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ABSTRACT 
HOBSys is a 16-bit embedded controller. The processor is 

entirely stack-based, so it uses no registers.  

 

 

1. INTRODUCTION 

 
This hardware arrangement was derived in a sequential 

manner. It was necessary for the hardware to support 8 

operations. These operations were then sorted in order of 

their opcode value. Progressing through the list, the 

required modifications and/or additions were made to the 

existing model, while ensuring that any changes made did 

not destroy the machines ability to handle a previous 

operation. Using this approach, the designer is able to 

minimize unnecessary hardware by adding only what is 

needed to achieve each individual operation.  

 

 

2. HARDWARE ORGANIZATION 
This section will progress through each operation that is to 

be required of the HOBSys machine. The format will be 

such that the first operation described will be assembled in 

isolation. All subsequent operations will be described as 

modifications to the existing organization. 

 

 

2.1 Program Counter Incrementation 
With each new instruction, it is necessary that the program 

counter be incremented, so that the subsequent cycle begins 

with the appropriate instruction value.  
To accomplish this, the program counter module (PC) 

transmits its current 16-bit instruction value. At this point, 

the instruction value is forked. The instruction must fork so 

that the PC can receive the subsequent instruction value. 

One branch of the fork is routed to an ADDer, which adds 

to it a constant 1. The result of this addition is then routed 

to the program counter, to be used as the instruction for the 

following cycle (Figure 2.1). The other branch of the fork is 

routed to the instruction memory module (I) for 

interpretation. 

 

 
 

Figure 2.1: Incrementing the PC 

 

2.2 The ADD Operation (000) 
The HOBSys ADD operation requires that the top two 

values be popped from the stack. Their sum is then to be 

pushed back onto the stack.  
First, the instruction memory module (I) receives the 16-bit 

instruction and sets the controls based on the opcode. The 

instruction is not needed beyond this point, as the values to 

be added are already located at the top of the stack.  
Next, the top two values from the stack are routed to the 

two inputs of the ALU. These values can be read from the 

stack without performing a pop. The ALU performs an 

ADD operation, which produces the sum of the two inputs 

on its result line. This result now needs to be pushed onto 

the stack, so it is routed to the StackIn port of the stack 

module. At this point, the two values that have been added 

still hold the top two positions in the stack, and their sum 

occupies the StackIn line (Figure 2.2). The stack control is 

therefore set to (4), which pops the two values from the top 

of the stack, and pushes the value on the StackIn line onto 

the top of the stack. Now, the two values that were initially 

atop the stack have been popped and replaced by their sum, 

and the program counter has been incremented. This 

completes the ADD operation. 

 

 
Figure 2.2: Add operation 

 

 

2.3 The NAND Operation (001) 
The HOBSys NAND operation requires that the top two 

values be popped from the stack. Their bit-wise NAND is 

then to be pushed back onto the stack.  
The datapath for this operation is identical to the ADD 

operation (Figure 2.2). The only difference between these 

two operations is in the ALU control: The ADD operation 

derives its result from an ALU ADD, whereas the NAND 

operation derives its result from an ALU NAND.  
Therefore, no hardware modifications were necessary to 

accommodate this new operation. 

 

 

 

 



2.4 The PUSH Operation (010) 
The HOBSys PUSH operation requires that the values 

stored at the memory location (Z) be pushed onto the stack.  

The instruction memory module (I) receives the 16-bit 

instruction value and sets the controls based on the opcode. 

Bits 12-0 (Z) of the instruction value are then routed to the 

address port of the data memory module (D). 

 

The data memory module will receive a value at the 

address port, and output the value found at that memory 

location. The data memory module's write control 

(DATA_WRITE) is set to 0. This operation is interested in 

reading from, rather than writing to, a memory location. 

The desired value is placed by D on the output line of the 

data memory module. This value is routed to the StackIn 

port of the stack module, so that it can be placed atop the 

stack. The ADD and NAND operations route their ALU 

result to StackIn as well, so a multiplexor 

(MUX_ALU_DATA) is needed at this point to distinguish 

between the two data lines (Figure 2.4). 

For ADD and NAND operations, the MUX_ALU_DATA 

control will be set to 0, so that the result line of the ALU is 

sent to StackIn. For PUSH operations, the 

MUX_ALU_DATA control will be set to 1, so that the 

output line of the data memory module (D) is sent to 

StackIn. 

