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Low-Power Area-Efficient High-Speed
I/O Circuit Technigues
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Abstract—We present a 4-Gb/s 1/O circuit that fits in 0.1-mm?

of die area, dissipates 90 mW of power, and operates over 1 m 10 100
of 7-mil 0.5-0z PCB trace in a 0.25#m CMOS technology. Swing ~ g
reduction is used in an input-multiplexed transmitter to provide %Q 20 50 2000 g Ourwork
most of the speed advantage of an output-multiplexed architec- & 8 C /O only
ture with significantly lower power and area. A delay-locked loop = })’ 50 20 2000
(DLL) using a supply-regulated inverter delay line gives very low & 2 ]
jitter at a fraction of the power of a source-coupled delay line-based 3 & 100 10 {665 11995 & 2000
DLL. Receiver capacitive offset trimming decreases the minimum g 5 200 5 1999 .0 W 1999
re_solvable swingto 8 mV, greatly reducing the transmission energy E g O B 2000 1906 111999
without affecting the performance of the receive amplifier. These & 4

L . . X . . 28 500 2 1999 ' 1997 ||
circuit techniques enable a high level of I/O integration to relieve 2 2 1997
the pin bandwidth bottleneck of modern VLSI chips. 2 1000 1

Index Terms—bPelay-locked loops, equalization, I/O circuits,
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offset-cancellation, serial links.
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|. INTRODUCTION Speed per unit die size ( 'mm?)

Die size required for 1Tb/s
HE PERFORMANCE of many digital systems is limited _
T by the interconnection bandwidth between chips, boarddd- 1+ Link performance trend.
and cabinets. Today, most CMOS chips drive unterminated . . .
lines with full-swing CMOS drivers and use CMOS gates d verters_ are repl:_:lced _by sensitive receive amplifiers to re_du_ce
receivers. Such full-swing CMOS interconnect must ring-u e required _re_celv_er_5|gna_1l Ieyels, and hence the transmission
the line, and hence has a bandwidth that is limited by t nergy. Precision timing circuits based on delay-lockgd loops
length of the line rather than the performance of the se PLLS) or.phase-lcl)gked. Io_op; (PLLs) are gmployed n these
conductor technology. Thus, as VLSI technology scales, tfystems since a critical limitation of th(.a.ach|evable speed is the
pin bandwidth does not scale with the technology, but rathEW'ng, accuracy. In. cases.where 5|gn|f|cant' cable lO_SS occurs,
remains limited by board and cable geometry, making off-ch gnaling rate_ is still restricted by the media. Equalization is
bandwidth an even more critical bottleneck. I cor_pqrated in such cases to cancel the loss and remove this
Recently described 1/O circuits have increased the absolfggtriction [1]. [2], [4]-
/0 bandwidth by an order of magnitude [1]-[4]. More impor- A key remaining problem with high-speed 1/Os is reducing
tantly, they have put this bandwidth back on the semiconductb€ area and power of these circuits to enable very high levels of
technology-scaling curve by signaling with the incident wavi@tegration. To relieve the pin-bandwidth bottleneck of modern
from the transmitter rather than ringing up the line. To achieWd-SI chips used for network switching fabrics, multi-computer
incident-wave signaling, these circuits use point-to-poik@Uters, telecommunication switches, and CPU-memory inter-
interconnect over terminated transmission lines. Differentifdces, hundreds of these high-speed 1/Os must be integrated on
current-mode signaling is often used to reject common mo@esingle chip. A substantial number of the pins on such chips
noise, minimize EMI, reduce ground/supply bounce, isolafté€d to use high-speed signaling, not just a few special pins.
the system from noisy ground/supply, and double the slew rafdg. 1 shows the trend in published 1/O link performance in
Simultaneous bidirectional signaling is sometimes incorporatt®ms of speed per unit power and speed per unit die size (nor-
to increase the bandwidth per pin [5]. On the receive sid®alized to 0.25:m) [14]. Also shown on the axes are the power
consumption and die area required to achieve 1 Tb/s/chip band-
width (both into and out of a chip). As can be seen, achieving 1
Th/s/chip bandwidth is rather costly with modern I/O technolo-
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multiplexed transmitters must be employed], [3], [6]. For
this reason, we use solid squares in Fig. 1 to denote links ope X ] |:|—1
50Q

ating at a bit time<4r,. 50Q
In this paper, we introduce several circuit techniques tha v
reduce the area and power consumption of high speed 1/Os | DLL DLL
~
L1311

