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Abstract—Photonic interconnects are a promising technology
to meet the bandwidth demands of next-generation high-perfor-
mance computing systems. This paper presents silicon photonic
transceiver circuits for a microring resonator-based optical
interconnect architecture in a 1 V standard 65 nm CMOS tech-
nology. The transmitter circuits incorporate high-swing (
and drivers with nonlinear pre-emphasis and automatic
bias-based tuning for resonance wavelength stabilization. An
optical forwarded-clock adaptive inverter-based transimpedance
amplifier (TIA) receiver trades off power for varying link budgets
by employing an on-die eye monitor and scaling the TIA supply for
the required sensitivity. At 5 Gb/s operation, the transmitter
achieves 12.7 dB extinction ratio with 4.04 mW power consump-
tion, excluding laser power, when driving wire-bonded modulators
designed in a 130 nm SOI process, while a 0.28 nm tuning range
is obtained at 6.8 W/GHz efficiency with the bias-based tuning
scheme implemented with the transmitter. When tested
with a wire-bonded 150 fF p-i-n photodetector, the receiver
achieves 9 dBm sensitivity at a and consumes
2.2 mW at 8 Gb/s. Testing with an on-die test structure emulating
a low-capacitance waveguide photodetector yields 17 A sensi-
tivity at 10 Gb/s and more than 40% power reduction with higher
input current levels.

Index Terms—Electrooptic modulators, optical interconnects,
optical receiver, pre-emphasis, ring resonator, transimpedance
amplifier (TIA).

I. INTRODUCTION

O PTICAL channels provide the potential to overcome
key interconnect bottlenecks and greatly improve

data transfer efficiency due to their flat channel loss over
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a wide frequency range and also relatively small crosstalk
and electromagnetic noise [1]. Another important feature of
optical interconnects is the ability to combine multiple data
channels on a single waveguide via wavelength-division-mul-
tiplexing (WDM) and greatly improve bandwidth density. In
order to take advantage of these attractive properties, silicon
photonic platforms are being developed to enable tightly
integrated optical interconnects and future photonic intercon-
nect network architectures [2]–[18]. One promising photonic
device is the silicon ring resonator [2]–[6], which can be
configured either as an optical modulator or WDM drop filter.
Silicon ring resonator modulators/filters offer advantages of
small size, relative to Mach–Zehnder modulators [7], [8], and
increased filter functionality, relative to electro-absorption
modulators [9].
Silicon photonic links based on ring resonator devices pro-

vide a unique opportunity to deliver distance-independent con-
nectivity whose pin-bandwidth scales with the degree of wave-
length-division multiplexing. As shown in Fig. 1, multiple
wavelengths - generated by an off-chip continuous-wave
(CW) laser are coupled into a silicon waveguide via an op-
tical coupler. This off-chip laser can either be a distributed
feedback (DFB) laser bank [19], which consists of an array
of DFB laser diodes, or a comb laser [20], which is able to
generate multiple wavelengths simultaneously. Implementing
a DFB laser bank for dense WDM (DWDM) photonic intercon-
nects (e.g., 64 wavelengths) is quite challenging due to area and
power budget constraints. This motivates a single broad-spec-
trum comb laser source, such as InAs–GaAs quantum dot comb
lasers which can generate a large number of wavelengths in the
1100 to 1320 nm spectral range with typical channel spacing
of 50–100 GHz and optical power of 0.2–1 mW per channel
[20]. While operating near the common 1310 nm wavelength
( -band) does have slightly higher optical loss versus a 1550
nm ( -band) system, this has negligible impact in short-reach
interconnect applications. After coupling the CW laser light,
transmit-side ring modulators insert data onto a specific wave-
length through electrooptical modulation. These modulated op-
tical signals propagate through the waveguide and arrive at the
receiver side where ring filters drop the modulated optical sig-
nals of a specific wavelength at a receiver channel with pho-
todetectors (PDs) that convert the signals back to the electrical
domain.

0018-9200 © 2014 EU
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Fig. 1. Silicon ring resonator-based WDM link.

Fig. 2. (a) Top and cross-sectional views of carrier-injection silicon ring resonator modulator. (b) Optical spectrum at through port.

