































































































































































































































































































































































































































































































































































































































































































Data Memory Access {N=>Pstack}, m=>N, d=>T

{N=>DPstack}, m=>N, d=>T

I111s111p01|Rdddd|dI

Description:

Ifp=20 Loads memory data into NEXT, and short literal value ddddd
into TOP.

Ifp=1 Pushes NEXT onto stack, loads memory data into NEXT, and
short literal value ddddd into TOP.

Number of cycles: 2

Processor operations:

Ifp=0 st cycle: m = N ddddd = T
2nd cycle: no operation

Ifp=1 1st cycle: N => Pstack m => N ddddd = T
2nd cycle: no operation

Parameter Stack effect:
Ifp=20 N T -- m ddddd

Ifp=1 NT--Nm ddddd

Instruction Set, Chapter 7 219



Data Memory Access

{N=>Pstack}, m=>N, T-op-d=>T

1|1|1|saaap|01kddddd|

Description:

Ifp=0 Loads memory data into NEXT. Loads TOP with results of
ALU operation aaa between the contents of TOP and short
literal ddddd.

Ifp=1 Pushes NEXT onto stack. Loads memory data into NEXT.
Loads TOP with results of ALU operation aaa between the
contents of TOP and short literal ddddd.

Number of cycles: 2

Processor operations:

Ifp=0 ist eycle: m = N T-op-ddddd => T
2nd cycle: no operation
Ifp=1 1st cycle: N => pstack m = N T-op-ddddd => T-1

2nd cycle: no operation

Parameter Stack effect:

. _Add M
Ifp=0 u‘r--m-op-T/ "]‘-—0( ’ AOA
) Y
Ifp=1 | NT--=N
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Data Memory Access

N=>(T), N=>T, Invert, Pstack=>N

Description:
Ifi=0 ‘ Writes data in NEXT to location addressed by TOP. Copies
NEXT into TOP, pops stack into NEXT
Ifi=1 Writes data in NEXT to location addressed by TOP. Coples
: NEXT into TOP, inverting contents, then pops stack into
NEXT.
Number of cycles: 2

Processor operations:

IfFi =0 st cycle: N = (T) N = T Pstack => N

2nd cycle: T = T
Ifi =1 1st cycle: N (1) N T Pstack => N
2nd cycle: *T = T

Parameter Stack effect:
Ifi=0 : NT -- N

Ifi=1 NT --*N
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‘Data Memory Access '_,N=v>(T), Pstack#_»>N;T,' Invvert'»_ -

N=>(T), Pstack=>N,T, fnvert

1'|1v|1' s[1]1[1]i[1]0]xr -xlx*x’x“xl

Description: |
Ifi=0  Writes contents of NEXT to location addressed by TOP. .
Pops new values into TOP and NEXT. =~ S
Ifi=1 Writes contents of NEXT to location addressed by TOP. , . »
v Pops new values into TOP and NEXT. Inverts new contents o N
Numbér of cycles: | ‘ 2

~ Processor operations:

IfFi=0 1st cycle: N> o N = T  Pstack = N
' 2nd cycle: N => T = pPstack => N ‘ e :
Ifi=1. 1st cycle: N s oM N o= T Pstack => N

v 2nd cycle: N o= T Pstack => N o o

’Parameter Stack éffect:

Ifi=0 SNT--s
Ifi=1 SNT--*s
2 S ' RTX 2000 Family Programmer’s Reference Manual
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Data Memory Access Aop-N=>T, Pstack=>N

p-of-"
Jmeop<N=>T, Pstack=>N

|111scccc10Rxxx_xx

. Description: Loads TOP with results of ALU operation cccc between
memory data and contents of N. Pops stack into N.

Number of cycles: 2

Processor operations:
1st cycle: N = T “m = N

2nd cycle: T-op-N => T Pstack => N

Parameter Stack effect:
NT-mopN. N “‘9/0 -m
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Data Memory Access N=>(T), {Pstack=>N}

N=>(T), {Pstack=>N}

111150.00p11|Rxxxxvx|

Description:

Ifp=0 Writes contents of NEXT to memory location addressed by
TOP. Original contents of TOP (address) are left unchanged.

Ifp=1 Writes contents of NEXT to memory location addressed by
TOP. Original contents of TOP (address) are left unchanged.
Stack is popped into NEXT.

Number of cycles: 2

Processor operations:

Ifp=0 1st cycle: N o= (T)
2nd cycle: no operation

Ifp=1 1stcycle: N = () Pstack => W
2nd cycle: no operation

Parameter Stack effect:
Ifp=290 NT-==NT
Ifp = 1 NT--T
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Data Memory Access N=>(T), d=>T, {Pstack= >N}

N=>(T), d=>T, {Pstack= >N}

111s111p|11Rd|d|ddd

Description:

Ifp=20 Writes contents of NEXT to location addressed by TOP.
Loads short literal ddddd into TOP.

Ifp=1 Writes contents of NEXT to location addressed by TOP.
Loads short literal ddddd into TOP. Pops stack into NEXT.

Number of cycles: 2

Processor operations:

Ifp=0 1st cycle: N = (T) ddddd => T
2nd cycle: no operation

Ifp=1 1st cycle: N o= (D Pstack => N ddddd = T
2nd cycle: no operation

Parameter Stack effect:
Ifp=20 N T -- N ddddd

Ifp=1 N T -- ddddd
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Data Memory Access \\ N=>(T), &op-F=>T

N=>(D), d%\&l;:yr

111|1]s]lalalalp]1{1]|R|d]d|d]|d]|d

Description:

I p=0 - Writes contents of NEXT to location addressed by TOP.
Loads TOP with results of ALU operation aaa between short
literal ddddd and contents of TOP.

Ifp=1 Writes contents of NEXT to location addressed by TOP.
Loads TOP with results of ALU operation aaa between short
literal ddddd and contents of TOP. Pops stack into NEXT.

Number of cycles: 2

Processor operations:

Ifp=0 1st cycle: N = (D ddddd-op-T => T
2nd cycle: no operation

Ifp=1 1st cycle: N = (T Pstack => N ddddd-op-T => T
2nd cycle: no operation )

Parameter Stack effects: 0,{
Ifp=0 NT--N leT*ﬂiﬂvf(”{dﬂ(

Ifp=1 NT - dddddop-T~ &
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7.13 Undefined opcodes

The following bit patterns are reserved for future use and should not be used for
opcodes:

User Space:

Long Literal:

Instruction Set, Chapter 7 | 227
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8  Step Math Functions

The Harris RTX 2000 Series Microcontrollers all include a unique and powerful
set of instructions known as Step Math Instructions. These instructions allow
- the RTX microcontrollers to perform certain math operatlons much more qu1ck1y
~ than would be poss1b1e without them.

78.1 | Introduction

Step math operations include signed and unsigned multiplication, unsigned
division, integer square root, bit reversal and cyclic redundancy checks. They
also expand the RTX processors’ ability to perform logical rotation operations.

In order to achieve this increase in efficiency, the processor operates differently
than when performing ordinary math. To explain this in simplified terms,
-intuitive mnemvonics will be used here because of the number of operations that
“can happen in a single cycle. Forth descriptions are used only where doing so
clarifies the operation. In general, it is best to consider step math operatlons as
Forth pnmmves

8.1.1 Step Math Using The RTX 2000

- All of the step math functions listed above can be performed on
"the RTX 2000 Microcontroller. However, because of the
hardware multiplier which is incorporated on-chip with this
product, a special set of single cycle instructions is used to
perform multiplication in the place of step math operations. See
Section 6.3.1 for more detailed information about the on-chip
hardware multiplier.

Y

Step Math Functions, Chapter 8 ’ 225




812 Step Math Using The RTX 2001A

On the RTX 2001A step math operatlons are used to perfonn all

of the functions listed in the Introductlon

' 8 1.3 Step Math Usmg The RTX 2010

-All of the step math funcuons llsted can be performed on the

RTX 2010 Microcontroller. - However, because this product
provides the hardware Multiplier/Accumulator, Barrel Shifter,and
other Floating Point Support on-chip, spec1al instructions are used

-to perform some math operations in place of step math

operations. See Section 6.3.2 for more detailed information about
the on-chip hardware math support for the RTX 2010. '
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8.2 Data Flow in Step Math

Figure 8.1 shows the data flow diagram for all step math operations. Even
though the hardware to perform step math is always present, much of it is
inactive when not performing step math and therefore it is not emphasxzed outside
of discussions on step math.

