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Abstract—The paper deals with the design and optimization of 
blind oversampling Clock and Data Recovery (CDR) based on 
FPGA prototyping. The main advantage of the oversampling 
CDR is the fully digital architecture, which enables the FPGA-
based testing and its subsequent integration into any ASIC 
technology. The oversampling CDR is a promising block for 
Free Space Optical (FSO) applications because of its extremely 
short reacquisition time, which is the key feature for efficient 
communication over the frequently fading channel. 

An efficient statistical simulation model for the CDR 
optimization is presented. Our effort in optimization was 
focused mainly on the simplification of the decision algorithm 
while maintaining acceptable jitter tolerance. The suggested 
method was verified on the Xilinx FPGA platform. 

I. INTRODUCTION 
The technology of Free-Space Optical links consists in 

transmitting information by means of light beams in space or 
in the atmosphere. At present, terrestrial systems with a 
range of up to 2 km using a simple On-Off Keying are 
commercially available. FSO is a very promising technology 
for Unmanned Aerial Vehicles and for High-Altitude 
Platforms [1]. 

Long-range atmospheric links are influenced by 
atmospheric turbulence, which cause power fluctuations at 
the receiver with total fades on the millisecond time scale for 
static terminals and on the microsecond time scale for 
aircraft. Communication terminals for FSO applications 
should implement data protection methods as frequent 
outages would badly influence the behavior of the TCP 
protocol, which is most likely to be used [2]. 

Atmospheric turbulence also influence the pulse arrival 
time, resulting in jitter seen by the receiver. The RMS of 
turbulence-induced jitter can be estimated to the order of 
picoseconds during clear weather [3]. The total atmospheric 
jitter at the receiver is the sum of direct atmospheric jitter 
and jitter induced through parasitic AM/PM conversion in 
the receiver. As the main part of turbulence energy is 
contained in an approximately 200Hz band for static 
terminals the atmosphere contributes to random low-
frequency jitter components. The main source of high-

frequency jitter will be the receiver noise, clock generators 
and the CDR circuitry. 

This paper describes the implementation of an all-digital 
blind oversampling CDR block, which is a part of FSO 
terminal. In comparison with other types of CDR that 
employ analog blocks (oscillators, filters, etc.) the all-digital 
system is easy to port to another technology or can be 
entirely tested in FPGA. The oversampling CDR for high-
speed links first appeared in [4], followed by many other 
papers. Statistical behavioral simulations are desirable as 
they are in several orders of magnitude faster in comparison 
with Monte-Carlo methods [5]. 

The paper is focused on the optimization and design of 
all-digital CDR for FSO applications with adaptive decision 
window. Section 2 deals with a statistical model of CDR. 
Sections 3 and 4 present a test implementation in Xilinx 
FPGA including the results measured. 

II. BLIND OVERSAMPLING CDR WITH PROBABILISTIC 
DECISION WINDOW 

Figure 1 shows the basic principle of blind oversampling 
CDR, where the input digital stream is usually sampled by an 
odd number of clock phases uniformly distributed over one 
period T (also called the Unit Interval – UI). The number of 
phases is called the oversampling rate M. The decision logic 
searches for transitions in the stream and recovers data using 
such a phase that is delayed by T/2 from transitions, i.e. the 
sampling point is being continuously adjusted to the 
approximate center of the eye diagram. The decision on the 
optimum sampling phase is made upon receiving W bits in 
order to average the random variations of edge positions. The 
clock source need not be synchronized with the transmitter 
clock. 

The digital signal phase is quantized into M levels. The 
theoretical maximum difference between the receiver clock 
and the data phase within an interval of consecutive identical 
symbols, where no phase-update decision can be made, is 

 ⎣ ⎦UI
M

M 2/
. (1) 
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Figure 1.  Blind oversampling CDR. 

As the input signal passes through a number of limiters 
before being latched, the effect of noise on the bit error rate 
will be modeled on the horizontal eye opening. We will 
assume an ideal local clock and jitter generated by CDR will 
be included in the data signal. As the received optical power 
decreases, the ambiguity of zero crossing grows, mainly due 
to the noise of photodiode preamplifier. 

Generally, the total jitter can be divided into random and 
deterministic components [6]. The random jitter (RJ) is 
modeled as unbounded having Gaussian distribution 
characterized by zero mean and standard deviation σRJ. The 
deterministic component (DJ) is represented by high-
frequency inter-symbol interference and duty-cycle 
distortion with peek-to-peek amplitude d. Its probability 
density function (pdf) is approximated by a dual Dirac 
function. Convolving both pdfs we obtain the total pdf of 
zero-crossing [6] 
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Although the parameters for the positive and the negative 
crossing can differ, they will be considered the same. 

If the left crossing in Fig. 2 occurs after the sampling 
point Ts or the right crossing occurs before it, an erroneous 
symbol is sampled. For a pseudorandom data stream with a 
transition occurrence probability of approximately 0.5, the 
probability of bit error can be estimated as 
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Figure 2.  False symbol detection (drawn for M = 5). 

