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ABSTRACT
The Ultra-performance Nanophotonic Intrachip Communication (UNIC) project aims to achieve unprecedented highdensity, low-power, large-bandwidth, and low-latency optical interconnect for highly compact supercomputer systems.
This project, which has started in 2008, sets extremely aggressive goals on power consumptions and footprints for
optical devices and the integrated VLSI circuits. In this paper we will discuss our challenges and present some of our
first-year achievements, including a 320 fJ/bit hybrid-bonded optical transmitter and a 690 fJ/bit hybrid-bonded optical
receiver. The optical transmitter was made of a Si microring modulator flip-chip bonded to a 90nm CMOS driver with
digital clocking. With only 1.6mW power consumption measured from the power supply voltages and currents, the
transmitter exhibits a wide open eye with extinction ratio >7dB at 5Gb/s. The receiver was made of a Ge waveguide
detector flip-chip bonded to a 90nm CMOS digitally clocked receiver circuit. With 3.45mW power consumption, the
integrated receiver demonstrated -18.9dBm sensitivity at 5Gb/s for a BER of 10-12. In addition, we will discuss our
Mux/Demux strategy and present our devices with small footprints and low tuning energy.
Keywords: Optical interconnect, silicon photonics, high performance computing (HPC), optical transmitter, optical
receiver, wavelength-division multiplexing (WDM), Si ring resonator, hybrid bonding

1. INTRODUCTION
In the recent several decades, computing technology has made tremendous progress in the benchmark performance, such
as gigaupdates per second (GUPS) and global fast Fourier transforms (FFT). The progress can be mostly attributed to the
following three factors: 1) faster transistor, 2) more advanced design, and 3) more transistors in the system. These factors
have resulted in several orders of magnitude increase in the computer clock frequency, and led to the modern computer
processor chips with multi-core, multi-thread, and heavy on-chip cache. Behind the above progress was the everadvancing manufacturing technology [1]. By shrinking the transistor size, not only the transistors are made faster, but
also more transistors are packed into a single processor chip.
However, nowadays the manufacturing technology is approaching the physical limits; device size scaling alone can no
longer provide exciting improvement to the computing performance. The slowdown of device scaling not only saturates
the clock frequency, but also makes the further increase of transistor count very difficult. In order to significantly
increase the transistor count, one has to either increase the processor chip size, or use multiple processor chips in the
same system. Unfortunately, significantly sizing up the chip is economically prohibitive due to unacceptably lower yield
and higher manufacturing cost. On the other hand, using multiple processor chips encounters another daunting challenge
- the inter-chip communication. The traditional way is to assemble multiple, often separately packaged, processor chips

on a printed circuit board (PCB), and use wire-bonding and solder balls to connect the chip I/O pins to the PCB. Since
such I/O pins and paths are bulky, power-hungry SerDes (serializer/deserializer) circuits often have to be used to
increase communication bandwidth over a limited number of I/O, which may result in orders of magnitude higher power
consumption than on-chip wires. Since the inter-chip high-speed signals have to travel through the lossy transmission
lines on PCB, the communication distance is limited to a few inches for 10 Gb/s signal, and the distance limit drops fast
when the signal speed gets higher, unless some power-hungry equalization circuit is used.
A better way for co-packaging multiple chips is to use 3D stacking combined with through-silicon vias (TSVs), which
can significantly reduce the inter-chip communication distance and allow much higher I/O density [2-4]. Power-hungry
SerDes and equalization circuits can be avoided. Miniaturized multi-chip packaging using this approach is achieving
remarkable success in the wireless IC industry. However, the tough thermal management in 3D stacking limits its
capability for co-packaging large number of high-power chips (such as processor chips).
Another recently emerged approach is to use proximity coupling, such as capacitive coupling [5]. This approach is based
on the fact that high-speed signal can travel through closely placed tiny metal pitches (with high capacitance), and suffer
very little signal loss and distortion. This effectively extends on-chip wires across multiple chips, and enables highdensity, high-speed and low-power interconnects together with chip reworkability (since no soldering is involved).
Using this approach, many processor chips can be placed in a 2D-grid configuration, and the adjacent chips can be
interconnected with overlapping facing-down ―bridge‖ chips. However, in spite of so many advantages, a large
multichip system using proximity coupling would suffer from long message latency [6]. This is because 1) standard onchip wires propagate at only 5% to 10% the speed of light [7], and 2) communication between far away chips must go
through multiple other chips. This long message latency will penalize the system performance. In addition, the long
travel distance results in large capacitance of on-chip wires, which adds power consumption and limits signal speed.
It is now widely recognized that optical interconnect could be the ultimate solution to removing the inter-chip
communication bottleneck for high performance computing (HPC) systems using many processor chips [8-11]. True
speed-of-light communication and point-to-point communication network can effectively reduce message latency; while
wavelength-division multiplexing (WDM) can offer unmatched bisection bandwidth. Among different optical solutions,
Si photonic links are especially attractive owing to 1) compatibility with CMOS fabrication process, and 2) compact and
low-loss Si optical waveguide due to high refractive-index contrast between Si and SiO2. With closely integrated
electronics, Si photonic links can potentially offer huge advantages in achieving small footprint, low power, and low
cost. Furthermore, optical proximity communication allows multiple chips to communicate without soldering, which
enables reworkability for high system yield [12].
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Figure 1. Power consumption targets in the UNIC project. Different colored areas represent portions for different
components; the top curve represents the power consumption of the entire photonic link (including the transmitter
and receiver circuits), which scales down to 300 fJ/bit in year 2012.

