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Abstract—A 4-Gbit/s serial link transceiver is fabricated in a
MOSIS 0.5um HPCMOS process. To achieve the high data rate
without speed critical logic on chip, the data are multiplexed when Tx-PLL VCO
transmitted and immediately demultiplexed when received. This ck1 ck2
parallelism is achieved by using multiple phases tapped from a
PLL using the phase spacing to determine the bit time. Using an

8:1 multiplexer yields 4 Gbits/s, with an on-chip VCO running C X X XDoXoiXoeX X )

at 500 MHz. The internal logic runs at 250 MHz. For robust data

recovery, the input is sampled at X the bit rate and uses a digital

phase-picking logic to recover the data. The digital phase picking ///u data(cko)}
can adjust the sample at the clock rate to allow high tracking cki {

bandwidth. With a 3.3-V supply, the chip has a measured bit

error rate (BER) of <107'%, ck2 | S

lock(ck
clock(ck3) /A {
|. INTRODUCTION CU%N Pulse

HE increasing demand for data bandwidth in networkingg. 1. Transmit architecture.
has driven the development of high-speed and low-cost

serial link technology. Appll(;atlons .SUCh as co_mputer-tqhe entire transceiver chip is presented in Section V. Finally,
computer or computer-to-peripheral interconnection are r

s C i . §ome conclusions are drawn from these results in Section V1.
quiring gigabit-per-second rates either over short distances

in copper or longer distances in fiber. CMOS technology is

used increasingly over GaAs or bipolar technologies because

of the development toward faster and faster devices. In 0.18- Il. ARCHITECTURE

pm CMOS technology, the-channelfr is expected to equal A 0.5.,;m CMOS technology is not fast enough to directly
or exceed that of the standard Qs GaAs process. While generate and receive a 4-Gbit/s stream (since the maximum
other technologies are limited in the number of transistors dHﬁg oscillator frequency is <2 GHz). Instead, we use paral-
to yield or power, CMOS technology allows implementation qgjism to reduce the performance requirements of each circuit.
complex digital logic enabling more integration of the backrhe transmitter generates the bit stream by an 8: 1 multiplexer
end processing, lowering the cost. Recent development hgst multiplexes current pulses directly onto the output channel
shown CMOS capability to achieve Gbit/s data rates [1], [S{Fig. 1). The receiver (Fig. 2) performs a 1:8 demultiplexing
[6], [8], [11]. This work pushes NRZ signaling rates to thgy sampling with a bank of input samplers. Similar to the
banc_iW|dth I!mltatlons of the process technology and explorggnsmitter, each sampler is triggered by individual clock
the issues involved. _ _ phases. Furthermore, clock/data recovery is achieved by a 3
The primary components of a link are the transmitter, th&,ersampling of each data bit. Thus, the receiver requires a to-
receiver, and the_ timing recovery _cwcuns. Section Il describes| of 24 clock phases to support both the oversampling and the
the overall architecture of the link. Because many of the:g demultiplexing. Various techniques exist for generating
circuits in the transmitter and receiver blocks have be‘?ﬁ‘ultiple clock phases [2], [3]. The receive side uses a six-
previously discussed [1], this paper focuses on the timingage ring oscillatork,-PLL) followed by phase interpolators
recovery technique. Section Il evaluates the |mpact of t|.m|_n(g generate intermediate phases (ick[23: 0]) between the ring
recovery on performance and compares two different timingciiator edges (ck[11: 0]) [1]. Similar to th&,-PLL, eight
recovery techniques: phase-locked loops versus oversampifbrent clock phases tapped from a four-stage ring oscillator
phase picking. This chip implements a phase-picking algorlth@r -PLL) control the transmitter multiplexing.
that is discussed in Section IV. The measured performance o timing recovery circuit extracts the clock from the mul-
tiple samples per bit by finding the positions of the data
Manuscript received September 1997; revised December 3, 1997.  ransitions. Once the transitions are determined, a decision