RX

factors of 6.9 and 2.6 respectively compared to the previou
best published result. These techniques are general and can
applied to any signaling system to improve the existing design
They are particularly relevant to designs targeted at bit time:

tttt

L ]
less thandr,. The demonstration chip, which incorporates ; l
current-mode differential unidirectional signaling, achieves
4 Gb/s over 1 m of printed circuit board (PCB) trace or 15-m r—f T lz,lzsfsy
of 24 American Wire Gauge (AWG) cable with 90 mW of PRBS Scanable
power and 0.1 miof area. This corresponds to 44 Gb/s/W Encode || Registers

and 40 Gb/s/mih The best published designs to date with
Slmlla.r Spe.ed. (35 Gb/S), Slg.nalmg setup (.curr.ent_mOde.QII:fi_g. 2. System architecture of the test link.
ferential unidirectional signaling) and equalization capability
requires 250 mw and 0.6 mimequivalent to 16.7 Gb/s/W and
5.8 Gb/s/mni [7]. v
To achieve this small area and low power, our prototype ch ~1
employs three key circuit techniques. An input-multiplexeseo sell sel2 sel3
transmitter reduces clock load by an order of magnitude | = '\ \™%
multiplexing signals before rather than after amplificator | .- |
It also reduces area by requiring only a single copy of tt "
output driver rather than one copy for each multiplexer inpt
Voltage swing in the signal path is optimized to attain spee¢
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significantly higher than previously achieved with simila ]

architecture. A DLL based on supply-regulated inverters giwv daca :D_ _| A

very low jitter at a fraction of the power of a conventiona W—:D_| el oo
source-coupled delay line. Finally, a sensitive capacitive

trimmed receiver enables reliable operation at very low sigr 'y —|

levels, further reducing area and power.
Section Il describes the system architecture of the 1/O link
and the reasons behind it. Section Il discusses the circuit §é 3- Output-multiplexed transmitter architecture.
tails. Experimental results of the 4-Gb/s test link are presented
in Section 1V, followed by concluding remarks in Section V. bit sequence (PRBS) generator is integrated with the transmitter
and a PRBS verifier with the receiver.
[I. SYSTEM ARCHITECTURE

B. Transmitter

A. Overall Architecture . N . .
The shortest achievable clock period in a given technology is

The overall /O link architecture is shown in Fig. 2. To operatgmited to be no less than abogt, (roughly 1 ns in 0.25:m).
with a bit time of27, (250 ps), we employ 4 : 1 multiplexing in Thys, a fast multiplexer is needed to take a parallel signal with
the transmitter and 1:4 demultiplexing in the receiver. On thgis clock period and multiplex it into a serial signal with a
transmit side, an on-chip inverter-based DLL (TxDLL) genelsporter bit time 274 in the present case. As shown in Fig. 3, pre-
ates four evenly spaced 1-GHz clock phases to sequence 1-Gidgsly published transmitter designs achieve high bandwidth
4-bit wide data on-chip into a 4- Gb/s bit stream off-chip. This I8y multiplexing directly at the output pin where both a low time
achieved by first resynchronizing the 1-GHz data from a singlenstant (25-5@ impedance and a 1-2 pF load) and small
clock domain to per-phase clock domains. Then a fast Mudlyings are present. Two adjacent clock phases are used to gen-
tiplexer, driven by the four phases, serializes the data. Baffyte a short differential current pulse equal to a bit time. The
the transmitter and receiver terminate the line into a digitallyninimum bit time achievable with this architecture can be less
timmed matched impedance. The receiver is a mirror imageyn -, [1], [3].
of the transmitter. The serial bit stream is sampled and de-seThe output-multiplexed architecture is very costly in terms
rialized by a 4-phase 1-GHz receive clock generated by a gpower and area. This architecture requires multiple copies of
ceiver DLL (RxDLL). The data are then resynchronized frorthe output driver, each sized to drive signals off-chip. The clock
the per-phase clock domains to a single clock domain to be pigad of the multiplexer is very large since it is switching the
cessed further by other digital logic. A 20-bit pseudo-randogjgna| after it has been fully amplified to drive off-chip. This

17, isthe delay of an inverter with a fanout of four, about 125 ps in an p.25- CPmb'“a“O“ Ofl du.p“(?ate circuitry and mUIt'RIeX'ng_ amplified
technology [11]. signals results in significant clock load, clock jitter, die area, and
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Fig. 4. Input multiplexing with static gates.

SNR (dB)

Number of filter taps

Fig. 6. SNR versus number of pre-emphasis equalizer taps for a channel with
10, 20, and 30 dB attenuation at 2 GHz.

(500 ps in 0.252m CMOS), an input-multiplexed architecture
with static CMOS gates should be used due to its simplicity.
Fory < iy < 474, an input-multiplexed architecture with re-
duced voltage swing should be chosen to give higher speed than
is possible with static CMOS while retaining the power advan-
tage of input multiplexing. Fot},;; 74, an output-multiplexed
architecture should be employed.

Minimum bit time (t,)

Multiplexor fan-in

Fig. 5. Minimum achievable bit time for the configuration in Fig. 4.