At this point, the desired value occupies the StackIn line. 

The STACK_CONTROL control is set to 2, indicating that 

the value found at StackIn should be pushed onto the stack. 
Now, the value found at memory location Z has been 

pushed onto the stack, and the program counter has been 

incremented. This completes the PUSH operation. 

 

 

Figure 2.4: Push operation 

 

2.5 The POP Operation (011) 
The HOBSys POP operation requires that the value at the 

top of the stack be popped. This value is then to be placed 

at the memory location specified by Z. 

The instruction memory module (I) receives the 16-bit 

instruction value and sets the controls based on the opcode. 

Bits 12-0 (Z) of the instruction are then routed to the 

address port of the data memory module (D). (Note: This 

dataline was already established for the PUSH instruction.)  

This operation requires that the value atop the stack is 

placed on the input line of the data memory module, so that 

it can be stored at a memory location. To accomplish this, 

the TopOut line must be forked before it reaches the ALU. 

This new line is then routed to the input port of the data 

memory module (D) (Figure 2.5). 

The value found at the input port needs to be placed at the 

memory location found at the address port. To accomplish 

this, the DATA_WRITE control is set to 1. 

Now that the value atop the stack has been placed at the 

proper memory location, it must be popped from the stack. 

To accomplish this, the STACK_CONTROL control is set 

to 1.  

At this point, the value atop the stack has been popped, and 

placed into the memory location specified by Z. The 

program counter has also been incremented. This completes 

the POP operation. 

 

 

Figure 2.5: Pop Operation 

 

2.6 The PUSHI Operation (100) 
The HOBSys PUSHI operation requires that the sign-

extended version of Z be pushed onto the stack. 

The instruction memory module (I) receives the 16-bit 

instruction value and sets the controls based on the opcode. 

Bits 12-0 (Z) must be sign extended, and placed onto the 

stack. To accomplish this, Z is routed to a sign-extension 

module. This is necessary because the stack accepts 16-bit 

values, while Z is a 13 bit value. This module accepts 13 bit 

values, and sign extends them to 16 bits. This sign-

extended version of Z is then routed to the StackIn port of 

the stack module.  

There are, however, 2 other datalines already being routed 

into the StackIn port. They are the result line from the ALU 



(see ADD and NAND operations), and the output line of 

the data memory module (see PUSH operation). These 2 

datalines are handled by a multiplexor 

(MUX_ALU_DATA). In order to accommodate the PUSHI 

operation, this multiplexor is expanded so that it handles 3 

datalines. The control for MUX_ALU_DATA is set to 2, so 

that the sign-extended version of Z persists, and is routed to 

the StackIn port of the stack module (Figure 2.6). 

 

 

Figure 2.6: Pushi Operation 

 At this point, the sign-extended version of Z is at StackIn. 

This value needs to be pushed onto the stack, so the 

STACK_CONTROL control is set to 2. Now, Z has been 

sign-extended to 16-bits, pushed onto the stack, and the 

program counter has been incremented. This completes the 

PUSHI operation. 

 

2.7 The BEQ Operation (101) 
The HOBSys BEQ operation requires that, in the case 

where the two values atop the stack are equal, they are 

popped and the program counter (PC) is redirected to the 

location of PC + 1 + Z. If the two values atop the stack are 

not equal, they are not popped and the program counter is 

incremented. 

The instruction memory module (I) receives the 16-bit 

instruction value and sets the controls based on the opcode. 

Bits 12-0 (Z) of the instruction value must be added to the 

result of PC + 1. This sum will be the next instruction value 

if the two values atop the stack are found to be equal. Z is 

routed to an ADDer, which also accepts the result of the PC 

incrementation ADDer. The sum placed on the result line 

of this ADDer is the value PC + 1 + Z, which is routed 

back to the program counter. 

However, the value of PC + 1 is already being routed to the 

PC (see PROGRAM COUNTER INCREMENTATION). A 

multiplexor is needed at this point to distinguish between 

these two values. 

The ALU receives as input the top two values of the stack, 

and subtracts (SUB) the two values. The result line is 

ignored for this operation, as we are only interested in the 

case where the two values are equal. The ALU module is 

designed to set a flag if the result of any operation is zero. 

