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Superconductor electronics are useful for many applications, from magnetometry to high-speed, low-energy quantum controllers.
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Jennifer Volk
In spite of their benefits, superconductor electronics are hard to scale. However, this is a well-known quality and many researchers have tried to tackle it. Their efforts can be grouped into three main thrusts. The first focuses on scaling fabrication processes and the use of novel devices; the second centers on the development of EDA tools to improve technology mappings; and the third explores technology-driven architectures. However, there’s a fourth area that we introduce here, which aims to increase the functionality of JJs that already exist in the design.
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To determine how we can re-use JJs, we first have to understand how JJs are allocated.

Jennifer Volk
In an example 32-bit Kogge-Stone Adder, there’s roughly a 1/3, 1/3, 1/3 split between logic gates and DROs, which contribute to the computational density of the design, and splitters, which don’t.
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Because of their lack of contribution to the logic, we select the JJs that contribute to splitting as targets for potential reduction.
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The splitter consists of three JJs, and acts like an amplifying JTL, in which it takes in an input pulse, makes a copy, and forwards the two pulses to its outputs. To do accomplish this, the JJs are sized according to a √2 multiplier.
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In superconductor electronics, SFQ pulses are reliably transmitted when the source JJ has a large enough critical current to meet the critical current thresholds of the load JJs.
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As a side note, this notion of drive-ability is not new; it has been developed previously for CMOS circuits, and is called electrical effort. Electrical effort also defines how well a target load is driven by a source, but rather than concerning critical current loads, it concerns capacitive ones.
This parallelism may indicate that some existing abstractions may be candidates for re-use in superconductor electronics.
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Consider a circuit that fans out from one D flip-flop to two OR gates. A splitter is used.
Our goal is to identify how we can source the splitter’s JJs from the surrounding hardware.
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Jennifer Volk
We identify the splitter’s output JJs and the OR gates’ input JJs as redundant, as they have the same functions (as buffer JJs) and the same critical current values, and merge them through a technique we call JJ borrowing. 
We now have have gotten rid of 2 of the 3 JJs from the original splitter, but have one 355μA JJ remaining. Because this JJ serves to amplify the SFQ before fan-out, and the JJ preceding it has a smaller critical current, it can’t be removed by the same approach. 
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Instead, we scale the entire cell before this JJ (the D flip-flop) and remove the remaining 353μA JJ. In this way, we maintain signal fidelity while fanning out, without extra hardware.
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Jennifer Volk
How do we create a rule set that helps us define good connections versus bad ones? Our source cells, which do the driving, can take on a range of critical current baselines—for example, from 0 to 500μA. The same is true for the target cells, which load the source cells. These are continuous ranges, however, so a definition of a rule set is impossible.
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Thus, we select discrete values for critical currents within this range, using step sizes of √2, and stop at 46μA because this is the smallest critical current before the error rate increases exponentially due to thermal noise [Tolpygo, 2016]. 
Now, it is easy to define which connections are valid and which are not.
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We can rearrange this information into a simple rule table that defines the requirements for valid connections from a source cell (with baseline critical current indicated in the first column) to a target cell or cells (with baseline critical current indicated in the first row).

Jennifer Volk
There are three cases to consider: when 
(1) Ic_source = Ic_target; 
(2) Ic_source > Ic_target; and 
(3) Ic_source < Ic_target.
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Case #1: Ic_source = Ic_target. This results in a direct-connection; a fan-out of 1 (FO1).
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Case #2: Ic_source > Ic_target. This results in positive fan-out up to FO8.
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For case #3 (Ic_source < Ic_target), amplifying JTLs are needed. To calculate the number of JTLs (each of which contain 2 JJs), we use the mathematical relation depicted.
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In practice, it can be difficult or impossible to obtain exact critical current values. Thus, an interval is implied by each of these values. To explicitly reference these intervals, we assign numbers to them, which we call “rank”.
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Design Methodology 
1. All logic cells have same rank
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There are multiple ways to apply these connectivity rules to real designs. Examples of three primary design methodologies follow. In all of them, a fan-out from 1 D flip-flops to 4 is desired, and the relevant portions of the connectivity table are shown.
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Design Methodology 
2. All logic cells have lowest rank
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Design Methodology 
2. All logic cells have lowest rank
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Design Methodology 
3. Flexible rank
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Evaluation

Configuration Ranking Splitters

JTL Chain R6:8 +38.5 / -65.4% -

JTL Chain R6:8 + FO3 +38.5 / -57.7% +30.8 / -53.8%

JTL Chain R6:8 + FO8 +38.5 / -46.2% +26.9 / -34.6%

JTL Chain R1:8 + FO8 +42.3 / -46.2% +26.9 / -34.6%

JTL Chain R6:8 + FO9 +38.5 / -46.2% +26.9 / -46.2%

Average +39.5 / -49.1% +28.2 / -44.9%

Bias margin analysis

Bias current analysis

Percent Savings
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Jennifer Volk
All amplifying JTLs are composed of 2 JJs. 
For the bias margin analysis, the configuration listed specifies that for ranking; in the case of splitters, only the fan-out is relevant.

For the bias current analysis, the flexible ranking column refers to a setup with rank-6 source cell and flexible target cell rank (i.e., following the third design methodology). The matched rank column refers to a setup in which the source and target cells are all rank-6 (i.e., following the first design methodology). The savings in both cases refer to the percent of bias current savings compared to the same fan-out chains with splitters.
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Results
• Saves up to 45% of splitting JJs/ 15% of the total JJ count
• Up to ~70% lower bias current for splitting
• No bias margin degradation
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https://arxiv.org/abs/2206.07817

Key contributions

• JJ borrowing
• Cell ranking

Next task 
• Integration with optimizers
• Align ranking methodology with design goals

https://github.com/UCSBarchlab/SFQ-Ranking
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