Note that the- ALU is folloWed by a shifter. This allows an ALU operation and
a shift to be performed in a single cycle without passing the data through the
ALU twice.

Step math operations also use two special purpose registers (MD and SR) and one
pseudo register (SQ) in their operations. There are also dedicated shift blocks
and logical OR blocks used with the MD and SR registers so that data in them
does not have to pass through the ALU to be updated.

'I'hc result of this architecture is that the equivalent of five ALU operations can
be performed in a single cycle, and the cycles required to transfer data for these
ALU operations are eliminated also.
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FIGURE 8.1: RTX STEP MATH DATA FLOW DIAGRAM
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(’ \ _ 83  17-Bit Math

Many of the step math operations treat the TOP register as a 17-bit wide register
to accomplish their tasks. Correspondingly, the ALU is extended to 17 bits for
these operations by the 17th-bit adder. Since the 17-bit result is sometimes
shifted left one bit, an 18th bit is also needed to store the shifted bit. The 17th
and 18th bits are held in bits zero and one of the Configuration Register (CR),
and consequently change only at the end of a cycle on the rising edge of PCLK.

These bits are sometimes referred to in the data sheets as the carry (CY) and -
‘complex carry (CCY) bits, respectively, but in the context of step math, this may
be misleading nomenclature. In this case, these bits are more accurately thought
of as an extension of the TOP reglster, and will be referred to here only as CRO
and CR1. ’

There are values referred to as CY and CCY in other sections in this manual,
which under certain conditions are clocked into CRO and CR1 at the end of a
~ cycle, though these values are not necessarily true carry bits. When this is the
case, CRO and CR1 may contain the CY or CCY result of the previous math o
step math instruction. In this chapterthes: values are sometimes referred to as

- W16 and W17. In working with step math it is essential to remember at CY

and CCY do not exactly indicate the contents of CRO and CR1.~\y/ iy 4 Iy ’? '
f ' Note that CRO only changes when performing an ALU or shift operation, and
CR1 only changes during step math operations that include an arithmetic ALU

operation. Also note that CRO and CR1 are sometimes referred to as CQ and',
CCQ respectlvely, in other sections of this manual.

/-"“‘“""" T
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8 4 The Step Math Instructlon Format

ordinary math operations. The op code for step math instructions is divided into
groups of micro opcodes, each of which has a specific effect on the instruction.
‘The general format for step math instructions is shown in Figure 8.2

bits: . ) . e e
115 tieeeecsaacaaassessesoinancascacsseaionsnsansnaninns Creeeaan

FIOIlIOII i l | IIvIvIRllll | IE ISJI

| < > <7 | <——> | - <

>(<[>|

'L signed/Unsigned
Micro Opcode
Fileld

Uncondltional shift
Micro Opcode Field

Conditional Behavior
. ‘Micro Opcode Field

Register Selection
Micro Opcode Field

ALU Micro Opéode Field

" FIGURE 8.2: STEP MATH INSTRUCTION FORMAT

As is evident from the step math instruction format, there are ten bits, not

including the Return bit, that determine the step math operation, which implies
that there are 1024 possible step math operatlons While this is true, not all of

these operatwns are useful.
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- All step math operatlons ‘have the same fonnat, Wthh is similar to that of :




8.4.1 ALU Micro Opcode Field (aaa)
* Step math operations usually include a conditional ALU operation between the

" math operations may also include an ALU No-Operation or a conditional ALU

P 001 YES = 1 => TOP and REG —--> TOP
_|f o10 YES = 1 => TOP - REG --> TOP

) 011 YES = 1 => TOP or REG --> TOP
100 YES = 1 => TOP + REG --> TOP

101 YES = 1 => TOP xor REG —--> TOP

110 YES = 1 => REG - TOP --> TOP

111 YES = 1 => - REG --> TOP

- and CRO respectively.

TOP register and another register, either the MD or the SQ pseudo register. Step

load from the MD or SQ register.

TABLE 8.1: STEP MATH ALU FUNCTIONS

aaa Function

000 No ALU operation

Whether the conditional ALU operation occurs depends on a pseudo variable,
called "YES". If YES is true (1), the conditional ALU operation will be
performed; if YES is false (0), the contents of TOP will be preserved, though in
either case the contents of TOP may be shifted by an unconditional shift
operation. The procedure for determining YES will be explained shortly.

The 18-bit result of the conditional ALU operation, as determined by YES, results
in a value called "W," as shown in Figure 8.1. This value is then shifted to
determine the value shifted into CR1, CRO,.TOP_and NEXT. If the ALU
operation is not arithmetic (i.e. + or -),(W17 and W16/are the value stored in CR1"

T et aniheiC POl

; » iV\-Qa\m;'W .
Conditional ALU operations during step math are summarized . References
to "REG" indicate the MD or the SQ register as determined by the|"r" bit (bit 8), \

as described in Section 8.4.2 and shown in Table 8.2.

in Tg\\/f\Q % '
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~ associated with it.

contents of the MD register shifted left one bl@d then logically OR’ed with the
contents of the SR register. '

| 842 Register Selectidn Micro Opcode Field @) - !

The register selectlon micro opcode field (bit 8) determines whether the lnput to
the ALU operation will be the MD or the SQ register.. If r = 0, the input will be
the MD register; if r = l the input will be: the SQ reglster '

The SQ register is actua]ly a pseudo reglster there is not a umque register

When reading the SQ register, the value obtained is the

2eve ¢bhn Hed in ? — w

e Also, the most significant bit of MD (b1t 15) is fed into the 17th-bit adder. As ‘
we shall see, this allows the RTX processors to calculate the’ square root of an
~ integer without using Newton’s method. Also, writing data to the SQ register

'(ASIC Bus address 5) has the effect of multiplying the data by 256 and placing

it into the MD register.

E The "r" bit has another function in step math. " If r = 1, i.e. the SQ register is

‘selected, the data in MD and SR will be modified at the end of the cycle. The
ally be replaced with MD loglcally OR’ed w1th the data
~in SR, and the data in SR W1 be shifted nght one b1t &=

data in MD will cond

...-.:qu*-‘

Applications for this procedure is useful 1nc1ude
.calculanon of some cyclic redundancy checks. :

- e , N ‘
The condmon that determmes whether this happens is the same condmon mr\‘.{\,))w‘f‘u 9ﬁ :
determines whether an ALU operation will be performed (YES) Ttus behav1or ‘

is useful in both square root and bit reversal operatlons ' —

TABLE 8.2: MD AND SR OPERATION R W‘*’ e

The behavror of MD and SR as determmed by "r" 1s summarlzed in Table 8 2. , w o OM 72'% T

] "

YES

"SR TOP | : ' N

PP OO

= OO

58588 |8

or SR

SR TOP (shift) o
SR TOP (alu op) MD (shift) (AV\WQ
SR / 2 | TOP (shift) : oA
SR / 2 TOP (alu op) SQ (shift) : LW X
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843 Condmonal Behavior Mlcro Opcode Fleld (yy)

The conditional behavior micro opcode field (yy, bits 6 and 7) determines the
value of the pseudo variable "YES "

In general, YES is detenmned by the logical combination of one or more bits in

- registers or by the ¢ out bit from the 17-bit ALU operation. The bits involved

are the carry out bit 16) bits zero and three of the opcode (Instruction Register
bits IR0 and IR3), CR\b\ t zero of the TOP Register (T0), and bit zero of the
NEXT Register (N(). T~

e e

Another factor that may affect the result is whether the ALU opération is
arithmetic or logical. The behavior of YES is summarized in Table 8.3.

