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Abstract—This paper describes voltage and timing margins and  Transmitter Receiver
design trade-offs in low-cost parallel links. Results from a trans- refClk
ceiver prototype demonstrate that per-pin skew compensation im- % = pLLsDLL
proves timing margins in these parallel links and can be imple-
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. INTRODUCTION

N multi-chip digital systems, the overall system perfOI’Eig- 1. Conventional source-synchronous unidirectional and differential
. . oint-to-point parallel link, where the clock is sent along with data for easier

mance depends on both the on-chip computation speed iver timing recovery.
the I/O bandwidth. The need for high I/O bandwidth has led to
the widespread use of point-to-point parallel links [1]-[4]. For
these links, the design goal is to increase the bit rate per I¥gich also make signal margins dependent on the relative
while maintaining low cost (in area, power, and complexityjming of the transmit and receive signals.
for the 1/O circuitry. The cost constraint is very important for Designers have used current-integration [15]-[17] to filter the
systems that have large numbers of high-speed I/Os. high-frequency reference noise in single-ended links. This paper

Conventional parallel links are generally Source_syﬁnvestigatesthevoltage noise sources in single-ended and simul-
chronous, with a clock sent along with the data signals féRneous bidirectional links, and extends the use of current-inte-
receiver timing recovery [1]. Technology scaling decreas@gation to simultaneous bidirectional receivers.
the cost of transistors faster than it decreases the cost of 1/3Jsing low cost electrical components can also help to reduce
pins, making signalling setups that reduce pin count attractitfge cost of a system, but these wires are usually poorer in
alternatives. However, these schemes introduce larger volt&#gtching and hence create larger differences in their trans-
noise and hence require careful design and more complgjesion delay paths. Consequently, larger inter-signal timing
circuitry for robust operation. One such scheme is single-endg¢ews at the receiver reduce receiver timing margins. This
signalling [2], [5]-[8], where the receiver compares each sign@@per demonstrates a per-pin skew compensation architecture
to a shared reference. Noise coupled to this shared referefé evaluates its benefits and design trade-offs.
voltage decreases signal margins of the links. Further reducSection Il reviews source-synchronous point-to-point parallel
tion in pins can be achieved with simultaneous bidirectionink design and examines the voltage and timing errors for dif-
signalling [9]-[14], where signals in both directions are supeferent signalling schemes. Section Il describes a parallel link
imposed on the same wire. The receiver in each transceif@$t chip in detail, explaining the architecture, clock recovery,
subtracts its own transmit signal from the line voltage t#put receiver design, and link performance. In addition to the
generate the receive signal. The coupling of the transmit sig§@re functions, the chip contains some measurement and testing

to the receive signal creates a number of extra noise sourdd&uits, such as voltage samplers to probe high-speed on-chip
signals and a number of receiver clock generation circuits to

experiment with jitter tracking. Section IV presents and inter-
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Fig. 2. Inter-signal skew reduces timing margins at receiver. As inter-signe
skew increases, overall timing margin of the link decreases.
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Il. SOURCESYNCHRONOUSPOINT-TO-POINT PARALLEL LINK e
Vrij (shared) VrefH (shared)
Fig. 1 shows a conventional interface architecture that form Vrefl, {shered) Vrefl. (shared)
the framework of modern source-synchronous point-to-point

parallel link designs. It also shows the timing of the corr -ig. 3. Single-ended, simultaneous bidirectional parallel link interface.
) ignals travelling in both directions are superimposed onthe same wire.

