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3. Abstract
This project builds an electronic Etch-A-Sketch. The basic function of the electronic Etch-A-Sketch resembles a regular Etch-A-Sketch, which draws colored lines to an LCD screen using a N64-controller.

The project can be divided into four parts: 1) Input, 2) Output, 3) Interface, and 4) Control. 1) The input part handles input signals from the N64 controller with the rest of the system. 2) The output part handles displays to the LCD. 3) The interface part handles hardware allocations for different components. 4) The control part governs the logics of the game.

4. Overview
4a. Block Diagram (See Figure 4a)
4b. Brief Description of Major Sub-Modules

	Name of Module
	Function
	Implementation
	Comments

	N64
	Interacts with the N64 controller.  This module abstracts away the details of interfacing with the N64 controller and provides a 30-bit button status.
	Counters and Shift Register
	Data input is asynchronous, so negative edges are used to sync the module with the N64 controller.

	SDRAMControl
	Interacts with SDRAM. Generates SDRAM control signals such as RAS, CAS, etc. with row and column addresses at correct timings. 
	States and Counters
	The interface between other modules and the SDRAM. Other modules can interface with SDRAMControl modules instead of handling SDRAM timings.

	SDRAMArbiter
	Allows both PaintRenderer and FIFO to access the same SDRAM. 
	State Machine
	The PaintRenderer only writes and the FIFO only reads. 

	Graphics
	Connects VideoEncoder, FIFO, SDRAMControl and SDRAMArbiter. A collection of modules interconnected in this module
	Structural Verilog to connect various video modules
	Allocates hardware to interface with the video portion of the Etch-a-Sketch

	Paint Engine
	Essentially, the “brains’ of the Etch-a-Sketch.  Interprets the button status from the N64 controller and outputs the cursor information to the Paint Renderer.
	Counters and Registers
	Calculate the position, width and height of the cursor based on N64 controller input. Also indicates whether the user is painting on the screen.

	Paint Renderer
	A module to translate the cursor state from the Paint Engine into commands to the SDRAM Arbiter.
	Counters and Combinational Logic
	Computes handshaking signals with SDRAM using combinational logic of inputs.


Table 4b.1: Table of sub-module functions and implementation
(Overview Block Diagram)

5. System Description
5b. Subsystem 1: N64 Controller

	Signal
	Width
	Dir
	Description

	Clock
	1
	I
	The Clock signal

	Reset
	1
	I
	Reset the N64 module to its initial state

	N64_DQ
	1
	I/O
	Bi-directional data line which allows us to interface with the physical N64 controller

	DOut
	30
	O
	Output to indicate the current status of the N64 controller

	OutValid
	1
	O
	Indicates that DOut is valid, it is high 1 cycle indicating that the data can be read off the line in the following cycle


Table 5d.1: The N64.v Port Specification

At the most basic level, the module interfacing with the N64 controller is nothing more than a serial-to-parallel converter, a tri-state device to allow bi-directional communication, several counters, a register to hold state, and simple combinational logic.  However, since the Calinx board and the N64 controller operate at different clock speeds, there are some subtleties in the timing and handshaking between the two devices.

The serial data transmission between the two devices is done in sub-bits.  Each bit of transmitted data is comprised of four sub-bits (each sub-bit is held for 1 us, so the total amount of time that is required to transfer one bit of data is 4 us).  The first sub-bit is always 1’b0.  The second and third sub-bits are the data bit being transferred.  Finally, the last sub-bit is always 1’b1.  In this protocol, the start of a bit is denoted by the voltage on the line going from high to low (a.k.a. a negative edge).  (It is ensured that the only case that this will happen is at the start of a new data bit by the fact that a pull-up resistor will keep the line at logic 1 when neither device is driving the line.)  To detect this negative edge, we use the EdgeDetector module described in the References section.

Another feature of the serial transmission line is that it is bi-directional.  To ensure that both devices do not attempt to drive the line at the same time, we have a tri-state device controlled by our current state.  We keep the state information on which device should currently be driving the line in a single flip-flop register (which is set when our module is driving the line and is reset when the N64 controller should transmit).