In 2008, DARPA announced its funding to the Ultra-performance Nanophotonic Intrachip Communication (UNIC)
project. This project aims to achieve unprecedented high-density, low-power, large-bandwidth, and low-latency optical
interconnect for highly compact supercomputer systems. It sets extremely aggressive goals on power consumptions and

footprints for optical devices and the integrated VLSI circuits. Figure 1 shows the power consumption targets for this
project. The power for the entire link, including the VLSI circuits in the transmitter and the receiver, exponentially scales
down to 300 fJ/bit over 4 years. Compared with the tens of pJ/bit power consumption in a state-of-the-art optical
transceiver, this represents a ~100X improvement. The different colored areas in Figure 1 represent power portions for
different components. The ―photon loss‖ portion represents the consumption of laser power in the link (external laser is
assumed in this project). For example, in 2012, each wavelength channel will have 1mW laser power at the beginning of
the link with a data rate of 15 Gb/s, hence the photon loss will be 67 fJ/bit. This part of power consumption becomes
significant after other power consumptions are aggressively scaled down. To maintain a closed link with minimum
photon loss, it requires excellent performance of all the components in the link, including low loss, high extinction ratio,
low jitter, and high receiver sensitivity.

2. INTEGRATION OF ELECTRONICS AND PHOTONICS
One of the most attractive attributes of Si photonics is that it can be monolithically integrated with VLSI electronic
circuits that are needed in a photonic link. These circuits may include modulator driver, transimpedance amplifier,
control/tuning circuits, and some other signal conditioning circuits. Such monolithic integration can potentially save
manufacturing cost, reduce electrical parasitics, and provide more system design flexibility. Monolithically integrated
electronic and photonic circuits using slightly modified mainstream CMOS fabrication foundries have been developed
by several companies [13]. A drawback of monolithic integration is that it may not have the best-in-breed electronics and
photonics since they would prefer different manufacturing platforms. For example, state-of-the-art CMOS circuits are
now popularly built on bulk Si substrates; while photonic devices normally require SOI substrates for optical
waveguides. Finding an innovative technique to monolithically integrate the best-in-breed electronics and photonics is a
challenge that is being actively tackled [14].
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Figure 2. (a) Illustration of flip-chip hybrid-bonding. (b) SEM of a microsolder bump on top of a UBM pad.

In the UNIC project, Sun team collaborates with multiple partners for developing different devices required in the link.
Each partner uses a different fabrication platform. Therefore monolithic integration of photonics and electronics in this
project is not practical. In order to still demonstrate ultralow-power and high-performance Si photonic transmitters and
receivers, we have developed a flip-chip bonding technique with very low electrical parasitics. Figure 2(a) illustrates
such bonding technique. To bond a photonic chip with a VLSI circuit chip, both chips are first processed to add underbump-metallization (UBM) on their respective bonding pads. The UBMs serve as both strong adhesion layer and
diffusion barrier, and they enable low-resistance contact from microsolder bump to the aluminum pads. The microsolder
bumps are fabricated on the UBM pads of one of the two chips. Figure 2(b) shows an SEM picture of such a microsolder
bump. It is a metal alloy with ~18 m footprint and a crown shape of several micrometers tall. The two post-processed
chips are then flip-chip bonded together by thermocompression, which results in extremely small chip-to-chip
separation. During this process the crown-shaped microsolder is compressed and embedded into the UBM pad of the
opposing chip, resulting in extremely small resistance. We have measured <0.1 resistance for each bonding site. The
parasitic capacitance due to bonding depends on the pad size. It is estimated to be 20-30 fF with the current 30 m pads.