sponding interface signals. Signalling is unidirectional angeceiver subtracts out its own transmitted waveform to recover the incoming
differential, and a stream of uncoded non-return-to-zero (NR&jynal.
binary data is sent along each pair of tightly coupled wires. All
data signals (data[0-n]) and a reference clock signal (refCltkle measured inter-signal timing skew results from the test chip
are transmitted synchronously (hence the name source-sgre presented in Section IV-A.
chronous) on both edges of the transmitter clock (TxClk). At Jitter in the received signals also reduces timing margins of
the receiver, a phase-locked loop generates a global receiver links. Given the balanced nature of the refClk and data sig-
clock (RxCIk) by delaying the received reference clock by haifals at the transmitter, the jitter in the data signals may be corre-
of a bit time. This RxClk is then used to sample all incomintated with the jitter in refClk; therefore trying to track the jitter
data signals in the middle of their transitions to maximizim refClk in receiver timing recovery circuitry may be beneficial.
timing margins. We attempt to answer this question by implementing dynamic
The presence of timing errors, however, shifts the transitigshase noise tracking which is described in Section Ill, and the
edges of the received data signals relative to the transition edgeperimental results of which are presented in Section 1V-B.
of refClk and narrows timing margins. In parallel links, the As mentioned earlier, single-ended signalling reduces the
phase error of concern is the inter-signal phase error or, menember of pins and wires while delivering the same total
precisely, the deviation in phase of each data signal relativandwidth, but operates with reduced voltage margins because
to refClk (and hence to RxCIk). This phase error can be defthe presence of larger noise sources. Since each input signal
composed into a dc phase offset (skew) and the dynamic phass@ow compared to a reference voltagg;, any noise on
noise (jitter). The inter-signal skew problem is illustrated ithis reference affects signal margins. The dc component of
Fig. 2. Any static phase offset in clock recovery shifts the sarthis noise is usually called reference offset and is caused by
pling point away from the optimal center and further narrowsismatch between the reference value and the signal swing.
the timing margins. While designers have different opinions drhe major source of ac noise is from the coupling of on-chip
the magnitude of inter-signal skew resulting from circuit mis¥yy and Gnd onto the signal wire¥.; and data are coupled
matches in careful designs, most agree that the skew cominghe supplies differently making rejection of power supply
from interconnect mismatches is becoming a problem. Delapise imperfect—specifically;.: is more heavily coupled to
measurements of commercial parts have shown skews as lalgepower supply at high frequencies than each data signal, so
as 50-60 ps per meter of cable, per meter of printed-circuit bodrigh-frequency power supply noise that is coupledig is
trace, or per connector [18], [19]. The total mismatch as a pamt common-mode. Even worse, the magnitude of the power
centage of bit time obviously gets worse as the bittimes continsiepply noise may also increase in a single-ended system,
to scale. because the power supply now acts as a shared current return
Fortunately, skew is a static phase error and can be copath for the 1/O signals.
pensated. More and more interface designs have incorporateth addition to the noise on the reference line, another noise
per-pin deskewing functions [18], [20]-[22]. On start-up, a cabkource is capacitive and inductive crosstalk coupling between
ibration mode is initiated, where each bit's skew relative to signals. Unidirectional link designers need to worry about
timing reference is found using some digital control logic. Thfar-end crosstalk only, which is often smaller than near-end
skew information is stored and is used to control the delay of arosstalk.
adjustable delay chain. Either the local transmitter clock [22] Further pin saving is achieved in a single-ended, simultaneous
or the local receiver clock [4], [18] is shifted by this amountbidirectional parallel interface, illustrated in Fig. 3. Signals trav-
The adjustable delay chain can be realized by activating a difling in both directions are superimposed on the same wire,
ferent number of stages [18], [22], by adjusting the delay pgiving a tri-level resultant waveform. To recover the incoming
stage or by using phase interpolation [4]. In this paper, a per-@ignal, the receiver in each transceiver must subtract its own
skew compensation architecture, using phase interpolationtt@nsmitted waveform. This is usually done by multiplexing two
enable full-range compensation, is described in Section Ill, agdared reference voltagés {H andV,.tL) to generate the local
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refCIkOut  refClkin version of the refClk signal using an additional dynamic phase
LR S ] b noise tracking loop. The I/O pads are laid out with different
signal return configurations, also shown in Fig. 4, to study
crosstalk in parallel links. The die occupies a total area of
1.7 x 3.8 mn¥, and a die photo is shown in Fig. 5.

The transceiver architecture supports per-pin timing adjust-
ment by adding a variable delay to the global clock in each
I/0O cell. Fig. 6 illustrates the receiver, which uses current-inte-
pads for other measurements patis for other measurements grating receivers [17]. In the calibration phase, a clock sequence
is sent along each data line, and each variable delay element is
Fig. 4. 1/0 pad placement. Data pads are laid out with different signal retu?rFlJUSted _SO th_at RxClk is centered around the tran5|t|0_n ed_ges
configurations to study crosstalk. of the calibration clock sequence at the end of the calibration
phase. Then a 9(phase shift is added to each delay element so
. . . during the data transmission phase the local RxClk is aligned in
reference voltagei{.:[n]), which switches to track the transm'tphase with the incoming data stream. Since the actual receiver is

signal. o . . used for timing calibration, this architecture calibrates and com-
However, noise issues grow even worse for this design duegtg