. L . o C. Equalization
power consumption, making it unsuitable for heavily integrated L . .
applications Our prototype circuit is designed to transmit across 1 m of

A more cost-effective solution is to perform multiplexing af "Mil 0.5-0z PCB traces or 15 m of 24 AWG cablg. The frg-
the input of the transmitter before the signal is buffered up. PfaYency dependentattenuation from dc to 2 GHz, which contains
vious input-multiplexed architecture designs use static cmdeost of the 5'9”"?" energy for 4-Gb/s nonreturn-to-zero (NRZ)
gates to perform multiplexing and buffering to drive the finapna"y transmission, is about 10 dB for both cases. To cancel
output driver as shown in Fig. 4 [8], [9]. However, this desigm's loss and avoid noise amplification while operating at Gh/s
style is unable to achieve signaling rate higher than be- signaling rate, the transmitter includes a finite-impulse-response
cause of the bandwidth limit of CMOS gates. Fig. 5 shows t{E!R) pre-emphasis filter. Fig. (,SShOWS the sigqal-to-noise ratio
maximum signaling rate versus the degree of multiplexing. Tt@NR) versus the number of filter taps for various channel at-

shaded area denotes the achievable bit time. The speed istﬁﬁl_uations based on the minimum mean squared error (MMSE)

tially limited by the achievable clock frequency at 2: 1 multiSiterion, where the following quantity is minimized [10]:

plexing ratio. Above this point, high multiplexer fan-in becomes
the bottleneck and the achievable speed gradually decreases.

This speed limitationis not an inherent property of the process is the original signal and), is the signal at the input of the
technology but of the circuit topology. Since the output swing g&ceiver. SNRrg represents the maximum SNR without any
the transmitter is much smaller than the full CMOS swing, signghannel attenuation and error-correcting codes and is chosen
attenuation is another degree of freedom in optimizing speed athe 18 dB for a typical bit-error rate (BER) of 1&. The
power. Inthe output-multiplexed architecture, all of the signal a¢hannel is 7-mil 0.5-0z GETEK PCB trace [11], and is simu-
tenuation occurs at the bottleneck point, the output. This signaled using HSPICE'$V -element. The plot indicates that in-
attenuation trades gain for higher bandwidth. The input-multi;reasing the number of filter taps beyond two improves SNR by
plexed architecture, on the other hand, applies no signal attegtimost 2 dB. To reduce the overall power and area, a simple
ation at its bottleneck node, the multiplexer. A good balance bgyo-tap FIR filter was therefore chosen. As channel attenuation

tween maximizing speed and minimizing power is achieved Bjscomes more severe, SNR gain beyond two taps becomes more
an input-multiplexed architecture where the voltage swing aggynificant.

the capacitive fan-out at each stage (from the multiplexer to the

final outputdriver) are carefully chosento meetthe required speed ll. CIRCUIT DETAILS

andfinal outputswing. Inordertodothis, circuittopologies which )

allow directtradeoff between signal swing and bandwidth are = 1ransmitter

ployed. The minimum bittime achievable with this configuration Fig. 7 shows the transmitter circuit diagram. It consists of a

is aboutry. 4 : 1 multiplexer, a pre-amplifier, and an output driver. The trans-
A general rule of thumb can be derived from the above dimitter employs dual pseudo-nMOS multiplexers at its input, one

cussion to select a transmitter architecture given the system gder-the signal and one for its complement. Each multiplexer

formance requirement. If the targeted bit timg; is abovedr, input is switched by two series nMOS that are gated by two

O—l%IMSE—LE = E(|Ck|2) = E(|zr — yk|2)
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B. Delay-Locked Loop

Pulse amplitude closure (PAC) = (Viy- Vpuiee)/ Vi The DLL generates evenly spaced clock phases at 1 GHz

to sequence the multiplexer at the transmitter and the demul-
Fig.8. Effectof bit-time on pulseamplitudeclosureforthe4:lpseudo-nMOﬁmexer at the receiver. As shown in Fig. 9, our DLL uses a
multiplexer. ) . S . o
P differential CMOS inverter delay line with a regulated power

. . . sypply. Operating differentially generates fine phases and the
adjacent clock phases in the same manner that the driver P mplementary outputs simplify the level shifter. The true and

downs in Fig. 3 are gated by adjacent clock phases. Thus, inBHanlement outputs of each stage are cross-coupled with weak

di i; enabled onto the preampllifier input during phase fnverters to minimize skew. Delay is adjusted by varying the
Fig. 8 shows the pulse amplitude closure (PAC) versus the bﬂpply voltage with a linear voltage regulator.