As the footprint of the microsolder bumps can be scaled down to several micrometers, the bonding pad size can
potentially be scaled down to ~10 m range, and the resulted capacitance can be ~10X smaller.
To facilitate the tests, the hybrid-bonded chips are die-attached and wire-bonded to a PCB board for power, control, and
high speed digital I/O connections. A photo of the complete assembly is shown in Figure 3. In this picture, the top bigger
chip is a photonic chip, which is facing down and bonded to the bottom VLSI chip. The bottom surface of the VLSI chip
is attached to the PCB using epoxy, and the VLSI chip is electrically connected to the PCB by wire-bonding. The
photonic chip could have modulator or photodetector devices from one of Sun’s partners. The VLSI chip, which is
fabricated using TSMC 90nm CMOS technology, contains many copies of modulator driver and receiver circuits
custom-designed for each partner’s devices. It also has on-chip digital buffers and clock distribution. The modulator
driver and receiver circuits can each be activated individually by a software control accessed via a graphical user
interface on a computer. The computer software talks to the PCB through a JTAG interface.

Figure 3. Photo of a hybrid-bonded photonic chip and VLSI chip wire-bonded to a test PCB board.

3. THE OPTICAL TRANSMITTER
3.1 Transmitter power consumption
An optical transmitter normally consists of an optical modulator and a modulator driver. Its power consumption includes
the power dissipated in both parts. The following equation represents a complete consideration for the transmitter power
consumption:
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The first two terms are the power dissipated inside the driver circuit. This is the dominant part of the power consumption
in almost all of the transmitters with external laser. It requires aggressive circuit designs and careful margining to
minimize the power dissipated inside the driver circuit. In some cases, pre-emphasis circuit is used in order to reach
higher modulation data rate [15], which may result in significant extra power consumption.
The 3rd term in equation (1) is due to the modulator biasing with non-zero voltage, which often causes DC current flow.
The modulator bias voltage is the DC part of the voltage applied across the modulator. For example, when a high-speed
voltage swing from 0V to 2V is applied across the modulator, the DC bias is 1V. Some modulators may require
additional bias voltage for optimized performance. The bias current may be caused by the modulator diode structure,
such as leakage current in a reverse-biased PN (or PIN) diode, or diffusion current in a forward-biased PIN diode. It can
also be caused by photocurrent in an electroabsorption modulator. This part of power consumption can be pretty
significant in some cases. For example, in case of a modulator with forward-biased diode, if the bias voltage is set at 0.5
V with a DC current flow of 2 mA, it results in 1 mW power consumption; in the case of an electroabsorption modulator,
if the bias voltage is set at 2 V with a photocurrent of 0.5 mA, it also results in 1 mW power consumption. This term

alone can be 100 fJ/bit at 10Gb/s data rate, which must be taken into account. On the other hand, biasing a modulator
with a reverse-biased PN diode based on plasma dispersion effect normally causes very small leakage current, and this
part of power consumption can be ignored.
The 4th term in equation (1) is due to the ON/OFF switching of the modulator. This part of power consumption was often
estimated using 1/4CV2 (assuming PRBS data), where C is the diode junction capacitance; but a modulator often has
some parasitics that need to be taken into account (see section 3.2). To minimize switching energy, it is desirable to have
an optical modulator with very low capacitance. Mach-Zehnder modulators normally have large capacitance, and may
even have a 50
termination in traveling-wave devices, which results in large switching energy. Modulators with
forward-biased PIN junction [15] have relatively high switching current (or high equivalent capacitance), so its
switching energy is also high. There are some promising modulator candidates with potentially small switching energy,
including reverse-biased Si microdisk modulators (reported 85fJ/bit switching) [16], Franz-Keldysh effect GeSi
modulators (reported 50fJ/bit switching) [17], GeSi quantum well modulators [18], evanescently coupled III-V
modulators [19] and reverse-biased Si ring modulators used in this work.
The 5th term in equation (1) has also been often overlooked. A modulator may not work with specified performance at all
laser wavelength channels. In fact, the performance of most modulators deteriorates very fast as the laser wavelength
goes away from the optimum point. A resonator modulator may need to tune the resonant wavelength, and an
electroabsorption modulator may need to tune its absorption spectrum. The tuning challenge for resonator type of
devices has been discussed thoroughly in [8].
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Figure 4. (a) Cross-sectional diagram of the ring waveguide. (b) Top-view photo of the microring modulator.