The authors are with the Center for Integrated Systems, Stanford University, . .
Stanford. CA 94305-4070 USA. 9 Y [dbic selects the samples furthest from data transitions (phase
Publisher Item Identifier S 0018-9200(98)02225-2. picking) as the received data byte. This approach is similar to
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Fig. 3. Transceiver test-chip block diagram.
limits the run length to <5 consecutive zeros or ones. The
PRBS sequence is a suitable substitute because it guarantees
Rx-PLL VCO a maximum run length of 7. The transmitter can be optionally
R N SR INEKE configured to transmit the PRBS sequence, a fixed sequence,
or the received data for testing.
®®® differential
eee interpolators
(shown as Ill. TIMING RECOVERY

single-ended) o . L
The goal of the timing recovery scheme is to maximize

DoX DIX D2X X X X __XD7) the timing margin—the amount that a sample position can err
) 250ps with the data still properly received. Errors that impact the
icko | | } timing margin can be classified into two sources: static phase
ick1 F83ps } error, and jitter (dynamic phase error). Fig. 4 illustrates the
ick2 4 timing margi.ntlmgi][1 = tpit —tos — tje — tja yyheretos is the
] 1 i static sampling error, ant}; andt;. are the jitter on the data
Jck3 | transition and the sampling clock. Since the sampling position

is defined with respect to the data transition, jitter on both the
clock and the data additively reduces timing margin. With ideal
square pulses, as long as the sum of the magnitudes of the static
and dynamic phase error is less than a bit time, the phase error
does not impact signal amplitude. However, in a band-width
limited system (for this work, due to the process technology),
signal amplitude is lower with sampling phase error because
Fig. 2. Receive architecture. the signals have finite slew rates. Correspondingly, this reduces
the signal-to-noise ratio (SNR), hence impacting performance.

what is done in UART's, and was first applied to a high-speed The amount of SNR degradation can be calculated based
link by Lee et al. in [4]. on the shape of the signal waveform. For static phase error,

Fig. 3 shows the full transceiver test-chip block dia\grarﬁt1e SNR penalty is shown in Fig. 5 for a triangular signal

Since the sampling clocks are different phases, the sampYé?iV_?formr?nd a]scrlnutspldal Sll?ntil wgvefor_n(;. l\Nhen ]Ehe sa;]mple
results are resynchronized to a global clock. To facilita psition phase ofiset 1s small, the sinusoida’ wavetorm nhas a

the digital design, the on-chip data are further demuItipIexect)jWer penalty than a triangular wavgform ”due to the lower
2-1) to 250 MHz. Finallv. i der to test the bit signal slew rate near the sample pdirfor jitter, the SNR

(2: )BER z: h,ma y: IImI or erd 0 e-ds s_ "errorrgenalty is more complex to evaluate since it additionally
rate (BER), an on-chip parallel pseudorandom bit sequengg onys on the statistics of the noise. For example, we can
(PRBS) encoder and decoder are used faf a 1 sequence.

Serial data are commonly encoded with 8B10B coding which®This penalty is only applicable to transitions.

To Amplifiers
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assume an idealized jitterless system with signal amplitude E § Phase \

a and additive white Gaussian noise (AWGN) of standard D. T y E[Deu,:i,t N

deviations 4 on the signal amplitude. In this system, we can e ; | Dou t

determine the performance (BER) for various SNR [14]: Receiver [\ }

<1 y? (b)
ProbErr = — ——= | dy. 1
FODLLE /a A /27WE\ exp < 203 y ( ) Fig. 7. Clock recovery architectures: (a) phase picking block diagram and
] ] ) ) ) ] (b) data/clock recovery architectures.
This equation is plotted as the lowest dotted line in Fig. 6.

