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Abstract—We present a new method of latency reduction in on technologies for massively parallel optical interconnects, in-
optical interconnects: using very low duty cycle return-to-zero cluding dense integration of modulators [1] and vertical cavity
encoding (i.e., subpicosecond pulses). An analytical comparison ofg;rfgce emitting lasers (VCSELS) [2]. This might allow the use

three different receiver architectures, including transimpedance, c : . - .
integrating, and totem-pole diode pair, is presented. For all of optical interconnects in short distance inter-chip and even

three receivers, we demonstrate that using short pulses instead iNtra-chip communication. . S _
of nonreturn-to-zero (NRZ) shortens the circuit delay. We also  In connections between and within electronic chips, signal
experimentally demonstrate a~65% reduction in latency of a latency is a critical parameter in determining system perfor-

transimpedance receiver by using short optical pulses. Finally, we mance. As the complementary metal-oxide—semiconductor

show that the latency of optical interconnects can be comparable (c\0s) linewidth scales, the processor clock speed increases,

to or even less than electrical interconnects for global on-chip . o e ' . .

communication making it difficult to run an entire chip synchronously. In
other words, transferring data within a clock cycle is becoming

. L PISTTHE \ ; difficult. According to the International Technology Roadmap
(CMOS) integrated circuits, integrating receivers, latency, mul- . .
tiple quantum well (MQW) modulator, optical interconnects, for Semiconductors (ITRS) estimate [3], gate delay and local

short optical pulses, totem-pole diode pair, trans-impedance interconnect delay are being reduced as the technology is
receivers. scaling, but the delay of global interconnects with and without

repeaters is continuously increasing relative to the clock period.
The propagation velocity of global interconnects with
repeaters is a small fraction of the velocity of light (e.g., 0.1
ODERN computer processors run at the clock speedsef0.2 ¢) and is not expected to improve significantly [4]—[6].
many gigahertz but the processor to memory interfa¢®r 0.25.:m technology, the delay of global lines is less than
typically runs at only a few hundred megahertz. A key reas@nclock cycle, but for future technologies the delay will be
for this difference, and a problem for computing in generapnger than a clock cycle. If the signals can be propagated at a
is that the interface connection speeds are not able to keepsigmificant fraction of the velocity of light, (e.g»0.3 ¢), the
with the increase in the processor speeds. This is mainly lskelay in communication will be less than a clock cycle up to
cause of design issues of electrical busses and their underlying .m technology [4].
physical properties. Due to the capacity limitations of electrical It might be possible to use optics to provide communication
wires, most long distance communication is now done via opeross chips at a significant fraction of the velocity of light. For
tics. For medium distance communication, e.g., local-area neptics to be feasible, the delay in the transmitter and the receiver
work (LAN), metropolitan area networks (MAN), wide areahas to be very low, of the order of a few gate delays. The delay of
network (WAN) (about 300 m—100 km), optics is making inpropagation in optical media cannot be altered though it is rel-
roads, specifically, because only optics can support the high dataely fast ¢0.67c in glass). Transmitter and receiver circuits
rates required by these applications. At shorter distances (a @@signed in silicon CMOS are likely to keep pace with the speed
meters—few hundred meters), primarily in data links, optics &f logic operations in silicon chips as the technology scales [7].
rapidly gaining entry. Recently, a lot of research has been dond.atency is very important in optical interconnects as
mentioned by Dambrest al. [8], who show that with low
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significantly reduces the delay in routing and driving signal delay in propagation

to optical components. Kyriakis—Bitzareg al. [11], on the

basis of a realistic model in 0;8n CMOS technology, demon- = beary splitter 2\
strated that the latency of an optical link with VCSELs an

edge-emitting lasers is lower than the electrical link even f @
subcentimeter line length. -

