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Abstract 

A short pulse based optical link was demonstrated. It was shown that the short pulse link 
can remove up to half a bit of skew and jitter from the transmitter. Optoelectronic devices 
were fabricated and integrated to silicon chips in-house. A first generation wavelength 
division multiplexed optical link with short pulses was demonstrated and a second 
generation wavelength division multiplexed optical link system is described. Results are 
also shown for the testing of individual circuits and devices. 
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I. Introduction 
Optical interconnects are gaining wide acceptance for links longer than a few meters. The 
throughput, the latency, and the power consumption of the existing links need to be 
improved to support the requirements of the current systems. Wavelength division 
multiplexing (WDM) can potentially increase the total throughput in a single fiber while 
eliminating the need for high-speed electronics. The latency of the link can also be 
reduced by using WDM. 

The goal of this work is to demonstrate a chip to chip link using wavelength division 
multiplexing based on short pulses. Traditional WDM systems use a separate laser for 
each channel. The wavelength of each laser must be stable, which requires complex 
monitoring and control. In the present work, we use the large bandwidth of short pulses 
to generate multiple wavelength channels. GaAs based optical devices are hybrid 
integrated on silicon CMOS (complementary metal oxide semiconductor) circuits in large 
arrays. Details of the devices and the integration scheme are given in the next section. 

II. Devices for Optical Interconnects 
The optical device used in this project is ap-i-n diode with quantum wells in the i region. 
The structure of this diode is shown in figure. 1. The main advantage of this structure is 
that it can be used as both a modulator and a photodiode. 

quantum 
wells 

p-contact 

as mirror 

n-contact 

Indium bump acting 

Figurcl: GaAs modulator, in which absorption is modulated by changing the voltage V 

As a modulator, this device works on the principle of the quantum confined stark effect; 
That is, the absorption peak can be shifted by changing the voltage across the device. A 
laser beam incident on the device is reflected by the indium bump, that acts as a mirror. 
By changing the voltage across the diode, the state of the device is changed from 
absorbing to non-absorbing for the incident wavelength modulating the incident light 
beam. This effect is illustrated in figure.2. If the diode is connected in such a way that the 
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voltage across it can be changed, it acts as a modulator. If it is connected with a constant 
reverse bias, the device acts as a photodiode. 

Wafer 646: Absorption vs. Wavelength 

4000 

840 650 B60 

Wavelength (nm) 
670 680 

Figure 2: Plot of the absorption spectrum of modulator at different voltage bias 

In these experiments, the voltage swing used across the modulators is 3V. The ratio of the 
reflected light intensity for the two voltage levels is approximately 2:1. To improve the 
performance of the circuits, the modulator is used in a differential manner, effectively 
doubling the swing. 

III. Hybrid Integration 
Silicon foundries are very advanced and the cost of fabricating circuits in silicon is very 
low. The optical devices, however, cannot be fabricated in silicon. One would like to 
grow GaAs devices monolithically on silicon, but for various reasons this is not currently 
practical. First, due to the lattice mismatch at the boundary of GaAs and silicon, many 
defects are introduced. Second, introducing GaAs in a well established silicon foundry 
may be unacceptable due to contamination issues. To take advantage of the advanced 
silicon circuits as well as the optical properties of GaAs devices, a technique called 
"hybrid integration" can be used. In this technique silicon circuits are fabricated 
separately from GaAs devices and they are integrated later. The process of hybrid 
integration is also referred to as flip chip bonding. Figure 3 shows a cartoon of the flip 
chip bonding process and figure 4 shows the bonded devices. Hybrid integration reduces 
the capacitance of the devices seen by the circuits, improving their performance. Very 
high yields have been demonstrated for hybrid integration. 
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Silicon CMOS chip with gold bonding pads 

optoelectronic chip witn indium tlip-chip bumps 

Figure 3: Flip chip bonding of silicon circuits to GaAs devices 

•2 um 

Figure 4: Optical device flip chip bonded to silicon circuit 

IV. Baseplate Test Setup 
Before a full system demonstration of the WDM system, the circuits and integrated 
devices were tested on slotted stainless steel baseplates. The advantage of this system is 
easy reconfigurability. Easy reconfiguration allows multiple small demonstrations 
leading to a better design of the WDM system. 

Figure 5 shows a picture of the chip to chip test setup using baseplates. A laser beam is 
split into multiple spots by a spot array generator. These spots are modulated by a row of 
modulators on the chip. These modulated data beams are then imaged onto the receiver 
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chip where the detected data is converted to CMOS logic levels, then retransmitted on a 
neighboring modulator. This modulator state can be read out by another laser beam to 
compare the data with the original data to check for transmission errors. An eye diagram 
at the output of the receivers can also be generated. This method of read out eliminates 
the need for high-speed electrical pins. 