If we further assume jitter to be a AWGN as well, for a .
triangular waveform, the phase noise can be translated intol "€ @mount of phase error and the jitter depends on the

amplitude noise using\A = aA¢/n (where the bit time implementation of the clock recovery circuit. Two techniques
span<r). Since the noise sources are additive, the probabili@j€ commonly used, a phase-locked loop (PLL) and a phase
of error can be simply expressed as picker. A PLL employs a feedback loop that actively servos
o ) the sampling phase of an internal clock source based on the
ProbErr = / phase of the input [7]. Fig. 7(a) illustrates a common VLSI
a a 2 implementation using an on-chip voltage-controlled oscillator
2r|oy + ( aqg)

(VCO) as the clock source, and a charge pump following the
phase detector to integrate the phase error. A phase picker,
as shown in Fig. 7(b), oversamples each bit, and uses the
-exp g — Ll -7 ¢ dy. (2) oversampled information to determine the transition position
2{0—3 + (9 %) } (phase) of the data. Based on the transition information, the
i best sample is then selected as the data value (UART [10]).
Fig. 6 illustrate the BER versus amplitude SNR for variousach of the two architectures has a different tradeoff in terms
amounts of phase noise. The SNR penalty, as shown dhstatic phase error and jitter.
the figure, increases at higher SNR because the phase noisehe static phase error of a PLL depends mainly on its
eventually limits performance, a “BER floor.” For a sinusoidgbhase detector design. Ideally, sampling at the middle of the
signal waveform (with a lower slew rate near the samplgt window gives the maximum timing margin. However, if
point), the behavior is similar, except with lower SNR penaltgthe sampler has a setup time, the middle of the effective bit
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window is shifted by the setup time. Not compensating this

shift causes significant static phase error. This error can be
reduced by using the data samplers as the phase detector.
Additional phase error occurs due to inherent mismatches
within the phase detectors and/or charge pump. Furthermore,
any phase detector “dead band” (window in which the phase
detector does not resolve phase information) limits the phase
resolution, increasing the static phase error.

In a phase-picking architecture, the multiple samples per § “;)
bit are used to find the transitions, effectively behaving as the offset
phase detector. Sampler uncertainty limits the resolution of the @
transition detection. Sources of this uncertainty are sampler
metastability window and data dependence of the sampler
setup time. The uncertainty window for the sampler design
used is <1/10 the bit time which does not impact performance
significantly. More importantly, in this architecture, the phase
information is quantized by the oversampling, causing a finite
guantization error of 1/2 the phase spacing between samples.
For a higher oversampling ratio, this static phase error is

P
-

T IH(s)12

PSD;, (rad?/Hz) (log)

P
o~

PSDyerr (rad?/Hz) (log)

less, but it has a significant cost of increasing the number forteet (H=z)
of input samplers, increasing the input capacitance, and hence

limiting the input bandwidth. For a»3 oversampling system, ()

the maximum static phase error is 1/6 the bit time. Fig. 8. Effect of tracking bandwidth on jitter.

In terms of jitter, a PLL tracks the phase of the input

data with a tracking bandwidth limited by the stability ofyased on the first transition’s phase information could increase
the feedback loop. The loop tracking is effectively a highthe phase error for receiving the next bit.
pass filter that rejects the phase noise of the input at lowerThe impact of different tracking bandwidth on jitter is il-
frequencies. The noise not tracked appears as data jitigstrated in Fig. 8. The single sideband power spectral density
Furthermore, because the PLL frequency source is an gPSD) of an oscillator, such as the VCO of the transmitter,
chip VCO, supply and substrate noise from on-chip digitad shown to represent the phase noise in Fig. 8(a). Two
switching can introduce additional jitter. The impact of thesgypothetical PLL’s with different bandwidthsf(, and f)3
two sources is formulated for a second-order PLL in thgehave as high-pass filters that reject the lower frequency
following equation as the first and second terms: noise. Their transfer functions are overlaid in Fig. 8(a). The
152 % resulting phase error is shown in the PSD of Fig. 8(b). Note
in¥ + Yn58n . that this example excludes the additional noise from the phase-
524+ (Kj - Kveo)(s+2) 87+ (Kp- Kvweo)(s+2)  tracking circuit [second term of (3)]. The integral of the area
(3) beneath the curve is an indication of the amount of jitter [13]
[¢2 for (2)]; thus, the phase noise @ircuit | is larger than
Constants that determine the loop bandwidth in the gquatigqﬁt of Circuit II. Additionally, if a second-order PLL is not
are depicted in Fig. 7(a) with'; (V/rad) the gain of the filter, cyitically damped, the transfer function can exhibit peaking.
z the stabilizing zero in the filter, anfl., (rad-hertz/V) the This peaking accumulates phase noise at its loop bandwidth,
gain of the VCO.v, is the noise induced onto the VCO’increasing the noise.
and K., is the sensitivity of the VCO to this noise. Thus, Fqr 5 phase picker, the sampling clocks experience similar
the total amount of “effective jitter” depends on the trackingtter problems from supply and substrate noise since the
bandwidth of the loop, the amount of supply and substraigases for the oversampling are also generated from an on-
noise, and the sensitivity of the loop elements to the noigqﬂp VCO. The primary difference is the tracking bandwidth.
Because the feedback loop has a loop delay of at least Q@hase-picking system is a feedforward architecture (instead
clock cycle, the bandwidth of the loop is often chosen to b feedback); thus, there are no intrinsic bandwidth limitations.
<1/10 of the oscillation frequency for sufficient phase margifipe tracking rate depends on the rate at which new phase
and stability. The delay makes tracking high-frequency phaggcisions are made, which in turn depends on the logic’s
noise ineffective because, if the phase error from on transitiggde time. The importance of this fast tracking is that it can
is independent of the phase of the next transition, correctiggtemia”y track the accumulation of phase noise by the on-
N o o chip multiphase generator (PLL). We delay the data by the
This causes additional difficulties because such phase detectors can r}l}f . . . .
determine if transitions are early or late. The control loop is “bang—bangI e to arrive at a decision so the corrections are applied to the
control instead of linear control, which is less stable, has inherent ditherirgppropriate bit (although with a latency overhead). However,

