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Abstract: We report ultra-low-power (690fJ/bit) operation of an optical
receiver consisting of a germanium-silicon waveguide detector intimately
integrated with a receiver circuit and embedded in a clocked digital
receiver. We show a wall-plug power efficiency of 690uW/Gbps for the
photonic receiver made of a 130nm SOI CMOS Ge waveguide detector
integrated to a 90nm Si CMOS receiver circuit. The hybrid CMOS photonic
receiver achieved a sensitivity of —18.9dBm at 5Gbps for BER of 107",
Enabled by a unique low-overhead bias refresh scheme, the receiver
operates without the need for DC balanced transmission. Small signal
measurements of the CMOS Ge waveguide detector showed a 3dB
bandwidth of 10GHz at 1V of reverse bias, indicating that further increases
in transmission rate and reductions of energy-per-bit will be possible.
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1. Introduction

The unique advantages of silicon photonics in terms of power, latency and bandwidth density
can benefit integrated computing systems and permit the scaling of the bisection bandwidth of
computing systems to unprecedented levels [1]. Limits on cost-effective heat removal at both
the package and the system level make necessary very efficient photonic communication links
(sub-pJ/bit) [2]. Among the key building blocks of a low power photonic link is an energy
efficient optical transmitter integrated with a driver, and a receiver circuit integrated with a
photodetector. Using low-parasitic micro-solder bumps, we have previously demonstrated an
all-CMOS silicon photonic digital transmitter with a 400 fJ/bit energy efficiency [3]. Here we
report on a 690 fl/bit silicon photonic receiver that combines the benefits of an integrated
CMOS waveguide detector and a fully integrated clocked CMOS receiver circuit with on-chip
bias control.

MOSFET-based Trans-Impedance Amplifiers (TIAs) with active feedback have been
investigated since the early 1980s for low-cost and low-area receivers [4—6]. Most early work
was based on discrete detectors, but efforts to intimately flip-chip integrated III-V compound
semiconductor detectors to CMOS TIAs with low parasitics was launched in the early 1990s
[7-9], leading to receiver efficiencies of approximately 3 pJ per bit [10].

The use of Si MOS-compatible detectors has also been widely investigated and is
appealing to system designers from the perspectives of cost, parasitic loading, high-speed
operation, and integration with electronics for switching and computing. Early work in this
area traded sensitivity for speed to compensate for the long absorption length in Silicon [11,
12], but even so, was eventually able to provide Gigabit speeds from standard silicon CMOS
or Silicon-on-Insulator (SOI) foundry detectors monolithically integrated with TIA-based
receivers [13, 14]. In [13] a monolithic CMOS receiver and Si detector demonstrated an
energy efficiency as high as 1.5 pJ per bit at 1Gbps, but required external biasing of the TIA.
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Meanwhile, commercial-grade receivers with on-chip biasing and offset-correction were
also built at Gigabit speeds but resulted in an order-of-magnitude larger energy-per-bit [15].
The use of DC-balanced input data, however, allowed novel, lower-power circuits to be
explored. For instance, TIA-less CMOS receivers with energies less than 2 pl/bit were
recently demonstrated at 1.6 Gbps [16]. This result used a III-V flip-chip detector and an on-
chip bias correction circuit and eliminated the need for external TIA biasing. In [17], the
authors capacitively coupled a discrete PIN detector to a TIA to significantly reduce parasitic
loading and simplify TIA biasing, albeit at a somewhat reduced sensitivity, to achieve a
record energy efficiency of less than 1 pJ/bit at 10 Gbps.

More recently, evanescently-coupled waveguide-based Ge detectors have been
incorporated into SOI CMOS [18, 19] to achieve the combined benefits of high-speed
operation, good responsivity, and full CMOS integration. This approach has gained
momentum and several groups have demonstrated Ge waveguide photo detectors with
capacitances as low as a few fF [20], bandwidths above 40GHz [21], and excellent
responsivity. Initial receiver work with such Ge waveguide detectors has focused on
achieving high speed operation (10 Gbps and higher) [22], rather than energy-efficiency.

