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%‘ﬁﬁj[%gﬁ% for Robust VLSI Power Distribution
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With the scaling down of the technology node, both power consumpiion, and supply noise are continuously
increasing in modern VLSI designs. The emergent power supply noise through the power delivery network
(PDN) can eventually degrade the chip timing performance or even cause malfunciion. Therefore, an
effective supply noise mitigation system and PDN design methodology are critically imporiant to ensure
robust VLSI power distribution

Designing a high—quality low noise PDN system is a complex and challenging task, which requires many
efforts from PDN desigh stage to operation stage and extensive consideration throughout PIN compohents.
For example, using switched capacitor voltage regulator {(SCVR) as the power supply solution involves
supply voltage ripple. Parasitic resistance and inductance of PDN can induce dynamic voltage drop by
load current variation. At the chip load stage, supply noise degrades chip operation performance.
Meanwhile, chip operation variation brings load current variation, which in turn, causes supply noise
Jointly considering these interdependent and heterogeneous aspects is the major diffieculty in PDN
design and noise mitigation.

Traditionally, PDN designers rely on a simple veltage guard bound as design guidance. Following such
guidance, designers assume a max allowed voltage drop, and then determine the parameters of PDN
components to meet the voltage drop constraints. To explore PDN parameters and verify the performance,
considerable design time and run-time efforts are necessary. Next, a reactive noise mitigation system
is introduced to dynamically regulate the load voltage such that the voltage guard bound is maintained
during the operation stage. Nevertheless, designers just blindiy believe the chip performance is
ensured if voltage guard bound guidance is followed.

However, for large VLSI designs such as many-core systems, activity variation among multiple cores can
result in considerable emergent large power requirements within tens of clock cycles. Therefore, the
traditional voltage guard bound guidance is very difficult to meet at the PDN desigh stage because the
allowed PON impedance can be as small as micro Ohms across the wide frequency range. Moreover, during
the system operation stage, the traditional reactive noise mitigation system fails to compensate such
emergent supply noise due to systematic issues such as voltage sensing latency, voltage boosting
latency through PDN, and limited voliage scaling capability. Finally, even with a dedicated noise
mitigation control system and PDN design, the actual chip performance impact is still invisible to PDN
designers due to using the over—simplified load model. Such an issue can, in turn, mislead the PDN and
noise mitigation system design, resulting in under— or over—desighed PDN system and unexpected supply
noise impact. Besides, with the rising popularity of machine learning technology, the proactive noise
mitigation system based on chip load power/current prediction instead of reactive one is discussed to
conceal the PDN latency. However, the mitigation solution either suffers from high hardware overhead or
low prediction accuracy. Hence, the practical preactive supply noise mitigation and design methodology
for off-chip PDN remains an open problem.

To put proactive noise mitigation into practical and improve the PDN design methodology, there are iwo
major challenges need to be addressed. The first is negative loop challenge of proactive noise
mitigation. A proactive noise mitigation controller requires a long-term accurate power/current
‘prediction fo conceal the PDN voltage setup latency. However, existing long—term prediction requires
high computation cosi and consequently long computation latency. Besides, traditional switched
capacitor voltage regulator (SCVR) is a common off-chip power supply solution, but off-chip SCVR has
limited voltage scaling fiexibility and long response time. These two bottlenecks demand further longer-
term prediction. Such a negative loop makes proactive noise mitigation suffer from either high hardware
overhead or low prediction accuracy. Various works are proposed to address this challenge. For example,
low dropout (LDO) voltage regulator is proposed to achieve fast noise mitigation response, but at the
cost of heat generation and low energy efficiency. Multi-ratio SCVRs are alsc studied but the output
ripple and limited voltage scaling level remain open problems. Till now, practical methodology to
design a proactive noise mitigation system has not been established
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The second challenge is the design gaps in PDN design methodology. The first gap exists between PDN
design constraints and target impedance design. Target impedance methodology is a common practice to
bridge the PDN impedance with voltage drop constraints. However, actual PDN impedance is defined in the
frequency domain while the voltage drop constraints are given in the time domain. Although the current
spectrum tells us that dynamic power noise distributes within a certain frequency range, how to
determine detailed frequency-dependent farget impedance remains an open problem. The second gap exists
between on—chip timing information, and off—chip PDN verification and expleration. Conventionally, very
simple load models are provided to off-chip PDN designers, and hence on-chip behavior cannot be
analyzed by them for PDN verification. Besides, supply voltage and clock frequency may be controlled
for each core or a group of cores. Such a sysiem behavior affects the power supply noise significantly
but due to its complexity, it is difficult for on—chip designers to consiruct even a simple chip load
model for PDN configuration exploration purposes. Without the critical on-chip timing information
existing over-simplified PDN design methodology can mislead the PDN design, resuiting in under- or over-
designed PDN, and under- or over—estimated supply noise impact

This dissertation proposes the proactive supply noise mitigation and PDN design methodology by
addressing the above two challenges. For the first negative loop challenge, this dissertation manages
to break the negative loop from two aspects. The first is to lighten the prediction cost by developing
a lightweight short-term average current predictor. The second is to relieve the prediction length
requirement by introducing a scalable major-minor voltage regulator (MMVR) structure. For the second
design gap challenge, this dissertation proposes a frequency-dependent target impedance design
methodology that considers the constiraints of both average and dynamic voltage drops. A concept of
magnitude equivalent frequency (MEF) is proposed to simplify the frequency-dependent target impedance
design. To validate and explore the noise impaci, this dissertation proposes a chip load model that
can provide the on—chip timing information, replay detailed voltage—dependent current profile, and
extensively explore the inter-core operation mode variation within a short run—time.

With the proposed methods, firstly a lightweight current predictor is derived, which consists of six~
layer decision tree regressor and achieves over 0.99 correlation for 50-cyele~ahead prediction
Secondly, the proposed MMVR power supply solution achieved over 3X voltage scaling range compared with
traditional SCVR while the ripple is within 16mV, which is 1.6%¥% of load voltage. The preactive noise
mitigation system is constructed using MMVR and predictor. Experimental results with a multi-core RISC-
V design show that the proposed proactive mitigation system can mitigate the supply noise within 30mV
while the noise exceeds 70mV with the conventional reactive mitigation. Also, the average supply
voltage is compensated during the full operation period. Thirdly, the freguency-dependent target
impedance is obtained which fulfills the voltage drop constraints. Experiments confirm that the
synthesized target impedance satisfied the constrainis with less than 0. 1¥% error in the actual
processor load case. Fourthly, a compact chip load model is derived, which is mostly described by
Verilog-A. Experimental results show that the proposed model reproduces the current profile, current
peak, and timing data well even while it achieves over 300X run-time reduction compared to & transistor-
level model. It is also experimentally demonstrated that land side capacitor is helpful to improve
processor timing performance in test cases.

The proactive noise mitigation methodology discussed in this dissertation helps te relieve the emergent
supply noise so that the robusiness for VLSI power distribution can be ensured. The methods proposed in
this dissertation are also helpful for PDN designers toc mitigate the over— or under—designed PDN
impacts, and reduce the design cost and iteration time by facilitating the PDN verification and
exploration process.
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