Figure 5. Resonance spectrum at different voltages (reverse bias to the PN junction) of the ring modulator.

3.2 The Si ring modulator
In this work we used a Si ring modulator chip designed and fabricated at Kotura, Inc [20]. Figure 4(a) shows a crosssectional diagram of the phase modulation waveguide, and Figure 4(b) shows a top-view photo of the device. The radius

of the ring modulator was 15 m. DC characterization was performed on die using electrical probe and lensed fibers.
Figure 5 shows the resonance spectrum at different reverse bias voltages of 0V, 1V and 2V respectively. The
measurement results indicate a quality (Q) factor of ~17000 for the ring resonator, and a voltage-induced wavelength
shift of ~18pm/V. When operated around 1550.62nm wavelength and with a voltage swing from 0V to 2V, this ring
modulator can achieve >10dB DC extinction ratio and ~2 dB insertion loss at on-state.
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Figure 6. (a) Small-signal circuit model for reverse-biased ring modulators built on SOI substrate. The marked
parameter values are for 0V bias. (b) Curve-fitting of the measured S11 at 0V using the circuit model in (a).

Modulator EO response (dBe)

The high-speed behavior of the ring modulator has been carefully studied using a circuit model extracted by curve-fitting
the measured S11 data. In this circuit model shown in Figure 6(a), CP represents the capacitance between the electrodes
(mostly due to the contact pads) through the top dielectrics and the air, C J denotes the capacitance in the reverse-biased
diode junction, RS denotes the diode series resistance, COX denotes the capacitance through the dielectric and Si layers,
and RSi is the resistance in Si layer. The parameter values in Figure 6(a) were extracted at 0V, indicating a junction
capacitance of 49fF. The curve fitting result is shown in Figure 6(b). The same data analysis at 1V and 2V bias indicated
a slightly smaller junction capacitance, consistent with our expectation. Using the extracted circuit model, we calculated
a switching energy of the ring modulator at ~100 fJ/bit when modulated by a pseudo-random data with a 2V swing at
5Gb/s (note that COX can be partially charged and discharged during the modulation). This switching energy can be
readily lowered by reducing the ring modulator size.
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Figure 7. Measured frequency response for the 15 m ring modulator biased at 0V.

Small-signal modulation bandwidth has also been measured for the ring modulator using a microwave network analyzer
and a reference detector with known frequency response. The measured result in Figure 7 indicates a 3dB bandwidth of
10 GHz at 0V, with the wavelength set at ~1550.6nm in the resonance spectrum shown in Figure 5. The modulation
bandwidth of the device is subject to both the RC limit, which is ~24GHz estimated from the circuit model (with a 50

source), and the photon lifetime limit, which is ~11.4GHz based on the measured quality factor. Clearly, the photon
lifetime represents the primary limit to the modulation bandwidth for this device.

3.3 Modulator driver circuit
Our modulator driver was fabricated using TSMC 90nm CMOS technology [21]. One challenge for transmitter circuits
is that modulators often require a modulation voltage of 2 V or higher, while the CMOS technology process only
supports 1 V transistors with high speed. To solve this problem, a ―cascode‖ driver design can be used, as illustrated in
Figure 8(a). The data signal is fed into two inverters (with different voltage references) whose outputs in turn drive the
rails of a final inverter with a fixed 1V input. At ―HI’ data value, the upper inverter outputs ―LO‖ at 1V while the lower
inverter outputs ―LO‖ at 0V, in this case the final inverter’s 1V input is ―HI‖, thus it outputs ―LO‖ at 0V; At ―LO‖ data
value, the upper inverter outputs ―HI‖ at 2V while the lower inverter outputs ―HI‖ at 1V, in this case the final inverter’s
1V input is ―LO‖, thus it outputs ―HI‖ at 2V. Using this approach, a voltage swing from 0V to 2V can be achieved with
only 1V across each transistor.

(a)

(b)

Figure 8. (a) Schematics of a cascode modulator driver design. (b) Improved cascode modulator driver to avoid
temporary overstress to transistors. ―P‖ stands for pulse driver.