and requires additional frequency vaU|S|t|0n aid. Although aDLL (delay-llrﬁ]e maXImum phase Change between two trans|t|0ns must be
based PLL) [8] can be used to eliminate the stability and frequency acquisition

problems, the phase spacing, when tapping phases from the buffer stages,i¥he actual shape of the tracking transfer functiffi(s) varies with
sensitive to the input clock’s duty cycle and amplitude. implementation.

d)err =
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less thanr, half the bit time, even if the peak-to-peak jitter can Transition 3:1 Mux
be much larger than a bit time. Changgsgreater thanr are S;‘:I';rs Detect  Accumulator
indistinguishable from a phase shift in the opposite direction, —

pe — 2. =
Choosing between the two clock recovery systems depends

on the system requirements and noise behavior. We ChOSﬁltﬁ)hasedT

phase-picking architecture to explore the usefulness of the'°cks

Retmlirq

Muiti-phase
to
single-phase

3:2
higher phase-tracking capability. In such VLSI implementa- COTmbiner
tions, supply noise can be significant enough for the peak-to- global e

clock 5 Bit Adder

peak jitter to occupy a large fraction of the bit time, especially
since a PLL accumulates jitter. For the 4-Gbit/s link, we. o _ _
chose a low oversampling ratio of&x3to maintain high input Fig. 9. Phase-picking algorithm block diagram.
bandwidth and to keep the number of clock phases manageable

(1:8 demultiplexing and 8 oversampling yields 24 phases)sampling | | E E ; 5 {
IR RN R RN

With a bit time of 250 ps, the phase-picking schémen track ~ ©ocks | | |
the noise of the on-chip multiphase generator (PLL) from bog?:;fn ﬂ E
the transmit and receive sides to keep the total “effective jitter” | § §
below the 83-ps quantization spacing. One limitation of trempled 1 { o o o i1 1 1 |
phase-picker tracking is that the maximum rate of the trackin§®? '
depends on the data transition density. Since the PRBS sigiasditions 1 ig ¢ 1: ¢
guarantees one transition per byte, the maximum tracking rate ~ :
of one sample spacing every transition is fast (83 ps/2 ns). ;

Although the tracking rate is high, the maximum static phase Ty

5
error from the quantization is 41 ps (2% of the clock periodpe|ayeq ®/ b
0 0o 1 1

8x bit time), causing an SNR penalty (Fig. 5). Whether orSaDm{»led 1 0 @ 0 1 @ 0 0 @ 0 1
not a 3 oversampled phase-picking approach with higher -
tracking bandwidth than a PLL can achieve better performanice. 10. Example of the phase-picking algorithm.

