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1 Introduction


1.1 The architecture of consoles series

Looking at the evolution of video game consoles is fascinating. While conventional PCs tend to evolve ‘incrementally’, new generations of consoles introduce completely new ways of working. The writings you see here are part of a series aimed at uncovering the rationale behind the latest trends in technology. They will also demonstrate why each system can’t be summarised by its ‘bits’, megahertz, amount of RAM and whatnot.

Basic knowledge of computing is preferable, however, I try really hard to adapt my content for wider audiences, so please don’t be afraid to give it a try! But if that’s not enough, you may want to look at the supporting readings or read previous articles first.


1.1.1 About this edition

Thank you for purchasing this book! This edition originates from the content initially published on my personal website, it’s been re-styled and optimised to take advantage of the capabilities of physical documents.


While similar in content, interactive widgets have been simplified to work with a static environment - in other words, anything that physical paper allow us.






1.1.2 Open to feedback

As always, the original manuscripts of the articles are available on Github to enable readers to report mistakes or propose changes. Likewise, if you have any comments and/or issues regarding this edition, please get in touch through there.






1.2 The Handheld Club (1989-2004)

As home consoles tried to squeeze out as much performance as possible, often with little regard for energy consumption, the design of a portable device has always prioritised efficiency in mind. This discipline, initially understood as a limitation, later turned into an advantage - particularly, in the face of new silicon that failed to scale.

This drive for efficiency also accelerated another kind of evolution: in a time before smartphones reshaped the market, portable consoles were also the primary providers of mobile content. Thanks to this, services like multiplayer connectivity soon reached social connections beyond the household, and as wired links became wireless connections, these devices found their place in friends’ gatherings, in-store events, and even as companions during commutes.

If my words have sparked a sense of curiosity for these gadgets, you are holding the right book. In this compilation, we will take a look at the emergence (and subsequent dominance) of ARM processors, along with the final days of the once-leading MIPS architecture. We will also explore the diversity of in-house designs that brought competitive graphics, tough-to-break security systems, and memorable online services.

Now, without further ado, here they are!








2 Game Boy / Color Architecture

Simple and portable


2.1 A quick introduction

The Game Boy series can be imagined as a portable version of the Nintendo Entertainment System (NES) with limited power, but you’ll see that it introduced very interesting functionality.


2.1.1 The rainbow analysis

The immense popularity of this console led to a variety of revisions (e.g. Game Boy Pocket, Light, and even adaptations in the form of Super Nintendo cartridges). As a matter of fact, the Game Boy brand spans two generations: within the 4th generation, we find the monochrome Game Boy and its revisions, while the next generation features the Game Boy Color (shipped after the demise of the Virtual Boy).

The good news is that this article covers both ends of the spectrum. So, in the end, you’ll gain a clear understanding of how the Game Boy works and how its technology evolved into the Game Boy Color.






2.2 Supporting Imagery


[image: ]
The original Game Boy. Released on 21/04/1989 in Japan, 31/07/1989 in America, and 28/09/1990 in Europe. [1]




[image: ]
The next-generation successor called Game Boy Color. Released on 21/10/1998 in Japan, 18/11/1998 in North America, and 23/11/1998 in Europe. [1]




[image: ]
Motherboard [1]. Showing revision ‘04’. Note that ‘DMG’ is the identifier of the original Game Boy model.




[image: ]
Motherboard with important parts labelled.




[image: ]
Main architecture diagram. Based on the original Game Boy.






2.3 CPU

Instead of placing many off-the-shelf chips on the motherboard, Nintendo opted for a single-chip design to house (and hide) most of the components, including the CPU. This type of design is commonly known as a System-on-Chip (SoC) and, in this case, it was specifically crafted for this console, enabling Nintendo to tailor it to their needs (such as power efficiency, anti-piracy, and extra I/O capabilities). At the same time, the Game Boy’s SoC could not be found in any retail catalogue, meaning competitors had a harder time cloning it.

That being said, the SoC used in the Game Boy is referred to as DMG-CPU or Sharp LR35902 [2], and as the name indicates, it was manufactured by Sharp Corporation. This company, along with Ricoh (the NES’ CPU supplier), enjoyed a close relationship with Nintendo.