Most previous work has looked at the latency of an optiCiransmitter

recelver

link using an NRZ data format with a VCSEL or an edge-emit delay delay
ting laser as a transmitter. The turn-on delay of lasers could a diffractive optical
significant latency, which depends on the electrical drive sign clement

strength and waveform [12]. This turn-on delay can be elim
nated by using modulators instead of VCSELSs. It is additior
ally possible to significantly reduce the latency of optical inter
connect receivers by using short pulses with modulators. T
fast optical rise time and concentration of all the energy in shor
pulses both work toward reducing the latency. Fi. 1
Short pulses provide many advantages in communications
[13], though it is important that the medium be able to sup-
port the propagation of these pulses. On electrical wires, the fte-here as multiple quantum well (MQW) diodes. A detailed de-
guency dependentlosses are very high for short pulses, and thseription of the operation of these devices is given in [19]. MQW
is substantial dispersion that spreads the pulses, making theirdisgles can act as both the modulator and the detector, depending
impractical. In optics, the losses for the entire spectrum of shet the circuit to which they are connected. These diodes are hy-
pulses are nearly constant. Also, the dispersion in an optigald-integrated to silicon CMOS chips [1] to take advantage of
medium for small distances is tolerable and does not cause s highly advanced silicon CMOS process and the good op-
nificant broadening. It has been demonstrated that use of shg#lectronic properties of GaAs at 850 nm, the wavelength of
pulses in modulator based interconnects can remove skew g@dration. In a modulator-based interconnect system, a fan-out
jitter from an array of modulators [14], provide sensitivity enelement generates multiple beams from the input beam. These
hancement in receivers [15], deliver a precise clock signal [1'leams are modulated by the reflection-modulator array and im-
and allow single source wavelength division multiplexed integged on the receiver array, where the data is recovered.

connects [18]. ALI these agl.vantages of slhprt pulses make it aryytica| interconnects have three components: the transmitter,
attractive option for short distance optical interconnects. the medium of propagation and the receiver. The transmitter can

In parallel optical interconnects, the latency is reduced by 'Be easily optimized because it essentially consists only of dig-

ducing complexity. Instead of multiplexing many data streams, components (its input is a digital logic level). For a MQW

2{:’ Z?Tg;nglétiTa?gi; Iﬁ\évezv(;ag;ﬂségU|t|§|||iv?/hs?21ni|; :gﬂ()dulator, the driver is typically an electrical buffer chain and
'9 . he g Co gy P optimization of such a circuit is outlined in [20]. The receiver,
ceiver and transmitter circuits, which in turn reduce the laten

of the link. Note that the issue in this paper is not one of t%vmg analog input, provides the largest room for improvement

total bt rae that can be supported by diferent approaches, ygh IR RS & A0E D SEE S U SR S B
is it one of the efficiency of utilization of optical bandwidth.. y P

In longer communications links, long delay is unavoidable pdIPUtS. Signal latency, here, is defined as the maximum delay be-

cause of signal propagation times and receiver latencies are Wfsten rise or fall of the input and output waveforms, measured

important. In contrast, the receiver delay (latency) in short inteft >0% of the signal amplitude.

connects can be a substantial fraction of the overall delay, which! "€ following parameter values are assumed for simulation,
in turn is very important for system performance. This papét'hich correspond to the parameters of 0428 technology in
therefore, deals with the comparison of latencies between NB#ICh the receivers were fabricated. Clock period in a given
and short pulse links in different receiver architectures throudfchnology is roughly eight FO-4, where FO-4 is the delay of
simulation and measurement, at roughly the system clock r&f inverter driving anqther inverter four times its size [5]. In
supported by the given technology. The organization of th&251m tlech'nology, this corresponds.to abputhHz clock rate
paper is as follows: the concept of a modulator-based intercéid the link is assumed to operate with this clock. Low-capac-
nect system is described in Section II. Section 1l presents sinitgnce high-responsivity photodiodes are assumed based on re-
lations of three different receiver topologies. Latency measu@lts presented in the literature [22]. (The actual diode capaci-
ment results for the transimpedance receiver are presented@ifice was higher in current fabrication, used in our experimental
Section IV. Finally, conclusions are given in Section V. results.)

e Supply voltage= 2.5 V.
e Speed of operatios 1 Gb/s.
Photodiode responsivity 0.5 A/W.
A reflection-modulator-based interconnect system is shown ¢« Number of post amplifier stages 2.
in Fig. 1. The optical devices on the chips aren diodes with « Capacitance of the diode after integratio0 fF.
quantum wells in the intrinsic region. The devices are referred  Optical pulsewidth is subpicosecond.

laser

Components of latency in a modulator-based interconnect system.

Il. SYSTEM CONCEPT
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Fig. 4. Receiver delay versus optical energy per bit for short pulse and NRZ

o . inputs, for the first-order model (lines). Corresponding SPICE simulations are
post amplifier chain denoted with “x.”