The method for estimating the Bit Error Rate (BER) is 
based on a modified method [5] originally developed for 
sinusoidal jitter tolerance analysis. 

Let us center the sampling domains on the ideal crossing 
position and let us denote them D0, D±1, D±2, etc. Upon 
receiving W bits the decision logic selects the i-th sampling 
domain among other domains with the probability PDi, i.e. 

∑ = 1DiP . Then, the bit error rate can be estimated as 
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The formula includes an empirical term Δt, which 
accounts for deterministic narrow-band jitter and wander, 
which are not negligible for large values of W. A simple 
approximation 

 ][)/()( UIffjjt Δ=Δ  (5) 

takes into account the difference of oscillator frequencies of 
the transmitter and the receiver. 

The proposed decision algorithm chooses the sampling 
clock domain when N consecutive edges are detected in the 
same domain. The conditional probability that an edge will 
be detected in the i-th domain (if the edge occurs in data 
stream) is 
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Assuming statistical independence, the probability that 
all N consecutive edges belong to the i-th domain is 

 ( )N
iNi PP =  . (7) 

Then the conditional probability of selecting the i-th domain 
(if the decision is taken) is 

 
 
 
 

 
 

Data 
register 

 

 

Oversampler 

 

 
 

Multiphase 
clock generator 

 

Edge detection 
and 

Domain selection 

 
 
 
 

 
 

Data 
selector 

 

 
 
 
 

 
 

Output 
FIFO 

 

CDR core 

M M 

M

M 

Rx 
data 

M

T 

TS 

-

468



 ∑= NiNiDi PPP /  . (8) 

As the process of taking decisions can be described by the 
Poission distribution, the average number of bits between 
decisions, i.e. the average length of decision window Wavg, is 

 ∑≈ Niavg PW /2  (9) 

for a transition probability of 0.5. 

The average length of the decision window depends on 
the amount of jitter. For low jitter conditions, W converges to 
N (domain 0 is “always” selected). As jitter grows, the value 
of W increases, as shown in Fig. 3. There is an optimum 
value of the parameter N. A low value results in insufficient 
filtering while a large value decreases the tracking ability of 
the CDR as the decision window grows quickly. 

-35 -30 -25 -20 -15 -10
100

101

102

103

σRJ [dB]

W
av

g

 

 

N = 4
N = 5
N = 6

 
Figure 3.  Average lenght of decision window (d = 0.1 UI, M = 5). 

III. FPGA-BASED IMPLEMENTATION 
To be able to implement the oversampling CDR in an 

FPGA a multiphase clock source is needed, as shown in 
Fig. 1. Considering oversampling rate M, it is necessary to 
generate M clock signals with a frequency equal to the data 
rate, shifted by 1/M of UI. Each clock signal is used to take 
one sample per data bit. It is relatively simple to generate 
such clock signals with different phases in an ASIC. In 
FPGA, however, this task is nontrivial for higher frequencies 
and puts limits on the final implementation in terms of 
maximum data rate and oversampling rate. 

In modern FPGAs there are embedded hard-IP blocks for 
clock processing. These blocks are PLL- or DLL-based and 
are used to derive clock signals with various frequency and 
phase offset from a reference clock signal. Their ability to 
generate a suitable clock signal for the oversampler is 
limited. For example, a Digital Clock Manager (DCM) block 
in Xilinx Spartan-3 FPGA is able to generate suitable clock 
signals with a phase resolution not smaller than 1.5 ns. The 
same block in Virtex-5 FPGA is able to generate sampling 
signals with a phase resolution of 0.45 ns. These values can 

be used for the direct calculation of maximum achievable 
data rate at a certain oversampling rate as shown in Table 1. 

TABLE I.  MAXIMUM DATA RATE OF OVERSAMPLING CDR IN XILINX 
SPARTAN-3 AND VIRTEX-5 FPGAS. 

 Spartan-3 
Phase resolution 1.5 ns 

Virtex-5 
Phase resolution 0.45 ns  

Oversampling 
rate (M) 

Bit period 
[ns] 

Data rate 
[Mb/s] 

Bit period 
[ns] 

Data rate 
[Mb/s] 

3 4.5 222 1.4 733 
4 6 166 1.8 550 
5 7.5 133 2.3 440 
6 9 111 2.7 366 
7 10.5 95 3.2 314 

 
The decision algorithm should be as simple as possible to 

ensure high maximum data rate, low hardware requirements 
and low power consumption of the CDR. In common 
oversampling CDRs an algorithm that averages the edge 
position over a fixed length interval is usually used. This 
algorithm requires the implementation of some basic 
arithmetic blocks, like adders and multipliers, which require 
a lot of hardware resources. Using the complex logic may 
negatively affect the maximum data rate when a 
combinatorial path delay approaches 1 UI time (delay of 
logic gates and interconnection). Power consumption is also 
affected as it is proportional to the amount of hardware 
resources used. On the other hand, a CDR algorithm with too 
simple decision algorithm cannot process received signal 
containing large amount of jitter with sufficiently low BER 
and is suitable only for high quality links (like an onboard 
chip interconnection). 