. : . nsates for all static inter-signal timing errors at the receiver.
the extra noise sources induced by the coupling of the trans 'ﬁzig. 7 shows the actual implementation, which uses phase in-

_S|gnal to_the receive S|gnal_s both on the same wire and on ?& olation to realize the variable delay element. Using inter-
Jacent wires. Thg extra noise sou_rces_caused by the coupl_ ation allows a 36D unlimited phase adjustment range and
of the transmit signal to the receive signal on the Same WIHe ce there is no restriction on the timing of the incoming refClk
are often termed reverse-channel crosstalk. C'ef"‘”y' mlsmaltc fid data signals relative to the on-chip clocks at the receiver
betwe_en the_two reference Ievel_s reduce margins, but a dlffer"I'he core data loop consists of a shared core delay-locked loop
ence In th_e timing Of the transmitter output an_d reference alg}BLL), a shared finite-state-machine controller (FSM), and the
_reduces signal margins or can even cause_ag_htch atthe recelifht vidirectional 1/0 cells. A transmitter delay-locked loop
Input. .Even worse irom a noise perspec.tlve is that Tef'ec“o ot shown) generates a transmitter clock (TxCIk), and a fi-
now directly reduce voltage margins. A single reflection of th ite-state-machine clock (FSMCIK) at a divided-by-4 frequency.

transmit signal due to impedance discontinuities and terminﬁie data source to each I/O transmitter can either be a pseudo-

tion ml_smatches_ will appear as noise to the incoming S'gr?%(ndom bit sequence (PRBS) or an externally loaded data pat-
Reflection noise is less of an issue for double-terminated unidi-

rectional lines since only even reflections reach the receiver. T
coupling of the transmit signal to the receive signals on adj
centwires is caused by direct capacitive and inductive crosst

In simultaneous bidirectional links, both near-end crosstalk a de, a ‘clean’ system clock (cleanCIk) is used for clock gen-

far-v\?nd crosstta_lk rSedut(_:e V(I)\I;age m?rgln?_. ¢ . eratiort. As mentioned earlier, on start-up, the chip undergoes
‘€ present in section 1v- a systemalic way Of measuring . iy ation phase during which the transmitter sends a clock

the internal voltage and timing margins of I|nI§s and use the.?fream along each data line. The data pins are calibrated se-

measurement results to study the effects of different S'gna"'agentially using the shared FSM. Inside each I/0, the two cur-

setups. rent-integrating receivers serve as phase detectors that compare
the phase of the incoming clock stream to the phase of the local
Ill. PARALLEL LINK TRANSCEIVERTEST CHIP RxCIk. In calibrating a data pin, the FSM takes a majority vote
%f all eight early/late samples collected from its current-inte-

The parallel link transceiver test chip was fabricated in . ; _ . . N
0.35 um (0.4 um drawn) CMOS process. Each test chip hadrating receivers in each cycle and decides which direction to

eight single-ended data lines which are capable of simultanec‘?\%‘f{St thi_ pha??hco_ntrols: Whlen lltStRXC”( IS cintere_d g_rougd
bidirectional data transmission. Each pin contains high-spe ransition of the incoming clock stream, as shown In Fg. o,

: L FSM quadrature-shifts the phase controls and stores them
voltage samplers to display on-chip signals and to measure "> . g ) e
g P Pay b sig lBn5|de its registers. This required quadrature phase shift is per-

internal voltage margins of the links and inter-signal crosstalk, q v b h i oh irols—the oh
and per-pin timing adjustment to compensate for inter-sig&%&me €aslly by a change In pnase controis—ine pnase moves

Vdd Gnd

Vdd Gnd

refClk /0

data[0] |data[1] |data[2] |data[3]
1o o] [[[e} o

®The core DLL generates six differential clocks af 3hase
pacings [23], [24] that are distributed to all the I/Os using low-
ing differential buffers [25], [26]. In the default operation

o - - three 30 clock spacings. Then the FSM advances to calibrate
skew and to measure timing margins. The test chip also . : .
g g P e next pin. After all pins are calibrated, the FSM turns off. Data

a set of optional unidirectional reference clock (refClk) Iine&, o . L
as shown in Fig. 4, to evaluate dynamic phase noise trackif@nsmission begins, and the stored phase controls inside each
o ) keeps its RxCIk aligned in phase with the incoming data