Also, to have coherent communication between our module and the N64 controller, our module sends a command to the controller and the controller responds by executing the command given.  Each command is essentially an 8-bit sequence sent through the bi-directional data line.  For the requirements of this project, we will only use two of the commands, Reset Controller and Get Button.  The Reset Controller command is executed by sending the N64 controller the 8-bit string 8’hFF and does exactly as its name indicates (i.e. reset the N64 controller to an initial state).  In our implementation, we send this command once when the user gives a universal Reset command to our system or when the system times out (more on this later.)  (As a goodwill gesture to those attempting to replicate this design, we should note that the N64 controller will attempt to send approximately 32 bits of garbage data after the Reset Controller command has been sent and a wait time should be incorporated to allow for this period.)  The Get Button command is performed by sending the 8-bit sequence 8’b01 and tells the N64 controller to send us 32-bits which represent the current status of the controller.  (Please note that the controller is sending us 32 bits while we only care about 30 bits of button status.  Here, the bits that we ignore are bits 22 and 23 of the 32-bit string.)  The sub-bits of our commands are computed by combinational logic hanging off our counters and state register.
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Figure 5d.2: N64 Interface Module Block Diagram

After we transmit a Get Button command, we expect data from the N64 controller, so we immediately switch to the receive mode.  While we are in the receive mode, we wait for a negative edge on the line indicating the start of a 32-bit status sequence before we start shifting the data bits into a shift register.  If a reasonably large number of clock cycles have passed without a new data bit (negative edge) either before or during the transmission of the 32 bits, the module will time out and restart with a Reset Controller command.  This design will allow our interface to be robust and allows the Etch-a-Sketch to handle a loss of communication with the controller gracefully.

5c. Subsystem 2: Paint Engine

The Paint Engine provides the “brains” of the Etch-a-Sketch and is actually organized into two separate modules, the Paint Engine and the Paint Renderer.  The Paint Engine is the module which takes the 30-bit status from the N64 and converts it into outputs representing the x,y-position of the cursor, the size (i.e. height and width) of the cursor, the color of the cursor, and whether the cursor is currently “painting” or running an “EraseAll” command.  Meanwhile, the Paint Renderer abstracts away all of the subtleties of interacting with the SDRAM Arbiter (described in a later section) and converts the outputs of the Paint Engine into coherent commands to the SDRAM Arbiter.  As it is dealing with the SDRAM Arbiter, there are specific timing constraints on this module.  In particular, the Paint Renderer must keep track of the address of the current burst that it is painting and whether or not to paint each particular pixel within that burst.  (A more detailed explanation of writing to SDRAM in bursts will be covered later in the description of the SDRAM modules.)  For our implementation, we have decided to include a signal, PE_RenderDone, to allow communications between the Paint Engine and the Paint Renderer.  While PE_RenderDone is low, the Paint Engine holds constant the value being displayed as the cursor size, etc. to the Paint Renderer.  During this time, the Paint Engine is still taking input from the status of the N64 controller and calculating what it will show to the Paint Renderer next.  After the Paint Renderer has finished painting, it will set PE_RenderDone high for one cycle after which the Paint Engine will change the cursor information being displayed to the Paint Renderer.

One analogy that we have found useful when describing our design to other groups is as follows.  The Paint Renderer is like a photographer and the Paint Engine is the subject that is being photographed.  While PE_RenderDone is low, it is as if the photographer is telling the subject to hold still while she is being photographed.  When PE_RenderDone goes high, it is as if the photographer is indicating to the subject that she may move for one cycle to prepare for the next picture.
5c.1 The Paint Engine

	Signal
	Width
	Dir
	Description

	N64StatusClean
	30
	I
	Represents the current status of the N64 controller

	PE_RenderDone
	1
	I
	When high, this indicates that the cursor information sent to the Paint Renderer should be updated

	PE_CursorColor
	32
	O
	Selected color of the cursor

	PE_CursorX
	10
	O
	Horizontal position of the cursor

	PE_CursorY
	10
	O
	Vertical position of the cursor

	PE_CursorWidth
	10
	O
	Width of the cursor

	PE_CursorHeight
	
	
	Height of the cursor

	PE_IsPainting
	1
	O
	Signal to indicate that we should be painting underneath the cursor

	PE_EraseAll
	1
	O
	Command to erase the entire screen 
(SDRAM buffer)