One problem with the circuit in Figure 8(a) is that if the two input inverters are fast, the final inverter may not activate
until its sources have fully transitioned. This can cause a full 2V swing being temporarily applied to the transistors of the
final inverter. For example, at stable ―HI‖ data value, the final inverter outputs 0V; when the data transitions to ―LO‖,
the upper inverter may act fast and output 2V. Before the final inverter activates, its top transistor sees 2V across its
source and drain. This temporary 2V stress may cause damage to the transistors. A solution is to replace the fixed 1V
input of the final inverter with pulse drivers, which can selectively activate the transistors early during the data
transition, as shown in Figure 8(b) (see [22] for more detailed discussions). This design was used for our modulator
driver, together with a digital clock circuit. The whole circuit takes only 650 m2 of chip area [21].

3.4 Transmitter test results
After the ring modulator and the VLSI driver were flip-chip bonded together and attached to the PCB, we tested the
high-speed performance of the transmitter assembly. With the on-chip digital buffers and the clock distribution turned
on, the VLSI chip generates ~1W heat, which may cause difficulty to the high-speed testing since ring resonators can be
very sensitive to temperature change. To combat this problem, the photonic chip was closely contacted with a copper
heat sink. The resulted optical output eye of the transmitter is shown in Figure 9, tested with 5Gb/s PRBS31 data. The
double falling edge is due to a timing error related to non-optimal clock loading, which can be easily corrected with
timing and layout optimizations in the subsequent tapeout. The optical eye is wide open, with >7dB extinction ratio.
Using an EDFA (to compensate for the large coupling loss between the fiber and the ring modulator bus waveguide) and
a reference receiver, we have achieved stable error-free transmission at 5Gb/s for over 2 hours without active resonator
bias tuning or temperature control, indicating a bit-error-rate <10-13. The total transmitter power consumption was
measured as 1.6mW by reading the power supply voltages and currents. This corresponds to 320 fJ/bit for the entire

transmitter including the ring modulator and its CMOS driver, as well as any excess power required to drive circuit
parasitics including internal wiring and flip-chip pads.
It should be noted that our measured transmitter power consumption didn’t include any power that may be needed for
tuning the ring resonant wavelength. Ring resonator tuning is a challenging problem that needs innovative solutions [8].
We will report our experimental results on ring tuning in Section 5.

Figure 9. Measured eye-diagram of the integrated transmitter tested with 5Gb/s PRBS31 data, showing an
extinction ratio of >7dB.

4. THE OPTICAL RECEIVER
4.1 The Ge photodetector
An optical receiver needs a photodetector (PD) at its front end to convert the received optical signal to electrical current
signal. SiGe alloy has been long recognized as one of the best materials for optical detection in the near infrared
wavelength range. It is particularly attractive in Si photonics since it is relatively easy to be monolithically integrated on
the SOI substrates. Since its absorption strength starts to roll off at longer wavelengths (>1550nm), normally only pure
Ge material is considered for C-band photodetection. In order to make high quality Ge PD on SOI substrate, a critical
problem to be solved is the 4% lattice mismatch between the Ge and Si crystals. When growing Ge film on top of the Si
surface, the large lattice mismatch can cause significant defects, particularly threading dislocations, which can damage
the PD performance. In addition, when integrating Ge PDs with electronic ICs, the high temperature (600-700 oC)
growth of Ge film can also degrade the transistor performance. In spite of these challenges, tremendous progress has
been made on Ge PD devicess in recent years [23-29], along with great improvement on Ge-on-SOI material growth
technique.

(a)
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Figure 10. Schematics of Ge waveguide photodetector: (a) top view, (b) cross section.

In this work we used a Ge PD chip designed at Luxtera and fabricated with Luxtera-Freescale's Ge-enabled CMOSPhotonic process [25]. Figure 10 shows the schematics of the Ge waveguide PD design. A 200~300nm thick Ge film is
grown on top of the Si waveguide. The edges of the Ge strip are doped to form a p-i-n diode and for contacts. Light
coming in from the Si waveguide is evanescently coupled into the Ge region and converted to photo current. To make
the Ge fabrication compatible with CMOS process, the Ge film was epitaxially grown using a reduced pressure chemical
vapor deposition (RPCVD) technique at 350 oC [25]. The single-step low-temperature Ge growth minimizes the thermal
impact on the transistors, but it may result in more defects in the Ge film, which can lead to larger dark current.
To achieve high receiver sensitivity with low-power circuit, the PD needs to have high photo responsivity and low dark
current. Our characterizations show that the Ge waveguide PDs on Luxtera’s chip have a high responsivity of ~0.7 A/W
at 1550 nm, and their DC responsivity is insensitive to the applied reverse bias voltage. To lower dark current, we chose
a low 0.5V reverse bias for the Ge PD used in our integrated receiver. At 0.5V bias, the Ge PDs have a dark current of 13 A, and a 3-dB electrical bandwidth of 7-10 GHz measured in a 50 system.
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Figure 11. (a) Small-signal circuit model for a Ge PD at a reverse bias of 0.5V. (b) Curve-fitting of the measured
S11 using the circuit model in (a).

