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This is a closed-book take-home exam.  Electronic devices including calculators are not 
allowed, except on the computer question on the last page.  You are permitted two 8.5x11” 
sheets of paper with notes.   
You are bound by the HMC Honor Code while taking this exam. 
The exam is intended to be doable in 3 hours if you have prepared adequately.  However, 
there will be no limit on the time you are allowed except that the written portion must be 
completed in one contiguous block of time and the computer part must be completed in 
another contiguous block of time. A contiguous block of time is a period of time working 
at a desk without breaking for meals, naps, socializing, etc. Please manage your time wisely 
and do not let the exam expand to take more time than is justified. 
Return the exam to Sydney Torrey in the Engineering Department Office no later than 
Friday 5/12 at noon (5/5 at 5 pm for seniors). 
Alongside each question, the number of points is written in brackets.  The entire exam is 
wort points.  Plan your time accordingly.  All work and answers should be written directly 
on this examination booklet, except for printouts.  Use the backs of pages if necessary.  
Write neatly; illegible answers will be marked wrong.  Show your work for partial credit. 

Name: ___________________________________________ 
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Page 2:  ____________________ / 6 
Page 3:  ____________________ / 5 
Page 4-6: ____________________ / 9 
Page 7-8: ____________________ / 13 
Page 9:  ____________________ / 3 
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Page 20: ____________________ / 6 
Total:  ____________________ / 63 
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[1] How many bits are in a byte? 
 

Bits: ____________________ 
 
[2] Write the closest approximation you can make to -3.3 as a 2’s complement fixed-point 
number with 4 integer and 4 fractional digits. 

 
 

 
 

Number: ____________________ 
 
[3] Write -3.375 as an IEEE single-precision floating-point number.  Express your result 
in binary. 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Number: _________________________________________________ 
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The HMC alumni association wants to build a system to help alumni decide whether to 
attend alumni weekend.  It should take three inputs (F: friends, V: years since graduation 
is multiple of five, W: has to work) and produce one output (A: attend).  Specifically, it 
should recommend attending if one has friends to visit.  One should also attend if one’s 
years since graduation is a multiple of five and one doesn’t have to work that day. 
 

[1] Is this circuit combinational or sequential? Explain. 
 

 
Combinational / Sequential 

 
[1] Write a minimal sum-of-products Boolean equation for A. 

 
 

 
 

Equation: ____________________ 
 

[3] Sketch a circuit using CMOS transistors to compute A.  Use no more transistors than 
necessary. 
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Consider the following circuit to control an LED with a button.  The circuit also buffers 
the button value to pass it to a digital output.  Assume the LED has a forward voltage of 
2.0 V when ON.  The datasheet for the 74HC244 tristate buffer is given on the next page.  
The system operates directly off a 6V battery. 

 
[2] Give an expression for the worst-case quiescent power consumption of the system when 
the button is pressed.  Assume the temperature may be anywhere in the range of -40 to 125 
C. 
 

 
 

 
 

Power: _____________________ 
 

[2] Compute the maximum value of R1. 
 

 
 

 
 

Max R1: _____________________ 
 

[2] Compute the minimum value of R2 given the attached datasheet. 
 

 
 

 
 

 
Min R2: _____________________ 
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[1] A Caltech engineering intern observes that the buffers perform no logical function and 
removes them to reduce cost, as shown below.  The intern complains to you that the LED 
never turns ON.  Explain why this is observed. 

 
 
 

 
 

 
 
[2] Rewire the intern’s circuit so that the switch turns the LED on when pressed.  Use no 
other components. 
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74HC244 Octal Buffer / Line Driver 

 
 Recommended Operating Conditions 

 
  

74HC_HCT244 All information provided in this document is subject to legal disclaimers.

Product data sheet Rev. 5 — 26 February 2016 4 of 17

Nexperia 74HC244; 74HCT244
Octal buffer/line driver; 3-state

6. Functional description
 

[1] H = HIGH voltage level; L = LOW voltage level; X = don’t care; Z = high-impedance OFF-state.

7. Limiting values
 

[1] For SO20 packages: Ptot derates linearly with 8 mW/K above 70 qC.
For SSOP20 and TSSOP20 packages: Ptot derates linearly with 5.5 mW/K above 60 qC.
For DHVQFN20 packages: above 60 qC, Ptot derates linearly with 4.5 mW/K.

8. Recommended operating conditions
 

Table 3. Function table[1]

Input Output
nOE nAn nYn
L L L

L H H

H X Z

Table 4. Limiting values
In accordance with the Absolute Maximum Rating System (IEC 60134). Voltages are referenced to GND (ground = 0 V).

Symbol Parameter Conditions Min Max Unit
VCC supply voltage �0.5 +7 V

IIK input clamping current VI < �0.5 V or VI > VCC + 0.5 V - r20 mA

IOK output clamping current VO < �0.5 V or VO > VCC + 0.5 V - r20 mA

IO output current �0.5 V < VO < VCC + 0.5 V - r35 mA

ICC supply current - 70 mA

IGND ground current �70 - mA

Tstg storage temperature �65 +150 qC

Ptot total power dissipation SO20, SSOP20, TSSOP20 and 
DHVQFN20 packages

[1] - 500 mW

Table 5. Recommended operating conditions
Symbol Parameter Conditions Min Typ Max Unit
74HC244
VCC supply voltage 2.0 5.0 6.0 V

VI input voltage 0 - VCC V

VO output voltage 0 - VCC V

't/'V input transition rise and fall rate VCC = 2.0 V - - 625 ns/V

VCC = 4.5 V - 1.67 139 ns/V

VCC = 6.0 V - - 83 ns/V

Tamb ambient temperature �40 - +125 qC74HC_HCT244 All information provided in this document is subject to legal disclaimers.