	Clock
	1
	I
	The Clock signal

	Reset
	1
	I
	The Reset signal


Table 5c.1: The PaintEngine.v Port Specification

Our Paint Engine is rather simple as it is nothing more than registers to hold the current cursor information and a simple state machine to decide what the color of the cursor should be.  However, one caveat is that if we were to simply add one pixel to our current position for each clock cycle that the N64 controller indicates a move, we would have moved 27 million pixels in one second!  To alleviate this problem, we shall simply buffer the input with fractional counters.  Fractional counters are similar to regular counters, with the only difference being that it is advanced by some fractional amount rather than an integer one.  Under this implementation, our cursor position will only advance by one pixel after a certain amount of clock cycles of having the N64 controller indicating a move.  This amount can easily be adjusted by changing the fractional width (a parameter in the fractional counter).  This fractional counter also has the ability to subtract as well as add to its current value, so we can take into account moving in two directions (e.g. left and right) with a single fractional counter.

The Paint Engine is also responsible for calculating the desired cursor color from the user input.  It does this by maintaining the color information in a fairly simple state machine.  When PE_RenderDone is high, the Paint Engine will check if the 1-bit integer part of the fractional counter corresponding to the “color change” button is set.  If it is, it will advance the current state (and since this is a Moore machine, the current color as well) either forward or backwards depending on which color advance button is pressed.
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Figure 5c.3: Paint Engine Block Diagram (Part 1/3)
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Figure 5c.4: Paint Engine Block Diagram (Part 2/3)
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Figure 5c.5: Paint Engine Block Diagram (Part 3/3)

5b.2 Paint Renderer

	Signal
	Width
	Dir
	Description

	PE_CursorColor
	32
	I
	Selected color of the cursor

	PE_CursorX
	10
	I
	Horizontal position of the cursor

	PE_CursorY
	10
	I
	Vertical position of the cursor

	PE_CursorWidth
	10
	I
	Width of the cursor

	PE_CursorHeight
	10
	I
	Height of the cursor

	PE_IsPainting
	1
	I
	Signal to paint the buffer in the area that is underneath the cursor

	PE_EraseAll
	1
	I
	Indicates that the screen (SDRAM buffer) should be cleared

	PE_RenderDone
	1
	O
	When high, this indicates that the cursor information sent to the Paint Renderer should be updated

	RendDIn
	32
	O
	Data to SDRAM

	RendAIn
	24
	O
	SDRAM Address

	RendInRequest
	1
	I
	Indicates that the SDRAM Arbiter is requesting a new operation when high

	RendInDataRequest
	1
	I
	Indicates that the SDRAM Arbiter is ready for data to be written

	RendInAddressEnable
	1
	I
	Indicates that the RendAIn should be set to the address to be written to SDRAM

	RendInValid
	1
	O
	Indicates that the Paint Renderer has a valid operation it wishes the SDRAM to perform

	RendInMask
	1
	O
	Mask to control whether each individual data gets written or not in a burst

	Clock
	1
	I
	The Clock signal

	Reset
	1
	I
	The Reset signal


Table 5b.2: The PaintRenderer.v Port Specification

Like the Paint Engine, the hardware for the Paint Renderer is actually quite simple.  At its core, the Paint Renderer is nothing more than a setup of counters to take care of the horizontal and vertical count along with combinational logic to generate both the signals to interact with the SDRAM Arbiter and PE_RenderDone.

We generate the address to the SDRAM arbiter by concatenating and padding the horizontal and vertical counts.  Because we are writing in bursts, we must divide the horizontal count by 8.  This is simply done by shifting the horizontal count 3 spaces to the right.  Also, since the setup of the SDRAM Arbiter asks that the address on the RendAIn line be tri-stated, we have included a tri-state buffer to keep the line pulled high by the pull-up resistor when RendInAddressEnable is low.  Similarly the SDRAM Arbiter specifies that the data line RendDIn must also be pulled high when not active.  However, the data is only active during the cycle after RendInDataRequest goes high.  This means that we use a flip-flop to delay the signal when controlling the tri-state for the RendDIn line.  The rest of the signals used for handshaking with the SDRAM Arbiter can simply be generated as a combinational logic function of the current counts, the cursor information, and the inputs from the SDRAM Arbiter (such as RendInRequest).