time for our pseudo-nMOS multiplexer implementation driving A source-coupled differential pair with replica-

the preamplifier. The speed of this circuit is mainly determin ﬂstment is widely used as a delay element due to its low supply

byéhe rfesistaITce of pMQS and tfhe t(())tal capa:q:_itan.ce at the ou éﬁsitivity of—0.2 (fraction delay change per fraction of supply
node. If we allow a maximum of 10% PAC, this circuit can Op(':hange) [11], [12]. However, compared to a static CMOS in-

erate a7y, or 250 psin a 0.2m technology. The POWET OVer- /o tar delay element, it requires more power and is more sus-

head for the increased speed compared to a static 'mp'emeE ttible to substrate noise and transistor mismatches. The power

tion is small since low energy signals are multiplexed before t%nsumed in an N-phase differential inverter delay line and dif-

preamplifier a_nd the final d_rlver_ ) . ferential source-coupled delay line are
The transmitter and receiver both include 8@MOS termi-

nation resistors with 18 bits of thermometer-coded control. The

adjustment step is about 5%. In order for the pMOS transistorP v =N

bias delay ad-

CrVo_invVaa

to work well as a resistor, the output swing should be kept well ™ Tc

inside its li [ [ i CrVeomvVad .

msu_nle its linear regime. In o_unmpleme_ntgtlon, for e_xample, to _ brVe—iny dd’ inverter element based
avoid more than 10% of resistance variation the swing needs to Tp

be less than 200 mV.

The two-tap FIR filter is implemented by summing two legs Fsc =
of transmitter drivers directly at the output pin (effectively a
2-bit digital-to-analog converter) [1], [2], [4]. The tap coeffi-where
cients are adjusted by varying the bias current of the two output/p, stage delay;
drivers. They can also be made programmable for differentZ clock cycle time;
channels with simple current mirrors. Vo_inv inverter delay line control voltage;

N CrVe—scVaa
2

T , source-coupled element based
D
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Vo_sc source-coupled delay line control voltage;

Cr total capacitance charged at each stage during outp [>O—°“m
cycle, roughly the same for both with the same

accuracy requirement.
y q p_I_T inn—|:|— ]-| J-‘

Notice that the inverter delay line requires twice as many delzm
elements compared to the source-coupled delay line since -
availability of differential signals is assumed. ¥ vy =
kVo_sc, this analysis indicates that inverter-based delay in&4- 10-  Delay-line low-high output buffer.

consume 2 k/N of the power consumed by source-coupled delay

lines, where: is usually between 1 and 1.5. Intuitively, the factofixed at a constant fraction of the input frequency as seen by
NN comes from the fact that inverter delay line does not consume
any static current. For our cas¥,is 4 and the power is reduced

oo — EoLwin _ (KiVE) - (Ko - 1/VEn) - win

to 0.75~0.5. As NN increases (in applications such as clock re- 2rCL 27Cy
covery circuits or when the degree of multiplexing is increased), _ K1 K, w
power saving is more significant. 27Cy,

I.nverter delay_elements are also more robust against SUbStWﬁ%rewin is the input frequency and. is the loop capacitance
n0|se.and transistor mismatches. A source coupled dellay Eﬂﬁ'ér [12]. The regulator, which has a3-dB bandwidth in ex-
ment is particularly vulnerable to any noise |n.trodu.ced to |t.s tadless of 300 MHz, does not affect the loop dynamics. Keeping
current source. For the delay element described in [12], it Wgs, |40 bandwidth at a constant fraction of the input frequency
found that the sensitivity of its delay to the tail current aroung,qres the stability of the loop across a wide range of input
the corr_ect bias pplnt |s.about 0.5. Using this relationship, W?equencies as well as process, voltage, and temperature (PVT)
can derive the variation in delay as conditions.

The goals of the linear voltage regulator are to provide enough
driving capability for the delay line, to shield the delay line from
g\ _Orp 2 _ o—é a%T the supply noise, and to have enough bandwidth to ensure the
<—> ~ <O"’ ?) ={025 32 + W overall stability of the loop. The voltage regulator employs lead
5 compensation at the output of the one-pole feedback amp. In-
~ %vr serting. creates one zerd (R.C,) and one higher-frequency
(Vgs — V)2 pole (L/R.Cr, whereCry is the effective capacitance at the
output of the feedback amp). Using the zero to cancel the pole
wheref3 = uC,.(W/L) [16]. The last approximation is valid at the output of the regulator thus effectively increases the fre-
in this case since the tail current source has a shjalk- Vr.  quency of the second pole. It also shields the stability of the
StaticVy mismatches become static phase error while dynamisgulator from the value ofg..., which should be as large as
Vi variation due to substrate or other noise sources convertitsssible to reject power supply noise. The output pull-up pMOS
jitter. The inverter delay element is more robust against thegssized as small as possible since the noise peak as a result of a
noise sources since itg; — Vr is considerably larger. supply transition is caused mostly by parasitic capacitance cou-