Fig. 3. First-order model of a transimpedance receiver with variable len

post-amplifier chain g(E{hired gain-per-stageal,;) is calculated for the post-amplifier

chain. Due to the finite-gain-bandwidth product, the time con-

. . stant of the stage can be deduced given the requifgd A

’ Pulsevv_ldth Of. ellectrlcal current pul;es generat(_ad fr.oFﬂst-orderestimation of latency, defined as the delay from 50%
phqtodmde_(hmned by the transit time of carriers Ir]nputchange to 50% output change, can be performed by adding
intrinsic region)= 10 ps. the time constants of all these stages. A step input simulates the

NRZ input and a 10-ps pulse simulates the short pulse input.
The following parameter values are assumed.

A. Transimpedance Receivers » Total capacitance at the input of the receivét,) =

The transimpedance receiver is the most commonly used 90 fF. )
receiver in optical communication. The first stage of a tran- * Feedback resistan¢é?;) = 5 ke2.
simpedance receiver consists of an amplifier with resistive * Outputimpedance of the amplifiefz,) = 8 k2.
feedback. This is followed by gain stages. In this paper, the * Total capacitive loading at the output of the amplifier
transimpedance receiver is based on inverters following the (CL) = 60 ﬂ:-' ”
implementation used in [23] and [24]. Fig. 2 shows a simplified * Open loop gain of the amplifigd;) = 15. 3
schematic of the transimpedance receiver. Intuitively, we would * Gain-bandwidth product of each post amplifier stage
expect to lower the latency of the transimpedance receiver by = 10 GHz. ) ) o
using short pulses, instead of NRZ signaling because, for thel he transfer function of the transimpedance stage is given by
same total energy in the bit period, a larger maximum ampli-
tude at the output of the transimpedance stage is generated His) = Vout(s) _ Ry — Ay Ry 1)
with short pulse input. This larger amplitude reduces the gain Iin(s) 14 A;+s7+5?/wd
required from later stages, hence reducing the latency. This
circuit was analyzed using the circuit-simulator SPICE, andveherer = R¢C;,,+R,Cin+R,Cr andl/wi = R¢C;,, R,CL.
first-order analytic model. The latency of the transimpedan@&ased on this transfer function, pulse and step responses were
receiver with an NRZ data format was analyzed in [21]. computed for the transimpedance stage. Energies per bit were
To understand the mechanism of latency in receivers, a sioomputed based on 1-Gb/s operation of the receiver.
plified model of the transimpedance receiver is analyzed. ThisReceiver latency with different input optical energies is
model is shown in Fig. 3. The first stage is the transimpedanskeown in Fig. 4. This result shows a latency reduction of
amplifier with a finite gain-bandwidth product. An ideal am-—~65% for large optical energies by using short pulses as
plifier with a series output impedande, (same asl/gss of compared with NRZ [25]. The results match the precise SPICE
transistors), together with the output capacitance, models thesfimulations for the transimpedance receiver. It should be noted
nite-gain-bandwidth amplifier. All the capacitances at the outptiiough, that increasing the data rate reduces the advantage
of the front-end amplifier, including the input capacitance a#f short pulses over NRZ, and in the limit when bit period is
the next stage, are combined into a single capacitance reghe same as the short pulsewidth, they both have equivalent
sented byC.. The gain stages are modeled as open loop amperformance.
plifiers with a finite -gain-bandwidth product. After computing The effect on latency by changing the number of post-ampli-
the swing at the output of the transimpedance amplifier, the ffeer stages is considered next. If the total gain needed from the

I1l. M ODELING OF THE RECEIVER
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Fig. 5. Variation of receiver delay versus number of post-amplifier stages fBig. 6. Receiver delay versus number of post-amplifier stages for different
different total gains, assuming a constant gain-bandwidth product for all stagegtical energy per bit.

post amplifier chain ist and the number of stagesis thenthe 4% — Short pulse
gain required per stage@,s = A*/"V. Due to finite gain-band- a0l o -~ NRzZ |
width product of each stage, the delay per stage (inverse of ba ve.
width) is proportional to the gain required per stage. Hence tl 4,1 Tess Treonl 3 stages ,
total delay of the chainr{) scales as Tl Tl SRR
™ 2stages = 00T T T eme=eea o
8250 :
Ta x NAYN 2 &
gzoo- 1
G decreases exponentially with the number of staje&or %
low N, the exponential decay of'/" dominates, while for a &% \ |
larger N the linear increase a¥ dominates. This behavior can i w
be seen in Fig. 5. Intuitively, for a larg€, whenN is increased 2 stages
to N + 1, the reduction in gain per stage is very small. Sinc ;| _
the reduction in gain is small, the reduction in delay per stage
also small, but because of the extra stage the total delay (whicl ¢ i i w L w w
0 50 100 150 200 250 300 350