A basic silicon ring resonator consists of a straight wave-
guide coupled with a circular waveguide, as shown in Fig. 2(a).
Input light at the resonance wavelength mostly circulates in the
circular waveguide, with only a small amount of optical power
observed at the through port, resulting in the ring’s spectrum
at the through port displaying a notch-shaped characteristic
[Fig. 2(b)]. This resonance wavelength of the ring device is
periodic, repeating over a free spectral range (FSR), and can
be shifted by changing the effective refractive index of the
waveguide through the free-carrier plasma dispersion effect [5].
Two common implementations of silicon ring resonator modu-
lators include p-i-n junction-based carrier-injection devices [3],
[4], operating primarily in forward-bias, and carrier-depletion
devices [6], operating primarily in reverse-bias. Although a
depletion ring generally achieves higher modulation speeds
relative to a carrier-injection ring due to the ability to rapidly
change the depletion width, its modulation depth is limited due
to the relatively low doping concentration in the waveguide to
avoid excessive loss. In contrast, carrier-injection ring mod-
ulators can provide large refractive index changes and high
modulation depths, but are limited by long minority carrier
lifetimes.
While ring-resonator-based photonic interconnects have

the potential to offer both improved power efficiency and
bandwidth density, reliability and robustness are major barriers
to widespread adoption of ring-based silicon photonics [10].
A key challenge is the variation in resonance wavelength with
temperature changes and fabrication tolerances. For example,
Fig. 3 shows that, while a high quality factor is maintained for
nine 2.5 m radius ring resonators spread across an 8 in 130 nm

Fig. 3. Measured quality factor and resonance wavelength of nine 2.5 m ra-
dius silicon ring modulators fabricated on an 8 in 130 nm CMOS SOI wafer.

CMOS-compatible silicon-on-insulator (SOI) wafer, the
5.48 nm resonance wavelength variation implies the need for a
potentially wide resonance tuning range for robust operation.
In order to relax this, system-level WDM channel-shuffling
techniques are proposed that reduce the tuning to the order of
FSR/N, where N is the WDM channel number [10], [15]. A
commonly proposed resonance wavelength tuning technique
is to adjust the device’s temperature with a resistor implanted
close to the photonic device to heat the waveguide, thus
changing the refractive index [16], [17]. One potential issue
with this approach is the tuning speed, which is limited by
the device thermal time constant ms , may necessitate long
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calibration time. Also, tuning power overhead can degrade
overall link power efficiency [12], [17].
Achieving reliable and efficient operation in silicon pho-

tonic interconnect systems with large variations in link budget
components, such as photonic device properties and interface
parasitics, is another important consideration. The link budget
determines the receiver sensitivity, with various front-end
circuits proposed for optical interconnects, such as regu-
lated-cascode transimpedance amplifiers (TIA) [21], [22],
feedback TIAs [16], [18], [23], and integrating topologies
[24], [25]. In the presence of variations, excessive sensitivity
margins are often maintained for each channel to satisfy bit
error rate (BER) under worst case conditions. Having indi-
vidual scalability for each channel reduces necessary margins
and, therefore, power consumption. One efficient approach to
optimize receiver power efficiency versus data rate is to utilize
supply scaling with CMOS inverter-based feedback TIAs
[23]. However, in order to leverage this approach for large
channel-count systems, efficient control loops with per-receiver
voltage regulators are required that allow for self-adaptation to
the desired data rate and link budget conditions.
While efficient clocking architectures for receiver-side data

retiming and de-serialization are often neglected in optical in-
terconnect designs [18], [23], they are necessary to form a com-
plete link. One approach is to utilize a continuously running
clock-and-data recovery (CDR) system [24] which allows the
potential for plesiochronous operation between the transmitter
and receiver. However, this generally consumes more power
and area relative to mesochronous architectures which only re-
quire periodic training to optimize the receiver sampling posi-
tion [16]. For mesochronous architectures, key considerations
include achieving efficient receiver-side clock generation and
sufficient jitter tracking of the incoming data to achieve the
desired BER. Applying a forwarded-clock architecture, com-
monly used in electrical I/O systems [26], [27], in a photonic
WDM system offers the potential for improved high frequency
jitter tolerance with minimal jitter amplification due to the clock
and data signals experiencing the same delay over the common
low-dispersive optical channel.
This paper presents silicon photonic transceiver circuits

for a ring resonator-based optical interconnect architecture
that addresses limited modulator bandwidth, variations in
ring resonator resonance wavelength and link budget, and ef-
ficient receiver clocking. The architecture of the transceiver
circuits prototype is outlined in Section II. Section III describes
transmitters with independent dual-edge pre-emphasis to com-
pensate for the bandwidth limitations of the carrier-injection
microring resonators used in this work. A novel bias-based
resonance wavelength stabilization scheme for the modulators
that offers advantages in tuning speed at comparable efficiency
levels is presented in Section IV. Section V discusses an op-
tical forwarded-clock adaptive sensitivity-power receiver that
accommodates variations in input capacitance, modulator/pho-
todetector performance, and link budget. Experimental results of
the electrical transceiver circuits prototype, fabricated in a 65 nm
CMOS technology and integrated via wire-bonding to photonic
devices fabricated in a 130 nm SOI process, are presented in
Section VI. Finally, Section VII concludes the paper.