Since the two branches of the inverter delay line are not trylying. For our design, the supply sensitivity with a fast (100 ps)
differential, cross-coupled inverters are inserted to minimizeipply transition is 0.1 (peak noise) and the steady state error
skew between the two lines. These cross-coupled inverters @rabout 0.01. As a consequence, although inverter delay ele-
weak compared to the delay inverters, but are very effectim@ent has a supply sensitivity of abou0.9 (4.5x worse than
in eliminating skew and hence reducing phase spacing imbtile source-coupled delay element) [11], the voltage regulator
ances. In our design, the cross-coupled inverters are 1/4 ihable to reduce this number by 3Q resulting in the overall
size of the delay inverters. Inserting input clock skews of ugupply sensitivity of~0.09.
to 200 ps increases the phase spacing difference by less thakig. 10 shows the level shifter at the output of the delay line
40 ps. Without the cross-coupled inverters, this number woultat converts thé’;,; level signal to fullV 5, level. The level
increase to 400 ps. shifter employs circuit topologies that have opposite supply sen-

Fig. 9 also shows the overall architecture of the DLL and thaitivities connected in series to cancel noise from the unregu-
detailed schematics of the sequential phase-only comparatated power supply and to reduce the steady state phase error.
the charge pump, and the linear voltage regulator. Since fhikee first stage current mirror amplifier has a positive supply sen-
phase of a delay line has a finite range, a phase-only comparaitivity while the subsequent inverters have a negative supply
has to be employed in place of the commonly used three-sta@msitivity. The relative fanout of the two stages is tuned so
phase-frequency detector (PFD) to avoid pegging the DLL #iat the combined supply sensitivity of the delay line and the
the end of its adjustment range due to noise or incorrect startiogv—high amplifier in steady state approaches zero.
state. The charge pump curreptis made proportional t&2 | Fig. 11 shows the DLL undergoing a 10% supply pulse in
(I, = K1V2 ;) with an nMOS transistor as shown in Fig. 9. Theimulation under the typical corner. The DLL locks in about
inverter delay line gaid(py. is roughly proportional td/V,2; 30 cycles. The peak-to-peak jitter is 30 ps including the output
(KpL = K2/V2_)). The loop bandwidtl; of the DLL is thus clock buffers, and the steady state error is on the order of 1 ps,
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1
----- Fa Both the outputs and the internal nodes a and b are precharged
cap_ctrl to reduce hysteresis, increase the input sensitivity, and increase

the effectiveness of offset cancellation. Without precharging

nodes a and b, the current difference on the two sides of SA

which shows the effectiveness of the noise sensitivity cancel{ould not have much time to integrate on these two trimmed

tion scheme described above. capacitance nodes, and the effect of offset cancellation would
degrade considerably.

C. Receiver Fig. 13 shows the simulated aperture time of three variations

Th . lf h i Fig. 12. i dified of our receive amplifier: capacitively trimmed SA with all ca-
_ 'he receive ampiiiier, shown in F1g. Lz, 1S a modinec .Verbacitors switched on, the same SA with all capacitors off, and
sion of the StrongArm sense amplifier (SA) with capacitivel

: . '€¥n SAwithout any trimming capacitors attached. The simulation
trimmed offset voltage [13], [15]. We trim the SAs by plaC'ngassumes a clock rise/fall time of 100 ps. The worst case aper-

4-bit binary-weighted pMOS capacitors on the two integratiqglre time with all trimming capacitors switched on<s5 ps
nodes directly above the input transistors (nodes a and b). Digvl—15 ps (6% of the 250-ps bit time) worse than the bare SA

tally adjusting th? capacitance while shorting the inputs_ unl?aI'Fig. 14 shows the hysteresis for several variations of the. SA
ances.the e_lmphﬂer to cancel the offset voItage. The mmm'qgllowed by an RS latch. Hysteresis is simulated by sampling
ca_pac[tqrs introduce up 120 mV of offset in 8-mV steps. an input swing of 50 mV, and then switching the differential
with Q|g|tgl bang-bapg control, t.he worst case offset after Canfput into the smallest negative input swing that would toggle
ceII_atl_on is 8-mV with any untrimmed offset120 mV. The the SA. If the internal nodes directly above the input transistors
variation of offset control steps across all su_pp!y (2.'25._2'75 )re not precharged, the hysteresis increases from 3 to 7 mV due
and_temperature (0__10@) corners 'Klo%_’ indicating its ef- to internal residual memory from previous bits. Adding capaci-
fectiveness as a static mechanism. The simulated8set of tive load at the internal nodes with capacitive trimming slightly

thr:sZensenzrzphﬂleg IS 3\2 trr?v Efrc;fm Tanﬁfaclzltutrie;s t%roﬁessiipﬁﬁproves the hysteresis since it increases the current difference
on Ay and A [16]). out ofiset cancetiation, e TeCeVE, v q two sides by keeping the drain of the input transistors at
amplifier would need to be enlarged by a factor given by

a higher voltage during regeneration. The majority of the hys-
60 mV\ 2 teresis comes from the data dependent capacitive load of the RS
<m) ~ 50 latch. Inserting a scaled down version of the StrongArm latch
between the input sense amplifier and the RS latch would re-
in order to have a 3 offset of 8 mV. duce the hysteresis to an undetectable level. The sensitivity of