with the larger static phase error depends on the amount of

jitter induced by on-chip noise sources. If the lower SNB¢ yhe 3 pyte sliding accumulation, the rate of phase change
penalty from the lower jitter compensates the higher SNig 4t the algorithm can track is slower than the maximum of 83
penalty of larger static phase error, phase picking would Be/> g The algorithm picks the correct sample if the majority

the better choice. of the transition information within the 3-byte window (6 ns)
indicates the correct phase. For example, if the input phase
IV. PHASE-PICKING ALGORITHM AND IMPLEMENTATION has a constant rate of change of <1 sample spacing per 3 ns

&gorresponding to a frequency difference of 4%), the transition

.The dgta!ls of the phase-picking algprlthm are '”us”ated.lnformation from >1.5 bytes of the 3-byte window would fall
Fig. 9. Picking the center sample requires finding and tracklrﬂrg the same phase quantization. Then the tallv and compare
the bit boundaries. The decision logic first detects transitions P 9 i y P

by an XOR of adjacent samples, indicating the bit boundary O.Uk.j sglect the cor_rect sample to tra_mk the phase change.
. . o : is indicates a maximum phase-tracking rate of 83 ps/3 ns.
be in one of three possible positions. Fig. 10 shows an example

. : . e criterion of tracking botfl;, and R,-PLLs’ accumulation
of the boundary detection with a portion of a sampled streaﬁn. met because the VCO elements’ supply noise sensitivit
To find which of the three transition positions is the mos? PRy y

~0 194/9
likely bit boundary, transitions corresponding to the same b'lst 0'1/0/./0 (percent of frequency change per percent of
o ) " ) supply noise [1], [3]F corresponding to 30 ps/3 ns for a 10%
boundary position are tallied. The position with the largest L .
. . . Supply step, which is less than the tracking rate. If the phase
total determines the bit boundaries.

The decision logic makes a new decision per byte of data ?hange IS slower than 83 ps/3 ns, the 3-byte accumulation
g ber by ‘offers some robustness by averaging any uncertainty in the

contrast to_ a h_|gr_1er order oversampling phase picker, the_ ?ransmon detection due to high-frequency bit-to-bit noise. A
oversampling limits the change of the selected sample position .
- .. Smaller window of one byte can track phase faster, but has

to one sample position per byte. To guarantee sufficient : . " -
poorer performance without sufficient transitions within that

transitions for averaging any bit-to-bit variations of highy, ., average the bit-to-bit variation. A larger window of 5

frequency noise (near the bit rate), the tally is across a slidi
. " < tﬁg
window of 3 bytes. The transitions are accumulated from tB tes (<83 ps/6 ns) would be too slow to track and

current byte, the previous byte, and the next byte (delaying thé& PLLs’ phase aqc_umulathn under reasoqable supply noise.
; . . .2 ~."Once the transition position is determined, the middle

data allows the noncausal information) so that the decision js - : L
ample within the bit boundaries is selected as the data.

applied to the byte at the middle of the window. As a resu?t
5Although the maximum phase error accumulation rate is based on the
4In our system, the oscillator is at 250 MHz so the PLL bandwidth isupply sensitivity of the VCO, the peak phase error depends on the loop
restricted to <25 MHz. This yields a ¥0tracking rate difference between bandwidth. TheT.-PLL and R, -PLL generating the multiple clock phases
the two systems. have bandwidths of 15 and 5 MHz, respectively.
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Fig. 11. Comparison between center picking versus majority voting.

FA B 5'. - -
The selection is implemented by multiplexers selecting thege & = ES3E3
appropriate samples based on three select signals. In the Ce g 'J ;I" '-" ? il AT YRN 'i' POANN w

where no transitions are detected, the three select signals o

use previously stored values to maintain data through th& 12 Chip micrograph.

multiplexers.