In this work, we present the first sub-pJ/bit operation of an all-CMOS photonic receiver by
intimate integration of Ge photo detectors manufactured in a CMOS SOI photonic platform to
a 90 nm bulk CMOS circuit. This work takes advantage of the integration of Ge detectors into
Si waveguides, the intimate integration of detectors to receiver circuits, and novel circuit
techniques that embed on-chip TIA bias and offset-correction at extremely low power [23].
The receiver circuit targets an integrated computing system with a distributed system clock,
and is optimized with a unique architecture that employs fewer amplification stages and a
special bias setting mechanism that does not require DC balanced data transmission,
providing further energy savings from reduced coding overhead. The integrated receiver
achieved sensitivity of —18.9 dBm (10™'> BER) at a data rate of 5 Gbps with a power
consumption of 3.45 mW to achieve a record energy efficiency of 690 fJ/bit.

2. All CMOS photonic receiver

Micro bumps

Wire bonding

VLSI Driver

1 PCB

Lensed Fiber Probe d:]i.‘i

Fig. 1. Flip-chip integrated chip-on-board silicon photonic all CMOS receiver. The blow-up
picture shows array of CMOS Ge waveguide detectors with grating couplers for optical
coupling.

The integrated receiver used a chip-on-board package as depicted in Fig. 1. With a goal to
achieve optimized overall energy efficiency, we used different CMOS platforms to make
waveguide photo detector devices and the associated CMOS receiver circuit due to their
different requirements on substrate and other parameters. A custom low parasitic micro-solder
technology described in [1] was used to integrate the photonic device and the CMOS circuit
chip to create a hybrid “CMOS photonic-bridge” configuration with an electrical interface for
local communications and optical access for global interconnections via either fiber or
waveguides on another routing layer. The hybrid receiver chip assembly was die-attached and
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wire-bonded to a printed circuit board (PCB). Such hybrid silicon CMOS receiver achieved a
sensitivity of —18.9 dBm for data rate of 5 Gbps at a bit-error-rate of 107", The integrated all-
CMOS receiver has a record-low power consumption of below 700 fJ/bit. The details of the
key building blocks of the receiver are discussed in the following sections.

2.1 CMOS Ge waveguide photo detector

Ge-PIN waveguide diodes with grating couplers for optical input were used in this work for
high-speed signal detection [18]. They were fabricated with Luxtera’s Ge-enabled
optoelectronic process integrated in Freescale's HIP7_SOI 130 nm CMOS [22]. A picture of
the detector array is in Fig. 1. The detector chip we used for this demonstration has size of
7x10mm, containing more than 49 Ge-PIN waveguide detectors and other test photonic
devices. Characterization showed that the Ge waveguide photo detectors, similar to those used
in the integrated receiver, had a high responsivity of 0.7 A/W at 1550 nm, a low dark current
of 3 pA at 25C and 0.5 V reverse bias. At 1 V reverse bias, it had an extremely low
capacitance of less than 20 fF, and a —3 dB bandwidth exceeding 10 GHz, as shown in Fig. 2.
The exceptional quality of the Ge-PIN waveguide detector enabled high speed receiver
designs with high sensitivity.

% l
£ | 1550nm, 50C, IV
0.1 - R R B T

1 0 100
Frequency [GHz]

Fig. 2. Small signal frequency response of the CMOS Ge waveguide photo detector.
2.2 CMOS VLSI receiver chip

Optical receivers convert a modulated optical signal to an electrical digital signal, using
photodetectors as a front end to receive optical signals as photo current. Typically a trans-
impedance amplifier (TTA) converts the photocurrent signal into a voltage, and the voltage
signal is then further amplified by multiple limiting amplifiers (LA) to a level that can be
faithfully identified as either a logical “1” or “0” by the downstream digital circuits. Due to
the optical loss of the link components and limited laser source power, the received optical
signal power level is typically low, on the order of 10 pW, which translates to 10 pA of photo
current with typical detector responsivity around 0.5~1 A/W. Converting this 10 pA current
signal to a full-swing CMOS voltage requires an amplifier with large gain. For better energy
efficiency, we used a low power receiver design with a 3-stage TIA, followed by a sense
amplifier, as shown in Fig. 3 [23].
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M1 eguivalent resistance is 1 ki?
M2 equivalent resistance iz 3 ki
A iz approximately -3

Each inverter consumes < 0.3 mA
0,1

Vous
integrator

Fig. 3. Schematics of the receiver design. The TIA uses n-transistors in triode as feedback
resistors. The integrator consists of an adder, two 8b registers storing calibration voltages, and

an output DAC [23].

