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Abstract - A new digital-design paradigm called Field Programmable Robot Arrays (FPRAs) has been introduced [14].  An FPRA combines CMOS reprogrammable logic with micro-robots having constrained motion.  The goal of the FPRAs is to build digital-logic structures by physical motion as well as the electronic reconfiguration (commonly used in prior programmable logic).  We assume for physical motion the FPRA uses MEMS-based micro-robots like those developed by Donald et al. [3] as a foundation to build other features needed to develop FPRA. We also present circuit foundation for powering this digital control logic and programmable structure portion of FPRAs. We validate these in Cadence AMS (Analog Mixed Signal) environment which can co-simulate Verilog RTL/Verilog netlist/transistors/Verilog-A models which has been widely accepted demonstration platform [15].
Keywords: MEMS, SDA, micro-robot, programmable logic array
I. INTRODUCTION
We propose a new digital-design paradigm called Field Programmable Robot Arrays (FPRAs), and consider novel techniques that use conventional languages to model and simulate FPRAs.  An FPRA combines limited reprogrammable logic with micro- or nano-robots having constrained/noisy motion and sensing capabilities.  The goal of the FPRAs is to build connections of Look-Up Tables (LUTs) by physical motion as well as electronic reconfiguration that implement a target-logic circuit. Target logic is connected externally and acts like an FPGA after configuration. Until each robot forms part of the target logic, it acts independently using limited local information processed within its small LUT resources. Although fabrication of nanoscale FPRAs may be a distant prospect, the work by Donald et al. [3] on microscale robots suggests FPRAs on the scale of 100 to 200 (m may soon be feasible. 
II. Field Programmable Robot Array Concept
FPRAs are a novel combination of techniques from digital design and robotics:  routing reconfiguration via physical mobility, functional reconfiguration via reprogrammable logic, and decentralized motion control.  Since the ultimate goal is a static placement for a target-logic circuit, FPRA configuration occurs in three phases.  In the first phase, the LUT resources within an uncommitted robot implement a motion algorithm that steers the uncommitted robot to a goal position.  In the second phase, that robot becomes electrically connected with an existing structure of robots that reconfigure the LUT resources (previously used for motion planning) within the robot in question.   This reconfiguration need not be the final target-logic configuration, but rather may be one which catalyzes the growth of the desired structure as phase 1 and 2 alternate so that additional uncommitted robots arrive.  In the third phase, when all the robots have become fixed at the required goal positions, a final electronic reconfiguration creates the target-logic circuit.

Spatial efficiency provides a strong motivation for the FPRA paradigm.  In a conventional FPGA, LUTs exist at fixed coordinates.  As a consequence, an FPGA must spend a significant amount of its area on routing networks.  Designs implemented on an FPGA must balance resource use or risk routing-limited designs [1].  In contrast, FPRA LUTS are mobile and may reduce resources wasted on routing overhead.

The FPRA paradigm admits many possible variants. It is expected that providing heterogeneous functionality, (many kinds of robots, each having specialized logic units, such as multipliers or RAMs) will allow for greater spatial efficiency. Also, heterogeneous geometry (slender busses versus square logic) should improve efficiency.   Another option relates to limitations on the path and orientation during motion.  A holonomic robot (analogous to a teacart on casters) does not have limitations; a non-holonomic robot (analogous to a bicycle) does. For simplicity, this paper focuses primarily on holonomic homogenous (one kind of square) robot that can move in any direction on a two-dimensional substrate. It is assumed that like [3], power and clocking can be provided from the substrate when a robot is in motion.  Larger power supplies and faster clocks are available after robots make electrical connection at the goal location.  

III. SDA (Scratch Drive Actuator)
To implement such algorithms onboard a MEMS microrobot, the digital logic must be powered.  To verify such concerns, this paper presents a Verilog-A model for  co-simulation of the SDA which models the electrical and mechanical domains based on equations developed from input function of a parallel plate capacitor connected to a spring and a voltage source (Figure 1) [7].  The equation used in the model is a two port model which converts electrical energy domain to mechanical energy domain. 
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Figure 1. Electrostatic Actuator model; G0=Initial gap, k=spring constant [7], G=Gap change function, V=Voltage applied

[image: image1]The model of the parallel plate is based on basic equation

                                                                                      (1)

where A = area of the plate and G = gap distance.  To capture the potential energy caused by electrostatic force using 
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                                                                                      (2)                     
where e refers to voltage and q refers to charge.  Since 

Q = CV and V = Q/C, we can convert equation (2) into function of Q and G.
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Change in energy can be captured by 
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these equations.  Then force and voltage can be written as
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(6)