To understand the details of the high-speed behavior of the Ge PD, and to help the receiver circuit design, we have
measured the device S11 and extracted a circuit model using curve fitting. The Ge PD circuit model shown in Figure
11(a) is very similar to the modulator circuit model shown in Figure 6(a), except that here we add one extra resistance R J
to model the junction leakage path. The parameter values in Figure 11(a) were extracted at 0.5V, and the curve fitting
result is shown in Figure 11(b). The tested PD has a very small junction capacitance of 10 fF and a reasonable parasitic
capacitance of 14.4 fF. A small PD capacitance is critical for the receiver circuit to achieve low power and high speed.
The extracted circuit model also indicates that the Ge PD has a pretty large series resistance. But this is just a minor
problem since it doesn’t propose a limit to the device speed. Using the circuit model, we can estimate that the RC limited
PD bandwidth is ~16 GHz in a 50 system. Clearly, some other effect (such as carrier transit time) is the primary limit
to the device speed.

4.2 VLSI receiver circuit
The goal of the receiver circuit is to take the small photocurrent from a PD and output a correct (error-free) data symbol
sequence. It generally consists of amplification and decision circuits. The amplification circuit may include a
transimpedance amplifier (TIA) and a post amplifier in order to provide a transimpedance gain of ~10k and an output
voltage swing of a few 100mV; the decision circuit may include a clock-and-data-recovery (CDR) circuit and a slicer.
With a target receiver sensitivity of -15 dBm of modulated light with extinction ratio of >5dB, and a PD responsivity of
>0.6A/W, we can expect a photocurrent swing of >20 A peak-to-peak from the Ge PD. We use a 3-stage amplification
circuit to convert this 20 A current swing to a 200mV voltage swing. The 3-stage amplification circuit consists of a TIA

(converting current to voltage), a linear transconductance stage (converting voltage to current), and another TIA, as
shown in Figure 12 [21]. Each stage burns about 0.3 mA of current. The total current is about 1 mA across all three
stages (0.2 pJ/bit for a 5 Gbps data rate) and has a total bandwidth exceeding 4 GHz. Over all three stages the total gain
is about 10k , resulting in 200 mV of output for a minimum 20 μA input current. The simulated input-referred noise
current is 0.8 A, including the shot noise from the PD diode.

Vb

Figure 12. Schematics of the receiver design. The TIA uses n-transistors in triode as feedback resistors. The
replica TIA sets the reference voltage of the slicer at Vdd/2, and the Vbias is controlled so that the TIA output is
also centered around Vdd/2 [21].

The 3-stage TIA is followed by a slicer, for which we use a simple and power-efficient sense amplifier, as shown in
Figure 12. The slicer needs a reference voltage to determine whether the data value is a ―0‖ or a ―1‖. In modern optical
links, this reference voltage is obtained by long-running averaging of the TIA’s output, which is approximately halfway
voltage between a digital ―0‖ and ―1‖ if the data is DC-balanced. For this purpose, most modern optical links enforce DC
balance through schemes such as 8B10B encoding [30]. However, such coding imposes a 25% overhead, which is
equivalent to 25% lower data rate and 25% higher energy per bit. Furthermore, a traditional optical receiver has to
include a power-hungry full CDR circuit in order to control the slicer timing.
Our receiver design solves these two issues using novel low-cost approaches by recognizing that our optical receiver is
designed for inter-chip communications, which is in a small system. Every chip in the small system can share the same
global clock source; clock phase differences between any two chips in the system are bounded and only changes slowly.
Based on this concept, our VLSI chip with multiple receivers (and transmitters) was designed with a distributed global
digital clock, with clock phase adjusted for each receiver. This avoids the full CDR circuit and significantly cuts the
power consumption. To solve the reference voltage issue for the slicer, we use a replica TIA to fix the reference voltage
at Vdd/2, as shown in Figure 12, and control the TIA input level to make its output centered around Vdd/2. The control
of TIA input is done by shunting a transistor to the TIA input to ―steal‖ away a proper amount of DC current, while the
amount of ―stolen‖ current is in turn controlled by the proper Vbias of the transistor. Due to signal and environmental
variations, this Vbias needs to be adjusted periodically. Since it is a small system, we can use a synchronized global
calibration session to periodically adjust Vbias for all the receivers in the system at the same time. This shared global
sense of time makes such calibration feasible and inexpensive: it takes only ~100 cycles of calibration time in every
100,000 cycles of data transmission, which is a much lower overhead than the 8B10B encoding.

