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Different approaches of high speed data transmission standards
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Abstract. A number of standards addresses the problem ofto each other. Differences mostly originate from the vari-
high-speed data transmission on serial or serial-parallel dataus coding schemes used to encode the data and to transmit
lines. Serial-parallel data transmission means the transmittedpecial characters used in the synchronization process. This
information is distributed on parallel data lines. Even thoughpaper will address the most often-used design techniques in
several standards exist, there are only a few basic techniquasday’s standards. The interfaces are described starting with
used in most of these standards. This paper is giving arthe electrical signal form as the lowest physical level and go-
overview of these different basic techniques used in the physing up to line coding and frame processing as the highest
ical layer of today’s data transmission standards, for examplédevel of data transmission.

DVI/HDMI, USB2.0, Infiniband, SFI5, etc. [1-9]. The main First, an example of an electrical data path and the electri-
focus lies on the approaches used for physical signaling, lineal signals used for data transmission is explained in Sect. 2.
coding and information synchronization in serial and serial-Furthermore, timing budget issues are discussed here. In
parallel systems. In addition, currently discussed techniquesect. 3, phase detection techniques used for bit synchroniza-
to improve data transmission in the future will be presented.tion are explained. Then, in Sect. 4, data coding schemes are
discussed using the examples of 8B10B and TMDS signal-
ing. Word synchronization and speed matching techniques
are presented in Sect. 5. A summary and conclusions are
given in Sect. 6.

1 Introduction

High-speed data communication standards originally have
addressed fiber optics systems for telecommunication and ) o
datacom. Nowadays, the increasing operation speed of mod® Physical data transmission

ern processors, computer busses as well as low cost data in- ) ] ) )
terfaces e.g. USB2.0 have reached a high-speed data Comm_glectncal data paths suffer from damping and dispersion and,

nication of several hundreds of megabits data rate per secorif] the case of parallel data transmission, from skew between

and gigabits per second which are about to come to masdifferent signal lines. Moreover, connectors add consider-
markets soon. able distortion to the signals due to their usually bad high

Therefore, in addition to fiber optics systems, backplanefrequency characteristics which leads to reflections. An ex-

and bus architectures are addressed by high-speed data tral'Ple of a data path for backplane data transmission is given

mission standards. Since these applications usually do ndh Fig. 1. o .

need to cover long distances, copper cables are used as inter-FOr backplane transmission, two ICs placed on different

connection media for speeds up to several gigabit per secondCBS are connected via two connectors to a backplane or

to reduce system cost which is the key to the mass markefain board. With FR4 PCB material, skew and damping

Today, distances of 20-30 m can be implemented with suctre about 250 fs/mm and 12 mdB/mm, respectively. For ex-

cables which are sufficient for wide areas of applications. @mPple, in the Infiniband standard [6], 20" of transmission
Despite the different applications like fiber optics, copper length is allowed. This leads to a damping of about 6.1dB

cable, or backplane data transfer, the various synchronizatiofnd & skew of 130 ps, respectively, only for the signal lines.

techniques used in the different standards are still quite clos&Nc€ Infiniband allows an eye closure of 2/3, at 3.125 Gbit/s
there is only 106 ps of eye opening left which is smaller than

Correspondence tavl. Ehlert the total skew. In addition, there is the influence of the con-
(martin.ehlert@ieee.org) nectors which usually is even worse than that of the signal
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Table 1. Electrical signal specification ranges. B U
Parameter Encoder Decoder
Eye Opening 60-80% 30-50%

Amplitude 250-1000mV  150-400mV

Package Transmit IC BGA Electrical e
Caramic Package Connector :
signal line l— Y , .
y Eye Opening
E Bitlength
/ Receive IC BaCkp'R < >
PCB
\ % Fig. 2. Definition of eye diagram.
|
L )

Fig. 1. Datapath for backplane data transmission.

450

lines. Therefore, retiming of several parallel data lines with 20 / / \

only one common clock phase is not possible. Techniques tQpifterenial
mplitude

achieve retiming under such conditions will be discussed in  @mv) , \
Sect. 5. / \
The particular minimum eye opening and amplitude of the 250 /

various standards specify the electrical signals (see Fig. 2). -450

The ranges for these values are given in Table 1. Typically,
with these values, a bit error rate (BER) of 1e12 must be

achieved. So far, only DVI/HDMI accept a higher BER of -900
1e9 since single bit errors are less important in video appli-
cations.
In addition to the specification of a simple eye diagram, One Bit Time
some standards like OpenLDI [22] specify waveforms with Time (1/7" LVDS Clock)

pre-amphasis (Fig. 3) as an option to reduce the effects of
band limitation of the data path. This, however, is not a must,Fi9- 3- OpenLDI specification for optional pre-amphasis.
yet.