 
Figure 4.  Detailed view of the edge detection and domain selection block. 

The architecture of the CDR algorithm proposed in 
Section 2 can be seen in detail in Fig. 4. Each output of the 
edge detection block is used as the enable signal of one shift 
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register. When an edge is detected in domain i, logical 1 
value is shifted into the i-th register and all the other registers 
are reset to zero. When the logical 1 value propagates to the 
end of the shift register, the actual sampling domain is 
updated. To implement the algorithm, M shift registers of 
length N are needed. 

In contrast to other solutions incorporating arithmetic 
operations, in this case there are only a few logic gates 
between registers and so high clock frequencies are 
achievable. The most critical path is the reset logic of each 
shift register composed of (M-1)-input OR gate. 

IV. MEASURED RESULTS 
The proposed method with oversampling rate M = 5 was 

implemented in the Spartan-3 FPGA to prove its 
performance. To be able to compare it with a standard PLL-
based CDR, a dedicated CDR IC was used as a reference 
(Micrel SY-87700). One more oversampling CDR was 
chosen to be compared with the proposed solution. Xilinx 
provides an oversampling CDR reference design that uses a 
direct decision algorithm where the actual domain is selected 
directly according to actual edge position (without 
averaging) [7]. The resulting CDR has lower hardware 
requirements but it suffers from high jitter sensitivity. 
Unfortunately, in the CDR documentation there is no note 
about jitter sensitivity, which may lead to misunderstanding 
by designers who may try to use it in applications where 
received signal contains relatively large amount of jitter. To 
be able to compare the performance of the direct decision 
CDR and the proposed one, both were implemented into the 
FPGA simultaneously. Furthermore, the proposed CDR was 
tested with different values of the parameter N. 

The test board setup is shown in Fig. 5. In the FPGA, 
both oversampling CDR blocks share a common 
oversampler. The resulting error rate was measured using bit 
error rate testers (BERT) implemented directly in the FPGA, 
one for each CDR. 

 
Figure 5.  Setup of receiver for CDR comparison. 

As can be seen in Fig. 6, the proposed oversampling 
CDR algorithm approaches the BER performance of a 

conventional PLL-based CDR. The direct-decision 
oversampling CDR shows very poor performance. 
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Figure 6.  CDR mesurement results (125Mb/s). 

The implementation of the oversampling CDR with 
parameter N = 5 and oversampling rate M = 5 in the Spartan-
3 FPGA requires only 2 DCM blocks, 100 registers and 152 
Look-up Tables (98 slices). Power consumption of the logic 
is only about 8 mW (including oversampler and deserializer). 
The power consumption of the multiphase clock generator 
(two DCM blocks) is about 84 mW. The FPGA quiescent 
power is about 24 mW. ASIC implementation of the 
proposed CDR can be expected to be even more power 
efficient. Power consumption of the PLL-based CDR is 
560 mW at the same data rate. 

V. CONCLUSION 
Using the statistical modeling of CDR for optimization 

and FPGA-based platform for verification it is possible to 
design both highly efficient and fast oversampling CDR 
algorithm that is comparable with a PLL-based CDR. 

REFERENCES 
[1] H. Henniger, B. Epple, and D. Giggenbach, “Mobile FSO Activities 

in Europe and Fading Mitigation Approaches,” In Proc. 17th Int’l. 
Conf. Radioelektronika, Brno(Czech Republic), 2007, pp. 263-268. 

[2] V. W. S. Chan, “Free-Space Optical Communications,” J. of 
Lightwave Technology, vol. 24, no. 12, 2006, pp. 4750-4762. 

[3] N. Perlot, “Characterization of Signal Fluctuations in Optical 
Communications with Intensity Modulation and Direct Detection 
Through the Turbulent Atmospheric Channel”, PhD. dissertation, 
Shaker Verlag, Germany, 2006. 

[4] K. Lee et al., “A CMOS serial link for fully duplex data 
communications,” IEEE J. Solid-State Circuits, vol. 30, Apr. 1995, 
pp. 353–364. 

[5] J. Kim and D. K. Jeong, “Multi-gigabit-rate clock and data recovery 
based on blind oversampling,” IEEE Communications Magazine, vol. 
41, no. 12, Dec. 2003, pp. 68- 74. 

[6] M. A. Kossel and M. L. Schmatz, “Jitter measurements of high-speed 
serial links,” IEEE Design & Test of Computers, vol. 21, no. 6, Nov.-
Dec. 2004, pp. 536 – 543. 

[7] SAWYER, N. Data Recovery. Xilinx application note XAPP224. 
Available at www.xilinx.com. 

 

 
 
 

 Rx data 

 
 
 

PLL-based 
CDR 

 
 

BERT 

 

User 
Interface 

Spartan-3 FPGA 

PC 

LP 

A 

 

Common 
Oversampler 

 
 

BERT 

 

Multiphase 
clock source 

 
 

CDR 1
 
 

CDR 2

 
 

BERT 

470



<<
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /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 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