Fig. 4. Photonic transceiver circuits prototype block diagram.

II. TRANSCEIVER CIRCUITS PROTOTYPE ARCHITECTURE

Fig. 4 shows a block diagram of the CMOS photonic trans-
ceiver circuits prototype, with six transmitter and five receiver
modules integrated in a 2 mm 65 nm CMOS die. At the trans-
mitter side, a half-rate CML clock is distributed to the six trans-
mitter modules where 8-bit parallel data is multiplexed to the
full output data rate before being buffered by the modulator
drivers. Two versions of the drivers are implemented. A differ-
ential driver, with approximately 0 V average bias level, pro-
vides a output swing to allow for high-speed operation,
while a single-ended driver provides a output swing on
the modulator cathode and utilizes a bias-tuning DAC on the
anode for an adjustable DC-bias level. These drivers are wire-
bonded to carrier-injection silicon ring resonator modulators
(Fig. 2), where continuous wavelength light near 1300 nm from
a tunable laser is vertically coupled into the photonic device’s
input port. The modulated light is then coupled from the mod-
ulator’s through port into a single-mode fiber for routing to
the bias-based tuning photodetector used to stabilize the reso-
nant wavelength and to the optical receiver modules for high-
speed data recovery. At the receiver side, data is recovered by
adaptive inverter-based TIA front-ends that trade-off power for
varying link budgets by employing on-die eye monitors and
scaling the TIA supplies for the required sensitivity. The re-
ceive-side sampling clocks are produced from an optically-for-
warded quarter-rate clock which is amplified by a fixed-supply
TIA before being passed to an injection-locked oscillator which
produces four quadrature clocks that are routed to the four re-
ceiver data channels.

III. NONLINEAR PRE-EMPHASIS MODULATOR
DRIVER TRANSMITTERS

While carrier-injection silicon ring modulators are capable of
high extinction ratio operation in a low area footprint, the oper-
ating speed is limited by relatively slow carrier dynamics in for-
ward-bias and parasitic contact resistance in reverse-bias. Fig. 5
shows device model simulation results of the carrier-injection
silicon microring modulators used in this work, with positive
and negative 200 ps pulse responses overlaid. Observe that a
simple waveform yields a high extinction ratio, but the
optical rise time is excessively long due to the carrier recombi-
nation lifetime [3]. Increasing the modulation voltage to
dramatically improves the optical rise time at the expense of
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Fig. 5. Simulated carrier-injection ring resonator modulator response to 200 ps data pulses with: (a) simple modulation, (b) simple modulation, and
(c) modulation with pre-emphasis.

high-level ringing and a high steady-state charge value. Unfor-
tunately, this large amount of charge results in a slow optical fall
time due to the modulator’s series resistance limiting the drift
current to extract the excess carriers in the junction. The con-
flicting requirements for fast rising and falling transitions are ad-
dressed through the use of a pre-emphasis waveform [3]. During
a rising-edge transition the positive voltage overshoots (2 V)
for a fraction of a bit period to allow for a high initial charge be-
fore settling to a lower voltage (1 V) corresponding to a reduced
steady-stage charge. A similar shaped waveform is used for the
falling-edge transition to increase the drift current to extract the

carriers. As the rising and falling-edge time constants are dif-
ferent, a nonlinear modulation waveform is applied. This work
adjusts the amount of over/under-shoot time of the pre-emphasis
waveform for a specific modulator, with the rising-edge pre-em-
phasis pulse typically wider than the falling-edge. Adjusting the
pre-emphasis time, rather than utilizing different voltage levels,
allows the optimization of the transient response to be decou-
pled from the steady-state extinction ratio value.
As shown in the block diagram of Fig. 6(a), two optical

transmitter versions are developed to demonstrate high-speed
operation with a differential output driver and explore
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Fig. 6. Nonlinear pre-emphasis modulator driver transmitters: (a) transmitter block diagrams, (b) per-terminal 2 V pre-emphasis driver, (c) tunable delay cell, and
(d) pulsed-cascode output stage.