2.3.1 The CPU core

Inside the DMG-CPU, we find the main processor: a Sharp SM83 [3]. This is just a mix of the popular Zilog Z80 (found in the Sega Master System) and the Intel 8080. It runs at ~4.19 MHz, which is faster than the average 1-MHz CPU, but remember clock speeds can be deceiving.


[image: Figure 2.1: The DMG-CPU chip on my Game Boy’s motherboard.]
Figure 2.1: The DMG-CPU chip on my Game Boy’s motherboard.



Now, back when I conducted the analysis of the Master System, I explained the Zilog Z80 is essentially a superset of the Intel 8080. So, what does the SM83 actually retain and omit from those two? [4]


	Neither the Z80’s IX and IY registers nor the 8080’s IN or OUT instructions are present. This means that Input/Output (I/O) ports are not available. I’m not certain whether this was a cost-saving measure, but one thing is for sure: components must be completely memory-mapped [5].

	Only the Intel 8080’s register set is featured. Consequently, there are only seven general-purpose registers - unlike the Z80 with its 14 (thanks to its additional ‘alternate’ set).

	Only portions of the Z80’s extended instruction set are implemented. Specifically, bit-manipulation instructions.



Furthermore, Sharp also added a few new instructions that are not present in either the Z80 or 8080. They optimise certain operations related to the way Nintendo and Sharp arranged the hardware. One example is the new LDH instruction (meaning ‘load high’ [6]), which was strategically designed to access the last 256 bytes of the memory map (where addresses start at $FF00) and, most importantly, fits in one fewer byte (making it slightly faster).


2.3.1.1 The Color effect


[image: Figure 2.2: Motherboard of the Game Boy Color [1].]
Figure 2.2: Motherboard of the Game Boy Color [1].




[image: Figure 2.3: The previous picture with important parts labelled.]
Figure 2.3: The previous picture with important parts labelled.



Nearly a decade later, following the abandonment of the Virtual Boy and its cutting-edge hardware, a humble successor arrived: the Game Boy Color. Inside it, there’s a new SoC named CPU CGB that carries a few additions. However, its SM83 CPU core remains mostly unchanged, one exception is its doubled clock speed (now operating at ~8.38 MHz).

It’s hard to think that, after almost ten years, Nintendo still bundled the same CPU core, but such a decision did come with the following advantages:


	Developers could reuse their acquired skills to program the new console.

	It reduced costs by eliminating the need to redesign their system for a new architecture.

	Backwards compatibility became possible with minimal effort. In fact, Nintendo implemented this by programming two operational modes into CPU CGB:

	Normal mode, where the SM83 operates at ~4.19 MHz.

	Dual-speed mode, where the SM83 operates at ~8.38 MHz.






However, this came at the expense of adopting outdated technology by late-90s standards. You only have to look at the state of the CPU market to notice the capabilities Nintendo was missing out. Though, to be fair, Nintendo did make an attempt with the Virtual Boy hardware.






2.3.2 Hardware access

The SM83 maintains an 8-bit data bus and a 16-bit address bus, allowing up to 64 KB of memory to be addressed. The memory map is mainly composed of the following regions [7]:


	Game Pak (i.e. the game cartridge) space.

	Work RAM (WRAM), High RAM (HRAM), and Video RAM (VRAM).

	Various I/O (including the joypad, audio, graphics, and LCD).

	Interrupt controls.



Now, don’t worry about the unique names - these components are explained throughout this article.




2.3.3 Memory available


[image: Figure 2.4: Memory architecture of the DMG (original Game Boy). As you can notice, the PPU arbitrates access to VRAM.]
Figure 2.4: Memory architecture of the DMG (original Game Boy). As you can notice, the PPU arbitrates access to VRAM.



Nintendo fitted 8 KB of RAM onto the motherboard, this is for general purpose use (hence the name Work RAM or ‘WRAM’) [8]. I’m obliged to point out that this is four times the amount included in the NES.

There’s an additional 127 B of RAM housed in the SoC. This is called High RAM (HRAM) and provides a small space for data that can be retrieved faster (via the aforementioned LDH instruction). The idea is very similar to the MOS 6502’s ‘Zero Page’ mode [9], which also optimised performance based on memory location. Apart from this, the High RAM bus is not technically faster than the Work RAM’s, but it is prioritised for the CPU. You’ll see the significance of this in the ‘Graphics’ section, where I discuss Direct Memory Access (DMA).