TABLE 8.3: BEHAVIOR OF YES

yy YES // """"

00 IF ARITHMETIC THEN 16 ELSE IR0

01 (IF ARITHMETIC THEN €016 ELSE IR0) or CR1
10 IF IR3 = 0 THEN TO ELSE N@

11 TO xor N@ ' J

So far, little has been said about the carry out bits, C15 and C16. These are
outputs of the 16-bit ALU and the 17th-bit adder

When addition is performed, the carry bits are set if the result of the addition is
too large to place in the available number of bits. When subtraction is performed,

‘however, the carry bit represents an inverted borrow bit. In this case, the carry

bit is cleared if the result of the subtraction is negative.

In step math, the carry bits are used primarily in operations that involve a
conditional subtraction, namely division and square roots. In these cases, the
carry bit is set if the subtraction was successful, which causes the result of the
subtraction to replace the original value in TOP. Both of these cases also shift
the result left one bit, which is why an extra bit (CR1) is required, since it always

contains the 17th bit of the result of the most recent arithmetic step math

operation.
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844 Subroutine Return Micro Opcode Field (R)

The operation of the subroutine return micro opcode field (blt 5) is exactly the

same as for other’ RTX instructions.

If this bit equals one, a subroutine return is executed along with the instruction.
If it equals zero, the next sequential instruction is executed.
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845 Uncondltlonal Shlft Micro Opcode Fleld (sss)

Every step math operatmn may mclude an uncondltlonal Shlﬁ operatlon (bxts 1,
2, and 3) which is performed on W. Since the shift is performed in a separate
section from the ALU, the shift may occur in the same cycle as the ALU
operatlon

Shift operations occurring dunng step math differ from those occurrmg during

ordinary math operations. In particular, the sources of carry in bxts to the shifts

may be dxfferent and may come from YES and CRl

‘ 'Shlfts may operate on TOP NEXT or both. The various Shlft operatxons are

summanzed w1th Forth mnemomcs in Table 8.4.

' TABLE 8.4: STEP MATH SHIFT OPERATIONS

sss | NAME CRI 'CRO T15. Tha TO N15 Nn . N@
000 | NONE W17 W16 W15 Wn - WO N15 Nn NG
001 | 2%’ W16 W15 W14 -‘Wn-1.  YES N15 ©Nn = N@
010 | c2/7 | w17 w17 Wi6 Wn+l Wl  N15 Nn Ng
011 | 2/ W17 W17 . YES Wn+l Wl N15 Nn NO
100 | N2*’. Wi7 W16 W15  Wn WO . N4 Nn-1 YES
101 | p2*+ | wié wWl5 W14 wWn-1 N15 N14 Nn-1  YES
110 | ep2/’ W17 - W17 W16 Wn+l Wl W0 - Nn+l N1
111 | b2/’ - W17~ W17 YES Wn+l Wl1. WO Nn+l N1

Note that. bits WO through W17 are the result of the conditional
ALU, operation as determined by YE‘.S o .

: There are several 1mportant exceptlons o Table 8. 4 ‘First, the value clocked mto

CR1 for opcode A057 (hex) is W17 instead of W16 as indicated by the table.

. The second special case occurs when the shift operation is cD2/’ and the "S" bit
- (bit ‘zero %Lomode) is 1, as_it is_in the case of signed multiply step
mstrucgons For these in ructxons, the value of the bit shlfted into T15 may

ifferfom Wi6.
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- 8.4.6 Slgned/UnSIgned Mlcro Opcode Field (S)

The signed/unsigned micro opcode field (bit 0) has a double purpose. F1rsth1t

determines whether rlght shifts and additions are treated as signed or unsigned -

during multiply steps; and second, it is used with yy = 01 to allow manual control
of conditional logical ALU operations. This allows unconditional 17-bit shifts,
for example. When used with anthmetlc ALU operations, the "S" bit affects the

-mputs to the 17th-b1t adder.

R If S 0 (uns1gned), the adder operates on CRO and a zero b1t Thls is
- because the zero is treated as the 17th bit of the MD reglster Since MD
is conmdered to be uns1gned 1ts 17th b1t is always a zero. :

" IfS=1 (s1gned), the adder will operate on CRO and MD15. In thls

case, the sign bit of MD is extended into its 17th bit. If the operation is

subtraction, one of the inputs to the adder will be inverted, as will be

discussed below. The "S" bit also affects right shifts durmg s1gned .

_muluphes, to detenmne the value shifted into TOP
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85 Operation of the 17th-Bit Adder v _
 The 1'7th-blt adder is an ektexisxon of the ALU for addition and subti‘aétion
~ operations. It can be used for subtraction as well as addmon because its mputs
may be mverted depending on the operation.

When performmg addition, the carry out indicates that the result is negatlve, or
has overflowed, as is the case w1th the ALU S ‘

When performing subtractlon the carry indicates an inverted borrow, ie a carry
out indicates that the subtraction of the 17th bit did not require a borrow, and that
the result is non-negauve This is also the same as a carry out during subtractwn
for the ALU. ~ ‘
“ ~ The operahon of the 17th-b1t adder is summanzed in Table 8 S.

TABLE 8.5: 17th-BIT ADDER OPERATION

T Y CI Z CO
ololofo] o
ool 1] o
ol 1ol 1] o
ol 1]l 1 o] 1
1fo]offr}] o
1ol 1 o] 1
1010 o2
'

g Step Math Functions, ghapter 8
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~ being multiplied.

‘ prevent the last step (which is not streamed) from, bemg mterrupted

8. 6 Interruptmg Step Math Operatlons

In general step math operatlons may be mterrupted as long as the interrupt

handlers are well behaved; i.e. they save and restore any shared resources they
may use. This is in agreement with good mterrupt handler design for any
processor. : . v

. The shared resources that affect step math operatlons are CR bits 0 and 1, MD
and SR. Any handler that affects these should make sure they are in the same

state upon returning frorn the interrupt that they were in when the interrupt

. occurred.

One exception is the sngned step muIIJply operatlon If it is mten'upted there is |

a probability that
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. o : o 8‘7 - - Some Useful 'Opcodes

It may help to look at some spemﬁc step math operatlons to get a feel for how
they are used before considering specific cases. Table 8.6 provides a list of
useful step math opcodes with their Forth mnemonics and a brief description.:
_The following sections descnbe these operatlons in more detail. -

TABLE 8.6: SOME USEFUL STEP MATH, OPCODES

OPCODE FORTH DESCRIPTION
"A012 2%r, 17 Bit left shift )
AO9E RDR Rotate TOP:NEXT right
A096 RTR: Rotate TOP right :
A89D ke Signed multiply steps 1-15
A49D *n Signed multiply step 16
A89C U*e Unsigned multiply steps 1-16
A49C gxn Mixed sign multiply step 16
A894 BU*’ Byte unsigned multiply steps 1-8 -
A494 BU*" Byte mixed sign multiply step 8
A41A u/1’ Unsigned divide step -1
A45A o u/f Unsigned divide steps 2-15
A458 u/" Un'signed divide step 16 :
A418 u/1" Alternate unsigned divide step 16
Ad412 BU/’ Byte unsigned divide steps 1-8
A51a | s1’ Square root step 1
A55A -1 Square root steps 2-15
A558 sm Square root step 16-
A512 BS1’ Byte Square root step 1
A552 BSs’ Byte square root steps 2 8
Al96 R’ . Bit reversal step
AADE c’ CRC step
. J
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8.8 Step Multlphcatlon

In apphcatlons in which multiplication is needed, the RTX 2001A chrocontroller
uses the step multiplication operations which are described in the following
sections. These step math multiplication operations would not normally be
performed on the RTX 2000 Microcontroller due to the increased speed available
through its on-chip hardware multxpher

8.8.1 Signed Step Muiltiplication

The primitive signed step multlphcatlon operatlon operates on two s1gned '
numbers. One of these numbers, the multiplier, is initially in NEXT, and the
other, the multiplicand, is in the MD register. The product is a signed, double
precision number on the stack.

Prior to performmg signed step multiplication, both CRO and CR1 should be
initialized to zeros and TOP should be initialized to zero. TOP may optionally
be initialized to a signed number which will be added to the product.

