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THEME-1: Off-Chip VLSI Interconnect Links 

Short-Range Links: Achieving Sub-1mW/Gbps Energy Efficiency 

Task 1: Optimizing power consumption in global and local clock distribution to 
parallel links  

We published numerous papers in this area over the past 3-years, working with 
our industry mentors Intel, LSI, and IBM.  Our first work in 2010 was a 6.4Gbps 
serial-link RX, operating at an energy-efficiency of 0.6mW/Gbps [1a].  This was 
one of the 1st-papers using injection-locked oscillators (ILO) for both phase-
locking and phase-shifting, and has been cited over 40 times.   

In 2011/2012, we improved on this energy efficiency by 5x by lowering the supply 
to near-threshold operation, achieving an 8Gbps RX-data-rate with an energy-
efficiency of 0.16mW/Gbps [1b,1c,1d], which is still one of the best energy-
efficiencies to-date. 

In 2013/2014, we increased the data-rate from 8Gbps to 16Gbps for the TX, 
while still achieving a sub-1mW/Gbps energy-efficiency, in the top conference in 
our field [1e].  Furthermore, we also demonstrated excellent energy-efficiency for 
the RX-based equalizer, a 0.25mW/Gbps decision-feedback equalizer (DFE), 
again at our top conference [1f].  Finally, we have already successfully measured 
a 0.6mW/Gbps 16Gbps-RX operating in the near-threshold region, and will 
submit that for publication in Jan-2014 [1g].   

In summary, we demonstrated with our many techniques that achieving sub-
1pJ/bit (1mW/Gbps) energy-efficiency for off-chip serial links is possible, both at 
8Gbps and 16Gbps data-rates.  Our future work in this field is to extend this level 
of energy-efficiency to 25Gbps serial links.   

 

 



Task 2: Theoretical and practical limits to fine-grain, instantaneous power gating 
of on/off links 

We fabricated a test-chip in May-2013, that exhibits a 0.7V, 500fJ/bit, 16Gbps 
transmitter for short-range interconnects.  The chip incorporates fast wakeup, 
using distributed injection-locked oscillators to achieve nanosecond resolution 
wakeup.  This chip has already been fabricated, was successfully tested, and 
has been accepted for publication at the International Solid-State Circuits 
Conference, 2014, our most prestigious conference [1d].  In this work, we 
demonstrated measured wakeup times of the TX of less than 2ns, using burst-
mode injection-locking synchronization.  Our future work in this area will be to 
understand how to use this same fast-wakeup mechanism of injection-locking for 
the clock/data-recovery system in the RX.   

 Long-Range Links: Energy-Efficient, ADC-based Links� 

Task 3: Reducing jitter limitations of gigahertz ADCs by using front-end, sine-
wave sampling  

In 2011, we demonstrated the improvement in SNR if we move to non-binary 
signaling, showing that duobinary signaling transmission is better than NRZ for a 
25Gbps data-rate [2d].  However, in order to achieve multi-level signaling, the 
system requires an ADC-based serial link.  Conventional multi-gigasample ADCs 
exhibit a problem for timing uncertainty, both process-induced static phase 
offsets and dynamic random jitter.  Because the static phase offsets are a 
function of process variations, they can be measured during operation and 
calibrated away.  We demonstrated this approach in [2f], showing that the 
residual jitter can be as little as 0.6ps, after calibration.  Dynamic random jitter is 
more difficult to counteract, since they are a function of the oscillator phase noise 
and power-supply induced noise.  We demonstrated in [2e] that using sine-wave 
sampling, we could minimize the sampling jitter of the initial front-end 
sample/hold, thereby improving the jitter accuracy, since a pure sine-wave clock 
generator will introduce the least amount of random jitter.  Finally, we were able 
to transfer this technology into commercial use, by joint licensing this work with 
LSI Corporation, one of our corporate sponsors [2g].   

Task 4: Energy-efficient circuit topologies for time-interleaved, successive-
approximation ADCs 

In 2010, we demonstrated a 1.3GSs, 6b, 6mW SAR-ADC structure in 40nm-
CMOS [2a, 2b].  This is one of the fastest single-channel SAR-ADC designs, 
which demonstrating a competitive energy Figure-of-Merit (~200fJ/bit).  A follow-
up chip was fabricated in 40nm-TSMC process, operating at 14GSs, 5b, and 
60mW, which we are currently submitting that design for publication [2c].   