[image: Figure 2.5: Expanded memory architecture of the CGB (Game Boy Color).]
Figure 2.5: Expanded memory architecture of the CGB (Game Boy Color).



Later on, with the ‘Color’ revision, Nintendo enlarged WRAM to 32 KB. However, since the CPU’s addressing capabilities remained unchanged, it was not possible to connect all the new memory without first overflowing the available address space. To tackle this, Nintendo’s engineers resorted to bank switching within the console itself.

While previously found in NES cartridges, the Game Boy Color applies the principle of bank switching to access the extra 24 KB of WRAM. The trick is simple: the last 4 KB of the original 8 KB space can now be swapped across seven different banks. To make this work, the CPU bundles an extra register (called SVBK) acting as the bank switcher, this is what developers must use to examine the extended memory.






2.4 Graphics

In the world of Game Boy graphics, all calculations are done by the CPU, and then the separate Picture Processing Unit (PPU) renders them. This is another component found inside the DMG-CPU SoC, and could be described as an improved version of the predecessor’s graphics chip (which, coincidentally, shares the same name).



[image: Figure 2.6: Frame rendered by the PPU.]
Figure 2.6: Frame rendered by the PPU.




[image: Figure 2.7: Frame displayed on the original Game Boy’s LCD.]
Figure 2.7: Frame displayed on the original Game Boy’s LCD.



Figures:
Kirby’s Dream Land (1992), sampled from the ‘bgb’ emulator to simulate different screen types.



The picture is displayed on an integrated Liquid-Crystal Display (LCD) with a resolution of 160×144 pixels. In the case of the monochrome Game Boy, the LCD can only reflect 4 shades of grey (white, light grey, dark grey and black). However, due to the use of a green-tinted LCD, the picture will look slightly greenish.


2.4.1 A familiar model

If you’ve read the NES study, you may recall that the PPU was designed to leverage the behaviour of the CRT (especially how its beam worked). This may now seem incompatible when connected to an LCD. Although, the new display still requires to be refreshed. Thus, the new PPU uses this to provide CRT-based effects, similar to those that enabled NES developers to come up with imaginative content.

Additionally, unlike its home console counterpart, the Game Boy is not powered by the alternating current supplied through wall sockets - the very same that varies depending on the country or region. Consequently, the analogue circuitry is not tied to the region’s electrical grid. What I mean to say is, while the NES had to be adapted to 60 Hz and 50 Hz configurations, the Game Boy operates on the same four AA batteries, regardless of geographical location. Therefore, all Game Boys share common CPU clock speeds and a refresh rate of 59.7 Hz - a standard that makes things more pleasant for developers (and, ultimately, users).




2.4.2 Organising the content


[image: Figure 2.8: Memory architecture of the PPU.]
Figure 2.8: Memory architecture of the PPU.



The PPU is exclusively connected to 8 KB of Video RAM (also called ‘VRAM’, though some sources also refer to it as ‘Display RAM’). Those 8 KB contain most of the data the PPU needs to render graphics. The remaining materials are stored within the PPU itself, as they require faster access rates.

The PPU also arbitrates CPU-to-VRAM access, and the game is in charge of populating the different areas with the correct types of data. Moreover, the PPU exposes registers that are used to define how the graphics data is organised. Nevertheless, there are many rules to follow (explained in the following sections).




2.4.3 Constructing the frame

The final frame that you see on the LCD screen is composed of three overlapping layers. Each is designed for a different type of use.

Let’s see how the PPU manages to draw pixels on the screen. For demonstration purposes, Super Mario Land 2 is used as an example.


2.4.3.1 Tiles



[image: Figure 2.9: A pattern table with multiple tiles squashed together.]
Figure 2.9: A pattern table with multiple tiles squashed together.




[image: Figure 2.10: A single tile.]
Figure 2.10: A single tile.



Figures:
Tiles found in VRAM.



The PPU uses tiles as a basic ingredient for rendering graphics, specifically, sprites and backgrounds [10].

Tiles are just 8x8-pixel bitmaps. Each occupies 16 bytes and is stored in VRAM, in a region called Tile set or ‘Tile pattern table’. The colour of the pixels comes from one of the four available shades of grey, which is selected through a ‘colour’ palette. The use of palettes also allows colours to be alternated without having to modify the tile set.