If step signed multiplication is interrupted, the result may be incorrect.
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- 8.8.2

883

Signed Step Multiplication Op Codes
;lén.d Multiplication Steps 1 Through 15

A89D = 1010 1000 1001 1101 ‘

.aaar = 1000 ==> ALU OP = TOP + MD --> TOP
yy = 10 ==> YES = N@

'sssS = 1101 ==> shift = cDZ/’ signed
If N@ =

TOP + MD --> TOP °

' TOP:NEXT / 2 ==> TOP:NEXT

x0 . : :
Signed Multiplication Step 16

.~ A49D = 1010 0100 1001 1101 . .
aaar = 0100 ==> ALU OP = TOP - MD --> TOP
yy = 10 ==> YES = N@
sssS = 1101 ==> shift = cD2/’ signed
If N@ =

TOP - MD --> TOP
TOP:NEXT / 2 —-=> TOP:NEXT

This step differs from *” in that MD is conditionally subtracted from TOP
instead of added. This is because the value originally in NEXT is in
two’s complement form and as such the most s1gmﬁcant bit represents a
negative multiple of a power of 2, i.e. 25,

Signed Step Multiplication Example Program
HEX

tM* (nn--d)

CR@ DUP 2* 0< 10 AND OR >R . \ Save state of int disable bit
CR@ 10 OR CR! S \ Disable interrupts
MD! - \.Set up MD
0 -\ Set up TOP
0 + \ Clear CRO
2% \ Clear CR1
\

LA LN L LA L LA LA 14 Perform the multiplication

*? Kkt k2 k? k? k! k! kn

R> CR! ; ' ‘ \ Restore int disable bit
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8.84 Mixed Sign Multiplication Type A

Type A mixed sign multiplication is similar to signed multiplication except that |
the value originally in NEXT is treated as a 16-bit unsigned integer. Because of . B
this, the last step is the same as the first 15 steps, which are the same as for o |
signed multiplication. ' ’ '

This type of multiplicaﬁon is useful for calculating the partiall product of a : ‘
multiple precision multiplication. , ‘ |

liec'ause all the multiplication steps are the same, the operation can be streamed -
to disable interrupts, which reduces the overhead for this type of multiplication.

8.8.5 Type A Mixed Sign Multiplication Exainple Program:

: MA* (un--d)

MD! \ Set up MD

0 : \ Set up TOP

0 + . \ Clear CRO
L 2% \ Clear CR1 :

F OF( ** ; \ Perform the multiplication
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8.8.6 Unsngned Multlpllcatlon '

' Uns1gned multiplication is similar to sxgned multxphcatlon except that the

multiplier and mulnphcand are both treated as unsigned 16-bit values. Also, 8-bit
unsigned multiplication is supported. This allows a faster multlphcauon in the

“event the mulnpher and multiplicand are both 8-bit values.

Since the muIIJphcand (MD) is always positive in unsigned muluphcauon, CRO
is added to a zero bit instead of the most significant bit of MD in the the 17th-bit
adder. Otherwise unsigned multiplication is similar to signed multiplication.

8.8.7 Unsignéd ‘Multiplication Op Codes

L4
Unsigned MMltiplieation step- 1 Throuqh 16

A89C = 1010 1000 1001 1100 ' )
aaar = 1000 ==> ALU OP = TOP + MD --> TOP
yy = : 10 : ==> YES = N@

sssS = 1100 ==> shift = cD2/’ unsigned

If N@ =

TOP + MD --> TOP
TOP:NEXT / 2 -=> TOP:NEXT

BU*’ ’
8-Bit Unsigned multiplication steps through 8

A894. = 1010 1000 1001 0100
aaar = 1000 ==> ALU OP = TOP + MD --> TOP
yy . = 10 ==> YES = 10 . :
sssS = . 0100 ==> shift = c2/’ unsigned
IfT@ =1 . .

TOP + MD --> TOP
TOP / 2 -=> TOP
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: UM¥* (Hu u -- du
MD! s
0 .

0 +
2*'

Uk? Ukr Uke gkr Ukr Uk ke ks
U*? UX? Uke Ukr Ukr ks ks ks o

8.88 Unsigned Multiplication Example Program:

Set up MD

Set up TOP

Cléar CRO

Clear CR1 .

Perform the multiplication

PP g

8.8.9 8-Bit Unsigned Multiplication Example Program:

: BUM* ( bu bu == u )
sQ!
0 +
2%t 2/
8U*’ 8U*’ 8U*’ 8U*’
BU*’ U’ U’ U

\ Set up multiplicand

\ Clear CRO-

\ Clear CR1 .

\ Perform the multiplication
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8 8 10 ered Slgn Multlpllcatron Type B

Type B mlxed srgn multlphcatlon is similar to unsrgned multlplrcatlon except that
the value ongmally in NEXT is treated as a 16-bit signed integer. Because of
this, the last step is different (i.e. MD is subtracted from instead of added to TOP)
from the first 15 steps, which are the same as for unsrgned multiplication. This
is for the same reason that a d1fferent step is required in signed multlphcatlon

~This type of mult1plrcauon is useful for calculatmg the partial product of a
multhle precrsron multrphcatron, and is also supported for 8-bit operands '

8.8. 11 ered Sign Multrpllcatron Type B Op Codes

yre
- Unsigned Multiplication Step 16

“A49C = 1010 0100 1001 1100 - .
aaar = 0100 ==> ALU OP = TOP -~ MD_-—> TOP
Yy = 10 ==> YES = N@
sssS = 1100 ==> shift. = cD2/’ unsigned
CIENB =1

TOP - MD --> TOP
> TOP:NEXT / 2 -—> TOP:NEXT

- ‘BUR» ’
} 8-Bit Unsiqned Multiplication Step 8 )

A494 = 1010 0100 1001 0100 .

aaar = : 0100 : ‘==> ALU OP = TOP - MD =--> TOP .

yy = 10 ==> YES =T0

sssS = 0100 ==> shift = c2/’ unsigned
1t Te -

TOP - MD --> TOP
TOP / 2 =--> TOP
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:MB* (nu--d)

8.8.12 Type B Mixed Sign Multiplicétidn Example Programs:

~MD! \ Set up MD
0 “\' Set up TOP
0 + \ Clear CRO
2%’ : - . \ Clear CR1
U/ Uke Uks Uk Ukr ygxr Urr grr \ Perform the multiplication

Uk Uk? URe Ukr Ukr ke ks Uk s

8.8.13 8;7Bit Unsigned Multiplication Exa‘mple‘P_rogram:

: BMB* ( b bu == n )
sQ!t .
255 AND
0 +
2% 2/ -
BU*’ 8UX’ 8UX’ BU*/
8U*’ GU*’ 8UX! 8U*" ;

Set up multiplicand

Make 8<bit negative numbers
Clear CRO

Clear CR1 o

Perform the multiplication

PP AT
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L o 89 Step Dmsron

» Step dmswn is performed in 16 steps usmg long dxvxsxon and s1gned division is
- not supported.. o _ S

v‘ A 32-bit d1v1dend in TOP and NEXT is divided by a 16-b1t d1v1sor in MD
- leaving a 16-bit remainder in TOP and a 16-bit quotient in NEXT. '

” Because the quotlent is limited to 16 blts, not all dividends and divisors yield a.

quotient small enough to be represented. In these cases, the result is invalid. The

~ only way to check the validity of a result is to multiply the quotient by the
: lelSOl' and add the remainder. Also, d1v1s1on by zero yields an invalid result.

Two versions of the division program follow The standard version (see Section -
8.9.1) tests the value of CR1 for steps 2 through 16. The alternate version (see‘
Section 8. 9 2) does not. . _ ,

It can be. proven that CR1 will always be zero for any division that y1e1ds a vahd
result, so the standard and alternate versions both work the same as long as the =
result is valid. In- the event the result is invalid, however, thelr results may dlffer

~ There is also an 8-b1t version of step division, which is faster than the 16-b1t
" version. In the 8-bit version,.a 16 bit unsigned number in TOP is divided by an
-~ 8-bit. unsigned number in MD, leaving an 8-bit result in TOP. The same
restrictions that apply to 16-bit d1v1s10n also apply to 8-bit division. '
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8.9.1 Step Division Opcodes

u/1’ o '
Unsigned Divide Step 1

- A41A = 1010 0100 0001 1010 . )
aaar = 0100 ==> ALU OP = TOP - MD --> TOP
yy = ) 00 © ==> YES = Cl6
‘ssss = 1010 ==> shift = D2*’ unsigned
If cl6 = 1 - ( TOP = MD >= 0 )

TOP - MD --> TOP

- TOP :NEXT * 2 -=> TOP:NEXT.
YES --> N@
o/’ :
Unsigned Divide Steps 2 through 15
A45A = 1010 0100 0101 1010
aaar = 0100 ==> ALU OP = TOP - MD --> TOP -
yy = 01 ==> YES = Cl6 + CRL
sssS = 1010 ==> shift = D2*’ unsigned
If Cl6 + CR1 = 1 ( TOP - MD >= 0 ).