The actual algorithm for deciding the received data valughere only 7 bits are received, the opposite transition from
from the oversampled information can be designed alterng-0-0 to 0-0-1 causes an “overflow,” requiring an extra bit
tively while still keeping the advantage of higher tracking9 bits total) to be stored. These conditions are handled by a
bandwidth of a feedforward architecture. Instead of selectimitwise FIFO built by shifting the input byte to accommodate
the middle (“phase pick”), a simple alternative implementatiohe one extra/less bit. If the aggregate shift increases beyond
is to take a majority vote based on the three sampled valugsyte, a bytewise FIFO handles the overflow/underflow byte.
Fig. 11 shows the performance comparison. Majority votirghe limited depth of the FIFO can only handle a finite number
works well with nonbandwidth-limited signals that have highef byte overflow. If the application requires handling long
frequency noise because it averages the noise over mamgams of data with a slight frequency difference with the
samples. In a bandwidth-limited system (low-pass filtered Wycal reference clock, the local frequency can be corrected
the 1/0 RC time constant), it performs worse because at leasased on the phase information from the decision I8gic.
one of the two nonmiddle samples is required to be valid,
and the nonmiddle samples have a much higher probability V. TRANSCEIVER EXPERIMENTAL RESULTS

of error. . . . .
Arbitration is required when two transition positions have The transceiver chip was implemented in a fra-CMOS

equal counts. This occurs when two of the sample positiogﬁ’ces_S of;f]ered _thrlc;gghlé\/l(?rils. r‘:’_he_ 3 mn;:% n;m die 52
straddle the center of the bit and the third sampler samp _oto IS Shown In Fig. 12. The chip 1S packaged In a >z

at the transition. Picking either of the two straddling th in C;QFP package supplied by Vitesse Spmiconductor Whi.Ch
center gives equivalent performance. More complex logic ¢ As internal power planes for controlled impedance. The size

be implemented by using the previous, current, and n %the VO bond pads are reduced to #h x 70 pym to

cycles’ comparison results to follow the direction of any pha: eil) dpadh Cap_ac't;",me ;]0 al /g'g'mlém,gica\ﬁi the c?fpac?ltance
transition. However, this only improves the performance b ould otherwise limit the anawidth. With an efiective

less than 1 dB impedance at the 1/0 of 28 (for a doubly terminated 50-

T e line), the total 1/0O capacitance can not exceed 4.5 pF
If the peak-to-peak phase jitter is larger than one bit time, fr . . _ ) . .
if the transmitter and receiver operate at different frequenci ar 4-Gbit/s operation without losing 10% of the bit height

the tracking must allow bit(s) to overflow/underflow. Fol© the R_C filt_ering. The_ 1:8 d_emultiplexing re_ceiver and
example, if the SEL[2:0] signal changes from 0-0-1 tg:l multiplexing transmitter designs have capacitances of 2.2

1-0-0, the selected sample of the first cycle correspondsafbd 1.2 pF, respectively, with 600 fF due to the pad and

the same bit as the selected sample of the following cyc'@'.e_taI Interconnects. An input time c_onstant ©L10 ps is
stimated from measurements sweeping the reference voltage

This “underflow” condition must be appropriately handled b ) ; . :
dropping one of the two samples. Typically, these sampl a single-ended input pulse. The width of the pulse with a
' erent reference voltage determines the time constant.

are of the same bit, and thus have the same value. Howe ) S
The performance of the link depends significantly on the

in the case where they are different, if phase movemené cuits. Th - ivabl litude of 50 mV
changes directions (the SEL signal returns to 0-0-1) in tH circuits. The minimum receivable amplitude o m

following cycle’s decision, dropping the latter one gives was measured by using a fixed data pattern while changing
slight performance improvement. Similar to the “underflow” SThis feature is not implemented as part of this test chip.
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Fig. 13. Transmitter data eye.

the amplitude. This indicates the worst case input offset in, 7.0 , . . . . .
the bank of samplers. The transmitter data eye at 3.0 Gbits/§
is shown in Fig. 13 with the output driving a PRBES — 1 % 50
sequence. The measured data rate is limited by the triggering
bandwidth of the oscilloscope. The maximum speed of th& 3.0
transmitter was 4.8 Gbits/s, and was limited by the maximunt
frequency of the ring oscillator used in the clock generation.§
The multiple-phased clock generation (PLL) is crucial to thes
performance of the link because the phase spacing determin§s’1'0 I
the bit time in the multiplexing/demultiplexing architecture, £
and the supply sensitivity and loop bandwidth determine théu: e P
amount of jitter that needs to be tracked. Mismatches ca@ 5,1 A fyee = 400MHz (3.2-Gb/s)
cause one phase to be shifted with respect to the others. fh ¢ fosc = 333MHz (2.7-Gb/s)
the transmitter, the shift enlarges one bit, but reduces the next._m< . :