Product data sheet Rev. 5 — 26 February 2016 2 of 17

Nexperia 74HC244; 74HCT244
Octal buffer/line driver; 3-state

4. Functional diagram
 

 

Fig 1. Functional diagram
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Fig 2. Logic symbol Fig 3. IEC logic symbol
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Nexperia 74HC244; 74HCT244
Octal buffer/line driver; 3-state

9. Static characteristics
 

74HCT244
VCC supply voltage 4.5 5.0 5.5 V

VI input voltage 0 - VCC V

VO output voltage 0 - VCC V

't/'V input transition rise and fall rate VCC = 4.5 V - 1.67 139 ns/V

Tamb ambient temperature �40 - +125 qC

Table 5. Recommended operating conditions …continued

Symbol Parameter Conditions Min Typ Max Unit

Table 6. Static characteristics
At recommended operating conditions; voltages are referenced to GND (ground = 0 V).

Symbol Parameter Conditions 25 qC �40 qC to +85 qC �40 qC to +125 qC Unit
Min Typ Max Min Max Min Max

74HC244
VIH HIGH-level 

input voltage
VCC = 2.0 V 1.5 1.2 - 1.5 - 1.5 - V

VCC = 4.5 V 3.15 2.4 - 3.15 - 3.15 - V

VCC = 6.0 V 4.2 3.2 - 4.2 - 4.2 - V

VIL LOW-level 
input voltage

VCC = 2.0 V - 0.8 0.5 - 0.5 - 0.5 V

VCC = 4.5 V - 2.1 1.35 - 1.35 - 1.35 V

VCC = 6.0 V - 2.8 1.8 - 1.8 - 1.8 V

VOH HIGH-level 
output voltage

VI = VIH or VIL

IO = �20 PA; VCC = 2.0 V 1.9 2.0 - 1.9 - 1.9 - V

IO = �20 PA; VCC = 4.5 V 4.4 4.5 - 4.4 - 4.4 - V

IO = �20 PA; VCC = 6.0 V 5.9 6.0 - 5.9 - 5.9 - V

IO = �6.0 mA; VCC = 4.5 V 3.98 4.32 - 3.84 - 3.7 - V

IO = �7.8 mA; VCC = 6.0 V 5.48 5.81 - 5.34 - 5.2 - V

VOL LOW-level 
output voltage

VI = VIH or VIL

IO = 20 PA; VCC = 2.0 V - 0 0.1 - 0.1 - 0.1 V

IO = 20 PA; VCC = 4.5 V - 0 0.1 - 0.1 - 0.1 V

IO = 20 PA; VCC = 6.0 V - 0 0.1 - 0.1 - 0.1 V

IO = 6.0 mA; VCC = 4.5 V - 0.15 0.26 - 0.33 - 0.4 V

IO = 7.8 mA; VCC = 6.0 V - 0.16 0.26 - 0.33 - 0.4 V

II input leakage 
current

VI = VCC or GND; 
VCC = 6.0 V

- - r0.1 - r1.0 - r1.0 PA

IOZ OFF-state 
output current

VI = VIH or VIL; VCC = 6.0 V; 
VO = VCC or GND

- - r0.5 - r5.0 - r10 PA

ICC supply current VI = VCC or GND; IO = 0 A; 
VCC = 6.0 V

- - 8.0 - 80 - 160 PA

CI input 
capacitance

- 3.5 - - - - - pF
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Consider the following circuit. Assume start is 
pulsed for one clock cycle and the system runs for 
N more clock cycles while X and Y are held 
constant. The arrow on the left side of each right 
shifter indicates the value shifted into the most 
significant bit and the arrow on the right side 
indicates the value shifted out of the least 
significant bit. 

 

 
[1] Is this circuit combinational or sequential?  Explain. 
 

 
Combinational / Sequential 

[3] Give an expression for the final value in PN+M-1:0 as a function of X and Y. 
 

 
 

 
P: _____________________ 

Suppose the components have the following delays: 
Component Max / Propagation (ps) Min / Contamination (ps) 
Mux 10 5 
Adder 50 12 
Shifter (just wires) 0 0 
Register clk-to-Q 20 14 
Register setup/hold Setup = 30 Hold = -3 

 
[2] What is the minimum clock period for which the circuit can operate correctly in the 
absence of clock skew? 

 
 

Minimum Clock Period: _____________________ 
[2] How much clock skew can the system endure before it may become unreliable at any 
frequency? 
 

 
Maximum Clock Skew: _____________________ 

Chapter W     Web Enhanced 47

a two’s complement number at the end of the multiplication. Alternatively, only the upper
M bits can be kept in redundant form, and a single full adder can convert each bit on the
fly as it shifts into the lower N bits.

Serial multiplication can be accelerated by processing more bits of X on each step. For
example, a radix-4 approach consumes 2 bits of X on each step, halving the cycle count.
Booth encoding can be used to avoid having to compute 3Y. Booth-encoding also handles
signed operands gracefully.

14.7   Physical Design Styles
Basic gate layout was introduced in Section 1.5.4. In this section, we will examine the
physical layout of CMOS gates in a general sense to understand the impact of the physical
structure on the behavior and performance of circuits. For more extensive treatment by
one of IBM’s mask design instructors, see [Saint02].

14.7.1  Static CMOS Gate Layout
Complementary static CMOS gates can be designed using a single row of nMOS transis-
tors below (or above) a single row of pMOS transistors, aligned at common gate connec-
tions. Most “simple” gates can be designed using an unbroken row of transistors in which
abutting source/drain connections are made. This is sometimes called the “line of diffusion”
rule, referring to the fact that the transistors form a line of diffusion intersected by polysil-
icon gate connections.