The test chip has three operational modes: in the default mode,
a refClk signal is unnecessary and a ‘clean’ system clock iSiThe interface functions correctly when the maximum inter-signal timing
used for receiver clock generation; in the second mode, t$lew between any pair of the refClk and data signals is within one cycle time

receiver timing dynamically tracks the phase noise of tH& tWice the bit ime). . . .
2For simplicity, the same ‘clean’ system clock is used in both the transmitter

Sour?e'synthonous r.efCIk S|gnal; and in the t_h”d moqe' tl@ﬁp and the receiver chip to avoid the control overhead needed to handle any
receiver timing dynamically tracks the phase noise of a filter@é@quency difference between the transmitter and the receiver.
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Fig. 5. Die photo.

Receiver Sampling on-chip signals is a useful technique for the
R testing and measurements of integrated circuits [27], [28]. A
PLL/DLL fast on-chip voltage sampler, illustrated in Fig. 9, is placed at
RxClk everyViai. andV;s node to display on-chip waveforms and to
measure inter-signal crosstalk. A source follower stage between

data[0] the master and slave prevents charge-sharing between the nodes
marked ‘hold’ and ‘sample’ which would otherwise impose a
H bandwidth limitation. Some glue logic allows the enabling or
data[n] disabling of each sampler and hence different sampler outputs
— are multiplexed to reduce the total number of pins needed to
end of calibration phase data transmission phase |r|npllt(ar?ent tTISC?kr;-CTIp p:‘_o?]'tfrg ItEChm]?ue' US(I;g]égt: Samp“ng
clock (sample at a slightly lower frequen an the
L1 . ST .
datal0] qndrature phase st (o0 ooz 0cs o on-chip periodic signal frequencg, the sampler output is a
Rok 4] [ '—— LT 1_ replica of the on-chip signal at the beat frequency of the two
data[n] I | I | { Dnof Dnf) Dn2f Dn3] Dn4 (f — f )
quadrature phase shift 1 2/ i i X
pe 1 [ "——p LIt The samplers need both time and voltage calibration to ensure

the accuracy of resulting waveforms. A changiig,,.: value
Fig. 6. Receiver seg;tion of transceiver archite_cture.Avariable de]ay is addeq| ;ses the sampling pMOS pass gate to turn off at a slightly
locally to global receiver clock to support per-pin skew compensation. . . -

different point on the rising edge of sampleCIk. Therefore, the

sampler output exhibits a voltage-dependent time shift that also
stream. As mentioned earlier, a refClk signal is not neededdepends on the slew rate of sampleClk. This time shift is mea-
this operation mode. sured to be an almost linear function: 12 ps for every 100 mV

Fig. 8 is a schematic of the I/O front-end. The transmitter erthat V.1 is below the supply. Voltage calibration is also nec-

ploys 2:1 multiplexing to transmit data on both clock phasesssary to compensate for nonlinearity of the samplers and up to
The open drain output driver is broken down into four sed00 mV of random offsets.
ments ratioed 1:2:4:4 to give eleven levels for swing control. Another on-chip measurement circuit is the dynamic phase
The swing control logic is embedded inside the transmitter dat@ise tracking loop. As mentioned earlier, given the balanced
path. The reference-select mux is broken down into four simature of the refClk and data lines at the transmitter, the phase
larly weighted segments to adjust the delayf to match the noise in each received data signal may be correlated with the
transmit signal path delay. The two shared reference voltag#ese noise in the received refClk; therefore, tracking the
(VietH and V,£L) are externally adjusted to measure internalynamic phase variations in refClk at the receiver timing (by
voltage margins. The signal wire is terminated on each side witioving the local RxClk of each data pin) may be beneficial.
a pMOS resistor, whose gate voltage is adjusted externally fiine delay in the core data loop clock generation limits the
impedance control. On-chip voltage samplers are placed at bb#ndwidth of this tracking. Therefore if the phase noise is
the data and’,.; hodes to probe the internal signals. Finallyhigher in frequency than this bandwidth, or the phase noise on
two current-integrating receivers [17] are used to integrate ttiee inputs is uncorrelated, trying to track the noise will decrease
input over the entire bit time, filtering out the high-frequencyhe overall quality of the link.
noise and the potential glitch caused by mismatchigd and The delay through most of the circuit stages in the clock gen-
transmit data delays. eration loop scales with the bit tim&i(;;)—the only excep-
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Fig. 7. Transceiver implementation (core data loop). Core DLL generates six differential clocksgia®0ngs that are phase-interpolated to generate a local
receiver clock (RxCIk) of unlimited phase range in each /0.