This is a true/false line labeled ZERO DETECT. 

The two values atop the stack are to be popped only in the 

case where they are equal. To accomplish this, the 

STACK_CONTROL control must be routed through a 

multiplexor (MUX_BRANCH_STACK). The opposing 

input to MUX_BRANCH_STACK is dependent on the 

result of the ALU subtraction. If the two values atop the 

stack are equal, they should be popped. If they are not 

equal, they should not be popped. A second multiplexor is 

therefore introduced. This module takes the ZERO 

DETECT bit as a control, and the values 0 and 3 as inputs. 

If ZERO DETECT is 0 (not equal), 0 persists as the stack 

control setting and the values are not popped. If ZERO 

DETECT is 1 (equal), then 3 persists as the stack control 

setting and the values are popped (Figure 2.7). 

This stack control setting is then used as the second input 

for MUX_BRANCH_STACK (which takes the 

STACK_CONTROL control value as its first input). 

MUX_BRANCH_STACK is set to 1, indicating that for 

this operation, the stack control setting determined by the 

ALU should be used. 

 

 

Figure 2.7: Conditional Stack Control 

A similar technique is used to control the multiplexor that 

was added to the PC datapath. This multiplexor takes in 

PC+1 as its first value, and PC+1+Z as its second value. 

The control bit for this multiplexor is set by a second 

multiplexor (MUX_BRANCH_PC).  

MUX_BRANCH_PC takes a constant 0 as its first input, 

and the ZERO DETECT line as its second input (Figure 

2.8). This creates a logical nested if-block. 

MUX_BRANCH_PC is set to 1 only for the BEQ 

operation. This arrangement of multiplexors is logically 

equivalent to the following:  



• If this is a branch operation and the two values 

are equal, branch to PC + 1 + Z. 

• If this is a branch operation and the two values 

are not equal, branch to PC + 1. 

• If this is not a branch operation, branch to PC + 

1. 

 

 

Figure 2.8: Conditional Branching 

At this point, the system effectively handles conditional 

branching and conditional stack popping. This completes 

the BEQ operation. 

 

2.8 The NOP Operation (110) 
The HOBSys NOP operation requires that the program 

counter be incremented. The existing arrangement is 

capable of incrementing the PC, so no modifications or 

additional hardware is necessary to accommodate this 

functionality. It is important to note, however, that 

MUX_BRANCH_PC, MUX_BRANCH_STACK, and 

STACK_CONTROL must be set to 0. This ensures that the 

stack is not incidentally modified, and that the program 

counter is not incidentally branched to an incorrect 

instruction. This completes the NOP operation. 

 

 

 

 

 

 

 

 

 

 

2.9 The HALT Operation (111) 
The HOBSys HALT operation requires that the program 

counter be incremented. As mentioned in section 2.8, the 

existing arrangement is capable of handling this operation 

as is. The controls for MUX_BRANCH_PC, 

MUX_BRANCH_STACK, and STACK_CONTROL must 

be set to 0. This completes the HALT operation. 

 

3. CONTROL SETTINGS 

 

3.1 Control Settings by Operation 
Listed below are the necessary control settings for each 

operation. If the setting appears as an ‘X’, then that 

particular module is ignored by the operation, and therefore 

the setting does not matter. 

 

For all multiplexors, inputs are ordered in either a top-

bottom or left-right manner, depending on their orientation. 

 

The following table denotes the three control multiplexors 

as: 

 

1 MUX_BRANCH_PC 

2 MUX_BRANCH_STACK 

3 MUX_ALU_DATA 

 

 

Oper. opcode 1 2 3 SC DW ALUop 

ADD 000 0 0 00 100 0 add 

NAND 001 0 0 00 100 0 nand 

PUSH 010 0 0 01 010 0 X 

POP 011 0 0 X 001 1 X 

PUSHI 100 0 0 10 010 0 X 

BEQ 101 1 1 X X 0 sub 

NOP 110 0 0 X 000 0 X 

HALT 111 0 0 X 000 0 X 

 

4. CONCLUSIONS 

This completes the hardware design for the HOBSys 2009 

computer. The model can be viewed in its entirety on the 

following page. 

 

 

 

 



 

 
 

 