Moreover, itis discussed to include reconstruction filters at ] i
the receiver to widen up the eye opening again for the retimWell as influences from the receiver package. AII _these error
ing. These filtering options are interesting for three reasonsSCUrces must be accounted for in an overall timing budget,
One is to upgrade older equipment for higher data transmis‘;’Vh'Ch yleIQS the final real eye opening usable for the retim-
sion rates without a need to change the transmission cables §#9 operation.
PCBs, second is to reduce system cost allowing low cost con-
nectors and PCB material, and finally to enhance the trans-
mission distance. 3 Bit synchronization

The most important difference in the specification of the
electrical signal between the various standards is the miniThe next level of data transmission following the physical
mum eye opening allowed at the receiver. The retiming clocksignal is the recovering of single bits from the electrical sig-
at the receiver needs to retime the data within this resid-nal. This process is called bit synchronization. The most
ual eye opening. All internal error sources of the receivercommon technique to establish bit synchronization is to use
must be subtracted from this opening. Error sources are e.ca phase locked loop (PLL) [10-15]. This can either be a
clock jitter of the retiming clock, phase error of the clock clock-and-data recovery (CDR, see Fig. 4) or, in case a cor-
alignment, setup and hold time of the retiming Flip-Flops asrect clock is available already, a delay-locked-loop (DLL).
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Fig. 5. Principle of phase detector proposed by Hooge [16]. Fig. 6. Waveforms of Hooge phase detectaj in lock (b) out of
lock.
Since this technique allows high phase accuracy, itis used Input Data Stream
for small eye openings at the receiver. In contrast, a major- - D o I I [ I I
ity vote is used if lower phase accuracy and/or if a very short < Qp T T T Sampling Momens
lock in time is needed (as e.g. in USB2.0 with 50% eye open- | [ o2 C1 c2 c3
ing and phase lock within 12 bit). | L " gk
. . do1 | do2 | do3 | PDout
The evaluation of the phase error in a CDR can be done 5 o
either analog or digital. I N o [ o |3 |
0 1 1 shift left
1 1 1

3.1 Analog phase detection !

Analog phase detection is the traditional way of phase detecEd: 7- Example of bang-bang phase detector with timing and truth
tion [16—18]. In analog phase detectors, an output voltage dable.
generated which is proportional to the phase error. This is

mostly done with a structure based on the principle proposeq, ot evajuation circuits to process the small pulses. Other-
by Hooge (Fig. 5, [16]). _ ~ wise, the loop dynamics can be degraded due to dead zones.
In the Hooge phase detector, two flip-flops are samplingrherefore, it has become more common lately to use digital

the incoming data. The clock for both retiming operations is 5, bang-bang phase detectors for high speed applications.
shifted by 180. An XOR gate evaluates the input and output

of each flip-flop. Inlock, the output pulse trains of both XOR 3.2 Digital phase detection
gates are identical but shifted in time (Fig. 6a).

If the data signal is not sampled in the bit middle than theln contrast to analog phase detectors, digital phase detectors
output of the first XOR of the Hooge phase detector change®nly make the decision if the clock phase is early or late com-
its duty cycle depending on whether the clock is late or early.pared to the data (e.g. [19, 20]). The output is independent of
The second XOR gate stays unaffected thus working as a rethe amount of phase error. In Fig. 7, an example of a bang-
erence. Therefore, the phase error can be evaluated by theang phase detector is given, together with a timing diagram
difference between the output pulses of the two XOR. and a truth table.

The problem of analog phase detectors is that the pulses In this example, the incoming data is sampled at three
generated for low phase errors are very narrow. This requireiimes, two succeeding bits (phases C1 and C3) and the
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transmission between those bits (phase C2). If C2 is iden-_ o ) o

tical to C1, the clock has been too fast. If C2 is identical to 7'9- 10- Majority vote with preamble or training sequence.
C3 the clock has been too slow. If all phases yield the same

output, no transition has occurred and no decision could be

made. In lock, C2 theoretically samples directly in the bit 3.4 Chip border crossing

middle and therefore its output is not defined.