4.3 Receiver test results
After the Ge PD and the VLSI receiver circuit were flip-chip bonded together and attached to the PCB, we tested the
high-speed performance of the receiver assembly. In the test, a pattern generator was used to generate 5Gb/s PRBS31
data which drives a reference lightwave transmitter. The transmitter output, with an extinction ratio of >10 dB and
controlled by an optical attenuator, was coupled to the Ge PD through a lensed fiber and a grating coupler. An external
clock from the pattern generator was fed to the chip to control the slicer timing. To send the high-speed signal off-chip,
the digital output of the slicer was converted to CML signal by high-speed I/O pads. The high-speed output signal had to

travel through short wire-bonds, several inches of PCB traces, a few RF connectors and RF cables to reach the error
detector on a BER tester. To achieve optimized performance, we manually adjusted the delay between the clock and the
data at the slicer input. The Vbias at the TIA input, as shown in Figure 12, was automatically adjusted through a
programmed calibration sequence.
With 18 A of average photocurrent from the Ge PD (corresponding to an optical power of -16 dBm with detector
responsivity of 0.7 A/W), we obtained error-free operation for more than 6 hours, indicating a BER better than 10-14.
The receiver BER was tested at different input power levels. Figure 13 shows the measurement results, indicating a
receiver sensitivity of about -18.9 dBm for a BER of 10-12. With 0.7 A/W detector responsivity, an -18.9 dBm optical
signal would generate 9 A of average photocurrent, which implies that the input referred noise of the TIA is ~1.3 A
for a Q of 7. The total receiver power consumption was measured as 3.45mW (excluded the power consumed by the
digital data buffers and the on-chip clock distribution) by reading the power supply voltages and currents. This
corresponds to 690 fJ/bit for the entire receiver including Ge PD and the CMOS receiver circuits, as well as any excess
power required to drive circuit parasitics including internal wiring and flip-chip pads.
-1.5

LogBER

-2

-4
-6
-8
-10
-12
-14
-16
-21

-20.5

-20

-19.5

-19

-18.5

Power at detector (dBm)
Figure 13. Receiver sensitivity measurement results tested with 5Gb/s PRBS31 data.

5. MUX/DEMUX DEVICES
Si photonic interconnects require silicon real estate for its signal routing using silicon waveguides. Although special
design enables off-chip network routing [8], most of the networks require significant on-chip routing [9-11]. Wavelength
division multiplexing (WDM) effectively reduces the number of interconnect waveguides, and consequently improve the
integration density. Various approaches have been reported for wavelength channel multiplexing and de-multiplexing on
silicon platform, including array waveguide grating (AWG) [31], Echelle grating [32], MZI based interleaver [33], as
well as cascaded ring add/drop filters [34-35]. Multiplexers based on AWG, Echelle grating devices and interleavers are
typically large in size, not desirable for area sensitive intra-chip applications. Ring resonator based add/drop filters using
high index contrast Si waveguide, on the other hand, have the potential to make very compact Mux/Demux with
desirable optical performance. Ultra-compact single ring add/drop filter has been demonstrated using 3um radius ring
resonator [36-37]. High order ring resonators with multiple coupled rings were used to improve the pass band and
channel isolation [38-39]. To make multi-channel multiplexers, multiple add/drop filters were cascaded using rings
slightly different in size [40].
One critical hurdle for ring resonator based WDM filters to overcome before practical application is its center
wavelength accuracy, as well as the accurate channel spacing for multi-channel multiplexers or demultiplexers. Due to
manufacturing tolerances, the effective index of the Si waveguide varies due to silicon layer thickness variation on SOI
substrate, waveguide width variation, etch depth variation for ridge waveguide structure, as well as the residual stress on