If we adopt this layout style, we can use automated techniques for designing such
gates [Uehara81]. The CMOS circuit is converted to a graph when the following occurs: 

! The vertices in the graph are the source/drain connections.
! The edges in the graph are gates of transistors that connect particular source/drain 

Step Shift Reg  Notes
     0000|0101 initialize
0a   1100|010 1 add 1*Y
0b   01100|010 shift right
1a   01100|01 0 add 0*Y
1b   001100|01 shift right
2a   111100|0 1 add 1*Y
2b   0111100|0 shift right
3a   0111100| 0 add 0*Y
3b   00111100| shift right

)b()a(

+

>> 1

10
start

>> 1

YM-1:0 XN-1:0

P0

PN-1:0
PN+M-1:N

10

10

0

0

FIGURE W11.7  Word-serial multiplier
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[5] Write a succinct behavioral (not structural) description of the circuit in Verilog.  
module mystery #(parameter N = 16, M = 32)  

(input  logic           clk,  
   input  logic           start, 
   input  logic [N-1:0]   x, 
   input  logic [M-1:0]   y, 
   output logic [M+N-1:0] p); 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

endmodule
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Consider the following program running on a 32-bit computer.  Assume the base address 
of a is 0x6000.   
typedef struct auv_id { 
 int serialno; 
 int manufacturingdate; 
 double maxspeed; 
 int params[4]; 
 char name[32]; 
} auv_id; 
 
int main(void) { 
 auv_id a[10]; 
 double *msptr = &(a[2].maxspeed); 
 auv_id *idptr = a + 4; 
 char *cptr = &(idptr->name[1]); 
} 
 
[1] What is the value of msptr? 

 

 
 

msptr: _____________________ 
 

[1] What is the value of idptr? 

 

 
 

idptr: _____________________ 
 

 [1] What is the value of cptr? 

 
 

 
 

cptr: _____________________ 
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Implement the Lab 3 Thunderbird tail lights in C for a Nucleo board.  The state transition 
diagram is given below. 

 

 
 
The Nucleo pinout is given below. Assume left and right come from switches connected to 
D3 and D6 and LA, LB, LC, RA, RB, RC are LEDs driven by A0, A1, A2, A3, A4, and 
A5, respectively.  You may assume that none of the other bits of the ports are connected to 
anything and that the machine is reset immediately before the program runs. Assume your 
users have extremely fast eyes so you don’t need to introduce delay between states.  Do 
not rely on libraries aside from stm32f042x6.h. 
Relevant portions of stm32f042x6.h and the data sheets are given below. 

[6] Write your C program. 
#include <stm32f042x6.h> 

int main(void) { 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
}
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typedef struct 
{ 
  __IO uint32_t MODER;        /*!< GPIO port mode register,                     Address offset: 0x00      */ 
  __IO uint32_t OTYPER;       /*!< GPIO port output type register,              Address offset: 0x04      */ 
  __IO uint32_t OSPEEDR;      /*!< GPIO port output speed register,             Address offset: 0x08      */ 
  __IO uint32_t PUPDR;        /*!< GPIO port pull-up/pull-down register,        Address offset: 0x0C      */ 
  __IO uint32_t IDR;          /*!< GPIO port input data register,               Address offset: 0x10      */ 
  __IO uint32_t ODR;          /*!< GPIO port output data register,              Address offset: 0x14      */ 
  __IO uint32_t BSRR;         /*!< GPIO port bit set/reset register,      Address offset: 0x1A */ 
  __IO uint32_t LCKR;         /*!< GPIO port configuration lock register,       Address offset: 0x1C      */ 
  __IO uint32_t AFR[2];       /*!< GPIO alternate function low register,  Address offset: 0x20-0x24 */ 
  __IO uint32_t BRR;          /*!< GPIO bit reset register,                     Address offset: 0x28      */ 
} GPIO_TypeDef; 
 
typedef struct 
{ 
  __IO uint32_t CR;            /*!< RCC clock control register,                                   Address offset: 0x00 
*/ 
  __IO uint32_t CFGR;       /*!< RCC clock configuration register,                            Address offset: 0x04 */ 
  __IO uint32_t CIR;        /*!< RCC clock interrupt register,                                Address offset: 0x08 */ 
  __IO uint32_t APB2RSTR;   /*!< RCC APB2 peripheral reset register,                          Address offset: 0x0C */ 
  __IO uint32_t APB1RSTR;   /*!< RCC APB1 peripheral reset register,                          Address offset: 0x10 */ 
  __IO uint32_t AHBENR;     /*!< RCC AHB peripheral clock register,                           Address offset: 0x14 */ 
  __IO uint32_t APB2ENR;    /*!< RCC APB2 peripheral clock enable register,                   Address offset: 0x18 */ 
  __IO uint32_t APB1ENR;    /*!< RCC APB1 peripheral clock enable register,                   Address offset: 0x1C */ 
  __IO uint32_t BDCR;       /*!< RCC Backup domain control register,                          Address offset: 0x20 */ 
  __IO uint32_t CSR;        /*!< RCC clock control & status register,                         Address offset: 0x24 */ 
  __IO uint32_t AHBRSTR;    /*!< RCC AHB peripheral reset register,                           Address offset: 0x28 */ 
  __IO uint32_t CFGR2;      /*!< RCC clock configuration register 2,                          Address offset: 0x2C */ 
  __IO uint32_t CFGR3;      /*!< RCC clock configuration register 3,                          Address offset: 0x30 */ 
  __IO uint32_t CR2;        /*!< RCC clock control register 2,                                Address offset: 0x34 */ 
} RCC_TypeDef;  
 
#define GPIOA               ((GPIO_TypeDef *) GPIOA_BASE) 
#define GPIOB               ((GPIO_TypeDef *) GPIOB_BASE) 
#define RCC                 ((RCC_TypeDef *) RCC_BASE) 

 

Hardware layout and configuration  UM1956

28/34 DocID028406 Rev 3

Figure 7. NUCLEO-F031K6, NUCLEO-F042K6, NUCLEO-F303K8 pin assignment

Figure 8. NUCLEO-L011K4, NUCLEO-L031K6 and NUCLEO-L432KC pin assignment
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RM0091 Reset and clock control (RCC)

136

6.4.15 RCC register map
The following table gives the RCC register map and the reset values.

          

Table 19. RCC register map and reset values 

Offset Register 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

0x00
RCC_CR

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.

P
LL

 R
D

Y

PL
L 

O
N

R
es

.
R

es
.

R
es

.

R
es

.

C
SS

O
N

H
SE

B
YP

H
S

E
R

D
Y

H
SE

O
N

HSICAL[7:0] HSITRIM[4:0]

R
es

.

H
S

IR
D

Y
H

S
IO

N

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1

0x04
RCC_CFGR

P
LL

 N
O

D
IV

MCOPRE 
[2:0] MCO [3:0]

R
es

.