The monochrome Game Boys house enough registers to define up to three palettes, yet their use is limited to the type of layer being rendered (explained in the next sections). As previously explained, there are only four colours/shades to choose from, so a single 8-bit register can accommodate a palette of four shades without issue.

Moving on, tiles are grouped into two pattern tables.

To build the picture, tiles are referenced in another type of table known as a Tile map. This data informs the PPU where to render each tile. Two maps are stored to build different layers of the frame.

The following sections explain how tile maps are used to assemble these layers.




2.4.3.2 Background Layer



[image: Figure 2.11: Allocated background map in VRAM.]
Figure 2.11: Allocated background map in VRAM.




[image: Figure 2.12: Selected area of the background map. Notice that the selection includes an unpopulated portion at the top. This is intentional and will be later overlapped by the Window layer.]
Figure 2.12: Selected area of the background map. Notice that the selection includes an unpopulated portion at the top. This is intentional and will be later overlapped by the Window layer.




[image: Figure 2.13: Displayed background layer.]
Figure 2.13: Displayed background layer.



Figures:
The background layer rendering process.



The background layer is a 256x256 pixel (32x32 tiles





2.4.3.3 Sprites


[image: Figure 2.14: Rendered sprite layer.]
Figure 2.14: Rendered sprite layer.











2.4.3.4 Window



[image: Figure 2.15: Allocated Window map.]
Figure 2.15: Allocated Window map.




[image: Figure 2.16: Displayed Window map. This is because the game intentionally activates it during the final scan lines. Hence, only the first rows are rendered at the bottom of the screen.]
Figure 2.16: Displayed Window map. This is because the game intentionally activates it during the final scan lines. Hence, only the first rows are rendered at the bottom of the screen.



Figures:
The window layer rendering process.










2.4.3.5 Result


[image: Figure 2.17: Final result. Tada!]
Figure 2.17: Final result. Tada!










2.4.3.6 The Wobble effect


[image: Figure 2.18: Super Mario Land 2: 6 Golden Coins (1992) plays with the X and Y scrolling controls mid-screen.]
Figure 2.18: Super Mario Land 2: 6 Golden Coins (1992) plays with the X and Y scrolling controls mid-screen.










2.4.4 The Color additions



2.4.4.1 Modes of operation


[image: Figure 2.19: The Legend of Zelda: Link’s Awakening DX (1998). A hybrid Game Boy Color game running in CGB mode.]
Figure 2.19: The Legend of Zelda: Link’s Awakening DX (1998). A hybrid Game Boy Color game running in CGB mode.




[image: Figure 2.20: Super Mario Land 2, running in a Game Boy Color. The game executes in DMG mode, but the console applies a colourised palette nonetheless.]
Figure 2.20: Super Mario Land 2, running in a Game Boy Color. The game executes in DMG mode, but the console applies a colourised palette nonetheless.





	CGB mode: An extended PPU mode offering all the visual improvements featured in Game Boy Color titles.

	DMG mode: A traditional mode with all the extras disabled. Nevertheless, you’ll see in the ‘Operating System’ section that monochrome games are still upgraded with colour palettes.






2.4.4.2 Organising the (new) content





	Store twice as many tiles.

	Store additional palettes, which also offer a broader colour gamut.

	Extend the tile metadata space to encode more effects and reference extra palettes.




2.4.4.2.1 The visuals







2.4.4.2.2 The extra space




	General-purpose DMA: Transfers can happen at any time, with the DMA taking priority over other memory accesses. So, programmers must carefully consider when to use this component (e.g. during or outside scanning) and how much data to copy, as misuse can lead to screen tearing (since VRAM access will be blocked during the transfer).

	Horizontal Blank (H-Blank) DMA: Transfers will only occur during H-Blank periods. This avoids screen artefacts, but limits transfers to batches of 16 Bytes, and pauses during LCD scanning.













2.5 Audio




2.5.1 Functionality



2.5.1.1 Pulse



[image: Figure 2.21: Pulse 1 channel.]
Figure 2.21: Pulse 1 channel.




[image: Figure 2.22: Pulse 2 channel.]
Figure 2.22: Pulse 2 channel.




[image: Figure 2.23: All audio channels.]
Figure 2.23: All audio channels.



Figures:
Oscilloscope display of a music score from Pokémon Red/Blue (1996).









2.5.1.2 Wave



[image: Figure 2.24: Wave channel.]
Figure 2.24: Wave channel.