the sum of the delays of all stages) increases. On the other he Optical energy per bit (fJ)

for a smallN, whenN is increased taV + 1, the reduction in

gain per stage is relatively large causing a large reduction in fhie- 7. Receiver delay versus optical energy per bit for 2 and 3 post-amplifier

delay. Even with one extra stage, the overall delay is reduc8f§9®*

This implies that there is an optimal number of post-amplifier

stages to minimize latency. per bit, there is an optimum number of stages to minimize la-
The receiver delay versus the number of stages for differdRf'CY, which may not be the same for short pulses and NRZ

input optical energies per bit is shown in Fig. 6. This plot foll"Put. For reasonable pulse energies, as a rule of thumb, the la-

lows the same pattern as in Fig. 5. For optical energy aroutfficy is minimized by using somewhere between two to five

100 fJ, two or three stages of post-amplifier minimizes the |[Rost-amplifier stages. Latency measurement results for this re-

tency of the receiver. The calculated receiver latency versus &§iver are given in Section IV.

tical energy for a two-stage and a three-stage post amplifier_is . .

shown in Fig. 7. This figure illustrates that as the pulse ener§y Integrating Receiver

is increased, the amount of gain required reduces, causing th€ig. 8 shows the circuit schematic diagram of the integrating

delay to be minimized by a lower number of stages for a pulseceiver front-end. The architecture of this integrating receiver

energy higher than a certain crossover pulse energy. Crossagdrased on a strongarm latch [16]. This receiver regeneratively

occurs at~70 fJ for NRZ in this figure, but for short pulses thisamplifies the differential input to generate logic levels. It in-

crossover occurs below the plotted optical energies. tegrates the input photocurrent for half a cycle and for the re-
In this section, we saw that by using short pulses the latencynmaining half cycle it evaluates based on integrated charge. The

the transimpedance receiver can be reduced by more than 603tput of this front-end is valid for half the cycle and for the

compared with using NRZ data. The results of the first ordether half it is set to the supply voltage. A set-reset (SR) latch

model and SPICE simulation match very closely. By using the used to convert this output to a valid output for the entire bit

first order model, it was also concluded that for a given energeriod.
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Fig. 9 illustrates the timing for the integrating receiver. In thi T
receiver, the latency is a function of the total integrated charg t,, =T/ tsp
A typical integration period is half of the clock cycle. If the en:
ergy is spread over the entire bit period, as in the case of NF
the latency is equal to the integration period (half of the bit pe-
riod) plus the time to resolve the logic level (at any bit rate)-"ig. 11. (a) Schematic of the totem-pole diode pair receiver connected to the
Changing the duty cycle from 50% leads to a tradeoff of enighimpedance input of an inverter buffer. (b) Timing diagram at node “in” with
ergy and latency. Reducing the integration period reduces MRZ and short pulse input.
tency but increases the required optical energy per bit, while
increasing the integration period has the opposite effect. In #gsults, the total latency of the receiverid 50 ps for 50 pJ of
case of short pulses, the pulses can arrive at the end of thefiHlse energy. At 1 Gb/s operation, the latency of the receiver is
tegration period and transfer all of the energy in an instant. A900 ps+ 150 ps= 650 ps with NRZ input, while it is 150 ps
seen in the figure, the latency with a short pulse can be as |6 short pulse input as shown above. Thus, the latency of this
as the evaluation time. For a practical system, there needs td@eeiver is also significantly reduced by using short pulses.
some timing margin to account for the jitter and other variabilit
in the system.