substrate. Each factor increases the required tuning range [8]. In addition, ambient temperature change also affects the
waveguide effective index. All these variations cause significant wavelength shift for ring resonator based WDM filters.
Although special fabrication techniques have been reported effective in achieving accurate channel spacing for multichannel devices [41], tuning would still be required to align the filter center wavelengths with the pre-selected
wavelength channels.
In this work, we used a 4-channel CMOS WDM multiplexer/demultiplexer using cascaded identical single ring
resonators with integrated thermal tuner [42]. To have good channel isolation, we chose channel spacing of 200GHz (or
1.6nm) for the 1x4 multiplexer/demultiplexer. We also chose ring radius of 12 m to have big enough free spectral range
(FSR) to accommodate 4 channels at 1.6nm spacing. Expecting low penalty for 10Gbps data transmission, we aim for
drop filter with larger than 0.4nm 3dB bandwidth. The pass band is determined by the loaded Q of the device, which is
dominated by the coupling coefficient K. We designed a gap of 325nm from the bus waveguide to ring to achieve a K of
about 0.15. Four add/drop filters are cascaded on the same bus waveguide to form a 4 channel
multiplexer/demultiplexer. Instead of using rings slightly different in size to achieve filters with different center
wavelengths, we used identical rings with integrated thermal tuning. For better efficiency, we integrated the heater
directly to the ring waveguide by doping part of the ring slab as doped resistor, as inset SEM picture shown in Fig. 4.
The 1x4 WDM multiplexer/demultiplexer with integrated thermal tuning was fabricated using Luxtera-Freescale 130nm
SOI CMOS platform, as shown in Fig. 14. The total area of a single ring resonator including the tuning resistors was
26x40 microns. The pitch for the ring devices was 500 m. Grating couplers at 250 m pitch were used for optical I/O,
coupling to fiber array. Injecting current to the doped resistors through the tuning pads, we can heat up the ring
waveguide, and in turn change the index of the waveguides to shift the filter center wavelength until it’s aligned with the
target wavelength channel. The integrated thermal tuning resistor showed resistance about 200 . Fairly uniform and
linear tuning response was obtained with efficiency of about 90 pm/mW.

Figure 14. Fabricated 1x4 multiplexer/demultiplexer by cascading 4 ring add/drop filters with integrated doped
resistor thermal tuner using FreeScale 130nm SOI CMOS process. Grating couplers are used for optical I/Os.

The measured 4-channel multiplexer/demultiplexer optical performance is shown in Fig. 15. The channels were tuned to
ITU WDM grids at 200GHz spacing with center wavelength of 1554.13nm, 1555.75nm, 1557.36nm, and 1558.98nm
respectively, by heating up the rings with different power through the doped silicon resistor. Uniform performances,
larger than 0.4nm 3dB passband, less than 1dB insertion loss, and better than 16dB channel isolation, were achieved
across all four channels. More test results can be found in [43].

Figure 15 The through spectrum (light blue) and drop spectrums (red, blue, black, and green) of the CMOS 4channel WDM multiplexer/demultiplexer thermally tuned to WDM ITU wavelength channels 1554.13nm,
1555.75nm, 1557.36nm, and 1558.98nm.

6. CONCLUSIONS
Si photonics is a promising solution for the inter-chip communication in a high-performance computing system with
many processor chips, owing to its potential advantages of low latency, high bandwidth, high density, and low power
consumption. In this paper, we have reported our flip-chip bonding technique with micro-solder bumps, which can
integrate photonic and electronic devices with extremely low electrical parasitic. With this technique, we have
demonstrated ultralow-power transmitter and receiver. The transmitter includes a small (15 m radius) Si microring
modulator flip-chip bonded to a 90nm CMOS driver. With only 1.6mW power consumption, the integrated and digitally
clocked transmitter operates at 5Gb/s with wide open eye and >7dB extinction ratio, and has achieved error-free
transmission for over 2 hours without active resonator bias tuning or temperature control. We have shown that for the
inter-chip communication in a small system, the receiver can avoid the power-hungry full CDR circuit and instead use a
distributed global clock. Our receiver includes a Ge PD flip-chip bonded to a 90nm CMOS chip with amplification and
decision circuits. With 3.45mW power consumption, the integrated receiver demonstrated -18.9dBm sensitivity at 5Gb/s
for a BER of 10-12. Finally we have reported a compact CMOS 1x4 tunable Mux/Demux using cascaded ring resonators
with 12 m radius and with integrated thermal tuners. We measured an insertion loss of < 1dB, a channel isolation of
>16dB for a channel spacing of 200GHz, and a uniform 3dB pass band >0.4nm across all 4 channels. We demonstrated
accurate channel alignment to WDM ITU grid wavelengths using integrated silicon heaters with a tuning efficiency of
90 pm/mW. This is a significant step towards an optical link with a few 100fJ/bit power, which is critical for future highperformance computing systems.
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