TOP - MD --> TOP

TOP :NEXT *v 2 —-> TOP:NEXT
YES --> N@

 This step differs from U/1’ in that the conditional subtraction will be
performed also if the previous subtraction also produced a result with 1
in the most significant bit (now shifted into CR1) even though the
subtraction was successfully performed.
It can be proven that this only happens when the dividend is too large to
produce a 16-bit quotient when divided by the current divisor.

248 RTX 2000 Family Prégrammer’s Reference Mamial




@

U/"

Unsignod Divide Step 16

A458 = 1010 0100 0101 1010
. aaar = 0100

Yy
sSssS

01 .~

If Cl6é + CR1 = 1

TOP - MD --> TOP
NEXT * 2 --> NEXT
YES -=> N@

' Th1s step dlffers from U/’ in that only NEXT is shifted. This allows the -

1010 ==

==> ALU OP = TOP - MD --> TOP

==> YES = C16 + CRl
> shift = N2*’ unsigned

( TOP — MD >= 0 )

correct remamder to be left in TOP

U/l"

-Alternate Unsigned Divide Step 16

' A418 = 1010 0100 0101 1010
aaar = 0100
Yy . = 00
sssS = ’
1f ¢16 = 1

TOP - MD --> TOP
NEXT * 2 -=> NEXT
. YES -=> N@

This step differs from U/l in that only NEXT is shlfted Tlus allows the ‘

1010 ==

==> ALU OP = TOP - MD --> TOP
==> YES Cl6 .
> shift N2*’ unsigned

( TOP —IMD->; 0)

. correct remainder to be left in TOP.

\

BU/'

A412 = 1010 0100 0001 0010
aaar = 0100
Yy : $ 00
sssS

If Cl6.= 1
TOP - MD --> TOP
TOP * 2 —--=> TOP

- YES --> T@.

.8-Bit Unsiqned Divide Steps 1 through

0010 ==

==> ALU OP = TOP - MD --> TOP
==>'YES = Cl6
> shift = 2*’ unsigned

( TOP - MD >= 0 )
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8.9.2 Standard Division Program Example

This version of the division program tests the value of CR1 for steps 2 through‘

16

' : UM/MOD ( ud u -- ur uq )

MD!
D2*
u/1’ :
u/* u/r u/? u/r U/’
u/’ u/’ u/’' u/’ v/’

PP ard

.. Set up divisor

Clear CRO, 17 divide steps not needed
Step 1 .
Steps 2 - 15

U/’ u/r u/* u/’
u/» Step 16
SWAP ; \. Put quotient, remainder in right places

e

8.93 Alternate Division Program Example

Thxs version of the division program does not test the value of CR1 for steps 2
through 16.

¢ UM/MOD ( ud u == ur uq )
MD!
D2*
u/1r u/1’ u/1’ u/1’
u/1’ .u/1’ u/1’ u/1’
u/1’ u/1’ u/1’ u/1’
u/1’ u/1" u/1’ .
u/1" : \ Step 16

SWAP ; \ Put quotient, remainder in right places

Set up divisor
Clear CRO, 17 divide steps not needed’
Steps 1-- 15 : )

P

8.9.4 8-Bit Division Program Example

Th1s version of the d1v1s1on program also does not test the value of CR1 for steps

1 through 8.
-
: 80/ (ud u -- ur uq ) )
sQ! : ) \ Set up-divisor
2% \ Clear CRO
8u/’ 8u/’ 8u/’ 8uU/’ \ Divide it
8u/’ 8uU/’ 8U/’' 8U/’ ' o
FF AND ; . \ Discard remainder * 2
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810  Step Square Root

The RTX 2000 Series of Microconttbllers implement an eiact algorithm (vs. an
approximate algorithm such as Newton’s method) for finding the square root of
an integer. : '

In the event the input value is not a perfect‘ square, a root and a remainder are
found. The remainder is similar to the remainder of division: if the remainder is
added to the square of the root, the original input value is found. It is possible

for the remainder to exceed the 16 bits of the TOP register, though the 17th bit

will always be contained in CRO. .

Prior to executing the square root steps, the 32-bit input value is placed into TOP
and NEXT, MD is cleared, and a value of 8000 hex is placed in SR.

- Square root steps are similar to division steps but subtract the SQ register instead

of MD from TOP. They also use CR1 to determine whether to perform the

- conditional subtraction. This is needed for square root steps because the value -

being subtracted changes from step to step.

Step Square Root Algorithm

The pseudo-division square root algorithm is similar to restoring long division.
That is, it consists of repeatedly subtracting a subtrahend from the input value.
If the result of the subtraction is negative, however, the value prior to the
subtraction is restored. This can also be thought of as a conditional subtraction.

~ The difference from long division lies mostly in the value of the subtrahend,

which changes from step to step depending on which of the previous subtractions
were successful.’ A subtraction is successful if it leaves a non-negative
intermediate result. If a subtraction is successful, a one is shifted into the least
significant bit of the result; otherwise a zero is shifted in. To get a feeling for

‘how the subtrahends are generated, let us consider the 8 bit square root of a 16
- bit number using hardware similar to that in the RTX. The bits of the root are

represented by 1, with r, being the most significant bit. The trial subtrahends are
shown aligned with the square from which they are to be subtracted.
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TABLE 8.7: SQUARE ROOT TRIAL SUBTRAHENDS

Se | s Sq Se Sp S, S, Se S, s¢ | ss Sy | s3-.|sa Sy S,
o 1 0 0 0 0 -0 0 0 0 0 0 0 0 0 0
0 I, 0 1 0 0 0 0 0 0 0 o ]o 0 0 o]
0.0 r, re |O 1 0 0 0o . 0 0 o |o 0 o 0
o 0 0 r, | x¢ s O 1 0 0 0 oo 0o o0 0
0 0 o] 0 r, re Iy r, 0 1 0] .0 0 0 0 0
0 0 0 0 0 r, re ry r, r, 0 1 0 0 0 0
0 0 0 0 0 0 r, re rs r, I, r, o .1 0 0
o} 0 0 0 ‘0 0 0 r, X T r, r;|lr, o, 0 1

g

As is evident from the table, each trial subtrahend is depéndent only on the results

of the trial subtractions executed prior to the current trial. The values in this table
are also the same as the first 8 subtrahends for the 16-bit square root, and it

- should be apparent how the remaining 8 subtrahends are generated. These

subtrahends are generated directly by MD, SR and the surrounding circuitry.

Unless you are a mathematician, it is probably not obvious why subtracting these
values should give you the square root of a number. The remainder of this
section may help you to understand how this algorithm works. '

Consider two numbers, r (an N-bit unsigned integer) and s (an unsigned integer
with 2N bits). Let s be the square of r. One can represent r as a polynomial of
powers of 2:

r = 12"+ r,, 2" ...+ 1,2 + 1,

where n=N-1 and 1, through r, are either zero or one. Since s is the square of r,
s can also be expressed as a polynom1a1 of powers of 2: :

rr

(2,23 + T 22"t +...+ rre2®] +

[EpaaZa2?™? + 1p322"2 4.0+ Lo re2™] +
. t .