Other bang-bang structures sample the internal clock withA specialty of data transmission is the communication of
the data signal which also yields the needed phase informaiwo chips sitting adjacent to each other on the same board
tion. The advantage of bang-bang detectors, which are evalusr even in the same package. This is the case for serializer-
ating the data, is the perfect matching of phase evaluation andeserializer (serdes) applications where it is not yet possi-
retiming operation since both actions are done at the sample to implement the whole serdes function within one I1C
time and with the same flip-flops. and InP or GaAs ICs are needed. This special problem is

The general drawbacks of these kinds of phase detectorsot directly addressed by any standard yet but has been dis-
are an increased noise at the control node of the VCO and aussed for parallel data transmission with data rates higher
more difficult handling. This is because a PLL using a digital than 10 Gbhit/s/channel. At those speeds, the eye opening is

phase detector is not a linear system anymore. so small that even the skew introduced by the packages can
be too high to retime the data on the receiving IC without
3.3 Majority vote phase detection (oversampling) deskewing.

Since the amount of circuitry on the upstream side IC with

In a majority vote or oversampling phase detection systemJnP and GaAs is limited due to technology reasons, the idea
the incoming data is retimed several times with differentis to implement a DLL across the chip borders to do the
equally spaced clock phases (see Fig. 8). deskewing. To achieve this, on the upstream side only the

The correct phase is then found either by a majority deci-phase detector must be implemented. Then, during a training
sion or by comparison with a test data sequence during an iniperiod delay elements are trained on the downstream side to
tial training interval. For a majority decision, the eye opening equalize the skew between the different data lines. As a re-
must be wide enough to have more than half of the samplingult, the amount off circuitry on the upstream side is greatly
phases inside the data eye (Fig. 9). Therefore, this is onlyeduced (see Fig. 11).
possible for eye openings wider than 50%. Common to all the bit synchronization techniques is the

More common for the usage of higher frequencies is theneed for transitions in the input signal. If there are no bit
comparison of the sampled data to a preamble or training sechanges than no phase information can be derived. There-
quence during startup or certain intermediate training interfore, a minimum number of transitions must be specified in
vals (Fig. 10). For example, USB2.0 has an initial sequenceorder to guarantee correct operation of the synchronization.
of a minimum of 12 bit of 01 pattern followed by a single Since this usually cannot be guaranteed by the data itself, line
1 which can be searched for in the different sampled datacoding is used to establish a minimum number of data signal
streams of the phases. transitions.
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T« Chip ¢ Off Chip Rx Chip Table 2. TMDS coding table for 20 bit alternating sequence, bits
5 ] are transmitted LSB first.

Clocked Buffer

B Diata 8 bit data word 10 bit transmit word
i f — (MSB...LSB) (MSB...LSB)
+ L Control FD 00000101 1111111100
- : 00000000 1111111111
t ; : F 11111011 0000000011
i ’ i 11111110 0000000000
T i ChU
: b Clock

Table 3. TMDS coding table for maximum run length of 22 high
bits, bits are transmitted LSB first.

Fig. 11. Block diagram for deskewing of data lines across chip

borders, only a phase detector (PD) is placed on the receiver (RX), 8 bit data word 10 bit transmit word

the deskewing is done on the transmitter (TX). (MSB...LSB) (MSB...LSB)

00000000 0100000000
00000101 1111111100
00000000 1111111111
00010001 0100001111

4 Line coding

The next level of data recovery following the bit synchroniza-
tion is the extraction of the information from the bit stream.
To achieve this, the word boundaries must be found from the
data stream.

In package oriented transmission standards, this can simAS an example, the coding schemes 8B10B and TMDS
ply be done by defining a known start pattern. For eXamme,(Transmiss_ion Minimized Differential Signal) will be chosen
in USB2.0, a minimum sequence of 12 succeeding low-highfor comparison.
pattern followed by a single low is used. After this preamble, Both codes transfer an 8 bit data word into a 10 bit transmit
the transmitted bits contain real data information. Thereforeword. While for 8B10B the coding is done with a complex
the start of the word boundary is known after the initial syn- logic function [21], TMDS only needs a simple logic to gen-
chronization of the link. erate the 10 bit transmit words [2, 9].

