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Abstract

We have developed an atom-switch based field programmable gate array (FPGA) with radiation resistance. The atom switch replaces both configuration RAM and pass transistor, resulting in reducing chip size and enhancing energy efficiency. Atom switch features non-volatility, high on/off conductance ratio, and rewritability. Since the atom switch also has a durability against radiation, the circuit configuration of FPGA is protected.
I. Introduction
The Internet of Things (IoT) has been envisioned as a fundamental infrastructure that will bring about useful information and knowledge resulting in efficiency and growth in industry and improved comfort and safety in human life. Sensors, networks, and information technology (IT) are designated as key technology elements to make IoT a practical knowledge framework. IoT is to be used for supporting so-called lifeline as energy supply, water works, traffic control, logistics, broadcasting, and telecommunication. Everything is to be connected through Machine to Machine (M2M) network anytime and anywhere to realize the IoT framework [1].
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Space systems, such as satellites, can be identified as sensor nodes and relay nodes among IoT applications [2]. It is integrated with ground systems, and wide range of collected information must be transmitted through the limited transmission capacity of existing network. Thus, it is essential to reduce the data size by computationally intensive algorithms including data compression, data prediction, adaptive sampling, and so on. Field programmable gate arrays (FPGAs) with high performance computation are suitable for this purpose. Especially, a single-event-effect (SEE) free FPGA is the most desirable device because the demanding characteristics on satellites is a continuous operation in harsh environment with background radiation in orbit. Low power consumption is another demanding characteristics for realizing less heat dissipation indispensable to space applications operating in exoatmosphere.

In this contribution, an atom-switch based FPGA with radiation resistance is discussed. Atom switch provides rewritable capability for FPGAs without static random access memory (SRAM) or electrically erasable programmable read-only memory (EEPROM) to store circuit configurations. The atom switch functions as routing switch and memory bit in look-up table (LUT). The atom switch has a durability against radiation. This results in mitigating SEE in circuit configuration of FPGA. Memory patrol and memory scrubbing functions are not required for the atom-switch FPGA, and that eliminates external peripheral devices used with conventional rewritable FPGAs. We demonstrate the improved performance of atom switch FPGA, compared to the conventional SRAM based FPGA fabricated in same technology node of 40 nm.