termination resistor  Vdd chip bou:ndary right direction and hence is beneficial. Using this phase rela-
latch Vbias _\‘q voltage vdd tionship, the maximum ‘track-able’ noise frequency is equal to
sampler | 1hond wire /(41 y).

e T ij:& To test whether clock jitter tracking will help in this type of
»—DO—| o0e T < link, the clock for the core DLL has three possible sources as
TxCI pad p% outlined earlier. The default is to use the ‘clean’ clock, an ex-
from . — J [[vdeta ternal reference that is driven into the chip. If the main phase

Tx datapath | t:ﬁ RClk ]

ph o delay, feeding in the received refClk should improve perfor-

mance. On the other hand, if the phase noise is mostly above
the track-bandwidth, but there also is low frequency phase noise,
then using a filtered version of the received refClk would per-
form best. This option is also possible in the test chip by using an
phase noise tracking loop, as shown in Fig. 10—the phase noise

TxC (" VrefH §f “Vref
4 4T

4L Lor]| [

Vel s of the input refClk is filtered by using it to drive the feedback

referenm on another DLL. Thus the output of this DLL contains only the
low frequency phase noise of the received refClk.

Fig. 8. /O front-end, using segmented open-drain output driver and \We test the data communication between two chips for link

current-integrating receivers. performance. Each data channel consists of bond wires, package
wiring, PC board (GETEK) traces totalling6 inches (3 inches

tion is in the differential-to-single-ended converter and its subn each board, drawn radially from the package to balance the

sequent buffers. The delay also depends on the phase settingsates), a coaxial cable ranging from 36 to 42 inches and some

side each I/O cell. The maximum total delay from the receive®MA connectors. The link speed is limited by clock generation,

refCIk to the local RxCIks{}) is roughly 3.37},;:+ 5%*FO4, which was designed for a clock period of 8 fanout-of-4 delays

where FO4, fanout-of-4 delay, is the delay of an inverter driving-O4 = 193 ps in this process). At 3.3-V supply, the bidirec-

a load of four identical inverters. Theoretically, if tracking retional links achieve a data rate of 2.4 Gb/s/pin (1.2 Gb/s in each

sults in a phase shift of less than°9@he correction is in the direction) with no reception error observed for the entire testing

TxClk’b
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1
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:
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H
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Vdd Vdd Vdd

Vdd I
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< N4
Vsignal Vdd
L to shared

_?_ current
sampleClk &CI

mirror
(master)
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Vsignal f, NUUL
sampleClk fZJ | | | ‘ |_

slightly < f;

Fig. 9. On-chip voltage sampler (buffered sample and hold).

separate delay line m inside all I/0 cells (and hence the positions of all local RxCIks)
i fixed, V;o¢ is moved up and down, and the first boundary points
cleanClk > m"&‘agt:ﬁms at which each link starts to fail are recorded, the difference of
P L0 [0 [ [0 [0 [ incoredataboop \yhich is the voltage margin. This measurement has a 1-mV res-
TefCIk 10 cell . — FsMClk  olution. To.mea_sure tim!ng marging, we 36t; _at the middle _
of the nominal signal swing and calibrate the links. Then, while
_phase p 4] keepingV,.s fixed, we measure the timing margin of each link,
interpolator e . .
M FoM by shifting the local RxClk at nhominal timing steps equal to
> 8.7 ps in both directions. The boundary points at which bit er-
Vel _D_l > rors start to appear are recorded, and the interval between these
> V . two points is the timing margin.
sl [~ g The signal margins of bidirectional links are measured in sim-
‘Ii“dl L ilar steps. Because the transmitter output swing is fairly linear
refClkin o doanClk —] in bidirectional signalling, a fixed/.:L equal t01.5 * Viying
refclk — . below the supply is used. The voltage margin of each link is
rT— measured by varying’.;H while keeping RxClk fixed. The
refClkOut Clock stream ‘ timing margin is measured by shifting RxCIk while keeping
Ik core data loop VierH fixed. Each passing value in the signal margin measure-

ments has a BER 10~11. Unless otherwise specified, all mea-
Fig. 10. Dynamic phase noise tracking loop. The received refClk signal sirements are taken with all of the circuit blocks turned on to
filtered by another dual-loop DLL. simulate the power supply noise in a real mixed-signal system.