Figure 5: Chip to chip interconnect on slotted stainless steel baeplates 

V. Short pulse-based WDM optical interconnect 
The schematic in figure 6 shows de principle of operation of the WDM system. Short 
optical pulses (100 femtoseconds), generated by a Ti:Sapphire mode-locked laser, are 
dispersed by the grating into a wavelength spread in space. A lens collimates the different 
wavelengths, which are then incident on the array of modulators. Each modulator 
modulates a small band of wavelengths. The separation between modulators corresponds 
to the guard band between channels. The modulated light is reflected back to the grating 
where it is again combined into a single beam. A single mode fiber transports this beam 
to the destination. A grating again disperses the beam into a spatial wavelength spread. 
The modulated channels are put on the corresponding receiver diodes. Received data is 
converted to a full logic swing by the receiver. 

Advantages of using short pulses in the system are enumerated below: 
1.   Short pulses provide a single source for different wavelength channels. Unlike 

traditional WDM schemes where different lasers generate different wavelengths, the 
channel separation is determined by the modulator spacing. The need of a careful 
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monitoring to maintain the right wavelength spacing is eliminated by using short 
optical pulses. 
Optical pulses are much shorter than the electrical bit period, and they effectively 
sample the data on the modulator. Skew and jitter between different channels on the 
transmitter side can be ehminated if the pulses sample the data in the center of the bit. 
This demonstration is shown in the next section. 
Short optical pulses improve the performance of the transimpedance receiver by 
enhancing its sensitivity. 

4. Latency in the receiver can possibly be reduced by using short optical pulses because 
all the energy is dumped in a single instant. This contrasts the standard approach, in 
which the slow rising edges of the non-retum to zero data, take longer to charge the 
internal nodes of the receiver. 

5. Short pulses can be used to deliver a precise clock synchronized to the data. 

2. 

3. 

Tx chip 
gratings 

Rxchip 

fs pulse 

readout 
beam 

Figure 6: Schematic representation of WDM optical link 

First generation WDM link 

The first generation silicon chips were fabricated through MOSIS and the optical devices 
were integrated by Lucent Technologies. The chip was fabricated in 0.5um technology. 
The layout of the silicon CMOS chip is shown in figure 7. The chip has a 1x20 array of 
modulators driven by a pseudo random data generator. Modulators are connected in a 
differential fashion and two modulators define a channel. Transimpedance receivers were 
placed on the chip to receive the data. The chip also consists of a bit error rate tester 
utilizing the knowledge of the logic used in the pseudo random data generator. Two 
receivers are connected to the bit error rate (BER) tester. This tester did not function on 
the chip and direct bit error rate measurements could not be done. However, the output of 
the receivers is connected to a modulator, and received data could be verified by optically 
reading the state of the modulators. 
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The optical setup for the link is shown in figure 8. Spindler and Hoyer components were 
used to assemble the setup. There were a few problems with the design of the setup: 

bit error 
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decoder 
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bit error  ^„*- 
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circuit #1 

rece;Y9r/ 
transmitter 
tes* circuits 

receiver/ 
transmitter 

arrays 
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spacing 125 pm) 

opto- 
electronic 

test circuits 

Figure 7. Layout of the first generation silicon chip 

Figure 8. Optical setup of the first generation WDM link 
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1. Components were mounted at a height on thin rod structures and they were 
susceptible to mechanical vibrations. 

2. Any vibration causing angular variation in the grating was magnified causing the spot 
to move off the optical components. 

3. Losses in the system were too high to make the entire link work with the fiber link. 

Second Generation WDM 

The optical setup for the second generation link was designed with stability and the 
reduction of losses as the main criteria. The entire design was done with baseplates. The 
grating used in this setup is a gold-coated echelle grating, with 1200 lines/mm. This 
grating is used in littrow configuration. 

interconnect 
beam 

Figure 9. Schematic of the receiver side of the second generation optical setup using baseplates 

Figure 10. Picture of the second generation optical setup 
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The silicon CMOS (complementary metal oxide semiconductor) chip for this setup was 

\m M. m ■ n n m ■ ■ m ■ 
' . run 

Controlled 
noise generator 

BER tester 

PRBS 
generator 

transceiver 
arrays 

Figure 11. Layout of the second generation silicon chip 

designed to rectify errors in the earlier jchip and to incorporate more functionality. This 
chip was also fabricated in 0.5u,m CM0S technology through MOSIS. Like the earlier 
chip, this chip also has a pseudo random bit sequence (PRBS) generator driving an array 
of modulators. There are two arrays ipf receivers to be operated with the array of 
modulators (figure. 12 shows the schematic of these receivers). 