The 3-stage TTA gives a total gain of about 10k, giving a 100 mV output voltage for a 10
HA input signal. A simple and power-efficient clocked sense amplifier then subsequently
amplifies the TIA output to a full-swing CMOS signal. To maximize the input amplifier’s
small signal gain, it was biased to give an average output of %2 Vdd, by shunting an
appropriate amount of input current from the initial stage amplifier. Consequently, the sense
amplifier was also biased at ¥2 Vdd by using a replica TIA. The transistor mismatch (about 10
mV(lo) for 90 nm CMOS), residual thermal noise in the sense amplifier beyond transistor
mismatch, and residual noise in the detector bias path limit the sensitivity of the receiver. The
input referred noise current was calculated to be 1.1 pA.

Due to different link loss and imperfect extinction ratio of the modulators, the average
signal level received by the photo detector varies from link to link. Even for the same link,
due to ambient environment change and other impairments like component aging, the
received signal power varies over time. The TIA bias, therefore, needs to be set differently for
different channels and adjusted for each particular channel over time according the average
signal power received. This is normally accomplished by using analog filters for feedback
control, but unfortunately, analog feedback consumes significant power. In addition, it
requires DC balanced data, which adds significant energy overhead to the total link power
consumption: 25% in the case of 8B/10B DC-balanced coding. To minimize the overhead, we
used a digital feedback scheme, as shown in Fig. 3, employing a globally-synchronized
refresh operation to set the TIA bias correctly. Upon the initiation of global refresh, the bias
control voltage is pre-discharged to 0 V, zeroing the bias shunt diversion current, and the
transmitter sends a constant string of 0s. At the worst sensitivity and extinction ratio, this
transmitted O will still be seen as a high input, and because the TIA has an inversion, sliced as
a 0. Next, the integrator will gradually step up the bias voltage until the slicer generates a 1, at
which point the TIA output will have just risen past ¥2 V4. This bias voltage is stored in an 8
b register. A similar process, based on pre-charging the bias voltage to Vg4, sending s, and
gradually lowering the bias voltage, finds and stores the bias voltage that causes the TTA
output to fall just past ¥2 V4. Finally, the integrator takes the mean of these two bias values to
find a setting that forces the average of a 0 and a 1 to sit at the Y2 V4 threshold. (Note that if
sending s, with the bias voltage pre-charged to Vg, the slicer already evaluates to a 0, then
the signal swing is very large and has large voltage margins, validating this threshold
scheme.)

The advantage of this approach is that as long as the bias refresh is done periodically to
overcome the signal power variation caused by ambient change and component aging, DC
balanced data transmission is not required. Since ambient environment change and component
aging are low frequency events, the refresh frequency can also be low, which makes it a very
low overhead solution. For example, assuming we use 500 1s and 500 Os for calibration, it
would take 100 nanoseconds at 10Gbps data rate. To follow kHz environment changes, we
employ 10 refreshes every millisecond. The refresh overhead can then be calculated as
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100ns/0.1ms, or 0.1% equivalently. This approach, however, does require a global
synchronization to avoid refresh request and acknowledgment between the transmitter and
receiver, which would significantly reduce the useful link bandwidth. In a closely integrated
micro-system (e.g. a macrochip [1]) where a globally shared clock source is available and
phase errors between any two chips’ clocks is bounded, we believe it is feasible.

Because the clock rate of computing systems is currently at 5 GHz or lower, we designed
the photonic driver circuit for 5 Gbps operation to reuse the system clock and to avoid any
serialization and de-serialization latency from clock gear-matching, although the detector
itself has a much higher —3 dB bandwidth of 10 GHz (Fig. 2). In addition, the receiver chip
was designed to interface with an external clock input and clocked digital output data buffer,
and thus a clocked digital receiver with an on-chip clock distribution network was created to
emulate a real system application. The VLSI receiver chip was fabricated in a commercial
90nm CMOS process with size of 5.5mm x 6mm, containing 87 receivers and other test
circuits.

2.3 Flip-chip integration of hybrid CMOS receiver

The receiver and detector were integrated together using the same hybrid approach as
described in [3]. The fabricated Ge photodetector chip and the VLSI chip were first processed
to add under-bump-metallization (UBM) to the bonding pads using electroless plating. Low
profile and small foot-print micro-solder bumps were added to the pads on the detector chip
after UBM with a few microns of vertical compliance. Two post-processed chips were then
integrated together using flip-chip bonding.

The hybrid chip assembly was die-attached and wire bonded to a test PCB for power,
control and high speed digital I/O connections. A picture of the flip-chip bonded chip
assembly is shown in Fig. 4a. The digital photonic receiver prototype is shown in Fig. 4b,
with the CMOS VLSI receiver chip facing up and the CMOS SOI photonic detector chip
facing down. Figure 4c shows a side view of the hybrid “CMOS photonic-bridge”.