This receiver operates on the principle of positive feedback,Very low latency at the expense of larger optical power
hence itis very sensitive. The evaluation time of this receiver dean be achieved by using a diode pair connected in the
pends logarithmically on the amount of integrated charge. Rmtem-pole configuration as shown in Fig. 11. This design
modeling this receiver, the parameter values of the Q&b is effectively eceiver-less (“recless”) as there is no voltage
CMOS technology were assumed so that the results coulddmplifier involved. Removing amplifier stages can not only
compared with the transimpedance receiver. A SPICE simuladuce the delay of the receiver but also eliminate skew and
tion of the latency of the entire integrating receiver circuit (injitter introduced by these stages. By reducing skew and jitter,
cluding the SR latch) is plotted in Fig. 10. According to thesa very precise optical clock can be injected with short pulses

NRZ input short pulse input
(b)

¥:. Totem-Pole Diode Receiver
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as mentioned in [17]. Elimination of amplifiers also allows to }\
deliver very fast edges through this “receiver,” which can b¢pump
utilized for characterizing high speed signals on-chip. beam |> .
This “receiver” needs to be connected to a high impedancy,,j,,ce 5410 510 Hao O™
such as the input of a buffer, where the charge is integrate beam s
Here the input capacitance is charged to the supply rails L L]
providing sufficient optical energy. The optical energy requirec Ttune

to charge the node “in” to the supply rails is a linear func-
tion of the front-end capacitance, which is typically dominatec
by the photodiode capacitance. If the total capacitance at tt
node “in” is Cj, and the total voltage swing required s,
then the total charge requireds,; = Ci,Vsyp- FOr a photo-
diode responsivityz, the minimum optical energy required is P;ZET —
E,pt = CinVeup/R. This optical energy can either be delivered
in a very brief period or it can be spread out over the entire b 9030 30:10
period (). If the input to this receiver is NRZ data with the
minimum required pulse energy, the input node will reach hal Modulator
of the supply voltage in half a cycle,{, = T). If short pulses driver
are used, instead, the input node will be charged quidk]y,( Fig. 12. Receiver-transmitter module used for testing latency via the
limited only by the carrier transit time in the intrinsic region opump-probe method. The numbers shown here are the sizes of PMOS and
the diode. The timing diagram in Fig. 11 shows the charging YOS transistors i\, whereA = 0.2 um.
the input node with NRZ and short pulses. ) ] o

If the flip-chip bonded photodiode capacitance is 40 fF arfiscribed in detail in [26]. Short pulses 150 fs) generated
the responsivity is 0.5 A/W, then for a total capacitance of 90 fitom a Ti: sapphire modelocked laser at 850 nm were used for
(i.e., assuming a buffer capacitance~ef0 fF) the optical en- the pump and probe beams at 80 MHz (limited by the repetition
ergy required to charge the input node by 2.5 V (i.e., the supgBte of the laserPump beanand a cw laser output dmlance
voltage for 0.25:m CMOS technology) is 450 fJ. At 1 Gb/s thisbeamwere incident on the differential diode pair at the receiver
translates to 45QW of optical power. This is a relatively largeinput. The pump beam excited the receiver, while the balance
amount of power, which may make practical use of this receivieeam brought the receiver back to its original state over time. A
difficult. In specific applications, though, this might be an acmodulator driver was driven by the output of the receiver. The
ceptable power level. By using a metal-semiconductor-metaltage output of the modulator driver was sampled optically
photodiode, or a silicon photodiode in a silicon-on-insulatagith a probe beanat the same rate as tpemp beamVarying
process, the photodiode capacitance can, however, be I’eduﬂ@delay between pump and probe beam mapped the response
which can reduce the optical energy required. Forarillong  of the transceiver pair. Since the optical pulses were only 150 fs,
intrinsic region, the carrier transit time is roughly 10 ps, whicByppicosecond resolution could be achieved in measurements.
determines the latency with short pulses in this receiver. By The measurement of latency for NRZ data was performed on

comparison, for 1 Gb/s operation, the latency with NRZ dag gitferent setup, because the delays were much larger. They

and minimum optical power will be 500 ps. Hence, this receivglara qone using a high speed detector (2.5-GHz bandwidth),