. ) ) A. Inter-signal Timing Skew
period of more than 15 hours, representing a bit-error rate (BER)

<8 x 10715, At this data rate, the links require a minimum To t_est the per-pin s_kew compensation capability, _two sets _of
signal swing of 194 mV on each side in the pins with worst-ca&Xperiments are carried out using the setup described earlier.
crosstalk. The chip dissipatesl W total power when all the In both tests, the unidirectional links run at 1.2 Gb/s at their
links are running at 2.4 Gb/s/pin at their largest swings (abof@Ximum swings. Calibration results are shown in Fig. 12. The

430 mV) and when all on-chip measurement blocks are actiga'$ show receiver timing margins of different signal pins,
their calibrated eye centers, and ideal eye centers.

Initially we used a 36-inch cable in each data channel and
carefully match the delays of all paths. The links are calibrated,

With the built-in testing and measurement capabilities, wend the results show a maximum phase difference of 191 ps in
are able to measure the internal voltage and timing marginsthé calibrated eye centers between the fastest pin (data[1]) and
the links, illustrated in Fig. 11, in a systematic way and study B _ _
the voltag_e and timing noise sources. TO_ measure volftage %E{/hsypt%selt;fanrscﬁgrrt]:. centers and the widths of the eyes are scaled appropri-
gins, the links are first calibrated by settik@,; at the middle

) . ‘ X 4Unfortunately, data[6] is mistakenly bonded to a non-1/0 pin and its mea-
of the nominal signal swindins. Keeping the phase controlssurement results are ignored.

IV. VOLTAGE AND TIMING NOISE MEASUREMENTS
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Fixed VrefL
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*Transmit signal & receive signal in quadrature phase

Fig. 11. \oltage and timing margins of links.

J Thit = 833ps ,l

signal swing = about 430mV I_ Receiver timing margins using different clock inputs for receiver clock generation
1 T T

T

with 36” cables in all channels

max. calibrated center phase difference = 191ps

03

data[0]

Ml cleanClk
E7] filtered refClk
B refClk R

datal0) ] 1 | " data[ﬂ

dataH I | Timing o7

datal2] | I I margin datal[5]
g:::{i% I | | . ] | (normalized °¢r

data[3] l 11 I tobity |

data[7] | 1 ]

with cables ranging from 36" to 42"

shiftin
calibrated eye center  ideal eye center calibrated eye center

cable

length \,/ {number of phase steps) oz

36" datal0] [ T ] 2

42" data[1] [ 11 ] 8 o

41” datal?] [ II [ &

4 date[3] | II I 5 ’

39" datald] [ [ ] 48 _ N : — . s

37” datal5] [ 11 ] 18 Fig. 13. Receiver timing margins of undirectional links using different clock
38" data[7] | R | N 2 inputs to core DLL. Using clean Clk results in largest timing margins, and using

received refClk gives smallest margins, showing that the phase noise contains
Fig. 12. Receiver timing margins for skew compensation tests. Calibrated ¢painly high-frequency components.
centers shift as skews increase.