[image: Figure 2.25: All audio channels.]
Figure 2.25: All audio channels.



Figures:
Oscilloscope display of a music score from Pokémon Red/Blue (1996).








2.5.1.3 Noise



[image: Figure 2.26: Noise channel.]
Figure 2.26: Noise channel.




[image: Figure 2.27: All audio channels.]
Figure 2.27: All audio channels.



Figures:
Oscilloscope display of a music score from Pokémon Red/Blue (1996).











2.5.2 Secrets and limitations








2.6 Operating System



	After the console is switched on, the CPU starts reading from address 0x0000 (the Game Boy’s ROM location).

	RAM and APU are initialised.

	The Nintendo logo graphics are copied from the cartridge ROM to Display RAM, and then drawn at the top edge of the screen. If there is no cartridge inserted, the logo will contain garbage tiles. The same may happen if the cartridge is improperly inserted.

	The logo is scrolled downwards and the iconic po-ling sound is played.

	The game’s Nintendo logo is compared with the one stored in the console’s ROM. Afterwards, a quick checksum is performed on the cartridge’s ROM header to confirm the cartridge is correctly inserted. If either of these checks fail, the console freezes.

	The console’s ROM is removed from the memory map.

	CPU begins executing the game.






[image: Figure 2.28: Start of the animation. The logo appears from the top and scrolls down.]
Figure 2.28: Start of the animation. The logo appears from the top and scrolls down.




[image: Figure 2.29: End of the transition. If the ROM’s checks have passed, the console will proceed to execute the game, otherwise it stays frozen.]
Figure 2.29: End of the transition. If the ROM’s checks have passed, the console will proceed to execute the game, otherwise it stays frozen.



Figures:
The original GameBoy’s boot animation.




2.6.1 The revised sequence


[image: Figure 2.30: The Game Boy Color’s boot screen, the logo doesn’t slide anymore but instead features a rainbow effect.]
Figure 2.30: The Game Boy Color’s boot screen, the logo doesn’t slide anymore but instead features a rainbow effect.





	The boot sequence now checks whether it’s got a Game Boy-only or Game Boy Color game inserted, and then sets the corresponding registers to activate DMG or CGB mode. To do this, the boot code examines specific game metadata (within the cartridge’s ROM) that is structured differently for CGB games.

	If a DMG game is inserted, the boot program also fills Palette RAM with calculated palettes. These are based on a simple yet clever algorithm that also relies on the game’s metadata. This is what gives monochrome games a coloured appearance when running on the next-generation console.

	At this stage, the user may press a button combination to alter the boot code’s palette of choice.




	For some reason, the Nintendo logo is copied to HRAM as well, and the checksum stage will only check the first half of the logo in HRAM.








2.7 Games



[image: Figure 2.31: The original Game Pak design [1].]
Figure 2.31: The original Game Pak design [1].






2.7.1 Modernised cartridges



[image: Figure 2.32: Black design [1], denoting ‘Game Boy Color enhanced’.]
Figure 2.32: Black design [1], denoting ‘Game Boy Color enhanced’.




[image: Figure 2.33: Translucent design [1], denoting ‘Game Boy Color exclusive’.]
Figure 2.33: Translucent design [1], denoting ‘Game Boy Color exclusive’.



Figures:
Color-era revisions of the Game Pak.





	Game Boy: Fully compatible with all Game Boy models. It always runs in DMG mode.

	Game Boy Color enhanced: A hybrid that adapts itself based on the host console. While fully compatible with the monochrome model, it is visually enhanced when running in CGB mode on the Game Boy Color. However, the overall functionality remains constrained to ensure compatibility with the very-first Game Boy.

	Game Boy Color exclusive: Only compatible with the Game Boy Color, but optimised to take full advantage of its hardware.







2.7.2 External communications




[image: Figure 2.34: The Game Boy Link cable, with alternative plugs to support multiple variants of the console [1]. Since the release of the original Game Boy, subsequent revisions miniaturised the socket while keeping the same number of pins.]
Figure 2.34: The Game Boy Link cable, with alternative plugs to support multiple variants of the console [1]. Since the release of the original Game Boy, subsequent revisions miniaturised the socket while keeping the same number of pins.






2.7.2.1 Wireless methods









2.8 Anti-piracy








2.9 That’s all folks
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