bias-based modulator tuning capabilities with a single-ended
output driver. Serialization of eight bits of parallel

input data is performed in both transmitter versions with
three 2:1 multiplexing stages, with the serialization clocks
generated from a half-rate CML clock which is distributed
to six transmitter modules, converted to CMOS levels, and
subsequently divided to switch the mux stages. The serialized
data is then transmitted by the modulator drivers, with both
output stage versions utilizing a main driver, positive-edge and
negative-edge pre-emphasis pulse drivers in parallel [Fig. 6(b)]
to generate the pre-emphasis output waveform. Tunable delay
cells, implemented with digitally adjustable current-starved
inverters [Fig. 6(c)], allow for independent control of the rising
and falling-edge pre-emphasis pulse duration over a range of
20–100 ps. While not implemented in this prototype, utilizing
an adaptive tuning approach for the pre-emphasis settings can
ensure robust operation across process, voltage, and temper-
ature variations. This could potentially be implemented in a
manner similar to transmit pre-emphasis tuning in electrical
links with a back-channel [28] by utilizing threshold informa-

tion available from the adaptive receiver eye monitor system,
discussed in Section V. Finally, pulsed-cascode output stages
[Fig. 6(d)] with only thin-oxide core devices [29] reliably
provide a final per-terminal output swing of twice the nominal
1 V supply. A capacitive level shifter and parallel logic chain
generate the signals , swinging between GND and the
nominal VDD, and , level-shifted between VDD and
2*VDD, that drive the final pulsed-cascode output stages.
During an output transition from high to low, the input
switches MN2 to drive node to near Gnd and the
input triggers a positive pulse from the level shifted NOR-pulse
gate that drives the gate of MN1 to allow the output to begin
discharging at roughly the same time that the MN1 source is
being discharged. As shown in the simulation results of Fig. 7,
the voltages of both output nMOS transistors does not
exceed more than 10% of the nominal 1 V supply. Similarly,
during an output transition from low to high, the input
switches MP1 to drive node to near 2 V and the
input triggers a negative pulse from the NAND-pulse gate that
drives the gate of MP2 to allow the output to begin discharging



1424 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 6, JUNE 2014

Fig. 7. Transient simulation of pulsed-cascode output stage: (a) nMOS for output falling transition, and (d) pMOS for output rising transition.

Fig. 8. Ring resonator modulator transmission curves with high and low modulation voltage levels when (a) resonance wavelength is not aligned with input laser
wavelength and (b) resonance wavelength is aligned with input laser wavelength.

Fig. 9. Measured carrier-injection ring resonator modulator performance. (a) Optical transmission spectrum at different bias levels. (b) Resonance wavelength
shift versus bias voltage.

at roughly the same time that the MP2 source is being charged.
Simulations also verify that the of both output pMOS
transistors does not exceed more than 10% of the nominal 1 V
supply.

IV. AUTOMATIC BIAS-BASED WAVELENGTH STABILIZATION

One problem with silicon ring resonators is that their reso-
nance wavelength is sensitive to temperature variation and fab-
rication tolerances. As shown in Fig. 8, a poor extinction ratio

results when the modulator’s resonance is not aligned with the
input continuous-wave laser wavelength. Hence, a closed-loop
adaptation scheme is therefore necessary to stabilize the ring’s
resonance to match the input laser. Thermal tuning schemes
with closely integrated heating resistors [12], [17], [30]–[32],
which red-shift the resonance wavelength as the device is heated
up, are commonly proposed for this tuning. However, thermal
time constants in the ms-range limit the speed of this tuning
approach. Another important consideration is the tuning power
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Fig. 10. Bias-based ring resonator modulator semi-digital wavelength stabilization loop.

Fig. 11. 9-bit nonlinear bias tuning DAC.

efficiency, which varies for thermal tuning depending on the
fabrication complexity. Doping a section of the ring waveguide
differently to realize a thermal resistor is relatively simple, but
has been shown to have a relatively poor 42 W/GHz tuning ef-
ficiency [12]. Improved efficiencies near 10–15 W/GHz have
been demonstrated using approaches such as substrate removal
and transfer for an SOI process [30] and deep-trench isolation
for a bulk CMOS process [17]. Finally, superior efficiencies in
the 1.7–2.9 W/GHz have been achieved with localized sub-
strate removal or undercutting [31], [32], but this comes at the
cost of complex processing steps.
Compared with the conventional heater-based tuning ap-

proaches, the proposed bias-based tuning method of this work
has advantages of fast tuning speed and flexibility in the tuning
direction, while displaying comparable tuning efficiency. As
shown in Fig. 9, increasing the resonator p-i-n diode anode
voltage causes the resonance wavelength to blue-shift to shorter
wavelengths due to the accumulation of free carriers in the
ring waveguide. This provides the potential for a very fast
tuning mechanism. While some optical loss and quality factor
reduction is observed with increased forward-bias due to the
additional carriers, an extinction ratio in excess of 10 dB is
achieved for a 190 mV tuning range. Note that at the bias
point with a minimum , this allows for less than
1 dB crosstalk at a tight 24 GHz channel spacing or 0.2 dB
crosstalk at a typical 50 GHz spacing. As the quality factor (Q)

Fig. 12. Ring resonator bias-based tuning algorithm.