10

osc = 500MHz (4-Gb/s)

1 1

By measuring the spacing between edges, we can evaluate the >° 10 20 ,,3,;gse Po;‘iﬁon >0 &0 o

ability to match the phases tapped from the oscillators and

interpolators [3]. The differential nonlinearity (DNL) of the™ 14 Transmit-side DNL at various frequencies.

phase spacing is plotted for the transmitter in Fig. 14 at various

frequencies. The error is expressed as a percentage of the iggighmatches of the transistors in the clock generation circuits
bit time for all eight phase positions. While transmitting th¢12]. The increase in error with decreasing oscillation fre-
PRBS pattern and using a trigger frequency of 1/8 the dajgency, shown in Fig. 14, is an indication of these mismatches.
rate (internal clock rate), these spacings are measured witlfie gate overdrive Wos — Vi) is less at lower oscillation
20-GHz bandwidth digital oscilloscope by the width of each afequencies, making the phase spacing more sensitive to these
the eight data-eye patterhsf we use the data-rate frequencymismatches. Fig. 15 shows the measurement of the DNL for
as a trigger instead of using a divided frequency, the data &g chips. The darker line indicates the average at each phase
of Fig. 13 overlaps all eight of the bits. The overlaid histograjosition. The variation of this average across phase positions
shows that the 333-ps bit time is degraded by 90 ps due jgientially indicates some systematic error. However, because
equal contr|_but|0ns from jitter and errors in the transmittgf,o average is over a sample size of only four chips, and
phase spacing. the variation of the average is significantly smaller than the

The peak-to-peak variation%% of the bit time, indicates \ ajation between chips, the random component is believed to
very little degradation in bit width due to mismatches. ThBe the dominant source of static phase spacing error

dominant cause of these bit-width variations is theand K p» Although a systematic component of the offset can also be
"The measurement uncertainty is the DNL+B ps. expected from noise at any integer multiple of the oscillator
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frequency, it is not apparent in Fig. 15. Normally, noise such
as substrate or supply noise at the same frequency as thego | i
oscillator would modulate the oscillator, causing a duty-cycle
error which spreads the phases in the first half cycle and11.0} .
compresses the phases in the second half cycle. Since most
of the digital logic clock on this chip switches #../2 (250 -12.0 75 =T R G, 5 150 o

MHz), this effect of the clock buffer switching on the 500 Optical Power (dBm)