After applying (6) into change in energy equation, it would be
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Since Figure 2 is used as a model where voltage is used as input function for the plate capacitor therefore, 
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Then Q and F can be resolved by using (10).
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Now these equations (11) and (12) can be used to quantify energy involved in actuation.
We assume a MEMS-based SDA like the one developed by Donald et al. [3]. This device is on the scale of 100 to 200(m, which we feel is small enough that FPRAs fabricated in this process can properly be considered VLSI building blocks.  The SDA is un-tethered and globally controlled through external voltage to drive the actuator. It was fabricated through a process called PolyMUMPS [8].  The process uses surface machining method widely accepted for MEMS technology. 
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Figure 2. Illustration of electrostatic actuation [5]
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Figure 3. Illustration of power grid [4]

IV. Drive power used to supply voltage to logic arrays

By powering onboard digital logic, this paper attempts to overcome the limitation in [3] of global control.  The required logic to control a microrobot is a one-hot encoded state machine consisting of a dozen or so states, requiring around one hundred gates, clocked in the 1 Hz to 1 kHz range.  At this level of simplicity and low frequency, the power requirements should be minimal.  In the preferred embodiment, this logic would be programmable, which would require additional gates to support reconfiguration.  The SDA’s motion comes from electrostatic actuation shown in Figure 2.  A voltage is applied between plate and substrate.  This builds the charge between plate and substrate causing plate to bend towards the substrate.  The stored energy in the plate causes the edge of the bushing to move forward.  When the voltage is released, the plate returns to original shape.  This process repeats in order to propel SDA.  Figure 3 shows the schematic of power grid or electrodes used by Donald et al. [3].  By using these electrodes, SDA can operate more reliably due to the uniform coverage underneath.  Therefore, the voltage on the plate can be simply equated by circuit analysis [4].
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We assume that we can fabricate actual transistor devices as part of SDA to incorporate digital logic.  The power to these devices must be available in order to operate.  Since there will be a stable Vplate available when V1 or V2 is applied, this voltage can be used to supply power to the device.  However, the voltage range of SDA operation is very high so it cannot be used directly.  This is a key concept which needs to be developed and further research is needed to support the CMOS-MEMS monolithic fabrication effort discussed in the introduction.  In order to verify this conceptually, we have simulated this in the Cadence AMS environment as shown in Figure 4.  This simulation environment allows co-simulation of Verilog-RTL / Verilog-A / Verilog netlist / transistors.  This provides flexibility to work with mixed signal design where both digital and analog circuits need to be validated together [9, 15].  

First, we verified Vplate voltage as seen in Figure 5.   As expected, we were able to observe Vplate voltage to be the mean of V1 and V2.   Next, a more elaborate Verilog-A model was developed to include parallel plate modeling and other parameters needed to model SDAs [6-7], as described in the last section.  In order to lower the voltage, a voltage regulator is needed. This voltage regulator accepts V1 or V2 as an input and uses Vplate as a reference for regulation. To test the functioning of the voltage regulator, we created a ring oscillator and 4 bit counter circuit in standard cells which can be simulated in Cadence AMS environment as transistor level circuits.  A ring oscillator along with counter was used as a test circuit as it provides a simple example of the type of digital logic required but which is straightforward to be co-simulated with Verilog-A models.  To match the 1- Volt technology used in the test circuit, the regulator was designed to provide a 1-Volt swing.  The result of this Vreg can be observed in Figure 5.   To verify that Vreg / Vplate can be used to supply power to transistor devices, a test circuit was used to demonstrate as Figure 6 and 7.  As long as there is a time when V1 and V2 are stable, the regulator can supply power and enable the digital logic to perform any function needed.
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Figure 4. Simulation Setup
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Figure 5. Vplate and Vreg 
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Figure 6. Ring Oscillator operation
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Figure 7. 4 bit counter operation using the ring oscillator clock
V. CONCLUSION
FPRAs rely on reconfiguration of the robot’s internal control logic to become the target logic of the desired circuit.  Compared to a macroscale robot having an onboard CPU consisting of tens of thousands of gates configured with software having perhaps millions of bits, the "intelligence" of each robot in an FPRA is limited to reprogrammable hardware consisting of a few hundred gates configured by a handful of bits.  This requires simple, elegant and decentralized algorithms that work only with local information. 
The major component is the SDA which has been well researched and demonstrated to be functional [3,13]. A novel approach to combining the SDA with real onboard circuits has been discussed.  This approach uses the inherent voltage called Vplate to supply power to circuits.  This way the SDA can continue to operate on the grid where it navigates and use its Vplate voltage to power the logic necessary to make the microrobot autonomous.
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