-1
[ror 2™ + r,rn-12f' teoot Yol .
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_ TABLE 8.8: TERMS OF S AS VALUES IN A SQUARE ARRAY,

Notice that since r, can only equal 1 or 0 Il =T, It 1s useful to visualize the
terms of S as values in a square array, as shown in Table 8.8:

-1 :
r,2" Tpg2"0 e ry2 r,
r,2" 2> PRI wes |rar2m™t r,re2"
a2 r,Lp 22t ro,232 cee | Emam2® paTo2™?
r,2 r,r,2™ 1 rpr 2t . r,2? | r,rg2
T, £,re2" . | raare2™t oo o2 |1

Notice that all the perfect squares are on the diagonal rumiing from the upper ieft

- comer to the lower right comer, and the rest of the array is symmetrical about the

dlagonal and each term in the lower left half of the array has an identical term
in the upper right half. Like terms can be combined by addmg the terms in the
upper right half to those in the lower left half. Each row in the new triangular
matrix may then be used to form a trial subtrahend, t, through t,, that may be
used for ﬁndlng the square root of s:

t, = r,2*
tag = Lalam2®® + 1,220
t:{-z = ;nrn-gzn-z + rn;lrh_22n¢1 + rn_zzzln-z)

Sty = ror 2™ 4+ rr2™ 4.0+ 2+ r2?

te = Ipre2™! + 1, re2” +...+ r,-r,Z’ + I,

~ Notice that t,, depends only onr, t,, 1 depends only onr, and ,;, t,,_é depends onIy ..

on r,,, I, and r,,, and so on.

’The technique for usmg these tnal subtrahends for finding the root of s is
; stralghtforward If 1, is assumed to be 1, and t, can be subtracted from s, thenr,
is indeed 1. If, however the result of the subtraction is negatlve, r,is0,ands -

must be restored to its value prior to the subtraction. Once r, is known it can be
used to find r,, by the same method, and so on to r,. ThlS is exactly what
happens when subtractmg the trial subtrahends in Table 8.7.
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For further illustration we can find the subtrahends for the 8 bit square root in
table 1. In this case the root is: '

o= 12" 4 T2% + r2% + r2' + ry2* + 22 + 12+ .
The square is: -
§ = rr ) .
= [r,2" + Lt + ...+ 1rg2’] 4+

Clrer,2¥ 4+ T2+ ...+ rerg2f] +
ces +

[ror2” + Torg2® + oo + Ipl .

By combining like terms and groupiﬁg into subtrahends we obtain:

t, = r,2%"

te = T re2 + rg2t?
ts = r,rs2'? + rerg2'? + r2'°

te = Iyre2® + Lery2” + ... + 12?2 + 1, ,

which is identical to the deSCﬁptioﬁ of the subtrahends in Table 8.7.
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"An Example. |

For a specific example, let us ﬁnd the 8 bit square root of a 16 bit number
the input value equal 8163H (hex), i.e. 1000000101100011 binary.

16110101
)1000000101100011
-0100000000000000

- 0100000101100011

-0101000000000000
1111000101100011
0100000101100011

-0010010000000000

it

o
o
o
=
=
=
o
=
o
-
-
[=]
[=]
o
=
-

'-0001010100000000

o
o
[=]
o
=
[=}
o
(o]
(o]
-
[
[=]
o
o
et
=

-0000101101000000
1111110100100011
0000100001100011

. ~0000010110010000
0000001011010011

-0000001011010100

1111111111111111

l

\

(

0000001011010011

~0000000101101001

10000000101101010

1st subtraction
Successful

2nd- Subtraction

Not Successful

Restore Previous Value
3rd Subtraction
Successful

4th Subtraction
successful

5th Subtraction

Not Successful

Restore Previous Value
6th Subtraction
Successful

7th Subtraction

Not™ Successful .
Restore Previous Value
8th Subtraction

Successful, Also Remainder

~ Note that the remamder isa9 bit value though the root is an 8 bit value. This

is- poss1b1e because the d_1fferenc¢ between two successive perfect squares is:

(n+1)z -n? = (n +2n 4+ 1) = n®=2n+1.

Therefore the largest possible nemamder, Wthh is one less than tlus dlfference is

2n, which requlres one more bit to represent than n does.
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- 8.10.1

 Step Square Root Opcodes |

. 81°

Root Step 1

“A51A = 1010 0101 0001 1010

“aaar = '~ 0101 ==> ALU OP = TOP - so -->. TOP
Yy = 00 - ==> YES = Cl6 :
sssS = : ‘ 1010 ==> SHIFT = D2*’ UNSIGNED
I£Cl6 =1 ° ' . (ToP - 5Q>=0)

TOP - SQ --> TOP

. TOP:NEXT * 2 --> TOP:NEXT

YES ==> NO
MD + SR --> MD
SR / 2 -- SR

8’

' ‘Square Root Staps 2 Through 15

‘A55A = 1010 0101 0101 1010

aaar = 0101 ==> ALU OP = TOP - SQ --> TOP
Yy = 01 ==> YES = Cl6 + CR1

sssS = 1010 ==> SHIFT = D2*’ UNSIGNED

If C16 + CRL = 1 (TOP - 5Q >=0)

TOP - SQ --> TOP
TOP:NEXT * 2 --> TOP:NEXT

YES --> NO
MD + SR --> MD
SR./ 2 -- SR

S’ dlffers from S1’ in that CR1 is considered to determme YES. This
is necessary because sometimes a successful subtraction will result in

- the most significant bit being 1. Once this b1t is shlfted into CR1, it

cannot be subtracted

Square Root Step 16

A558 = 1010 0101 0101 1000 . L o
aaar = 0101 ==> ALU OP = TOP.- - SQ --> TOP
Yy = 01 ==> YES = Clé6 + CR1.
sssS = 1000 ==> SHIFT. = N2*’ UNSIGNED

. If Cl6 + CR1 =1 ) ;7 TOP - SQ >= 0

TOP - SQ —-=> TOP
NEXT * 2 --> NEXT
YES --> NO
MD + SR --> MD
SR ./ 2 == SR’
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 §* differs from S’ in that only NEXT is shifted instead of both NEXT
and TOP. This is done so that the remainder is correct. S

BSl’ ‘ .
8-Bit Square Root Step 1

A512 = 1010 0101 0001 0010 ' _ ,

" aaar = 0101 ' ==> ALU OP = TOP - SQ -=> TOP -
yy = - 00 .. ==> YES. = Cl6

- sssS = 0010 ==> SHIFT = 2*’ UNSIGNED
If C16 = 1 S T ('TOP - SQ >= 0 )

TOP ~ SQ —-=> TOP = o . . '

TOP *-2 -=> TOP :

_YES --> TO

MD + SR =-> MD B
SR / 2 -- SR

'-Bsr L
. 8-Bit Square Root Steps 2 Through 8

A552 = 1010 0101 0101 0010
.. aaar = 0101 ==> ALU OP = TOP - SQ --> TOP
Yy = 01 © +==> YES = Cl6 + CR1
sssS = © 0010 ==> SHIFT = 2*’. UNSIGNED
If Cl6 + CRL =1 - ( TOP -.5Q >= 0 )

TOP = SQ =-> TOP
TOP. * 2 ==> TOP,
YES -=> T0
MD + SR =-> MD
SR / 2 == SR
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8.10.2.

HEX

: ROOT ( du - uro
8000 sSR!
0000 MD!
D2*
s1’

s

ot uremainder )

S’ 'S’ §* sf s’ st sf
S’ 5’ s’ S’ s §* s’

Square Root Program Example |

<

Set up SR
Set up MD

1st step .
Steps 2 - 15

P

\ Last step

8.10.3 8-Bit Square Root Prdgf,ani Exémple

HEX
©: BROOT ( word —-- byte )

8000 sSR! . . \ ‘Sset up SR
0000 MD! \.Set up MD

2% \ Line up for first subtraction
BS1’ L : \ Step 1 '
BS’ BS’ BS’ BS’ BS’ BS’ BS’ \ Steps 2-8 .
FF AND ; : : .\.Discard remainder * 2
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8.11 Step Brt Reversal

Bit reversal reverses the order in which bits appear ina word For example

lI

Ilalblcf’dllelflglh.lllil»ﬂk.llllmlnlorlrp

would become:

lelofnfmfafx[ofs]n]ofelefafcfe]e

Using step math allows bit reversal of a 16-bit word in 23 éycles COmpared to 48
cycles without step math. Bit reversal is useful for calculating address during

'FFT operations and also is needed to calculate certain types of CRC’s.