When the PE_EraseAll command is being given by the Paint Engine, we start the counters each from zero and write the entire SDRAM buffer to our predetermined background color (in our case, we have chosen the aesthetically pleasing color known as white.)  After we have written the entire buffer, we raise the PE_RenderDone signal for one cycle to indicate that we are ready to receive another set of state indicators from the Paint Engine.  When the PE_IsPainting command is being given by the Paint Engine, we can no longer allow the counters to count through the entire buffer from zero.  (In fact, this would take too long and cause choppy brush strokes to appear on the screen.)  Rather we take advantage of the fact that we are only painting the area under the cursor and allow the counters to run only through those bursts.  Since we are using counters to implement this, we can easily load the vertical counter with the value of PE_CursorY and allow it to count from there.  Also, if this is the case, we can now generate the PE_RenderDone signal when the vertical count is greater than the height of the cursor.  Since we are writing to the SDRAM in bursts, we may encounter cases where we do not wish to write over the entire burst.  For this case, we generate a masking signal RendInMask to prevent overwriting of areas in the same burst, but not underneath the cursor.  The RendInMask signal is generated by combinational logic of the current counts and the cursor information from the Paint Engine.  Of course, when we see that neither of the signals indicating an erase or a paint are set, we are automatically “done,” so we will raise the PE_RenderDone signal on the following cycle to indicate that the next cursor state should be sent by the Paint Engine.
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Figure 5c.6: Paint Renderer Block Diagram

5d. Subsystem 3: SDRAM Control and Arbiter

5d.1. SDRAM Arbiter (Figure 5di)

This module interacts mainly with PaintRenderer and FIFO, through a handshaking procedure. The FIFO is given priority over PaintRenderer to prevent the LCD display from outputting garbage signals. 

After initialization, the SDRAM arbiter sends a InRequest signal to both the FIFO and the Renderer. The SDRAM Arbiter waits for the InValid response   from the FIFO and the Renderered. If an InValid signal is coming from either the FIFO or the Renderer, the SDRAM Arbiter will decide to handle the process accordingly. However, when both FIFO and Renderer InValid signals are high at the same cycle, the SDRAM Arbiter will first process the request from the FIFO and then process the request from the Renderer.

Detail timings are specified with the data sheets. Overall, the SDRAM Arbiter handles timing and collisions between the FIFO, the SDRAM, and the Renderer module. The timing detail of the SDRAM is handled by the SDRAM Control Module.

(SDRAM Control State and Block Diagram)

(SDRAM Arbiter State and Block Diagram)
5d.2. SDRAM Control (Figure 5dii)

This interacts with the SDRAM, generates appropriate control signals, and row and column address at the correct timings. The idea of the SDRAM control is to abstract away the detail SDRAM operations and timing issues for simpler interfacing. Our state machine consists of 4 states, and the counters are reset when state changes. Outputs are determined by both the state and the output of the counter.
The state diagram for the SDRAM control is shown in Figure 5dii.1. The SDRAM goes through an initialization sequence before normal operation (Init State). When performing a read operation, the reading sequence is executed sequentially (Read State). While performing a write operation, the writing sequence is executed sequentially (Write State). A read operation takes precedence over a write operation. When neither a read or write command is received, the SDRAM Control stays in the Idle State and auto-refreshes the data stored in the SDRAM.
5e. Subsystem 4: Video/FIFO (Figure 5e)

The VideoEncoder module is controlled by a counter. The counter counts the address according to the ITU-R BT.601 NTSC digital boardcasting format. Base on the output of the output, combinational logics generate appropriate values to display images to the LCD screen.

The FIFO is used to temporarily stores the color information and let the I2C Digital to Analog converter to generate analog signals to the LCD screen.
5f. Design Tradeoffs

5fi. We did not have to sacrifice any features to make the it work.
5fii. As a result of debugging, we

1. Reduced the number of wires in the SDRAM Arbiter by half.

2. Changed the State-machine-and-counter style to counter-and-combination logic style in Paint Engine.

3. Starting painting with the cursor position instead of a general counter from the left counter of the screen in Paint Renderer Module.

5fiii. Many behavior statements can be written in structural verilog, which will generally results in simpler code and faster synthesis.