(a) (b) (c)

Fig. 4. Photo of the hybrid chip assembly, with VLSI receiver chip facing up . (b) is a photo of
the integrated receiver, showing hybrid bonded VLSI receiver chip (facing up) and
photodetector chip (facing down) wire bonded on a test PCB. (c) shows a side view of the
hybrid “CMOS photonic-bridge”.

3. Performance testing and results

The receiver was embedded in a test environment representative of a clocked digital link. We
tested the integrated receiver performance with a commercial lightwave transmitter driven by
2°1-1 PRBS data from a pattern generator at 5 Gbps. The modulated optical signal has an
extinction ratio (ER) better than 10 dB. A lensed fiber was used to couple the light signal to
the waveguide Ge detectors through grating couplers. A high speed external clock was fed to
the chip, aligned with the input data at the sense amplifier, and used to clock the digital data
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out through the high speed buffers after the receiver. I/O pads then translated the full-logic-
swing 5 Gbps signals to CML signals to drive the data off chip. These high speed signals
passed through short wire-bonds from the CMOS receiver chip to a test PCB (shown in Fig. 4
c) first, and then traveled over several inches of trace leading up to a flex connector. Through
a flex cable, and additional traces after the connector on a second test board (not shown), the
data signals were received finally by an error detector on a BER tester through high quality
RF cables for performance characterization.

With a modulated optical signal at 18 pA average photo current (equivalent to an optical
power of —16 dBm for detector responsivity of 0.7 A/W), we obtained error free operation for
more than 6 hours, indicating a BER better than 107", The mechanical drift of the actuators
we used to manipulate the fiber probe made it very difficult for longer term BER
measurement. Instead, we measured the receiver BER for different average input power
levels. The plot in Fig. 5 shows the measurement results, indicating a receiver sensitivity of
about —18.9 dBm for a BER of 107", With 0.7 A/W detector responsivity, an —18.9 dBm
optical signal would generate 9 pA average photo current. Assuming similar Gaussian noise
for both “1s” and “0s”, the corresponding input referred noise level is estimated at about
1.3pA (1o). This agrees almost exactly with our analysis employing foundry-provided
transistor channel noise models, in which the transimpedance amplifier's output noise was
simulated in Spice, divided by the gain of the amplifier, and combined with the input's kT/C
noise.

LogBER

-10

B B e

14

19, 205 20 -195 -19  -185
Power at detector (dBm)

Fig. 5. Receiver sensitivity measurement results.

We then measured the receiver amplitude and timing margin using an input optical signal
with an average power of —18.9 dBm by shifting the phase of the clock relative the input data
signal at the sense amplifier. The result is plotted as inverse error function Q versus the
sampling offset, as shown in Fig. 6. Using Dural Dirac jitter model, we obtained the estimated
deterministic jitter (DJ) of about 63 ps, and random jitter (RJ) of about 14 ps (rms).
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Fig. 6. Receiver timing margin measurement results.

We directly measured a total receiver power consumption of 3.45 mW (excluding the
power consumed by the digital data buffers, and the on-chip clock distribution) during
extended operation by measuring the supply voltages and currents. This corresponds to a
receiver energy of 690 fl/bit and represents the entire power of the photo detector and its
CMOS receiver, as well as any excess power required to drive circuit parasitics including
internal wiring and flip-chip pads.

4. Conclusions

We have demonstrated for the first time a sub-picojoule per bit, hybrid integrated, all-CMOS
photonic receiver using a Ge waveguide detector and 90 nm CMOS receiver circuits. The
integrated receiver employed a 3-stage TIA followed by a low power clocked sense amplifier,
and was embedded in a digital system with digital data/clock interface and on-chip clock
distribution. It achieved a sensitivity of —18.9 dBm at 5 Gbps for a BER of 10~'* with an ultra-
low power consumption directly measured below 700 fJ/bit. To our knowledge, this is the
lowest energy/bit (power/bit-rate) receiver in any technology. Unlike conventional optical
receivers, DC balanced data transmission is not required for the receiver to work properly.
This is enabled by a low-overhead temporal bias refresh scheme. This successful
demonstration of a low energy silicon photonic receiver marks another significant step
towards a complete sub-pJ/bit link that is expected to be critical for future inter-chip and intra-
chip interconnect applications.
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