R
es

.

PLLMUL[3:0]

PL
LX

TP
R

E

P
LL

S
R

C
[1

]

P
LL

S
R

C
[0

]
AD

C
 P

R
E

R
es

.
R

es
.

R
es

. PPRE 
[2:0] HPRE[3:0] SWS 

[1:0]
SW 
[1:0]

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x08
RCC_CIR

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

C
S

SC
H

S
I4

8R
D

YC

H
SI

14
 R

D
Y

C

P
LL

R
D

YC
H

S
ER

D
YC

H
SI

R
D

Y
C

LS
E

R
D

Y
C

LS
IR

D
Y

C
R

es
.

H
S

I4
8R

D
YI

E
H

S
I1

4 
R

D
Y

IE

P
LL

R
D

YI
E

H
S

ER
D

YI
E

H
SI

R
D

Y
IE

LS
E

R
D

Y
IE

LS
IR

D
Y

IE

C
SS

F

H
S

I4
8R

D
Y

F
H

S
I1

4 
R

D
Y

F

PL
LR

D
Y

F
H

SE
R

D
Y

F

H
S

IR
D

Y
F

LS
ER

D
Y

F
LS

IR
D

Y
F

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x0C
RCC_APB2RSTR

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.

D
B

G
M

C
U

R
S

T
R

es
.

R
es

.
R

es
.

TI
M

17
R

ST

TI
M

16
R

ST

TI
M

15
R

ST
R

es
.

U
S

AR
T1

R
S

T
R

es
.

S
P

I1
R

S
T

TI
M

1R
S

T
R

es
.

AD
C

R
ST

R
es

.

U
S

AR
T8

R
S

T

U
S

AR
T7

R
S

T
U

S
AR

T6
R

S
T

R
es

.

R
es

.

R
es

.
R

es
.

S
YS

C
FG

R
S

T

Reset value 0 0 0 0 0 0 0 0 0 0 0 0

0x010
RCC_APB1RSTR

R
es

.

C
E

C
R

S
T

D
A

C
R

S
T

P
W

R
R

S
T

C
R

S
R

S
T

R
es

.

C
A

N
R

S
T

R
es

.

U
SB

R
S

T
I2

C
2R

S
T

I2
C

1R
S

T

U
SA

R
T5

R
S

T
U

SA
R

T4
R

S
T

U
SA

R
T3

R
S

T

U
SA

R
T2

R
S

T
R

es
.

R
es

.

S
PI

2R
ST

R
es

.

R
es

.

W
W

D
G

R
ST

R
es

.
R

es
.

TI
M

14
R

S
T

R
es

.
R

es
.

TM
7R

ST

TM
6R

ST
R

es
.

R
es

.

TI
M

3R
S

T
TI

M
2R

S
T

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x14
RCC_AHBENR

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

TS
C

E
N

R
es

.

IO
PF

EN

IO
PE

E
N

U
SA

R
T4

R
S

T
IO

P
C

E
N

IO
PB

E
N

IO
PA

EN
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

C
R

C
E

N
R

es
.

FL
IT

FE
N

R
es

.

S
R

A
M

E
N

D
A

M
2E

N
D

M
A

E
N

Reset value 0 0 0 0 0 0 0 0 1 1 0 0

0x18
RCC_APB2ENR

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.

D
B

G
M

C
U

EN
R

es
.

R
es

.
R

es
.

TI
M

17
 E

N

TI
M

16
 E

N

TI
M

15
 E

N
R

es
.

U
S

AR
T1

E
N

R
es

.

S
P

I1
E

N
TI

M
1E

N
R

es
.

AD
C

EN
R

es
.

U
S

AR
T8

E
N

U
S

AR
T7

E
N

U
S

AR
T6

E
N

R
es

.

R
es

.

R
es

.
R

es
.

S
Y

S
C

FG
C

O
M

P
E

N

Reset value 0 0 0 0 0 0 0 0 0 0 0 0

0x1C
RCC_APB1ENR

R
es

.

C
E

C
E

N
D

A
C

E
N

P
W

R
E

N
C

R
S

E
N

R
es

.

C
A

N
E

N
R

es
.

U
S

B
EN

I2
C

2E
N

I2
C

1E
N

U
S

A
R

T5
EN

U
S

A
R

T4
EN

U
S

A
R

T3
EN

U
S

A
R

T2
EN

R
es

.

R
es

.

SP
I2

E
N

R
es

.

R
es

.

W
W

D
G

E
N

R
es

.
R

es
.

TI
M

14
E

N
R

es
.

R
es

.

TI
M

7E
N

TI
M

6E
N

R
es

.

R
es

.

TI
M

3E
N

TI
M

2E
N

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x20
RCC_BDCR

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.
R

es
.

B
D

R
S

T

R
TC

EN
R

es
.

R
es

.
R

es
.

R
es

.
R

es
. RTC 

SEL 
[1:0] R

es
.

R
es

.

R
es

. LSE 
DRV 
[1:0] LS

EB
Y

P
LS

E
R

D
Y

LS
E

O
N

Reset value 0 0 0 0 0 0 0 0 0

0x24
RCC_CSR

LP
W

R
ST

F
W

W
D

G
R

S
TF

IW
D

G
R

S
TF

SF
TR

ST
F

P
O

R
R

ST
F

P
IN

R
ST

F
O

BL
R

S
TF

R
M

VF
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.
R

es
.

R
es

.

R
es

.

LS
IR

D
Y

LS
IO

N

Reset value X X X X X X X X 0 0
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8.4.12 GPIO register map
The following table gives the GPIO register map and reset values.