5g. Extra Credit

5g.1 Alpha-Transparent Cursor and Menu

The alpha-transparent cursor is exactly as the name describes. Like the popular feature from various operating systems, the alpha-transparency in the Etch-a-Sketch provides an additional level of usability by allowing the user to see what it is they are painting over. At the most basic level, the alpha-transparent cursor is implemented by blending two colors. The first of which is the color of the cursor and the second being the color stored in SDRAM as being the color of the canvas.

To implement this system, we must have access to the data that has been painted to the canvas as well as our computed cursor color.  To access the color that has already been painted on the canvas, we must go through the SDRAM Arbiter to ask for a read.  The cursor color has already been decided by our Paint Engine and is easy to access.
5g.2 Fancy Characters and Smiley Faces in Menu and as Cursor

At their core, the fancy characters for the menu and the smiley faces for cursor have both been implemented with simple look-up tables.  We have pre-loaded several decoders with the pattern that is to be displayed and have as their input an “address” which is really the pixel row and column of the pattern.  To incorporate this feature into our existing code, we simply alter the counters in the Paint Renderer to act also as the “address” of this look up table.  Once we have the information on the image to be painted (here, a cursive word or a smiley face picture, etc.), all that remains is to alter the RendInMask to allow for the painting of the image.
Similarly, for the menu, we can alter the Video Encoder to perform a lookup of the decoders.  Here, rather than the horizontal and vertical counts of the renderer, we must format the pair address and line address that is currently being requested into the “address” to the look-up table.

5g.3 Audio Generation and Sound Clip from Block Ram (Figure 5g.3)
The audio chip on the Xilinx board is running on a 12.288MHz Audio Clock. The clock is given by the LM4549A chip. In all audio modules, everything directly interfacing with the LM4549A chip has to be clocked by the Audio Clock. The main module is running on a 27MHz clock, therefore a FIFO is needed between the main modules and the audio modules. Particularly, the Reset signal from the main modules has to be altered to reset audio modules, otherwise, the reset signal will be too short to reset audio modules properly. A special module named ResetBlock is responsible for resetting the audio related modules.

Audio signals are constantly feed into the FIFO until the FIFO is full. Audio modules will request the FIFO for audio data according to the Audio Clock. When audio data enters AC97 module, a counter starts counting indicating the start of a cycle. The counter keeps track of the beginning and the end of an audio frame. The audio signal is simply stored in a shift register with control signals from Volume.v. The audio data in the shift register will serially shift into LM4549A chip. 

Since the Audio Clock is generated by slowing down the Xilinx Clock with a counter, we have to periodically synchronize with the LM4549 chip by matching the AP_SYNC signal with the audio cycle.

The wave generation is done by transferring the square wave of the color that is painting on the screen to the input of the audio modules. On the other hand, the sound clip is stored by a Block RAM according to the Xilinx VertexE specifications.
AC97.v
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Figure 5g.3: Audio Related Modules Block Diagrams

5g.4 Counter Strike Pong Shooting Game
The Counter Strike Pong Shooting Game has two players on the left and the right of the screen shooting bullets towards each other. The movement of the players and the bullets are similar to the Paint Engine module. In other words, the movements of the players and the bullets are calculated using the FracCounter module.  Using the X, Y positions, width, and height, the Graphics module changes the output to the LCD to the color of the players. The physics of whether the bullet hits the component is done by a state machine with the positions of the players and bullets as inputs.
6. Design Metrics
Number of 4 LUTS used: 2145 (5% of total)
	
	Checkpoint 1 (Hours)
	Checkpoint 2 (Hours)
	Checkpoint 3 (Hours)
	Checkpoint 4 (Hours)
	Extra Credit

	Design Time
	10
	5
	10
	1
	10

	Time for each checkpoint
	60
	27.5
	68
	30
	60

	Time spent with Verilog
	15
	5
	10
	5
	10

	Debugging time
	35
	17.5
	48
	24
	40


Table 6.1: Design and Debugging Time Estimates
7. References

7.1 Referenced Code (Verilog Files)

ButtonParse.v – The button parsing module, used to clean up physical (real-world) inputs from the outside in conjunction with the Debouncer.  (CS 150 Staff)

Const.v – A file defining constants and various other useful macro functions in Verilog.  (CS 150 Staff)