8.11.1 ‘Step Bit Reversal Opcodes

RI
Bit Reversal Step

A196 = 1010 0001 1001-0110 , v :
aaar = 0001 . ==> ALU OP = NO OP, OPERATE ON SQ
uua. = 0 - | ==> YES = T0 '

sssS = © 0110 ==> SHIFT = 2/’ UNSIGNED
JI£TO =1

MD or SR --> MD
SR / .2 -=> SR
TOP / 2 -=-> TOP

8.11.2 Step Bit Reversal Ekample Program-

HEX -

G

: BIT- REVERSE (u—-—u )

'8000- SR! \ Set up SR
0000 MD! : \ ‘Set 'up MD
RI Rl RI RI RI ‘Rl R’ \

R’ R’ R’ R’ ‘R’ R” R’

‘R’ R’ -
DROP * “ .\ Discard garbage in TOP
‘M@ ;- ] \ Retrieve result

Put bit reversed version of TOP into MD

‘Step Math Functions, Chapter 8
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812 Step Cyclic Redundahcy Check (CRC)

The cychc redundancy check (CRC) is used for identification and error checkmg

-of blocks of data, i in much the same way a checksum is used.

The advantage of the CRC is that more errors can be detected with a CRC than
by a checksum. For example, a 16-bit CRC can detect all errors in a 16-bit frame
of a stream of data. - There are several de facto standard data transfer protocols,
including XMODEM, X.25 and Kermit, that use vanatlons of CRCs for error
checking. _

The basis for calculatlng a CRC of a stream of bits is to perfonn a modulo-2 long
division of the stream (multiplied by an appropnate power of two) by an
irreducible modulo-2 polynomial. The quotient is dlscarded and the remamder

" is the CRC

In modulo-2‘subtraction, there is no carrying' or borrowing from bit to bit, so

subtraction is the same as a bitwise logical exclusive OR function. The

polynomial is a value that cannot be evenly d1v1ded modulo-z by another
polynomtal much like a pnme number. _

Most 16-bit CRCs are calculated with the polynomial x16 +x2 + x S+ 1, which
can also be expressed as 10001000000100001

For example, to calculate the XMODEM style CRC of the ASCII character "T"

- (54 hex), perform the fo]lowmg long division:

10001000000100001)010101000000000000000000'
10001000000100001
10000000010000100°
10001000000100001
10000101001010000
10001000000100001

w e - 0001101001110001 = 1A71 hex

“To calculate the CRC of a stream of characters, simply XOR the CRC'’s of each -

character with the CRC of the preceding characters. . This can also be
accomplxshed by replacing the 16 right-hand bits of the above d1v1dend with the
previous CRC. .
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One useful aspect of the CRC calculatlon is that it can be 1mp1emented m
hardware with 16 shift registers and 3 exclusive OR gates. To see how this is

- done, think of the above d1v1dend as being in a 16-b1t shift register.

When a 1 is slnfted out of the reglster, the contents of the register are exclusive
.OR’ed- with the 16 least significant bits. of the polynom1a1

When a zero bit is shlfted out no. excluswe OR mg takes place After elght_

ShlftS the reglster holds the CRC.

Since many serial data protocols transmlt the least s1gmf' icant bit of the data ﬁrst

many CRC’s are calculated on the bit reversed image of the transmitted character -

so that the CRC may be calculated in the simple hardware noted above. In such
cases, the resulting CRC is also bit reversed and must be un-reversed, though this

only needs to be done once for each packet of data. Examples of protocols that
- use this type of CRC are X 25 and Kermrt : , :

Other variations on the CRC are to use a non-zero 1mt1a1 value for the CRC,

usually FFFF hex. The other variation is to exclusive OR the CRC with a non-
zero value, also usually FFFF hex, before transmlttmg it. An example of thlS is

the X.25 protocol

The CRC in RTX step math is 1mplemented such that bit reversed CRC’s are
generated directly. The result does not need to be bit reversed in these cases

because the shifting is done to the right instead of to the left. The polynomial,

however, must be bit-reversed before exclusive OR’ing it with the data stream.
This causes no performance loss, however, because it is usually a constant. For
’1mp1ement1ng CRC’s that- do not use bit-reversal, such -as those used by
vXMODEM the data and CRC s must be bit reversed ’ :

8.12.1 vStep CRC O,pcodes, |

cr )

Cyclic Rndnndancy check Stap

AADE =1010-1010 1101 1110 } ; e
aaar 1010- © .. ==> ALU OP = TOP xor MD =-> TOP -
vy 11 - ==> YES = TO .xor N@ . .
§ssS 1110 ==> SHIFT - = 2/’ UNSIGNED.

© If(TO xor N@) = 1
TOP xor MD -->.TOP

_TOP:NEXT / 2 --> TOP:NEXT

Step Math Functions, Chapter 8 961




8.12.2  Step CRC Example Program
HEX ‘
0811 CONSTANT POLY \ Bit reversed generator -polynomial

: CRC ( crc byte == crc’ )

SWAP \ Rearrange data and original CRC
POLY MD! \ Set up MD

cr crcrcecrcrcrer e \ Calculate new CRC

NIP ; \

Discard partial quotient

To use this program to calculate a CRC for Kermit or CRC-CCITT, use an initial
CRC value of zero. To use this program to calculate a CRC for X.25 protocol,
use an initial CRC value of FFFF hex and invert the resulting CRC before
transmitting it with the packet. ‘ '

The CRC for two characters can be calculated at once by using 16 C’ steps
instead of eight, while placing the first character received in the least significant
byte of the data word.

8.123 XMODEM CRC Example Program
HEX '

: CRCX ( crc byte -- crc’ )

BIT-REVERSE \ Reverse data byte

sQ! MD@. . \ Left justify data byte
SWAP BIT-REVERSE SWAP \' Reverse original CRC
CRC \ Calculate new CRC
BIT-REVERSE. ; \ Un-reverse new CRC

Note that in calculating the CRC for a long string of characters, the CRC only
- needs to be reversed and un-reversed at the beginning and end of the stnng of -

characters.

%

If the initial CRC is zero, as it is in XMODEM, it only needs to be un-reversed

at the end of the string of characters. Every character, however, needs to be
reversed.
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: St've'p*‘ Math Reférence’

bits: -

115 ................................f......................... 0l

[ 1 [ o| 1 |‘o

a-l’a.'

a|r||y|y|s|1n

i

3K B

P

-> |<--> | <—7—>1

|<

Conditional Behavior.
- Micro Opcode. Fileld

Register Selection

.Micro Opcode Field

ALU Micro Opcode Field

>|<[>| :
o siqned)Unsi§ned

Micro Opcode
Field .

Unconditional Shiff
Micro Opcode Field

FIGURE 8 2. STEP MATH INSTRUCTION FORMAT

TABLE 8.8: STEP MATH ALU FUNCTIONS}

aaa Function

‘001 YES =
010 | YES =
011 | YES =
100 -YES =
101 ‘| YES =
~110 YES =
111 YES =

e s

v

TOP
TOP
TOP
TOP
TOP
REG

S T T T
V V.V V V-V

© 000 . No ALU. operation ‘
and REG . -

- REG
or REG
+ ' REG
xor REG

-. TOP.