II. Complementary Atom Switch

Atom switch is a resistance-change switch with high on/off conductance ratio [3, 4]. The switch is composed of the polymer solid electrolyte (PSE) sandwiched between Ru and Cu electrodes (Fig. 1(a)) [5]. When a positive voltage is applied to the Cu electrode, Cu is ionized and precipitated at the Ru electrode, and then a Cu metal bridge is formed between the Cu and Ru electrodes. The conductance of the switch changes to high (or on state). When a positive voltage is applied to the Ru electrode, the metal bridge is broken and dissolved into the solid electrolyte and the switch turns off. The programming cycles is up to 1,000. The on or off conductance is maintained even when the voltage bias is not applied. Atom switch is implemented between metals 4 and 5 by using the conventional backend-of-line (BEOL) process (Fig, 1(b)). 
Only two photo masks are needed to fabricate the atom switch in BEOL. One of the masks is for opening the cover of Metal 4 and the other for etching the switch stack. The Cu line edge is used for the electrode of the atom switch. Thus, the Cu metal bridge in the PSE is induced at the edge of the Cu electrode, resulting in the improved on-state reliability. The Ru alloy is used for the inert electrode of the atom switch, instead of simple Ru. The Ru alloy further improves the on-state reliability, compared to Ru. Highly reliable on-state is obtained by optimizing the electrode material and structure [6].
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The off-state reliability is enhanced by connecting two atom switches in an opposite direction (Fig. 1(c)), which is named by complementary atom switch (CAS) [7]. Both elements are programmed to be on or off state by applying a voltage between terminals T1 and C, and T2 and C, sequentially. The current during the programming is regulated by n-type transistor connected to the terminal C, so as to control the on conductance. During the logic operation of FPGA, logic signal passes through between T1 and T2. For an off state, both elements are programmed to be off. For off-state reliability, the time-to-on should be more than 10 years, while the switch is under stress of the operating voltage (VDD). However, there is a trade-off between high off-state reliability and low programming voltage (VP). Atom switch with a thick solid electrolyte has a high off-state reliability but a high VP. Use of high-voltage-tolerant transistor results in a large circuit size. The two-terminal atom switch with a higher VP needs a 3.3-V-tolerant transistor for programming [8]. When the CAS is applied to the programmable switch, both high off-state reliability and low VP are realized. A 1.8-V-tolerant transistor or even logic transistor with small foot print are used. 
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Circuit Architecture and Performance Evaluation
This section describes the circuit architecture and the performance evaluation of atom-switch based FPGA [9, 10]. Atom-switch based FPGA is composed of array of configurable logic block (CLB), Input-output cell, and programming drivers for atom switch. The CLB array includes the routing tracks with 4 segment length in all 4 directions (vertical or horizontal direction) (Fig. 2(a)). The logic signal from any CLB can reach CLBs within 4 units away in either direction without passing CAS. Each track has 4 lanes (Fig. 2(b)) and totally 16 lanes are available for one direction. Since the tracks are unidirectional, the tracks for positive and negative directions are provided. This contributes to the routability and the reduction in the signal delay. The segment wires are buffered by AND gate at the section between the second and third CLBs. The AND gate also terminates unused wires to reduce the parasitic wire capacitance. The segment length and the lane number are chosen to have the capability of routing all of the MCNC20 benchmark circuits [11].

Figure 3 shows a schematic diagram of CLB. The CLB has 64 inputs and 16 outputs from/to the neighbouring CLBs. The main parts of CLB are a basic logic element (BLE), buffers and a crossbar. The BLE is composed of a pair of 4-input LUT and D-type flip-flop (DFF). The DFF has control inputs for asynchronous set and reset (RB/SB). We found that the cluster size of 4 is optimum in terms of the logic density and the signal delay. The crossbar circuit plays as multiplexers for signals. The CAS is placed at each cross point of the crossbar circuit. The crossbar has the half-depopulated CASs for routing the input (IN) and the fully populated CAS for feedback lines from BLE. We evaluate the depopulation rate and it is found that MCNC20 benchmark circuit is successfully mapped on CLB arrays with depopulation rate of more than 50%. Programming circuitry of the crossbar is studied elsewhere [9]. The crossbar has 69 inputs, comprising of 64 routing tracks, 4 feedback lines, and the one fixed-low line preventing floating node. The number of outputs are 32, comprising of 16 LUT input and 16 outputs of CLB via buffers. Note that the small input capacitance of CAS (~0.14fF) enables us to design such a large scale crossbar circuits. Additionally, the single stage routing is beneficial to reduce the signal delay.

CAS is also utilized in memory bit of LUT (Fig. 3). The LUT memory outputs either VDD or GND by programming either of two CASs (Fig. 3). Hence, the circuit configuration maintains even when the power is turned off, and the external non-volatile memory is not required. 