of a micro-cavity is mainly governed by the cavity loss (e.g.,
bending loss, intrinsic material loss, and scattering from surface
roughness) and the external waveguide coupling, improved
processing and careful design of the gap and waveguide width
[33] can lead to higher Q values and either reduced crosstalk or
tighter allowable channel spacing.
Fig. 10 shows the semi-digital control loop for the bias-based

resonator tuning approach which is utilized with the trans-
mitters. A monitor PD and low-bandwidth TIA is used to sense
the average resonator power levels for comparison with a DAC-
programmable reference level. This comparator output signal is
digitally filtered by a bias tuning control finite-state machine
that adjusts the setting of the bias tuning DAC that drives the
resonator anode terminal, while the high-speed modula-
tion signal is applied at the resonator cathode terminal. Fig. 11
shows the schematic of the 9-bit segmented bias DAC, which
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Fig. 13. Simulated tuning waveforms and final optical transmission curves for (a) static tuning mode and (b) dynamic tuning mode.

utilizes a coarse 3-bit nonlinear R-string DAC to match the p-i-n
– characteristics and a fine 6-bit linear R-2R DAC.
The flowchart of Fig. 12 and simulation results of Fig. 13 sum-

marize the bias tuning system operation, which can operate both
in a static tuning mode with a constant maximum forward-bias
across the modulator and a dynamic tuning mode with the mod-
ulator driven with a random data signal. For simplicity, first con-
sider the static tuning of Fig. 13(a). The tuning system works by
initially locking the monitor PD and low-bandwidth TIA output
to a conservative reference DAC voltage that maps to a reliable
point on the resonator curve. This implies that the voltage is not
too high to avoid locking to any small fluctuations in the flat re-
gion of the resonator transmission curve and not too low such
that it maps to below the resonance null value. After an initial
lock is achieved, the referenceDACcode is saved as a successful
lock point and adjusted in order tomaximize the extinction ratio.
Since the current system monitors the modulator through-port
power, the objective is to minimize the received power to ob-
tain themaximumextinction ratio.As illustrated by the stair-step
curves in the simulation results, the tuning procedure then un-
dergoes several cycles of locking and reference level adjustment
until the loop “over-searches” and can no longer lock to a min-
imum power point. The system then steps back to the last suc-
cessful reference level to obtain thefinal lockpoint near the target
resonancewavelength and achieve an extinction ratio near 10 dB
with a 0.9 dB insertion loss. While not an issue with the car-
rier-injection ring resonator devices used in this work, in max-
imizing the extinction ratio this algorithm does has the poten-
tial to lock in a region with increased insertion loss. In the event

Fig. 14. Extinction ratio versus modulated wavelength shift for static and dy-
namic tuning modes.

this happens, it is possible to disable the extinction ratio opti-
mization procedure and simply lock to a fixed DAC reference
that maps to a point in the resonator transmission curve that bal-
ances extinction ratio and insertion loss. Tuning with randomly
modulated data [Fig. 13(b)], which obviates bringing the link
down, is achieved by utilizing the same procedure. Note that
the convergence time increases due to higher digital filtering
for sufficient optical power averaging. Also, in order to achieve
a similar extinction ratio in dynamic-tuning mode, the modu-
lated resonance shift, , between data “0” and data “1”
should be larger than the resonator’s full-width half-maximum

, as shown in Fig. 14.
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Fig. 15. Adaptive sensitivity-power data receiver.

Fig. 16. Inverter-based TIA front-end. (a) Schematic. (b) Simulated TIA common-mode output response to a 5 mV power supply step.

Note that while these simulation results and the experimental
tuning results of Section VI are obtained bymonitoring themod-
ulator through-port, perhaps a more efficient approach for sil-
icon photonic systems is to use an additional drop-port wave-
guide coupled to the ring modulator that has a waveguide PD
for local power monitoring. This is accommodated in the cur-
rent tuning system state machine via digital control to switch to
drop-port monitoring mode, where the optical power is maxi-
mized to lock to the resonance point.

V. OPTICAL FORWARDED-CLOCK ADAPTIVE RECEIVER

As shown in Fig. 15, the data-channel receivers consist of
an inverter-based TIA front-end followed by a bank of four
quadrature-clocked comparators whose offsets are digitally cali-
brated to optimize receiver sensitivity. The quadrature sampling
clocks, generated from an optical forwarded-clock receiver, are
passed through a local digitally-controlled delay line for timing
margin optimization and phase-spacing calibration. An addi-
tional parallel comparator with a 6 bit programmable threshold
is introduced that serves as an eye monitor, setting the minimum
voltage margin needed to correctly slice the input signal for a re-
quired BER. By comparing its output with the normal data com-
parator on the same clock phase, eye-closure can be detected

