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Using optics for chip-to-chip interconnects has recently gained a lot of interest.
As data rates scale to meet increasing bandwidth requirements, the shortcomings of copper channels are becoming more severe. Hybrid integration of optical devices with electronics has been demonstrated to achieve high performance
[1-4], and recent advances in silicon photonics have led to fully integrated optical signaling [5]. These approaches pave the way to massively parallel optical
communications. Dense arrays of optical detectors require very low-power, sensitive, and compact optical receiver circuits. Existing designs for the input
receiver, such as TIA, require large power consumption to achieve high bandwidth and low noise, and can occupy large area due to bandwidth-enhancement
inductors. In this work, a compact low-power optical receiver that scales well
with technology is designed to explore the potential of optical signaling for
future chip-to-chip and on-chip communication.
In most optical receivers, the photodiode current is converted to a voltage signal. A simple resistor can perform the I-V conversion if the resulting RC time
constant is in the order of the bit interval (Tb) [5]. However, for a given photodiode capacitance and target SNR, the RC limits the bandwidth and hence the data
rate. To avoid this problem, TIAs are commonly employed, which are highly analog, power hungry, and do not scale well with technology. One alternative is the
integrating front-end to eliminate the need for resistance and breaking the bandwidth trade-off. However, this technique suffers from voltage headroom limitations and requires short-length DC-balanced inputs [6]. In this work, we design
an RC front-end with a time constant that is much larger than Tb (RC>>Tb) without imposing any requirement on the input data. The voltage across the resistor
is sampled at the end of two consecutive bit times (Vn, Vn+1) and these samples
are compared to resolve each bit (ΔVs = Vn+1-Vn>0 results in 1 and ΔVs < 0
results in 0). Similar to [6], this double-sampling technique allows demultiplexing by use of multiple clock phases and samplers, as shown in Fig. 7.1.1. The
RC at the front-end prevents out-of-range input voltages caused by long
sequences of ones or zeros. However, it causes the voltage difference (ΔVs) to
be input-dependent. For instance, a one after a long sequence of zeros generates
larger ΔVs than a one after a long sequence of ones, as shown in Fig. 7.1.2. To
resolve this problem, the offset of the sense amplifier is dynamically modulated
to provide a constant voltage at its input regardless of the data sequence.
Figure 7.1.1 shows the top-level architecture of the receiver. The input current
from the photodiode is integrated over the parasitic capacitor, while the shunt
resistor (Rs) limits the voltage. Rs can be adjusted to prevent saturation at high
optical powers. The resulting voltage from the integrator is sampled by a bank
of four sample/holds (S/H). The S/H is composed of a PMOS switch and the parasitic capacitor (Cs) from the following stage. Cs is chosen to be about 15fF to
optimize the trade-off between the S/H speed and KT/C noise. An amplifier with
6dB of gain provides isolation between the sensitive sampling node and the
sense amplifier to minimize kick-back. This also creates a constant commonmode voltage and prevents input-dependent offset. A StrongARM sense amplifier [7] is employed to achieve high sampling rate and low power. This sense
amplifier has a separate offset cancellation for mismatch compensation. Figure
7.1.3 shows the details of the dynamic offset modulation technique. A differential pair at the input of the sense amplifier introduces an offset that is proportional to the difference between the sampled voltage (VS0) and a reference voltage (VREF). VREF is defined as the average of the maximum (VDD-Rs×Izero) and
minimum (VDD-Rs×Ione) voltages at VPD. Figure 7.1.2 provides an example to
illustrate the operation of the dynamic offset modulation. As a worst case, a long
sequence of ones, followed by a long sequence of zeros is considered. The first
one after zeros generates a large voltage at VPD. As the number of successive
ones increases, this voltage decays exponentially due to Rs and CPD. As shown
in Fig. 7.1.2, if the maximum voltage at the output of the amplifier (ΔVAMP) is
equal to ΔVmax, dynamic offset modulation introduces an offset so that the sense
amplifier differential input is ΔVmax/2, regardless of the previous bits. For
instance, an offset equal to -ΔVmax/2 is applied when ΔVAMP = ΔVmax, no offset
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is applied when ΔVAMP=ΔVmax/2, and an offset equal to ΔVmax/2 is applied if
ΔVAMP=0.
The prototype is fabricated in a 65nm CMOS technology and occupies less than
0.0028mm2 and is shown in Fig. 7.1.4. It is composed of two receivers, one with
a photodiode emulator and one for optical testing with a photodiode. In the first
version, an emulator mimics the photodiode current with an on-chip switchable
current source. A bank of capacitors (Cpd) is integrated to emulate the parasitic
capacitances (photodiode plus bonding). The functionality of the receiver is first
validated using the emulator and PRBS7, 9, 15 sequences. Rs and Cpd are chosen to be 2.2kΩ and 250fF (RC = 550ps). Figure 7.1.3 shows how the BER
changes with the input current at 14.2Gb/s, 16.7Gb/s, 20Gb/s, and 24Gb/s. The
receiver achieves about 75µA of sensitivity at 14.2Gb/s that reduces to 160µA at
24Gb/s. This is mainly due to the fact that the bit interval and hence the integration time decreases. The voltage sensitivity of the receiver is measured to be
about 13mV up to 22Gb/s and drops to 17mV at 24Gb/s.
The receiver is wire-bonded to a high-speed photodiode and tested at different
data rates. The photodiode, bonding pad, wire-bond, and the circuitry are estimated to introduce more than 200fF capacitance. Figure 7.1.4 shows the optical
test setup. The optical beam from a DFB laser diode is modulated by a highspeed Mach-Zender modulator and coupled to the photodiode through a singlemode fiber. As the beam forms a Gaussian profile upon leaving the fiber, the gap
between the fiber tip and the photodetector causes optical intensity loss. This,
combined with the optical connector’s loss, is estimated to introduce about 3 to
4dB reduction in optical power at the photodiode. Figure 7.1.5 shows how the
sensitivity of the receiver changes with data rate. Note that the coupling loss is
not considered in this plot. The receiver achieves more than -12.5dBm of sensitivity at 10Gb/s that reduces to -7.3dBm at 18.6Gb/s. The maximum achievable
data rate in this experiment is mainly limited by the performance of the external
optical intensity modulator. The maximum optical power before the receiver
goes into saturation is about 0dBm. The receiver power consumption (including
all clock buffers) at different data rates is also shown in Fig. 7.1.5. The power
increases linearly with the data rate as the receiver employs mostly digital
blocks. The receiver offers a peak power efficiency of 0.36mW/Gb/s at 20Gb/s
data rate. Tables in Fig. 7.1.6 summarize the performance of the optical receiver
and compare it with prior art.
The double-sampling optical receiver with dynamic offset modulation consumes
less than 0.36mW/Gb/s power while operating at 18.6Gb/s. The architecture is
well-suited for highly-scaled technologies. Experimental results validate the feasibility of the receiver for ultra-low-power, high-data rate and highly parallel optical links.
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Figure 7.1.1: Receiver top-level architecture.

Figure 7.1.2: Double-sampling and dynamic offset modulation technique.

Figure 7.1.3: Receiver front-end and input current sensitivity at different data
rates with PRBS9.

Figure 7.1.4: Optical test set-up, micrograph of the receiver with bonded
photodiode.

Figure 7.1.5: Optical Sensitivity, power efficiency, and input and output
diagram.

Figure 7.1.6: Receiver performance and comparison with the prior art.
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