B. Dynamic Phase Noise

the slowest pin (data[7]). The on-chip data waveforms indicate To evaluate dynamic phase noise characteristics of interface
that approximately 100 ps of this difference is due to inter-signsignals, receiver timing margins of unidirectional links are mea-
skew, about half of which can be attributed to differences in tlsired using the three different inputs to the core data loop. The
signal traces in the packages used. The calibration results shresults are shown in Fig. 13 for the three pins with different
one possible problem with our calibration scheme. For the sigignal return configurations, specifically data[0], data[1], and
nals with significant neighbor coupling (data[4], data[5], andata[5], running at 900 Mbp/s unidirectional data rate. Our ear-
data[7]), the crossing point between the signal &g moves lier analytical model predicts a maximum noise tracking fre-
by about 90 ps when the neighbor signals transition in synoency of about 52 MHz at this data rate.
with the signal compared to when the neighbor signals are idle.The data clearly indicates that for this system the dominant
These two components account for the observed 191 ps mpkase noise is high-frequency noise, an expected result for a
imum phase difference in the calibrated eye centers. Then calildd -based system. Since there are no voltage-controlled os-
ranging from 36 to 42 inches in length are used to deliberatadiflators (VCOs) to accumulate jitter near the loop bandwidth,
introduce more skew. Calibrated eye centers shift as skewsmnest of the jitter is likely to be cycle-to-cycle jitter. As men-
crease, showing that the circuit is able to deal with larger sketisned earlier, if the refClk signal carries both high-frequency
without reducing timing margins. and low-frequency noise, using the filtered refClk will give the
The overhead for implementing this per-pin skew compendaest performance among all three options. Therefore, the fact
tion scheme is modest. The phase muxes, phase interpolator,thatl using the filtered refClk is also worse than using cleanCIlk
associated registers double the size of the I/O cell, and the tdatalicates that this system experiences very little low-frequency
area becomes 192 275,m?. The static currents in the phasephase drift. The extra jitter in the filtered refClk, resulted from
muxes, phase interpolator and differential-to-single-ended cdhe phase noise tracking loop circuitry, reduces receiver timing
verter draw an additional 13.7 mW of power per 1/O cell. margins. One interesting result is that timing margins degrade
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Voltage Margins of Unidirectional & Bidirectional Links Fixed noise
250 T I T T T T
—~ data[0] unidir data[0]| data[1]| date[9)]
=@~ data[5] unidir
-7 data[0] undir others quiet 75mV|  64mV| 69mvV
=#  dataf0] bidir
0 data[s] bidir v

Proportional noise
data[0]| data[0]; data[1]| data[5]
others
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&
=]
T

7 Unidirectional 33% 34% 37% 51%
Bidirectional 41%| 45% 46%| 57%

Fig. 15. Extracted fixed noise and proportional noise from voltage margin
measurements.

voltage margin (mV}

2
a
T

noise of about 3% at the receiver end, and that reflection noise
is small in this doubly terminated unidirectional link. Since all
other data pins are idle in this set of measurements, there is no
, , crosstalk from them. The refClk pins are always on, and their
100 180 200 Bl swing () 350 400 “¢  toggling activities induce a 4% crosstalk on data[0]. The pro-
portional noise components we have identified add up to 27%.
Fig. 14. \Voltage margins of unidirectional and bidirectional links as signal Because we adjust the reference voltage directly in measuring
Swings vary. the internal voltage margins, any receiver offset in an individual
receiver or any reference offset is eliminated from the voltage

from data[0] to data[1] to data[5] in all operation modes a¥argin measurement results. However, any difference in the re-

inter-signal crosstalk increases. These voltage margins are fegiver offsets of the two current-integrating receivers forms an-
ther described in the next section. other source of fixed noise. Coupling onto the reference line