         

Table 24. GPIO register map and reset values

Offset Register 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

0x00
GPIOA_MODER

M
O

D
ER

15
[1

:0
]

M
O

D
ER

14
[1

:0
]

M
O

D
ER

13
[1

:0
]

M
O

D
ER

12
[1

:0
]

M
O

D
E

R
11

[1
:0

]

M
O

D
ER

10
[1

:0
]

M
O

D
E

R
9[

1:
0]

M
O

D
E

R
8[

1:
0]

M
O

D
E

R
7[

1:
0]

M
O

D
E

R
6[

1:
0]

M
O

D
E

R
5[

1:
0]

M
O

D
E

R
4[

1:
0]

M
O

D
E

R
3[

1:
0]

M
O

D
E

R
2[

1:
0]

M
O

D
E

R
1[

1:
0]

M
O

D
E

R
0[

1:
0]

Reset value 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x00
GPIOx_MODER 
(where x = B..F)

M
O

D
E

R
15

[1
:0

]

M
O

D
E

R
14

[1
:0

]

M
O

D
E

R
13

[1
:0

]

M
O

D
E

R
12

[1
:0

]

M
O

D
E

R
11

[1
:0

]

M
O

D
E

R
10

[1
:0

]

M
O

D
E

R
9[

1:
0]

M
O

D
E

R
8[

1:
0]

M
O

D
E

R
7[

1:
0]

M
O

D
E

R
6[

1:
0]

M
O

D
E

R
5[

1:
0]

M
O

D
E

R
4[

1:
0]

M
O

D
E

R
3[

1:
0]

M
O

D
E

R
2[

1:
0]

M
O

D
E

R
1[

1:
0]

M
O

D
E

R
0[

1:
0]

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x04
GPIOx_OTYPER
(where x = A..F) R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
O

T1
5

O
T1

4
O

T1
3

O
T1

2
O

T1
1

O
T1

0

O
T9

O
T8

O
T7

O
T6

O
T5

O
T4

O
T3

O
T2

O
T1

O
T0

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x08
GPIOA_OSPEEDR 

O
SP

E
ED

R
15

[1
:0

]

O
SP

E
ED

R
14

[1
:0

]

O
SP

E
ED

R
13

[1
:0

]

O
SP

E
ED

R
12

[1
:0

]

O
S

PE
E

D
R

11
[1

:0
]

O
SP

E
ED

R
10

[1
:0

]

O
S

PE
E

D
R

9[
1:

0]

O
S

PE
E

D
R

8[
1:

0]

O
S

PE
E

D
R

7[
1:

0]

O
S

PE
E

D
R

6[
1:

0]

O
S

PE
E

D
R

5[
1:

0]

O
S

PE
E

D
R

4[
1:

0]

O
S

PE
E

D
R

3[
1:

0]

O
S

PE
E

D
R

2[
1:

0]

O
S

PE
E

D
R

1[
1:

0]

O
S

PE
E

D
R

0[
1:

0]

Reset value 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x08
GPIOx_OSPEEDR 

(where x = B..F) 

O
SP

E
ED

R
15

[1
:0

]

O
SP

E
ED

R
14

[1
:0

]

O
SP

E
ED

R
13

[1
:0

]

O
SP

E
ED

R
12

[1
:0

]

O
S

PE
E

D
R

11
[1

:0
]

O
SP

E
ED

R
10

[1
:0

]

O
S

P
E

E
D

R
9[

1:
0]

O
S

P
E

E
D

R
8[

1:
0]

O
S

P
E

E
D

R
7[

1:
0]

O
S

P
E

E
D

R
6[

1:
0]

O
S

P
E

E
D

R
5[

1:
0]

O
S

P
E

E
D

R
4[

1:
0]

O
S

P
E

E
D

R
3[

1:
0]

O
S

P
E

E
D

R
2[

1:
0]

O
S

P
E

E
D

R
1[

1:
0]

O
S

P
E

E
D

R
0[

1:
0]

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x0C
GPIOA_PUPDR 

P
U

P
D

R
15

[1
:0

]

P
U

P
D

R
14

[1
:0

]

P
U

P
D

R
13

[1
:0

]

P
U

P
D

R
12

[1
:0

]

PU
P

D
R

11
[1

:0
]

P
U

P
D

R
10

[1
:0

]

PU
P

D
R

9[
1:

0]

PU
P

D
R

8[
1:

0]

PU
P

D
R

7[
1:

0]

PU
P

D
R

6[
1:

0]

PU
P

D
R

5[
1:

0]

PU
P

D
R

4[
1:

0]

PU
P

D
R

3[
1:

0]

PU
P

D
R

2[
1:

0]

PU
P

D
R

1[
1:

0]

PU
P

D
R

0[
1:

0]

Reset value 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x0C
GPIOx_PUPDR 
(where x = B..F)

P
U

PD
R

15
[1

:0
]

P
U

PD
R

14
[1

:0
]

P
U

PD
R

13
[1

:0
]

P
U

PD
R

12
[1

:0
]

P
U

P
D

R
11

[1
:0

]

P
U

PD
R

10
[1

:0
]

P
U

P
D

R
9[

1:
0]

P
U

P
D

R
8[

1:
0]

P
U

P
D

R
7[

1:
0]

P
U

P
D

R
6[

1:
0]

P
U

P
D

R
5[

1:
0]

P
U

P
D

R
4[

1:
0]

P
U

P
D

R
3[

1:
0]

P
U

P
D

R
2[

1:
0]

P
U

P
D

R
1[

1:
0]

P
U

P
D

R
0[

1:
0]

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x10
GPIOx_IDR

(where x = A..F) R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

ID
R

15
ID

R
14

ID
R

13
ID

R
12

ID
R

11

ID
R

10

ID
R

9

ID
R

8
ID

R
7

ID
R

6
ID

R
5

ID
R

4
ID

R
3

ID
R

2
ID

R
1

ID
R

0

Reset value x x x x x x x x x x x x x x x x

0x14
GPIOx_ODR

(where x = A..F) R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

R
es

.
R

es
.