Fig. 12. Schematic diagram of the 4:1 demux receiver.
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Fig. 15. Chip photomicrograph.

such sense amplifier is generally on the ordesdfand is neg- enlarging one of the bits while shrinking its neighboring one.
ligible compared to its hysteresis. The peak-peak jitter at the transmitter output is 16.4 ps, which
is negligible compared to the 250-ps targeted bit time.
Fig. 17 shows the receiver timing margin at 4 Gb/s. The graph
shows whether the link operates properly (PASS) as a function
A prototype chip was fabricated in National Semiconductor'sf single-ended signal level (the vertical axis) and clock position
0.25¢:m CMOS technology with a 2.5-V nominal supply.(the horizontal axis). All “PASS” points have a BER of at least
Fig. 15 shows the chip photomicrograph. The die area is1®~'2 (5 min of operation without any error). The plot shows
mm x 2 mm while the core transceiver circuit including DLLsthat receiver offset cancellation increases the timing margin by
occupies only 0.1 mé The chip is packaged in a 52-pin leadedbout 40 to 220 ps (out of 250-ps bit time, or 0.88 UI) and re-
chip carrier (LDCC) package with internal power planes fatuces the minimum resolvable swing from 20 to 8 mV. Under
controlled impedance. Receiver timing recovery circuits wekarying temperature conditions and 8 mV of transmitter swing,
not implemented in this test chip but can be easily integrated the link achieves a BER of better than16. Because of offset
incorporating a peripheral DLL loop as described in [17]. cancellation, the 1/O circuits operate quite reliably with very
Fig. 16(a) shows the eye diagram at the output of the trarsnall voltage swings. The receiver has a BER well below*10
mitter with the equalizer disabled. The swing shown is 100 mWith a swing of only 20 mV (no error has ever been seen with
The peak current drive can be as high as 20 mA. Fig. 16(&ignal swings above this value). Fig. 16 also shows that the par-
shows the eye diagram after 1 m of 7-mil 0.5-0z GETEK PC#cular chip tested has an untrimmed offset of at least 20 mV,
trace. The diagram shows that this medium causes enough interresponding to & offset.
symbol interference (ISI) to completely close the eye, making Fig. 18 shows the power consumption of the 1/O versus the
reliable detection impossible. Fig. 16(c) shows the eye diagraignal swing at the input of the receiver. The solid line is for
at the near end and Fig. 16(d) at the far end after equalizatioraishannel without significant attenuation and the dotted line
turned on. The figures show that there is sufficient eye openifgr 1m of 7-mil 0.5-0z PCB trace. Because of the channel at-
at the far end for reliable detection. tenuation, the power consumption for the latter case is signifi-
It was observed that the widths of the four bits in a 1 GHeantly higher since more current needs to be driven at the trans-
cycle are uneven. Post tapeout simulations on extracted laymitter to get the same signal swing at the receiver. At 20-mV
showed the same uneven eye patterns, and the cause waseateiver swing, the total power consumption of the link, in-
termined to be grossly asymmetrical wire layout on one of tliduding I/O circuits and supporting test logic, is 90 mW. Ap-
clock phases, resulting in its phase being shifted by 20-30 pspximately 7 mW is due to the supporting test logic. Fig. 19

IV. EXPERIMENTAL RESULTS
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o

(d)

Fig. 16. Transmitter eye diagram. (a) At transmitter output. (b) At the far end of 1-m 7-mil 0.5-0z PCB trace without equalization. (c) At the nelnend of
7-mil 0.5-0z PCB trace with equalization. (d) At the far end of 1-m 7-mil 0.5-0z PCB trace with equalization.

Fig. 17.

Fig. 18.

shows the power consumption versus the maximum speed
supply varying from 2.5t0 2.85 V. At 2.5 V, the maximum spee
of the DLL and the transmitter is 1.15 GHz and 4.6 Gb/s. At
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Fig. 19. Power versus maximumspeed at 20 mV receiver swing for supply

varying from 2.5 to 2.85 V.