before a bit error actually occurs. This information is used to
control a 6 bit R-2R voltage DAC that sets the LDO-generated
TIA supply voltage to the minimum level required to achieve
the sensitivity and bandwidth for a given BER.
Fig. 16 shows the TIA front-end [23], which consists of three

inverter stages with resistive feedback in the first and third
stages. These inverter stages are biased around the trip-point for
maximum gain with an offset control loop that subtracts the av-
erage photocurrent from the input node. The front-end’s power
supply level has a significant impact on gain, bandwidth, and
noise performance [23], allowing for an efficient mechanism to
trade-off receiver sensitivity with power consumption. How-
ever, excessive fluctuations can result in the front-end output
common-mode variation if a simple single-ended low-pass
filter is used in the offset control loop, which can impact overall
receiver sensitivity. In order to reduce this common-mode
variation, the feedback RC filter capacitor is split into equal
decoupling to ground and the adaptive supply. The RC filter
bandwidth is set to be 150 kHz, which is estimated to support a

PRBS pattern at 10 Gb/s. If a system is required to sup-
port longer run-length data patterns, techniques similar to the
low-frequency equalizers [34] and baseline-wander correction
circuits [35] used in electrical links offer potential solutions.
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Fig. 17. Optical receiver sensitivity-power adaption algorithm.

Fig. 18. Optical clock receiver.

A differential transconductance stage then amplifies the dif-
ference between this filtered node and half the adaptive supply
to produce the offset correction current. This reduces the output
common-mode disturbance with a 5mV power supply step from
92mVwith a simple single-ended low-pass filter to 1.5 mVwith
the adaptive-supply referenced implementation.
The optical receiver sensitivity-power adaptation is done

partially with a software-controlled outer loop that monitors
the BER and adjusts the voltage margin with the eye-monitor
comparator threshold through a serial test interface and an
on-chip state machine that scales the front-end power supply
level. Fig. 17 summarizes the eye monitor and supply scaling
state machine. The adaptation algorithm captures two consecu-
tive bits D1 and D2, and proceeds only with a “01” pattern for
the worst case ISI condition. Next, the data comparator output
(D2) is compared with eye monitor output (D2’) on the same
clock phase, and an error is recorded if there is a difference.

After a certain amount of total bits, a decision is made to reduce
the power supply if no error is observed, or increase the power
supply if the error rate exceeds a preset threshold. In order to
minimize dithering without the overhead of a large averaging
counter, the power supply does not change if the error rate is
below a certain threshold.
Fig. 18 shows a block diagram of the clock receiver, which

utilizes the same inverter-based TIA front-end, but with a con-
stant 1 V supply for minimal jitter. The TIA output is amplified
to full CMOS levels by a multi-inverter stage main amplifier
(MA) that also contains a duty-cycle control loop. Global skew
adjustment between the clock and data channels is achieved by
a subsequent digitally controlled delay line, which provides ap-
proximately 130 ps de-skew range. This single-ended clock is
then converted from singled-ended to differential full-rail sig-
nals for injection by ac-coupling into a two-stage differential os-
cillator that generates the quadrature clocks that are distributed
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Fig. 19. Optical transceiver circuits prototype bonded for electrical characterization and optical testing. (a) Optical transmitter configuration with silicon ring
resonator modulators. (b) Optical receiver configuration with commercial photodetectors.

to the four data receiver channels. The ILO has dummy in-
jection buffers to reduce the quadrature mismatch caused by
the differential injection, with post-ILO per-phase tunable delay
buffers providing additional skew compensation. A relatively
wide injection locking range of 100MHz is achieved, with the
free-running frequency set manually in this prototype via tuning
of the tail current source. While not implemented in this pro-
totype, a periodically activated control loop could set the ILO
free-running frequency equal to the injection clock [36] to re-
duce quadrature phase errors and provide increased robustness
to PVT variations.

VI. EXPERIMENTAL RESULTS

The optical transceiver circuits prototype was fabricated in a
65 nm CMOS general purpose process. As shown in the photo-
graphs of Fig. 19, a chip-on-board test setup is utilized, with the
CMOS die wire-bonded both to PCB traces for electrical char-
acterization and to silicon ring resonator chips and commercial
photodetectors for optical testing. Different bonding configura-
tions are used for transmitter and receiver characterization.
In order to verify the functionality of the pre-emphasis

transmitters, electrical characterization is performed with the
and transmitters driving a single-ended 50 and

differential 100 termination, respectively. Fig. 20 shows
PRBS electrical eye diagrams with minimum and max-