O
D

R
15

O
D

R
14

O
D

R
13

O
D

R
12

O
D

R
11

O
D

R
10

O
D

R
9

O
D

R
8

O
D

R
7

O
D

R
6

O
D

R
5

O
D

R
4

O
D

R
3

O
D

R
2

O
D

R
1

O
D

R
0

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0x18
GPIOx_BSRR

(where x = A..F) B
R

15
B

R
14

B
R

13
B

R
12

B
R

11
B

R
10

B
R

9
B

R
8

B
R

7
B

R
6

B
R

5
B

R
4

B
R

3
B

R
2

B
R

1
B

R
0

B
S1

5
B

S1
4

B
S1

3
B

S1
2

B
S

11

B
S1

0

B
S

9

B
S

8
B

S
7

B
S

6
B

S
5

B
S

4
B

S
3

B
S

2
B

S
1

B
S

0

Reset value 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Consider the following C program 
int f(void) { 
 int i; 
 int result = 0; 
 for (i=1; i<=5; i++) { 
  result = (result + i) & 0xE; 
 } 
 return result; 
} 
 
int g(int a) { 
 int q = 0; 
 while (q < a) q = (q + f()) << 1; 
 return q; 
} 
 

A literal assembly language translation of f is: 
# result in R4, i in R5 
f push R4, R5 ; save R4 and R5 

mov R4, #0 ; result = 0 
 mov R5, #1 ; i = 1 
forf cmp R5, #5 ; i <= 5? 
 bgt donef  ; no: terminate for 
 add R4, R4, R5 ; result = result + i 
 and R4, 0x0E ; result = result & 0xE 
 add R5, R5, #1 ; i = i+1 
 b forf 
donef mov R0, R4 ; return result 
 pop R4, R5 ; restore R4 and R2 
 mov PC, LR ; return to caller 
 
[3] Literally translate g into ARM assembly language without optimization. 
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[2] What is the execution time of your program computing f()on a single-cycle ARM 
processor operating at 1 GHz? 
 

 
 

 
Execution Time: _____________________ 

 
[2] Optimize the program for speed.  Write new assembly language code that returns the 
same answer for g(a) but runs as fast as possible.  You may make any changes necessary 
to achieve this goal, not necessarily limited to g. 
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The ARM MVN Rd, Rn instruction performs bitwise NOT on Rn and places the result in 
Rd.  It is a data processing instruction with a cmd field of 1111. MVNS does the same, and 
affects the N and Z flags. Modify the ARM multicycle processor to support the MVN and 
MVNS instructions, using as little additional hardware as feasible. 
 
[3] Mark up the attached multicycle processor diagram and ALU to handle the new 
instructions. 

 
[2] Mark up the attached multicycle controller (including state transition diagram and truth 
tables) to handle the new instructions. 
 
[2] The attached multicycle memfile.s test code has highlighted modifications to test the 
new instruction.  Translate these three new lines of assembly to machine language.  Express 
your code in hexadecimal. The format for a data processing instruction is given below. The 
cmd field for ORR is 1100 and the cond field for ALWAYS is 1110.   

 
 
 

 
 

 
 

MVN R9, R2: _____________________ 
ORR R9, R9, #1: _____________________ 

MVN R2, R9: _____________________ 
  

[1] Predict what value should be written to mem[248] at the last line of the program. 
 

 
 

 
Predicted Value: _____________________ 

Data-processing

cond op cmd Rn Rd
31:28 27:26 24:21 19:16 15:12 11:0 411:7 6:5

shshamt5 0

11:8

Rs sh
6:5

10
47

11:8

rot imm8
7:0

Src2 Rm

Rm

3:0

3:0

00 I
25

S
20

funct

I = 1

I = 0

Immediate

Register

Register-shifted 
Register

Figure B.1 Data-processing instruction encodings

Table B.1 Data-processing instructions

cmd Name Description Operation

0000 AND Rd, Rn, Src2 Bitwise AND Rd ← Rn & Src2

0001 EOR Rd, Rn, Src2 Bitwise XOR Rd ← Rn ^ Src2

0010 SUB Rd, Rn, Src2 Subtract Rd ← Rn – Src2

0011 RSB Rd, Rn, Src2 Reverse Subtract Rd ← Src2 – Rn

0100 ADD Rd, Rn, Src2 Add Rd ← Rn+Src2

0101 ADC Rd, Rn, Src2 Add with Carry Rd ← Rn+Src2+C

0110 SBC Rd, Rn, Src2 Subtract with Carry Rd ← Rn – Src2 – C

0111 RSC Rd, Rn, Src2 Reverse Sub w/ Carry Rd ← Src2 – Rn – C

1000 (S = 1) TST Rd, Rn, Src2 Test Set flags based on Rn & Src2

1001 (S = 1) TEQ Rd, Rn, Src2 Test Equivalence Set flags based on Rn ^ Src2

1010 (S = 1) CMP Rn, Src2 Compare Set flags based on Rn – Src2

1011 (S = 1) CMN Rn, Src2 Compare Negative Set flags based on Rn+Src2

1100 ORR Rd, Rn, Src2 Bitwise OR Rd ← Rn | Src2

1101 Shifts:
I = 1 OR
(instr11:4 = 0)

MOV Rd, Src2 Move Rd ← Src2

I = 0 AND
(sh = 00;
instr11:4 ≠ 0)

LSL Rd, Rm, Rs/shamt5 Logical Shift Left Rd ← Rm << Src2

I = 0 AND
(sh = 01)

LSR Rd, Rm, Rs/shamt5 Logical Shift Right Rd ← Rm >> Src2

(continued)

536 APPENDIX B ARM Instructions
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Multicycle Processor 

 

ALU 

 

before sending it to PCWrite, RegWrite, and MemWrite so that updated
condition flags are not seen until the end of an instruction. The remainder
of this section develops the state transition diagram for the Main FSM.

The Main FSM produces multiplexer select, register enable, and
memory write enable signals for the datapath. To keep the following state
transition diagrams readable, only the relevant control signals are listed.
Select signals are listed only when their value matters; otherwise, they
are don’t care. Enable signals (RegW, MemW, IRWrite, and NextPC)
are listed only when they are asserted; otherwise, they are 0.