MHz oscillator would cause different phase spacings for two
. . . Fig. 17. Measured BER versus SNR.
consecutive oscillator cycles. However, Fig. 15 shows that
the average phase spacing errors from the second cycle is
nearly the same as the first cycle, indicating that this coupling received and amplified by a avalanche photodiode (APD)
is negligible. Also, any systematic components from pafollowed by an amplifier. The output of the amplifier is either
mismatches (e.g., capacitive loading errors) are insignificaeturned to the BERT for the baseline measurement, or sent
compared to the random source. into the chip configured in its transceiver mode. Because the
On the receive side, the DNL of the sample spacing is al&ERT and optical amplifiers have a bandwidth limitation at
measured, as was shown for a @u8- process technology [1] 3 Gbits/s, the experimental results of this configuration are
to be <8% of the bit time. Receive clock phase spacing errdipited in data rate. As shown in Fig. 14, the phase spacing
reduce the effectiveness of the oversampling by increasing titelower frequencies is worse, so the performance is slightly
sample spacing, causing both increased static phase errorantse than at 4 Gbits/s.
larger jitter. The BER versus SNR is plotted with SNR expressed in
Jitter in the transmitter can be measured by a outputtingoptical power showing both the baseline and the DUT with
fixed pattern and measuring the jitter on the data transition. \&el.5-dB penalty ail0—® BER (Fig. 17). The SNR penalty
can also measure the sampling clock jitter by looking at thier not having the selected sample at the middle of the data
sampler output while sweeping a clean input transition. Theye is shown in Fig. 18. Because of the phase spacing errors
window in which the sampler output is uncertain indicates than the receive side, the penalty shown here is worse than
jitter with respect to the input. The supply sensitivitiy can alssimulated. Since the quiescent jitter of the clock generation is
be measured by the increase in jitter due to induced suppiyaller than the sample spacing (<83 ps), the phase tracking
noise with an internal switch that shorts between supply aiglnot active. In order to test the effectiveness of the phase
ground. The sensitivities of the transmit and receive PLL’s apgcking, voltage steps are induced on the supply, causing 250-
0.2 and 0.3 ps/mV, respectively, with a similar peak-to-peais jitter on both thel,-PLL and .-PLL. While this causes
quiescent jitter of 45 ps. the data eye to collapse, the receiver can still track this jitter
The BER testing is performed with two different configuand maintain BER<10~°. Also, the transceiver is operated
rations. The first measurement is by feeding the transmittedth the transmitter and receiver at different frequencies. The
output directly back into the input. This yielded a BER othip was able to track a frequency difference of 1 MHz with
<10, The second configuration is by placing the chip in BER <107,
mock optical network (Fig. 16). A bit error rate tester (BERT) Table | shows some additional performance measurements
is used to generate the data pattern. The pattern is modulatéthe chip. The total power dissipated is 1.5 W, with 1/3 from
onto a fiber-optic network. The optical power is measured ltlge clock generation and 1/3 from the receive-side logic. The
siphoning 1/10 of the total optical power. The optical signathinimum amplitude that can still maintaia10~? BER is 90
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when additional noise is induced. This low accumulated jitter
implies that the lower tracking bandwidth of a PLL-based
clock recovery circuit can potentially perform equally. The
design of such a system is nontrivial, and still has challenges
in maintaining small static phase offsets. However, since the
phase picking has significant hardware overhead in the extra
number of input samplers and large digital processing, a PLL

(ap) Alleuad UNS

would potentially offer similar performance with lower area
and power.
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Fig. 18. Measured BER at various sampling phase.
TABLE |
TeEST-CHIP PERFORMANCE
[1]
Supply Voltage 2.7-4.0
Max. Transmit Rate @3.3V 4.8Gb/s 2]
Max. Receive Rate @3.3V 4.3Gb/s
Max. Frequency Difference 1MHz (<10'9 BER)
Power @ 4Gb/s- Total 500mA [3]
Analog(2 PLL) 150mA
Input Samp,Rcv Logic 25mA, 170mA
Transmitter, Xmt Logic 50mA, 10mA (4]
Parallel Data Driver 90mA
Min. Input Amplitude 170mV <10 BER [5]

(6]
mV with an internal eye height of 65 mV. The 24 mV of ,
amplitude noise is primarily due to ringing from the packagegs]
inductance and on-chip output capacitance at the transmittefgl

VI. CONCLUSION [10]

Very high data rates are achievable in CMOS technoltf'xﬂ
gies by making extensive use of parallelism. Using an 8:1
demultiplexing at the input and a 8:1 multiplexing output'?]
transmitter, we achieved a 4-Gbit/s transceiver while keeping)
all internal signals <500 MHz in a 0.pm process technology.
The fundamental limitations of this approach are the Al
capacitance (increased due to the parallelism), the sampler
uncertainty, and the phase position accuracy of the multiple
clock phases.

Provisions were made in this design to handle very large
jitter accumulation of 83 ps/3 ns by a fast phase-picking
algorithm. The effectiveness of this architecture critically
depends on the jitter characteristics. Although a CMOS PL*
can potentially exhibit this large jitter due to supply noise
the measured jitter while operating this transceiver is only ®
ps. This jitter is measured in a realistic noise environme
because of the presence of significant digital switching noi
from the large digital phase picker that can couple onto tl
VCO elements. Since the jitter is less than the quantizati
error, the advantage of the phase picking is only appare
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