imum pre-emphasis settings for the transmitter module,
which operates error-free up to 9 Gb/s, and the , which
achieves 8 Gb/s operation. A clear over/undershoot is observed
for both drivers with the maximum pre-emphasis settings en-
abled. Note, for these electrical eye diagrams, the lack of driver
output impedance control and the relatively long bond wires
introduces some additional reflection-induced ISI. In both cases
the maximum electrical data rate is limited by attenuation in
the on-chip global clock distribution path.
For high-speed optical testing, a continuous-wavelength

laser is vertically coupled to a waveguide connected to a silicon
ring resonator which is driven by a transmitter. The
current version of the grating coupler used in this work exhibits
7 dB loss/port due to the simplified structure of the grating
undergoing etching at the same time as the waveguide. In future
work, further improvement can be achieved with more sophis-
ticated two-mask gratings which have demonstrated loss down

to 2–3 dB [37]. The waveguide loss is measured to be 3 dB/cm,
which is negligible for the m waveguide. Overall, with
1 mW optical power from the CW laser source, around 40 W
is detected at the ring’s through-port output when the ring is on
off-resonance. After vertically coupling the modulated light out
into a single-mode fiber, the light is observed with an optical
oscilloscope to produce the 5 Gb/s eye diagrams of Fig. 21.
The eye is completely closed with the minimum pre-emphasis
settings, while optimizing the pre-emphasis settings allows for
an open eye with a 12.7 dB extinction ratio. Here the maximum
optical data rate is limited to 5 Gb/s due to the unanticipated
excessive contact resistance ( k ) of the ring resonator
modulator. Improving the modulator device contact resistance
to more reasonable values is a point of emphasis for
future planned prototypes.
The bias-based resonance wavelength tuning effectiveness is

demonstrated with two different ring resonator modulators with
0 V-bias resonance wavelengths of 1287.01 and 1312.06 nm.
Fig. 22(a) shows the effectiveness of this bias-based control,
with the extinction ratio improving from 1.8 dB to 11.0 dB after
activating the tuning loop to lock to a 1286.93 nm laser wave-
length. A high extinction ratio is maintained as a given ring
is tuned over different wavelengths, as shown by Fig. 22(b)
where the bias-based tuning loop is able to lock to input wave-
lengths spaced by 0.1 nm and obtain extinction ratios in excess
of 11 dB. The overall tuning range is 0.28 nm for a tuning power
of 340 W, which results in a tuning efficiency of 6.8 W/GHz.
Note, this tuning power includes the entire tuning feedback loop
of Fig. 10. Here the speed is limited to 500–800 Mb/s due to
the bias-based tuning being implemented with the driver.
Improving the excessive 2k contact resistance of the cur-
rent ring resonator modulator to a more reasonable sub-100
value should allow for simultaneous high-speed modulation and
bias-based tuning capabilities. Given ring resonator devices dis-
play typical thermal time constants on the order of 100 s [31],
any data-induced deterministic thermal effects should be ad-
equately filtered for PRBS patterns near . However,
if a system is required to support longer run-length data pat-
terns, this may impact the tuning performance. Techniques sim-
ilar to the low-frequency equalizers [34] and baseline-wander
correction circuits [35] used in electrical links offer potential
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Fig. 20. Modulator drivers’ electrical eye diagrams. 9 Gb/s operation with driver with (a) minimum pre-emphasis and (b) maximum pre-emphasis. 8 Gb/s
operation with driver with (c) minimum pre-emphasis and (d) maximum pre-emphasis.

Fig. 21. 5 Gb/s optical eye diagrams with silicon carrier-injection ring resonator modulators driven by the transmitter. (a) Minimum pre-emphasis settings.
(b) Optimized pre-emphasis settings.

solutions to compensate for any low-frequency data-induced
thermal effects.
In order to characterize the optical performance of the data

receiver, an externally-modulated laser source is vertically cou-
pled to a 150 fF Cosemi LPD3012 photodiode which is wire-
bonded to the receiver input. This photodiode displays 1.0 A/W
responsivity at 1310 nm. The Fig. 23 BER measurements with

an Anritsu MP1800A signal quality analyzer show that when
the nominal 1 V front-end power supply is utilized, a sensitivity
of 9 dBm is achieved at 8 Gb/s for a with
a PRBS data pattern. Relaxing the input sensitivity by
2 dB with increased optical input power enables the adaptive

TIA supply to decrease by 4%, resulting in a 14% reduction in
TIA power. As the data rate and BER performance of the current
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Fig. 22. Ring resonator bias-based wavelength stabilization measurements. (a) Ring #1’s 500 Mb/s eye diagrams demonstrating the automatic bias tuning stabi-
lizing to 1286.93 nm. (b) Ring #2’s 800 Mb/s eye diagrams with input laser wavelengths of 1311.86 and 1311.96 nm.

Fig. 23. 8 Gb/s receiver measurements. (a) BER versus input optical power with a 1 V power supply. (b) Sensitivity and power versus TIA
supply voltage.