Counter.v – A simple up-counter with an enable and load input.  (CS 150 Staff)

Debouncer.v – A button debouncing module, used to clean up physical (real-world) inputs from the outside in conjunction with the ButtonParse module.  (CS 150 Staff)

Edgedetect.v – An edge detector.  This module allows parameters to specify whether it detects positive edges, negative edges or both.  Also, the user may specify the amount of cycles a signal must be low/high before and after the edge to qualify.  (CS 150 Staff)
fifo_sync32d.v – A simple FIFO that is used in the SDRAM Arbiter.  As its name suggests, data can be read out of the FIFO in the order that it is sent in.  This FIFO also has indicators to notify the surrounding circuitry of whether it is full, empty or somewhere in between.  This feature is used to prevent the FIFO from becoming empty.  (CS 150 Staff)
FPGA_TOP2+.v – The Verilog file provided by the board manufacturer, Xilinx, to allow us to interface with their product.  Contains many synthesis directives to allow our code to connect with the various I/O devices on the board.  (Xilinx and CS 150 Staff)
I2CMaster.v – Module used to perform initialization of the video.  This module is used in the Video Encoder (i.e. we must wait for this initialization to complete before our Video Encoder module can take over and start writing data to the screen.)  (CS 150 Staff)
IORegister.v – A modified register (i.e. with a special synthesis directive) to allow interaction with the video modules at the output of the Video Encoder.  (CS 150 Staff)
Register.v – A simple register.  As it says in the comment for this module, “If you don’t know what this is, I can’t help you.”  (CS 150 Staff)
ShiftRegister.v – A simple shift register.  This shift register allows loading of parallel inputs as well as shifting in of serial inputs.  Useful for parallel-to-serial conversions and vice versa, such as in the N64 interface.  (CS 150 Staff)
7.2 Referenced Ideas

The ideas for the basic setup and organization of this project were clearly not our own.  We have referenced the project write-ups for many of the “skeleton” designs in this project.  The following project write-ups have provided us with these ideas and may prove useful in your designs.

N64 module: http://inst.cs.berkeley.edu/~cs150/fa05/Labs/Checkpoint1.pdf 
Video Encoder: http://inst.cs.berkeley.edu/~cs150/fa05/Labs/Checkpoint2.pdf 
SDRAM Interface: http://inst.cs.berkeley.edu/~cs150/fa05/Labs/Checkpoint3.pdf 
Paint Engine: http://inst.cs.berkeley.edu/~cs150/fa05/Labs/Checkpoint4.pdf 

Also, we have referenced the many lab lectures (from both this semester and ones before).  In particular, we have used ideas presented in the following web casts.  Again, they may also prove to be useful in your own design.

N64 Interface (Fa 2004): http://calinx.eecs.berkeley.edu/lablectures/Fa004/ll6/index.htm#nopreload=1
Digital Video (Fa 2004): http://calinx.eecs.berkeley.edu/lablectures/Fa004/ll7/index.htm#nopreload=1
8. Conclusion
If we include the extra credit that we have completed, our Etch-a-Sketch has many features.  In additional to the basic feature of allowing the user to have multiple brush sizes, change colors, paint and erase, our system also features a beautiful menu, various brush shapes (including mood-enhancing smiley face stamps), and even our own game (which we fondly dub Counter Strike: Pong Edition).
Over the course of completing this project, we have encountered several recurring problems.  One was the fact that the Verilog compiler accepts undeclared variables as 1-bit wires.  This has led to numerous hours of debugging when the only error was a typo.  Also, synthesis takes quite a while to complete (especially when we were close to completion of the project.)
Our original approach when starting this project was to have both partners tackle the same Verilog module at the same time.  This was a mistake in our view, as it did not provide us with “more bug-free” code and really just limited our productivity (really, our throughput).  If we were to start over from scratch, we would have certainly chosen to merge our code after working separately (as we have done in the later checkpoints.)
9. Suggestions

John:  I think the most challenging part of the project was getting used to the tools and being able to design with them.  Once we got used to this, it was fairly smooth sailing.  Oh yeah, you should also offer at least 10 units for this course, seriously...  (
Bill: We should learn USB protocols at UCB. ☺
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Figure 9.1: The Etch-a-Sketch in action! 

(Picture taken from the CS 150 website front page)
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