TABLE |

TEST CHIP PERFORMANCE SUMMARY

Process National 0.25um CMOS

Nominal Supply 2.5V

Max Speed Tx: 5.3Gb/s, DLL: 5.3Gb/s, Rx: 4Gb/s
Power Tx Driver & Test Logic (no eq.): 20mW

@2.5V, 4Gb/s, 20mV
Swing

Tx Driver & Test Logic: 30mW
2 DLL: 50mW i
Rx Input Samplers & Test Logic: 18mW

BER
@4Gb/s, 20mV Swing

<< 10T

Active Area

Tx Driver & Test Logic: 160 x 200 um”
DLL: 120 x 200 um’

Receive amplifiers & Test Logic:

250 x 100 um?®

OC Synthesized Logic: 820 x 160 um’

Min Swing @4Gb/s

8 mV (for BER <107)

Jitter (quiet supply)
@4Gb/s

16.5 psec (p-p)

2.85V, the maximum speed is 1.325 GHz and 5.3Gb/s. The re-

ceiver, which is not shown, is limited to 4 Gb/s due to a speed

V. SUMMARY AND CONCLUSION

path in the PRBS verifier. Table | summarizes the test link per- We have employed three circuit techniques to reduce the
formance.

power and area of I/O circuits. An input-multiplexed trans-
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mitter architecture with reduced voltage swing allows a smalf12] J. G. Maneatis, “Low-jitter process-independent DLL and PLL based
transmitter to be used while still providing most of the speed ~ ©on self-biased techniqueslEEE J. Solid-State Circuitsvol. 31, pp.

1723-1732, Nov. 1996.

advantage of an output-multiplexed architecture. Because Iogm 3. Montanaroet al,, “A 160-MHz 32-b 0.5-W CMOS RISC micropro-

energy signals are multiplexed before the preamplifier an

cessor,'IEEE J. Solid-State Circuitsol. 31, pp. 1703—-1714, Nov. 1996.

the output driver, clock load, clock power and clock jitter [14] R. Walker, “Tb/s chip 1/O0—How close are we to practical reality?,”

IEEE LEOS Nov. 1999.

are si_gnifigantly redl_Jced. A two-tap _tr_ansmitter pre-emphasi$;s; . Ellersick, C. K. K. Yang, M. Horowitz, and W. J. Dally, “GAD: A
FIR filter is determined to be sufficient based on MMSE 12-GS/s CMOS 4-bit A/D converter for an equalized multi-level link,”

analysis. It is employed over receiver equalization to aVOiCth] in Proc. IEEE VLSI Circuits SympJune 1999, pp. 49-52.

noise amplification, reduce complexity, and achieve a highe

M. Pelgrom, A. Duinmaijer, and A. Welbers, “Matching properties of
MOS transistors,1EEE J. Solid-State Circuitvol. 24, pp. 1433-1440,

speed of operation. An inverter-based DLL with regulated  Oct. 1989.
supply reduces the power consumption of the delay lindl7] S. Sidiropoulos and M. Horowitz, “A semidigital dual delay-locked

while achieving better supply noise rejection compared to

loop,” IEEE J. Solid-State Circuitsvol. 32, pp. 1683-1692, Nov. 1997.

a source-coupled differential-pair delay line. It is also less

sensitive to substrate noise and transistor mismatches due t~ = .
higher gate overdrive. Capacitive offset trimming at the receiv
eliminates a major noise source in /O links without affectin
the performance of the receive amplifier. It allows multipl
parallel receive amplifiers to be employed at the input pe
with negligible power, area and input capacitance overhe:
Signal transmission energy can be significantly reduced sinc
smaller signal swing is required.

Ming-Ju Edward Lee received the B.S. degree
with high honors in electrical engineering and
computer science from the University of California,
Berkeley, in 1997, and the M.S. degree in electrical
engineering from Stanford University, Stanford, CA,
in 2000. Since 1997, he has been with the Computer
Systems Laboratory, Stanford University, where he
is currently working toward the Ph.D. degree.

During the summer of 1996, he was with
Hewlett-Packard Labs, Palo Alto, CA, working on

The above techniques were employed in a 4-Gb/s test link a RF switched-mode power amplifier. In 2000, he

that fits in 0.1 mm of die area, dissipates 90 mW of power, an@)

ined Chip2Chip Inc., where he develops the next generation gigabit serial link
ore. His research interest is on low-power and high-speed CMOS clocking

operates over 1 m of 7-mil 0.5-0z PCB trace. With 8 mV of minand 1/0 circuits for chip-to-chip communication.
imum resolvable swing, it also shows that the offset trimming

technique is quite effective. The technique we describe here
able a high level of I/O integration to relieve the pin bandwidt
bottleneck of modern VLSI chips.