Fig. 24. Integrated photodetector emulator circuit.

optical characterization are limited by mm bondwires and
200 fF total capacitance, an on-chip current source (Fig. 24)

is used to emulate a high-speed waveguide photodetector ca-
pable of being tightly integrated with the optical receiver, either

in a monolithic manner [15], [18] or with microsolder bonding
[16]. This test structure allows for receiver benchmarking and
motivates future planned prototypes with microbump integra-
tion and Ge waveguide photodetectors in the same 130 nm SOI
photonics process as the ring modulators/filters. Note that an
improved version of this photodetector emulator circuit would
also include programmable input capacitance values to inves-
tigate the impact of different integration approaches. Fig. 25
shows that this enables operation at a higher data rate of 10 Gb/s
with an improved sensitivity of dBm at a ,
assuming a unity responsivity. This on-chip test setup also en-
ables a wider range of supply scaling, with the automated con-
trol loop reducing the TIA power % as the input current is
scaled from 16 to 60 A with a 50–100 mV eye monitor margin.
Refining the control state machine and using a more aggres-
sive margin level could potentially achieve even more power
savings, as overriding the automated control loop yields %
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Fig. 25. 10 Gb/s receiver measurements with photodetector emulator circuit. (a) BER versus input current with a 1 V power supply. (b) TIA power scaling versus
input current.

Fig. 26. Optically forwarded-clock receiver measurements: (a) 2 GHz recovered clock waveform and (b) jitter versus input optical power.

power reduction. The overhead of the eye monitor comparator
and adaptation logic is estimated to be 160 W at 8 Gb/s. This
overhead can be further reduced be either stopping the oper-
ation of the eye monitor after adaptation or only activating it
periodically.
A similar optical test setup is used to characterize the optical

clock receiver. An optical clock signal in amplified by the clock
receiver and quadrature clocks are generated by the ILO, with
one of the 2 GHz quadrature clocks used for the 8 Gb/s data
receiver clocking shown in Fig. 26. The recovered clock jitter
performance is a function of the input clock jitter and power,
with the clock path introducing an additional jitter
for 12 dBm input power and able to generate sub- total
jitter down to 16 dBm.
Table I shows the transceiver circuits performance sum-

mary and compares this design with both recent ring res-
onator optical interconnect work utilizing hybrid integration

via face-to-face microsolder bonding [16] and monolithic in-
tegration [18] and also electrical I/O designs optimized either
for low-power at moderate data rates [36] or 40 Gb/s opera-
tion [38]. An extinction ratio of 12.7 dB is achieved with the
injection-mode ring resonator modulators used in this work,
which exceeds the dB extinction ratios achieved with the
depletion-mode devices of [16], [18]. The transmitter
achieves 808 fJ/bit at 5 Gb/s, while the transmitter
demonstrates bias-based resonator tuning with a 10% power
overhead. While the optical receiver test configuration con-
tributed to a dramatically higher input capacitance, a superior
energy efficiency of 275 fJ/bit is achieved with the adaptive
power-sensitivity receiver. Relative to a 32 nm electrical IO
design optimized for moderate data rates and channel loss
[36], the combined energy efficiency of the proposed 65 nm
optical transceiver circuits is comparable at near 1 pJ/b. This
provides strong motivation to leverage this photonic I/O archi-
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TABLE I
PERFORMANCE SUMMARY AND COMPARISONS

*Includes the total power of the tuning loop shown in Fig. 10, N/R = not reported, N/A = not applicable.

tecture in a WDM system with multiple Gb/s channels
on a single waveguide, as state-of-the-art 40 Gb/s electrical
transceivers consumer near 40 pJ/b [38].

VII. CONCLUSION

This paper presented silicon photonic transceiver circuits
for a ring resonator-based optical interconnect architecture
that addresses limited modulator bandwidth, variations in ring
resonator resonance wavelength and system link budget, and
efficient receiver clocking. The photonic transmitters incor-
porate high-swing nonlinear pre-emphasis drivers to over-
come the limited bandwidth of carrier-injection ring res-
onator modulators and an automatic bias-based tuning loop
for resonance wavelength stabilization. An adaptive receiver
trades-off sensitivity versus power to accommodate varia-
tions in input capacitance, modulator/photodetector perfor-
mance, and link budget. The receive-side data sampling

clocks are produced from an optically-forwarded quarter-rate
clock which is amplified before being passed to an injec-
tion-locked oscillator for efficient quadrature clock generation.
Overall, these circuits provide the potential for silicon pho-
tonic links that can deliver distance-independent connectivity
whose pin-bandwidth scales with the degree of wavelength-
division multiplexing.
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