The first step for any instruction is to fetch the instruction frommemory
at the address held in the PC and to increment the PC to the next instruction.
The FSM enters this Fetch state on reset. The control signals are shown in
Figure 7.32. The data flow on this step is shown in Figure 7.33, with the
instruction fetch highlighted in blue and the PC increment highlighted
in gray. To read memory, AdrSrc= 0, so the address is taken from the PC.
IRWrite is asserted to write the instruction into the instruction register, IR.
Meanwhile, the PC should be incremented by 4 to point to the next instruc-
tion. Because the ALU is not being used for anything else, the processor can

ExtImm

CLK

A
RD

Instr / Data
Memory

PC 0
1

PC' Instr

SrcB

ALUResult

SrcA

ALUOut

MemWrite

ALUSrcA

RegWrite

ALUFlags

ResultSrc

CLK

CLK

ALUControl

AL
U

WD

WE

CLK

Adr

Data

CLK

CLK

A

W
riteD

ata

4

CLK

ENEN

ALUSrcB

IRWrite

AdrSrc
PCWrite

R
e

ad
D

a
ta

A1

A3
WD3

RD2

RD1
WE3

A2

CLK

Register
File

R15

0 1

0
1

R
egS

rc

19:16

15:12

23:0

3:0

15

00
01
10

00
01
10

Result

25:20

27:26 Op
Funct

Cond

Flags

15:12 Rd

Control
Unit

ImmSrc

Extend

31:28

RA1

RA2

1
0

0
1

Figure 7.30 Complete multicycle processor
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it to perform subtraction:A+B + 1=A−B.) IfALUControl= 10, the ALU
computes A AND B. If ALUControl= 11, the ALU performs AOR B.

Some ALUs produce extra outputs, called flags, that indicate infor-
mation about the ALU output. Figure 5.16 shows the ALU symbol
with a 4-bit ALUFlags output. As shown in the schematic of this ALU
in Figure 5.17, the ALUFlags output is composed of the N, Z, C, and V
flags that indicate, respectively, that the ALU output is negative or zero
or that the adder produced a carry out or overflowed. Recall that the
most significant bit of a two's complement number is 1 if it is negative
and 0 otherwise. Thus, the N flag is connected to the most significant
bit of the ALU output, Result31. The Z flag is asserted when all of the bits
of Result are 0, as detected by the N-bit NOR gate in Figure 5.17. The C
flag is asserted when the adder produces a carry out and the ALU is per-
forming addition or subtraction (ALUControl1= 0).

Overflow detection, as shown on the left side of Figure 5.17, is trickier.
Recall from Section 1.4.6 that overflow occurs when the addition of
two same signed numbers produces a result with the opposite sign.
So, V is asserted when all three of the following conditions are true: (1)
the ALU is performing addition or subtraction (ALUControl1= 0), (2)
A and Sum have opposite signs, as detected by the XOR gate, and, as

ALU

N N

N

2

A B

Result

ALUControl

4

ALUFlags
{N,Z,C,V}

Figure 5.16 ALU symbol with
output flags
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Figure 5.17 N-bit ALU with output
flags
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Figure 7.31 Multicycle control unit

7.4 Multicycle Processor 415

S0: Fetch
AdrSrc = 0
AluSrcA = 1

ALUSrcB = 10
ALUOp = 0

ResultSrc = 10
IRWrite
NextPC

S1: Decode
ALUSrcA = 1
ALUSrcB = 10

ALUOp = 0
ResultSrc = 10

S2: MemAdr
ALUSrcA = 0
ALUSrcB = 01

ALUOp = 0

S3: MemRead
ResultSrc = 00

AdrSrc = 1

S8: ALUWB
ResultSrc = 00

RegW

S5: MemWrite
ResultSrc = 00

AdrSrc = 1
MemW

S7: ExecuteI
ALUSrcA = 0
ALUSrcB = 01

ALUOp = 1

S9: Branch
ALUSrcA = 0
ALUSrcB = 01

ALUOp = 0
ResultSrc = 10

Branch

Reset

Memory 
Op = 01

Data Reg
Op = 00
Funct5 = 0

Branch 
Op = 10

LDR STR

S4: MemWB
ResultSrc = 01

RegW

State Datapath µOp
Fetch Instr ←Mem[PC]; PC ← PC+4
Decode ALUOut ← PC+4
MemAdr ALUOut ← Rn + Imm
MemRead Data ← Mem[ALUOut]
MemWB Rd ← Data
MemWrite Mem[ALUOut] ← Rd
ExecuteR ALUOut ← Rn op Rm
ExecuteI ALUOut ← Rn op Imm
ALUWB Rd ← ALUOut
Branch PC ← R15 + offset

S6: ExecuteR
ALUSrcA = 0
ALUSrcB = 00

ALUOp = 1

Data Imm
Op = 00
Funct5 = 1

Funct0 = 1 Funct0 = 0

Figure 7.41 Complete multicycle control FSM
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; memfile.dat 