The authors thank J. Poulton, M. Horowitz, G.-Y. Wei
K.-Y. Chang, and G. Ginis for discussions and D. Liu an

William J. Dally (M’80) received the B.S. degree
N in electrical engineering from Virginia Polytechnic
. Institute, Blacksburg, VA, the M.S. degree in
electrical engineering from Stanford University,
H Stanford, CA, and the Ph.D. degree in computer
] science from the California Institute of Technology
(Caltech), Pasadena.
He and his group have developed system archi-
h tecture, network architecture, signaling, routing, and

ACKNOWLEDGMENT

synchronization technology that can be found in
most large parallel computers today. While at Bell

J. Kim for CAD support. They also thank National Semicontelephone Laboratories, Holmdel, NJ, from 1980 to 1982, he contributed to the
ductor for fabricating the prototype Chip. design of the BELLMAC32 microprocessor and designed the MARS hardware

[1] W. J. Dally and J. Poulton, “Transmitter equalization for 4Gb/s sig h

accelerator. He was a Research Assistant and then a Research Fellow at Caltech
where he designed the MOSSIM Simulation Engine and the torus routing chip
which pioneered wormhole routing and virtual-channel flow control. While a
Professor of electrical engineering and computer science at the Massachusetts
Institute of Technology, Cambridge, from 1986 to 1997, he and his group built

REFERENCES

naling,” in Proc. Hot InterconnectAug. 1996, pp. 29-39. the J-Machine and the M-Machine, experimental parallel computer systems

[2] A. Fiedler, R. Mactagart, J. Welch, and S. Krishnan, “A 1.0625 Gbp@at pioneered the separation of mechanisms from programming models and

(3]

(4]

(5]

transceiver with % oversampling and transmit pre-emphasis36CC dempns_trated very low overh_ead mechanisms for synchror_]ization and com-
Dig. Tech. PapersFeb. 1997, pp. 238-239. munication. He has vyorked with _Cray Research and Intel_to incorporate many
C. K. K. Yang, R. Farjad-Rad, and M. Horowitz, “A 0/m CMOS pf these innovations in commerual parallel computers, Wlth A\_/|C| Sy_stems to
4Gbps transceiver with data recovery using oversamplit§EE J. incorporate this teqhnol_ogy into Interne_t routers, and with Ch|p2_Ch|p Inc. to
Solid-State Circuitsvol. 33, pp. 713-722, May 1998. bring high-speed §|gnallng technology into mainstream use. He is curre;ntly_a
R. Farjad-Rad, C. K. K. Yang, M. A. Horowitz, and T. H. Lee, “A 0.4 Professor ofelectnc_al engineering and computer science at Stanford Un_|ver5|ty
4m CMOS 10-Gb/s 4-PAM pre-emphasis serial link transmitt&EE where he _Ieads projects on hlgh-speec_i signaling, multlprocegsor architecture,
J. Solid-State Circuitsvol. 34, pp. 580-585, May 1999. _and graphics architecture. He_: has published over 10(_) papers in these areas and
L. R. Dennison, W. S. Lee, and W. J. Dally, “High performance bi-di{S @n a_uthor of_ the _textbooDlgltaI Systems Engineerin@Cambridge, U.K.:
rectional signaling in VLSI systems,” iRroc. Symp. Research on Inte- C@mbridge University Press, 1998).

grated Systemsdan. 1993, pp. 300-319.

[6] A.Chandrakasan, W. Bowhill, and F. Fd@esign of High Performance Patrick Chiang received the B.S. degree in electrical
Microprocessor Circuits New York, NY: IEEE Press, 2000, ch. 19. engineering and computer sciences from the Univer-
[7] R. Gu,et al, “A 0.5-3.5Gb/s low-power low-jitter serial data CMOS sity of California, Berkeley, in 1997, and the M.S. de-
transceiver,” inSSCC Dig. Tech. Paperseb. 1999, pp. 352-353. . gree in electrical engineering from Stanford Univer-
[8] M. Horowitz, C. K. K. Yang, and S. Sidiropoulos, “High-speed electrica 1 sity, Stanford, CA, in 2000. He is currently working
signaling: Overview and limitationsJEEE Micro., vol. 18, pp. 12-24, - toward the Ph.D. degree in the Computer Systems
Jan.—Feb. 1998. Laboratory, Stanford University.
[9] K.-Y. K. Chang,et al,, “A 2Gb/s/pin asymmetric serial link,” ifProc. In 1998, he was with Datapath Systems, Los
IEEE VLSI Circuits SympJune 1998, pp. 216-217. Gatos, CA, where he worked on an analog front-end
[10] J. Cioffi, “EE379 class reader,” Stanford Univ., Stanford, CA, 1998. for DSL chipsets. His interests are in the application
[11] Ww.J. Dally and J. PoultorDigital Systems Engineering Cambridge, of chaotic sequences to traditional spread spectrum

U.K.: Cambridge Univ. Press, 1998. systems, ultra wideband RF design, and high- speed serial links.