gives the minimum latency with short pulses of all three rey, yiractly evaluating the waveforms on an oscilloscope. The
Cevers studied here, though the amount of optical energy t&ceiver was designed to operate at 1 Gb/s, but since the rep-
quired can be much larger. etition rate of the short pulse laser was 80 MHz, all the mea-
surements were done at 80 Mb/s. Measurement results were ex-
trapolated to 1 Gb/s for both NRZ and short pulses. For a given
receiver design this does not change the latency, which is the
primary concern of this paper. Additionally, the optical energy
The results in the earlier section predict that receiver latenpgr bit reduces proportionally with the speed of operation for
can be significantly reduced by using short pulses. To verifyRZ data for a given latency, while it remains constant for short
this concept, the latency of the receiver-modulator drivpulses. This implies that increasing the bit rate works in favor of
pair was measured experimentally. Circuits were fabricated NRZ. In the limit of the bit period equal to the short pulsewidth,
0.254:um standard CMOS technology, and the optical devicelspth data formats are equivalent. Here, we assume the opera-
MQW diodes, were flip-chip bonded on these circuits. Thioon of the link is at the system clock rate supported by Q.26
active area of these diodes was;2@ x 20 um. The schematic process, i.e., 1 Gb/s. The latency of an entire interconnect can
of the transmitter-receiver circuit is shown in Fig. 12. A PMO®e easily computed by adding the delay of signal propagation to
transistor act as the resistive feedback element. By varying the measured latency of the transceiver pair.
voltage at node “tune,” the resistance value can be changedrig. 13 shows the measured values of latency for NRZ and
Node “tune” was kept at 0 V for latency measurement. Ashort pulses for the circuit in Fig. 12. These results match the
optical pump-probe setup was used for measurement, whiclSBICE simulations of the circuit reasonably well. It is evident

)2

Receiver - Buffers

IV. MEASUREMENT OF THE TRANSIMPEDANCE
RECEIVER LATENCY
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» measured NRZ TABLE |
- - simulated NRZ RECEIVERLATENCY WITH NRZ AND SHORT PULSE INPUTS
a 2 * + measured SP
I * — simulated SP
E; N x ST Receiver type NRZ delay | short pulse delay
K B *ox
3 RN (ps) (ps)
d>) 1.5, - ~ N2 - . e . . N - -
s Teell Transimpedance 340 120
2 Integrating 650 150
3 1r ]
g Recless 500 10
E': \4\
>
§ 0.5 * r ¢ _
o encoding. Table | summarizes the results of the receiver la-
tency simulation. A “recless” receiver with short pulses has the
0 . ‘ shortest delay, but at the expense of optical power. The optical
10’ 10° 10° 10 power required depends on the photodiode capacitance. The

Optical energy per bit (fJ) . . . .
transimpedance and integrating receivers have nearly the same

Fig.13. Comparison of the latency of the transimpedance receiver-transmit@tency with short pulses.
module with short pulse and NRZ inputs. The effects of various parameters on the latency of the
transimpedance receiver by using a simplified model were

that short pulses reduce the latency of the transceiver pair cd#scribed. It was shown that the number of stages required
pared with NRZ input by a very significant amount, as predictd@ minimize the latency depends on the input optical energy,
by the simplified modeling in Section IIl. In these measuréd-e., as the energy per bit is increased, the optimal number
ments, the diode capacitance wag60 fF though the circuits of stages reduces. Finally, experimental measurements on a
were designed to drive lower capacitance. This capacitance #@nsimpedance receiver demonstrate latency reduction by
be easily reduced to less than 50 fF by improved fabricatiéhore than 50% using short pulses, verifying modeling and
techniques and using smaller devices. Lower capacitance &Hgulation. With the same optical energy per bit, short pulses

optimized circuit will reduce the latency further. substantially reduce the latency for a given transimpedance
Measurements of latency of a transimpedance receiver impi€sign compared to NRZ.
mented in bipolar techno'ogy were presented by W|em Th|S Work iS an |n|t|a| Study Of the use Of Short Optica| pu|seS

[27]. The overall delay of their receiver was 1.5 ns at 1-Gb/s off? reduce latency in optical interconnects. Short pulses hold a
eration. The latency measured with NRZ data here for the traiy@st potential in optical interconnects. The availability of com-

ceiver is of the same order, though the latency is much low@ct high-speed mode-locked lasers, packaging, and the cost are
with short pulses. the current challenges in making a viable intrachip and interchip

optical interconnect system. With further advances in optical de-
vices and integration technology it might be possible to have
V. CONCLUSIONS AND DISCUSSION low latency optical interconnects using short pulses for on-chip

Chip sizes are expected to increase modestly with future gecrg)_mmunlcatmn.

erations, and will remain around 2 cm on a side. Assuming a
global interconnect of 2 cm the latency of a repeatered elec- ACKNOWLEDGMENT

trical line is~330 ps (at 20% of the velocity of light) [4]. For h h Id lik hank Kovic f
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short pulses. It is even possible to have less than 70 ps of re-

ceiver latency by using the “recless” receiver. Thus, this shows
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