subtractor and a summation are included into the number of
adders. As compared to the conventional architecture, the
proposed architecture requires about two times of hardware
complexity. However, proposed architecture finds more
reliable candidates earlier compared to conventional SE-SD
architectures.

4. Conclusion
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Figure 5. Block diagram

Since, the processing cycles of Schnorr-Euchner Sphere
Decoder varies randomly varied with MIMO channel
matrix and AWGN noise, operating cycle of Sphere
Decoder should be restricted for real implementation.
However, constrained Sphere Decoder causes severe
degradation in error performance. In this paper, we
proposed the SE-SD architecture for run-time constraint by
adapting the parallel tree searching with SE enumeration.
The proposed architecture achieves performance gain due
to faster searching compared to conventional architecture
when runtime constraint is applied. To adopt the parallel
processing, efficient MIN-selection using QAM signal
constellation is also introduced during the forward and
backward recursion. Although the complexity of the
proposed architecture increases about two times, it can
obtain a significant 2 dB gain in a 4x4 16QAM system
when the runtime constraint is 7 cycles.

References

[11 A.Burg, et al., “VLSI Implementation of MIMO
Detection Using the Sphere Decoding Algorithm,” /EEE
Jour. Of Solid-State Circuits, vol 40, Issue 7, pp. 1566-
1577, July 2005.

[2] Z. Guo and P. Nilsson, “VLSI implementation issues
of lattice decoders for MIMO systems, ” /IEEE
International Symposium on Circuits and Systems, May
2004, pp. IV-477-1V480.

504

of proposed architecture

[3] Jin Lee and Sin-chong Park, “A pipelined VLSI
architecture for a list sphere decoder,” IEEE International
Symposium on Circuits and Systems, May 2006, pp 397-
400

[4] Q.Liuand L. Yang, “A Novel Method for Initial
Radius Selection of Sphere Decoding,” IEEE Vehicular
Technology Conference-Fall, vol. 2, Sep. 2004, pp. 1280-
1283.

[5] W. Zhao and G. B. Giannakis, "Reduced complexity
closest point decoding algorithms for random lattices",
IEEE Trans. Wireless Commun. Volume 5, Issue 1,
pp-101 — 111, Jan. 2006




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /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
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