I 
Yäipply 

out .out 

]r-:— 
in 

clt H[ 
(a) 

Figure 12. Schematic of (a) sense-amp receiver (b) transimpedance receiver 
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One array consists of transimpedance receivers and the other array consists of sense 
amplifier receivers. There are noise generators on this chip to evaluate the receiver 
performance penalty with the injection of substrate noise. 

Both the optical device fabrication and 
approach similar to the earlier work dor 

iybrid integration were done at Stanford, using an 
e by Lucent Technologies. 

VI. Demonstrations and Results 
The first generation receivers w^e tested for their performance. The operation of the 
transimpedance receiver at 700Mb/s is shown in figure 13. The input data was a random 
sequence modulated in non-return to zero (NRZ) format. Random data modulated with 
short pulses generated the eye diagram jshown in figure 14. Since the repetition rate of 
the short pulse laser is 82 MHz, receivers were limited in operation to that speed. 
Although, as evident from NRZ operation, the receivers are capable of operating at 
700Mbps. 

Figure 13. Eye diagram äom eil receiver circuit operating at 700Mb/s, 
measured by optically reading outj a modulator driven by the receiver circuit 
output. Data is from a pair of modulated CW lasers. 
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Figure 14. Eye diagram from a receiver circuit operating at 82 lAb/s, measured by 
optically reading out a modulator i|riven by the receiver circuit output. Data is 
from a short pulse laser. 
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Skew and jitter removal 
Reading out the state of the modulated with short optical pulses can remove up to half a 
bit period of skew or jitter. This concep: is illustrated in figure 15. As shown in figure 16, 
with the introduction of up to ± 3/8 hit of jitter on the electrical input of a modulator 
channel, we see that the jitter is transft rred to the receiver when using a cw laser-based 
interconnect. However, when we use a short optical puls^. (temporally centered in the 
electrical bit), all the jitter is removea. Li both cases, a cw laser is used to read the 
channel state at the receiver chip. The receiver output circuitry is neither clocked nor 
latched, so the receiver output can be sleen to relax to the off state with a characteristic 
time constant. 

electrical in 
signals ti 

modulate 

)Ut 

short pulse readout 

Figure 15. Conceptual illustration bf modulator skew and jitter removal using short 
pulses with a.mlbdulator-based interconnect 

Figure 16. Demonstration of jitter removal from a single interconnect channel, at a clock 
rate of 82 MHz. Upper trace is the electrical input signal; lower trace is the receiver 

circuit optical readout 

i 
i 
i 

Electrical data signals can be simultaneo isly applied to multiple transmitter channels in 
the array. Figure 17 shows the modulator: outputs from two of these channels, which are 
skewed by 3/8 of a bit relative to one another. We monitor one reflected beam from each 
differential pair, first for the cw and then the short pulse interconnect. While the inter- 
channel skew remains for the cw-based i taerconnect, the short pulses effectively remove 
all skew. 
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Figure 17. Transmitted signals from two chanrn 
by 3/8 of a bit. Readout is performed with (a) a 
the use of the short optical pulses. 

.(b>: 

I 

U 1 
I 

ils operating at 82 MHz, whose electrical inputs are skewed 
JW laser, and (b) a short pulse laser. Skew is removed by 

Operation of the first generation WDM system 
The operation of a section of the transmi tter array is shown in figure 18. 

Reflected 
Intensity 

(normalized) 

modulator array 

Figure 18. Measured reflected signal frcjm the transmitter array at two different 
instances, represented by red and blue, j 

ii 
j! 

First generation WDM system had high losses and the link could not be operated with the 
fiber. Using free space medium, the link 
is shown in figure 19 

?TnP 

was operated at 20 Mbps, and the performance 
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Lolor 3Mde  is.enabled... 

Figure 19. Receiver eye with optical readout while running the entire WDM system at 20MHz 

Second generation WDM link 

The optical setup for the second generation link is ready and the chip testing is currently 
in progress. The new system is more stable and is designed for lower losses. It is 
expected that the complete system will b; demonstrated soon. The functionality of the- 
silicon chip is verified and most of the digital circuits are performing as expected. 

VII. Conclusions 
The first generation wavelength division 
optoelectronic   devices   for  the   first 

multiplexed optical link was demonstrated. The 
generation chips were fabricated by Lucent 

Technologies. Due to the high losses, the system demonstration was limited to 20 Mbps. 
The skew and jitter removal was demo|strated with short optical pulses using chip to 
chip optical link on slotted stainless steel baseplates. The receivers were operated up to 
700 Mbps. The second generation optical setup is designed for lower losses and more 
stability. The functionahty of digital circuits on the second generation silicon chip is 
verified. The optoelectronic device fabrication and the hybrid integration to the second 
generation silicon chip are done at Stanford. 
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