MAIN   
SUB R0, R15, R15  ; R0 = 0            1110 000 0010 0 1111 0000 0000 0000 1111 E04F000F 0x00 
ADD R2, R0, #5         ; R2 = 5            1110 001 0100 0 0000 0010 0000 0000 0101 E2802005 0x04 
ADD R3, R0, #12     ; R3 = 12        1110 001 0100 0 0000 0011 0000 0000 1100 E280300C 0x08 
SUB R7, R3, #9     ; R7 = 3         1110 001 0010 0 0011 0111 0000 0000 1001 E2437009 0x0c 
ORR R4, R7, R2     ; R4 = 3 OR 5 = 7   1110 000 1100 0 0111 0100 0000 0000 0010 E1874002 0x10 
AND R5, R3, R4     ; R5 = 12 AND 7 = 4 1110 000 0000 0 0011 0101 0000 0000 0100 E0035004 0x14 
ADD R5, R5, R4     ; R5 = 4 + 7 = 11   1110 000 0100 0 0101 0101 0000 0000 0100 E0855004 0x18 
SUBS R5, R5, #10 ; R5 = 11 - 10 = 1  1110 001 0010 1 0101 0101 0000 0000 1010 E255500A 0x1c 
SUBSGT R5, R5, #2 ; R5 = 1 - 2 = -1   1100 001 0010 1 0101 0101 0000 0000 0010 C2555002 0x20 
ADD R5, R5, #12  ; R5 = -1 + 12 = 11 1110 001 0100 0 0101 0101 0000 0000 1100 E285500C 0x24  
SUBS R8, R5, R7     ; R8 = 11 - 3 = 8   1110 000 0010 1 0101 1000 0000 0000 0111 E0558007 0x28 
BEQ END         ; not taken         0000 1010 0000  0000 0000 0000 0000 1100 0A00000F 0x2c 
SUBS R8, R3, R4     ; R8 = 12 - 7  = 5  1110 000 0010 1 0011 1000 0000 0000 0100 E0538004 0x30 
BGE AROUND        ; should be taken   1010 1010 0000  0000 0000 0000 0000 0000 AA000000 0x34 
ADD R5, R0, #0      ; should be skipped 1110 001 0100 0 0000 0101 0000 0000 0000 E2805000 0x38 
AROUND    
SUBS R8, R7, R2    ; R8 = 3 - 5 = -2   1110 000 0010 1 0111 1000 0000 0000 0010 E0578002 0x3c 
ADDLT R7, R5, #1   ; R7 = 11 + 1 = 12  1011 001 0100 0 0101 0111 0000 0000 0001 B2857001 0x40 
SUB R7, R7, R2     ; R7 = 12 - 5 = 7   1110 000 0010 0 0111 0111 0000 0000 0010 E0477002 0x44 
STR R7, [R3, #224]    ; mem[12+224] = 7    1110 010 1100 0 0011 0111 0000 0101 0100 E58370E0 0x48 
LDR R2, [R0, #236]    ; R2 = mem[236] = 7  1110 010 1100 1 0000 0010 0000 0110 0000 E59020EC 0x4c 
ADD R15, R15, R0 ; PC <- PC + 8      1110 000 0100 0 1111 1111 0000 0000 0000 E08FF000 0x50 
ADD R2, R0, #14     ; shouldn't happen  1110 001 0100 0 0000 0010 0000 0000 0001 E280200E 0x54 
MVN R9, R2  
ORR R9, R9, #1 
MVN R2, R9 
B END              ; always taken      1110 1010 0000  0000 0000 0000 0000 0001 EA000001 0x64 
ADD R2, R0, #13    ; shouldn't happen  1110 001 0100 0 0000 0010 0000 0000 0001 E280200D 0x68 
ADD R2, R0, #10        ; shouldn't happen  1110 001 0100 0 0000 0010 0000 0000 0001 E280200A 0x6C 
END 
STR R2, [R0, #248]  ; mem[248] = ?      1110 010 1100 0 0000 0010 0000 1111 1000 E58020F8 0x70 

use it to compute PC+ 4 at the same time that it fetches the instruction.
ALUSrcA= 1, so SrcA comes from the PC. ALUSrcB= 10, so SrcB is the
constant 4. ALUOp= 0, so the ALU produces ALUControl= 00 to make
the ALU add. To update the PC with PC+ 4, ResultSrc= 10 to choose the
ALUResult and NextPC= 1 to enable PCWrite.

Table 7.6 Instr Decoder logic for RegSrc and ImmSrc

Instruction Op Funct5 Funct0 RegSrc1 RegSrc0 ImmSrc1:0

LDR 01 X 1 X 0 01

STR 01 X 0 1 0 01

DP immediate 00 1 X X 0 00

DP register 00 0 X 0 0 00

B 10 X X X 1 10

S0: Fetch
AdrSrc = 0
AluSrcA = 1

ALUSrcB = 10
ALUOp = 0

ResultSrc = 10
IRWrite
NextPC

Reset

Figure 7.32 Fetch
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Figure 7.33 Data flow during the fetch step
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The PC Logic checks if the instruction is a write to R15 or a branch
such that the PC should be updated. The logic is:

PCS = ððRd == 15Þ & RegWÞ jBranch

PCS may be killed by the Conditional Logic before it is sent to the
datapath as PCSrc.

The Conditional Logic, shown in Figure 7.14(c), determines whether
the instruction should be executed (CondEx ) based on the cond field and
the current values of the N, Z, C, and V flags (Flags3:0), as was described
in Table 6.3. If the instruction should not be executed, the write enables
and PCSrc are forced to 0 so that the instruction does not change the
architectural state. The Conditional Logic also updates some or all of
the flags from the ALUFlags when FlagW is asserted by the ALU Decoder
and the instruction’s condition is satisfied (CondEx = 1).

Table 7.2 Main Decoder truth table

Op Funct5 Funct0 Type Branch MemtoReg MemW ALUSrc ImmSrc RegW RegSrc ALUOp

00 0 X DP Reg 0 0 0 0 XX 1 00 1

00 1 X DP Imm 0 0 0 1 00 1 X0 1

01 X 0 STR 0 X 1 1 01 0 10 0

01 X 1 LDR 0 1 0 1 01 1 X0 0

10 X X B 1 0 0 1 10 0 X1 0

Table 7.3 ALU Decoder truth table

ALUOp
Funct4:1
(cmd)

Funct0
(S) Type ALUControl1:0 FlagW1:0

0 X X Not DP 00 (Add) 00

1 0100 0 ADD 00 (Add) 00

1 11

0010 0 SUB 01 (Sub) 00

1 11

0000 0 AND 10 (And) 00

1 10

1100 0 ORR 11 (Or) 00

1 10
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END OF WRITTEN PORTION OF EXAM 
 

DO NOT PROCEED PAST THIS POINT UNTIL YOU ARE PREPARED TO 
CEASE ALL WORK ON THE WRITTEN PORTION AND MOVE ON TO THE 

COMPUTER PORTION. 
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COMPUTER PORTION OF EXAM 
 
Once you start this question, you may refer to the written portion of the exam, but may 
not spend any more time on the written portion or change any of your answers on that 
portion. 
 

 
Modify your ARM multicycle processor from Lab 11 to support the MVN instruction.  
Modify your memfile.dat to add the three new lines of machine language code from the 
previous question. Simulate your modified code. 

 
[2] Print out your Verilog code and circle or highlight the lines you modified. 

 
 

 
[4] Print out a simulation waveform showing at least the value being written to memory 
location 248 on the last cycle.  Circle this value in the waveform. 
 

 
 