In standards where a constant data stream is applied the The 8B10B code provides a 50% mark ratio with a max-
word boundary must be found without initial knowledge of imum run length of only 5 bits. This maximum run length
the position of a special bit. For standards that allow the dis-ds only achieved within the 12 special characters. Therefore,
tribution of the transmitted information on parallel data lines the special characters can easily be detected by this 5 bit se-
(serial-parallel data transmission), also the problem of skewquence. They are used to recover the 10 bit word boundary
compensation is addressed. In that case, deskewing inforand to transfer control information.
mation must be added to the data stream. Only if the skew |n the case of serial-parallel data transmission, special
on the bit lines do not exceed one bit (this includes the bitcharacters furthermore are used for deskewing. The infor-
synchronization!) [15] this is not necessary. mation in each data line is framed by special characters. The

All these tasks are achieved by encoding of the transmittedeceiver detects the special characters in each channel and
data. The biggest differences between the various standardsmpensates the skew by alignment of those characters. This
result from theses kinds of line coding that are used. Therés possible as long as the system skew does not reach half the
are several more reasons to do line coding in general. Somingth of the total data package including the framing.

of these are: The short run length of the 8B10B code helps in the de-
. ) sign of the bit synchronization circuit at the receiver. This is

1. Provide a 50% mark ratio for DC balance (equal num-pecause the jitter generated by those blocks depends on the

bers of “0” and “1” on average). number of transitions in the data stream.

For TMDS on the other side, there is no certain run length
given in the specification. With some patience, one can find
an input pattern that yields an alternating sequence of 20
highs and lows or a maximum run length of 22 bits (see Ta-
bles 2 and 3). Furthermore, fast bit changes after a long se-
4. Supply special control patterns. quence (e.g. 2% high, followed by one low and one high)

can be found. This makes the design of the bit synchroniza-
5. Achieve a certain spectrum for the transmitted data.  tion circuit more difficult.

2. Allow frame border detection through synchronization
patterns or known sequences.

3. Transmission error detection/correction.
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As 8B10B, TMDS offers special transmit characters meant
to transmit control information. The difficulty is that the four Fig. 13.Block diagram of simple elastic buffer.
available patterns do not offer a unique sequence in the data

stream, as does 8B10B. In contrast, control patterns must ala; of three phases yields a different result than the other two
ways be sent and detected in a sequence. This is because 'tﬁﬁases, the former right phase will become the new middle
not possible to achieve a data pattern that matches two SUkb'hase, an additional phase is added at the right side of the
sequent special characters from sending coded data patterggmp”ng group, the former middle phase becomes the new

so the frame borders can be detected by at least two of thesgf; phase and the former left phase is not used for evaluation

patterns in sequence. . _in the next time step anymore. This process is illustrated in
One advantage of TMDS patterns is that electro-magnetiGsj, 12

interference is reduced due to the reduced number of transi-

tions. . clock differences at transmitter and receiver are not a prob-
Both codes have a 25% overhead for transmission data. lem. Here, the CDR loop always runs at the clock speed of
As can be seen from this evaluation, both codes have optig,q transmitter due to the tuning of the local VCO.

mized different things. Despite looking close on the first side,

hev h o1 impl ion diff Whil The second problem related to the clock mismatches at
they have some major implementation differences. '.etransmitter and receiver is to loose or add data at the receiver.

88.108 e_ncolding angir&%:gc_iing tak?js_ﬁ(_:oqside(;ablly r_nrc]J rfe C™rhis is because the clock differences add up and eventually
cuitry to implement, is more difficult to deal with for . -4 one bit length.