 

 



 

THEME-2: On-Chip VLSI Interconnect 

Task 5: Fundamental and experimental limits to using low-voltage swing, parallel 
interconnect for core-core and crossbar links� 

In 2010, we demonstrated a 4-core network-on-a-chip prototype, utilizing low-
voltage signaling for the core-core and crossbar links.  This was one of the first 
demonstrations of low-swing signaling for NoC applications, demonstrating an 
energy-efficiency of 40fJ/bit/mm.  This improves upon conventional on-chip 
transceiver wire energy by 4x.  We extended on this work with a 4fJ/bit/mm on-
chip transceiver for short-range on-chip wires, which was published in 2011 [3c].  
By operating this link at the sub/near-threshold supply region, this chip 
demonstrated an energy-efficiency 40x better than conventional on-chip inverter-
based wires. 

Task 6: The design and usage of compact, low-power equalization for RC-limited 
wires 

We submitted a paper to the IEEE Journal of Solid-State Circuits [3d], entitled: “A 
0.2-1V, 1MHz-1.66GHz, 4-113fJ/bit/mm Capacitive Charge Sharing Transmitter 
for Short-Range On-chip Wires”.  This circuit demonstrated energy-scalable 
performance, for VDD=0.2V-1.0V, and energy scalable from 4fJ-113fJ per bit.  
This paper demonstrated not only some of the lowest reported figures-of-merit for 
energy-efficiency, but also introduced several concepts related to compact 
equalization.  For example, embedded hysteresis enables low-power equation, 
using the intrinsic circuit hysteresis for equalization purposes. A patent was 
submitted to the USPTO, in regards to “LOW-VOLTAGE SWING CIRCUIT 
MODIFICATIONS”, where we propose to insert low-swing transceiver circuits 
automatically using our proposed low-swing circuits [3e].   
 
 
Other works: Due to the ARRA accelerated spending, my group pursued other 
research areas extremely relevant to the Exascale program, while simutaneously 
increasing the spending rate.   
 
THEME-3: Silicon Photonics: Silicon photonics is an important research topic, 
as it enables distance-independent communications at very competitive energy-
efficiencies.  With our partner HP-Labs, we have demonstrated ring-resonator-
based systems with CMOS/photonic hybrid interconnects [4a].  At 8Gbps data-
rate, we achieved a competitive energy/bit of 1.5mW/Gbps [4b].  Furthermore, 
our prototype demonstrated the ability for incorporating on-chip thermal tuning 
compensation, which is critical for tracking resonance shifts due to temperature 
shifts.  We are currently working on our 2nd-generation design, operating at 
25Gbps x 4-channels, enabling 100Gbps bandwidth.    
 



 
 

 
THEME-4: Reliability and Resiliency: Circuit reliability and resiliency are critical 
concerns for next-generation computing, especially as the supply voltage is 
pushed deep into the near-threshold regime.  We began looking into trying to 
achieve both energy-efficiency and timing variation resiliency for parallel SIMD 
computation in [5a, 5b, 5d].  We demonstrated in 45nm-SOI a 10-core processor 
with Razor-based error detection, along with decoupling queues to enable limited 
asynchronicity between lanes.   
 
Further investigation determined that one of the major problems with low-voltage 
operation is the detection of timing errors.  In [5c], we proposed using analog-
based sensing to detect timing faults versus conventional digital-based error 
detectors.  We found analog-based sensing could increase throughput by more 
than 50%, due to the higher sensitivity and larger window for timing speculation.   
 
Finally, the susceptibility to soft-errors (i.e. cosmic radiation) while under near-
threshold operation is a phenomenon that has not been heavily researched.  
Working with our collaborators at Intel Circuits Research Labs, we have designed 
a circuit-testing platform that enables quick and accurate testing of soft-errors 
upsets.  Our preliminary 65nm-CMOS chip, integrating both memory and logic 
structures, was tested under nuclear irradiation at Los Alamos National Labs. 
Experimental results showed that SEU rates increased ~5x when operating in the 
near-threshold regime, along with correlated increases in multi-bit upsets.  These 
results are the first-of-their-kind to try to understand the behavior of near-
threshold operation and soft-error upsets, and will be submitted for publication in 
Jan-2014 [5e, 5f].  
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