seems to be the dominant source of fixed noise in data[0] and
is caused mainly by internal clock coupling. We measure each
noise component separately by considering the effect on the
To characterize the voltage noise sources, we measdiferential signal Vy.:a[0] - Vzet[0]). The coupling from the
voltage and timing margins of different signal pins in botlransmitter clock (38 mV) is correlated with data signal transi-
unidirectional and simultaneous-bidirectional operations undgwns; the coupling from the receiver clock (42 mV) depends on
different conditions by varying the transmission signal swingthe phase control settings; the coupling from the system clock
The data points give a set of roughly straight lines which alloimput (28 mV) and the coupling from the sampling clock for the
us to analyze the voltage noise sources and extract their valu@schip voltage samplers (close to 0 mV) are uncorrelated to
Fig. 14 illustrates some of the measurement results for dataffg signal transitions. Therefore, in the worst case, these noise
and data[5] transmitting PRBS data at 1.2 Gb/s unidirectiorsdurces add up constructively. The fixed noise extracted from
data rate or 2.4 Gb/s bidirectional data rate. the earlier voltage margin measurements is smaller than the
We define voltage margin as the difference between the ssmmation of the measured peak-to-peak values of these cou-
voltage swing and the total noise, and postulate that the voltggag noise components, showing that the averaging effect of
noise sources decompose into two groups: noise sources widalrent integrating receivers improves signal margins.
are fixed in value and noise sources whose values change proAe also measure individual noise components of the other
portionally to the signal swing. The negative value of thim- data pins and observe consistent noise behavior when only
tercept is the fixed noise, and the slope of the line corresporttie measured pin is active and all the others are idle. Then we
to (1 - proportional noise). Using a linear fit to analyze the dataeasure their voltage margins when all data signals transmit
points for unidirectional data[0] when all other data signals aRRBS data. A summary of the extracted voltage noise values
idle, we see about 75 mV of fixed noise and 33% proportionfdr data[0], data[1], and data[5] is shown in the tables in Fig. 15.
noise. The fixed noise across these three pins spans a range of only
We find that more than half of the proportional voltage los1 mV, providing evidence for consistent fixed noise sources
can be attributed to the way we define the signal swing, whidh all pins.
we have defined to be the difference in dc levels when the transHowever, the proportional noise differs significantly for pins
mitter outputs a ‘1’ and a ‘0’ permanently. However, when a bitith different signal return configurations due to the different
stream with alternating zeros and ones is transmitted, the sigftaims of crosstalk, with data[5] consistently having the largest
swings to only about 83% of the dc swing at the midpoints gfroportional noise. Interestingly, the proportional noise in
the bittime. This 17% signal loss includes the attenuation in tdlata[1] is very close to that in data[0] in both unidirectional
transmitter board trace, which is measured to be 3%. Measuaed bidirectional operations, showing that using a supply
ments show that another 3% is lost in the receiver board trap& for every two I/O signals gives approximately the same
and the channel loss in the cable is small enough to be ignorpdrformance as having alternating power and signal pins. The
Using the on-chip voltage samplers, we find that capacitive comear-end crosstalk from the transmit signal to the receive signal
pling from the signal onto its locdl,.; induces a proportional on the same wire contributes to the increase in proportional

50 -

C. Voltage Noise
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P in high-speed interface signals carries significant high-fre-
quency components, and experimental results have shown that
the clock buffer delay makes tracking the jitter of a source-syn-
chronous reference clock in the receiver difficult. Using a
‘clean’ clock for receiver timing recovery clock generation
is the best strategy for jitter. Low-frequency phase drifts in
the signals can be compensated by a periodic calibration in a
system capable of skew compensation, making the source-syn-
chronous reference clock signal unnecessary.

Measurement results also show that single-ended and simul-
taneous bidirectional links are viable alternatives to the tradi-
tional differential, unidirectional systems. They allow signifi-
cant pin saving for the same bandwidth. The additional voltage
noise sources, while significant, can be managed by careful de-
sign in circuits and in packaging.
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noise in all pins as the links go from unidirectional to simulta-
neous bidirectional signalling.

As noted earlier, the voltage margin of a bidirectional link [1]
may change as the phase relationship between the transmit arid
receive signals varies. Fig. 16 shows 2.2-Gh/s 280-mV-swing
bidirectional on-chip signals. When the receive and transmit[3]
signals are set up to be in quadrature phase as shown, the
voltage margin generally falls to a minimum. In this design, [4]
the switching of the reference and the transmitter output is well
matched, and the induced glitch is small. The effect of this [5]
glitch is further reduced by the current-integrating receivers.[G]
In fact, varying the phase relationship across the bit time
changes voltage margins by only 20 mV for these signals,
which represents a proportional voltage noise of about 7%, and”!
has no appreciable effect on timing margins. This observation
is the combined effect of mismatched timing and any reflection (8]
of the transmit signal. [

As we can see, single-ended signalling and simultaneous bidi-
rectional signalling save pins and wires but create larger voltage
noise and hence require larger signal swings to achieve the sa
data rate when compared to the traditional differential and uni-
directional system. (11]

V. CONCLUSION [12]

Voltage and timing error sources limit the performance
of a link and affect its robustness. The voltage and timing3l
errors unique in parallel links, such as inter-signal timing SkeV\{14]
and inter-signal crosstalk, impose greater challenges as the
performance increases. Mass integration of 1/0Os requires IOV\:{.S]
cost per I/0O, and the use of low-cost solutions, such as usin
cheaper electrical components, single-ended signalling, and
simultaneous bidirectional signalling, further increases thél6l
voltage and timing errors.

Experimental results from a parallel link transceiver pro-[17]
totype have shown that per-pin skew compensation improves
timing margins in high-performance parallel links and can bqlS]
implemented with a reasonable cost overhead. The phase noise

C. K. Yang and W. Ellersick for helpful discussions.
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