tthb ;trlz’rx:;og\'/zggoaﬁé:hciéicilvgr'6 4/66, scrambling etc., In package-oriented standards like USB2.0, a simple elas-
is optimizing ,different things but’ in' g.eneraly the main tasks.tl.C buffer can be used. o compgnsate for these clock speed
of line coding given above apply to all of thém dlfferences. An elastic bu_ffer is a FIFO buffe_r where the
' write and the read operations are done at different clock
speeds. Inthe case of USB2.0, not more than 12 bit mismatch
5 Matching transmission speeds can occur during the transmission of one package. Therefore,
if an elastic buffer with a depth of 24 bits is filled up with 12
If transmitter and receiver are far apart as in most appli-bits, no data loss or addition can happen. This is illustrated
cations, they do not have the same physical clock sourcen Fig. 13.
Therefore, the clock speeds at the transmitter domain and at For standards using constant data streams, the elastic
the receiver domain do not perfectly match. Usually, clock buffer is more complicated. For example, in Infiniband, there
differences of up to 1000 ppm are allowed. are special areas defined in the data stream which do not con-
This difference in the clock speeds leads to two problemstain real data. The elastic buffer detects these areas by the
First, for oversampling and majority vote systems, which runframing of special characters. Then, the elastic buffer adds or
at a local clock, the bit synchronization circuit at the receiver subtracts words from or to these areas respectively depend-
must be tuning all the time. This is necessary to keep theng on the current fill level of the buffer. Due to this process,
optimal sampling point for the incoming data for those sys- differences in the clock speeds are compensated. In Fig. 14,
tems and to prevent data loss. The tuning is done by constarthis is shown in principle. The shaded words are the fill pat-
evaluation of more than the optimal sampling phase found intern. In the Infiniband standard for example, with the max-
the initial start up. If e.g. three adjacent phases are evaluimum allowed clock offset of 200 ppm, a 10 bit word must
ated, no phase shift is necessary as long as all phases yielik filled in or extracted from the data stream approximately
the same sampling result. If for example the evaluation of theevery 16 us.

For analog or digital phase detectors in a CDR, reference
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Fig. 14. Principle of clock speed matching process for constant data stream systems.
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like pre-amphasis and reconstruction filters are about to be High Speed 122.5 GBivs parallel optical links (PAROL) for
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included in future implementations.
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6 Summary and conclusions

AcknowledgementThe author would like to thank J.dthn and A.
Weggel for helpful discussions.

References

[1] Electrical Characteristics of Low Voltage Differential Signaling
(LvDS) Interface Circuits, Revision A, ANSI/TIA/EIA-644-A
Electrical characteristics standard.

[2] DVI standard, www.ddwg.org.

[3] USB standard, www.usb.org.

[4] FireWire, www.apple.com/firewire.

[5] Optical Internetworking Forum (OIF), Physical Link Layer
(PLL) Working Group, SFIX, www.oiforum.com.

[6] Infiniband standard, www.infinibandta.org/home.

[7] Intel Developer Network for PCI Express Architecture www.
intel.com/technology/pciexpress/devnet.
[8] Gigabit Ethernet Alliance (XAUI),

Tech-whitepapers.htm.
[9] HDMI standard, www.hdmi.org.

www.10gea.org/

[10] Fukaishi, M., Nakamura, K., Sato, M., Tsutsui, Y., and Yot-

15GBit/s Througput in a 12 Channel Wide Interconnection, 6th
Parallel Interconnect (Pl), 17-19 October, Anchorage, Alaska,
USA, 1999.

[16] Hooge, Jr., C. R.: A Self Correcting Clock Recovery Circuit,

Journal of Lightwave Technology, LT-3, 6, December, 1985.

[17] Lee, T. H. and Bulzacchelli, J. F.: A 155-MHz Clock Recov-

ery Delay- and Phase-Locked Loop, IEEE Journal of Solid-State
Circuits, 27, 12, December, 1992.

[18] Savoj, J. and Razavi, B.: A 10-Gb/s CMOS Clock and Data

Recovery Circuit, 2000 Symposium on VLSI Circuits Digest of
Technical Papers, 2000.

[19] Pottkacker, A., Langmann, U., and Schreiber, H.-U.: A Si

Bipolar Phase and Frequency Detector IC for Clock Extraction
up to 8 Gbh/s, IEEE Journal of Solid-State Circuits, 27, 12, De-
cember, 1992.

suyanagi, M.: A 4.25-Gb/s CMOS Fiber Channel Transceiver [20] Reinhold, M., Dorschky, C., Rose, E. et al.: A Fully Integrated
with Asynchronous Tree-Type Demultiplexer and Frequency  40-Gb/s Clock and Data Recovery IC With 1:4 DEMUX in SiGe

Conversion Architecture, IEEE Journal of Solid-State Circuits,

33, 12, 1998.
[11] Sakamoto, T., Tanaka, N., and Ando, Y.

tions, ECTC 1999.

Technology, IEEE Journal of Solid-State Circuits, 36, 12, De-
cember, 2001.

Low-latency [21] Widmer, A. X. and Franaszek, P. A.: A DC-Balanced,
Skew-compensation Circuits for Parallel Optical Interconnec-

Partitioned-Block, 8B/10B Transmission Code, IBM J. Res. De-
velop., 27, 5, September, 1983.

[22] Open LDI standard, v0.95.