Figure 4 (c) shows die photograph of the test chip fabricated by using 1-poly-7-metal 40-nm CMOS process. The size of test chip is 2.7 mm x 2.7 mm and the 40 x 40 CLB arrays are integrated. The 4.38-Mb atom switches are integrated between metals 4 and 5 of Cu interconnect.
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We compared the performance of the atom-switch FPGA with the commercial SRAM-based FPGA, fabricated by 40-nm CMOS process [12]. The logic density of the atom switch FPGA is 2 times larger than that of the reference chip. The benchmark circuit of 16-bit Arithmetic Logic Unit (ALU) with a 1k-gate scale was mapped on both FPGAs. The test circuit includes an instruction decoder and input signal generator. 332 LUTs and 73 FFs are used. A count-up signal generated by a mapped 16-bit counter is the input as the operand of ALU. All 28 instructions are cyclically asserted using a one-hot signal generator. The configuration data from arbitrary RTL description were generated by in-house cluster packing and placement/routing tool chain [9]. First, gate level netlist was obtained by logic synthesis. Then, logics were converted into 4 input LUT, and placement and routing were employed to get configuration data. The configuration was done by setting the designated atom switches to the on-state in each cell. The verification pattern was generated from the Verilog test bench, and both devices were evaluated using a logic tester.
Figure 5 shows 2-dimensional shmoo plots in terms of clock period and operation voltage, VDD. The ALU mapped on the atom switch FPGA operated at 3.8 times faster clock frequency when VDD = 0.8 V, compared to that on the state-of-the-art low power FPGA. The novel FPGA also operated down to VDD as low as 0.55 V and the commercial FPGA as low as 0.
The power consumption was compared at the minimum VDD for 15-MHz operation. The atom-switch FPGA operated at 0.73 V and 15 MHz with the active power of 386 μW. Contrarily, the minimum VDD of the reference chip for 15-MHz operation was 0.94 V, and the active power 630 μW. The dynamic power of the programmable logic cell arrays (= 13 μW/MHz) was also lower than that of the reference (= 39.5 μW/MHz). These improvements are mainly originated from the small capacitance in the programmable switch and reduced wire length.

IV. Radiation Resistance
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Radiation resistance of atom switch was evaluated by using a heavy ion cocktail beam. For this evaluation, array of 128k-bit atom switches was used. The array of atom switches was exposed by Xe and Kr ions. Linear energy transfers (LETs) of Xe and Kr were estimated to be 68.9 and 40.3 MeV/(mg/cm2) at the chip surface, respectively. During the irradiation, we observed no SEE, showing that SEE cross section is at least 100 times lower than that of NAND flash.

In FY2018, the atom-switch FPGA will be evaluated in orbit via the innovative satellite technology demonstration program [13]. The program is conducted by Japan Aerospace Exploration Agency (JAXA). During a whole year, the full-HD image will be compressed in the atom switch FPGA and transmitted to ground stations.

Table 1: Radiation Specifications

	Items
	Details

	Radiation source
	Cf-252 fission fragments

	Test bit
	128k

	Fluences [p/cm2]
	1.25×107

	Active area [cm2]
	1.5×10-11


V. Summary

A low-power non-volatile FPGA is demonstrated for energy-constrained applications in space system. FPGA composed of a 4.38-Mbit atom switch for the routing switch and configuration memory shows a 2x logic density, 3.8x operation speed, and 3x power efficient FPGA, compared to the conventional SRAM based FPGA with same technology node of 40 nm. The developed atom switch FPGA is a strong candidate for energy efficient computing in space system.
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Figure 1: Atom switch. (a) Operation principle of atom switch. (b) Transmission electron microscopy of atom switch embedded into Cu interconnects of 40-nm node CMOS. (c) Complementary atom switch (CAS) for programmable switch in FPGA. 
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Figure 3: Configuration logic block (CLB) architecture. CLB composed of crossbar switch and four basic logic elements (BLEs) has 64 input (IN) and 16 output (OUT) for signal routing, Each BLE has 4 input look up table (LUT) and D-flip flop (DFF).
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Figure 2: Routing architecture of atom-switch based FPGA. (a) Array of configurable logic blocks (CLBs) and routing path from CLB. (b) 16 routing tracks at right direction. Each track spreads 4 segments.
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Figure 4: Die photo of atom-switch FPGA with 40x40 CLB and its specifications.
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Figure 5: Operation regions of (a) atom-switch FPGA and (b) SRAM FPGA. 16b-alithmatic logic unit and signal generator are mapped on both FPGAs.