REG

- TOP
' TOP

TOP
TOP
TOP'

ToP
TOP

TABLE 8.9: MD AND SR OPERATION

r | yes | w SR TOP

‘0 0 MD SR TOP (shift)
-0 1 MD SR TOP (alu op) MD (shift)’
1 0 MD SR/ 2 TOP . (shift)
1 1 MD or"SR. SR /:2 TOP (alu op) SQ- (shift)"

Step Mdth Functions, Chapter 8
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- TABLE 8.10: BEHAVIOR OF YES
yY YES
00 - | .IF ARITHMETIC THEN CO16 ELSE IRO
01 | -(IF ARITHMETIC THEN C016 ELSE IRO) or ‘CR1
10 IF IR3 = 0 THEN TO ELSE N@
11 TC xor NG -~
TABLE 8.11: STEP MATH SHIFT OPERATIONS
sss |'naMe | cRL cRO TI5S Tn - TO NI5' Nn_ . NO
000 .. | NONE Wl7.. W16 W15 Wn WO NI5 “Nn NG .
001+ | 2%¢ W16:" W15 W14 . Wn-1 YES 'N15. Nn N@
010 | c2/’ 1. W17 w17 W16 Wn+l wl N15 Nn - N@.
oi1 | 2/° | w17 - W17 YES Wntl Wl N15 Nn N@
100 | N2** W17 W16 - W15 . Wn WO Nl4 Nn-1- YES
.101 D2*’ | W16 W15 Wl4 Wn-1 N15 N14 Nn-1 YES
110 cD2/’ | W17 . W17 W16 - Wn+l w1 WO - Nn+1 N1
111 | D2/’ W17 W17 - 'YES -Wn+l Wl W0 Nn+l ~ N1
- TABLE 8.12: SOME USEFUL STEP MATH OPCODES
OPCODE FORTH DESCRIPTION
a012 | 2% 17 Bit left shift |
AO9E ‘RDR | Rotate TOP:NEXT right
A096 RTR Rotate TOP. right .
A89D | ** | signed multiply steps 1 15~
: oo A49D ko Signed multiply step 16
o ) - | A89C Uxs - Unsigned multiply steps 1-16
< | S : a49c U*» | Mixed sign multiply step 16
g ) ) I as94- BU*’ . | Byte unsigned multiply steps 1-8
A494 . | BU*" - | Byte mixed sign multiply step 8
a41a | u/1’ Unsigned divide step 1 ..
“AASA U/’ | Unsigned divide steps 2-15
| A458 Lu/ Unsigned divide step 16 :
A418 - u/1n - Alternate unsigned divide step 16
A412 | BU/? | Byte unsigned-divide steps l -8
B51A s1* . ‘Square root step 1.
| A55A | s’ . | Square root steps 2- 15
A558  |.s" Square root ‘step 16 -
A512 | Bsl’ Byte Square root step 1
A552 - | BS’: Byte square root. steps. 2-8.°
Al96 | R . Bit reversal step -
- AADE c’ " | CRC step
264 o . RTX 2000 Family Programmer's Reference Manual ‘
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: USING THE RTX2000 STACK CONTROLLER

Two of the pmwerrul“faatﬁfas of the RTX2000 are its two on-chip stacks:
the parameter stack and the return stack. Because these stacks can oper-
ate simultaneously with the memory data bus and and ASIC data bus, thay
increase the pérformance of the RTX2000 by maximizing the guantity of data

. that can move in one procassor cycle (refer to tha RTX2000 block

diagram). In addition £o incressing the f#pead of the RTX2000, the stacks
can intarrupt thg/ﬁraaassor in tha event of a stack overflow or underflow.

PARAMETER STACK STRUCTURE

The parameter stack is a 258 word by 18 bit stack that is used for stering
data and addrssses for arithmetic and logical oparations. Tha top of the
parametar stack is the TOF register in the RTX processor core, the next
stack loocation is the NEXT register in the RTX corse, and the remaining 256
locations are in on-chip RAM controlled by an RTX stack controller.

RETURN STACK STRUCTURE

The return stack is a 2%6 word by 21 bit stack that is usad ror storing
return addresases for subroutine callz and loop counters for certain opera-

~tions. The top of the return stack is in the processor ¢ore index regis-

ter (I) and the ramaining locations are in on-chip RAM centrolled by an
RT¥ stack controller. VYou may have noticed that the return stack has 21
bite per word. This is partly because the RTX2000 szupports a twenty bit
addrese. Howaver, since op codes are on word boundaries, only nineteen
bits are required to define a return address for a subroutine csll. These
are bite one through nineteen, where bit zero is the least slgnificant bit
and bit twenty is the most significant bit, Bit zere is used to determine
whether the address 1z for a return from an interrupt (1) or a return from
a gubroutine call {(0). This allows interrupts to be enabled whan return-
ing from an interrupt, Bit 20 is used to store the data page register
select bit (DPRSEL) which is used to determine which memory paga is used
for data fetech and store operations. When the return sesck is used for
storing loop variables ( >R and R> ), only bits zare through fifteen are
used for data. Bits sixteesn through twenty are loaded with the content of
the gife page register (CPR) during an intsrrupt, subroutine eall or >R
execution, : :

RTX INTERRUPT CONTROLLERS

The RTX2000 interrupt controller circuitry consists of twe identical sece-
tions, one for the parameter stack and one for the return stack. Each
section has two user accessible a=bit registers that contreol the operation
of its stack: a stack pointer register (SPR) and a stack limit register
(SLR). Since the data path on the RTX2000 is sixteen bits wide, the SPR
for the parameter stack and the SPR for the return stack are concatenatsd
to form a single sixteen-bit SPR for the purpose of accessing them by the
processor. Similarly, the SLR for the parameter stack is concstenated
with the SLR for the veturn stack, The SPR may ba read as well as written
to, but the SLR is a write~only register. In beth cases, dats bits O

through 7 apply to the parameter stack and data bits 8 through 1% apply to
the raturn stack, :




g

i

ad

ocT @3 r9m ?B:EE:RTH MERKET THE ‘ F.:

pa £
“ o _ ™S

STACK OPERATION

Both =tacks have 256 words, numbered from zere to 255. When data is
pushed onto the stack, it is written to the location above that pointed to
by the 8PR, and the 8PR is incremented (thim is equivalent to a
pre-increment). When data ls pepped off the stack, it is read from the
location pointed to by the SPR, and then the SPR is decremented
(post-decremant). When the RTX2000 is reset, the SPRsS are resat to zero,’
80 the first location written to will be location ona. If an attempt is
made to push data onto a stack beyond word 255, the stack will wrap arcund
and start pushing at location zero. Similarly, if an attempt is made to
pup data off the stack below location zero, the stack will wrap around to
location 255, For this reason the parameter stack can be used as a
reclreuluting 256 word buffer. Also, because the stacks are circular,
they mugt be managed carefully to prevent overflows and underflows from
producing incorrect results., The stack controller helps to accomplish
this by generating overflew and underflow interrupts.

STACK ERROR INTERRUPTS

The RIX stack controller redquests an overflow interrupt anytime the value
of the SPR is greater than the SLR. Eince the SPR can naver exceed 255,
the stack controller cannot generate an overflow interrupt with the SIR at
its reset value of 355, Therefora the user should set the Stk to a valua
legs than 255, vhich also provides an overflow buffer that allows for the
éxtra cycles required to acknowledge the interrupt. Another point about
uging overflow interrupts is that a push-pop seguance can genarate an
interrupt request that goes away before it is serviced. Tha result of
this is that the interrupt controller causes the procasgor to execute code
pointed %o by the "no interrupt" vector. This is referred to as a phantom
interrypt. Therefore, this location should always be initialized to a
valld code sequence, even if it is only a "no-op, return" sequence.

The RTX stack controller handles underflows similarly to overflows. The
gontroller requests an underflow interrupt when data is popped off loca-
tion one, Also, if data is pushed onto the stack until it wraps around,
an underflow interrupt will be generated when data is pushed onte location
Zero, Because popping data off locatlon one causes an interrupt and loca-
tien one 1% normally the first stack lecation used, the interrupt generat-
&d when data is popped off location one would occcur evan though the data
is valid., Therefore, whenever underflow interrupts are used, the first
location used should be location two. This is most easily done by pushing
dummy data to location one at start up. The "DUP" instruction will accom=
plish this for the parameter stack, and the gequence "DUP »>R" will accom-
plish this for the return stack. Because pushing data onto location zero
will request an underflow interrupt, the validity of the stack can be
managed with just the underflow interrupt, while the overflow interrupt is
ugeful for managing a virtual stack greater than 256 words or multitask~
ing, The underflow interrupt only method alse allows the greatest number
of words to ke used (254 out of 256) while using stack error interrupts.
If stack error interrupts are not used, the entire stack is usable.



o prier to the SPRE cycle, however. The outputs of the ztack puintérs‘ﬁ!ﬁﬁ%?f
, =¥ normally pass through incrementers on their way to being read. In e
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' The underflow intarrupt also can exist for a short enough time to producs

bhantom interrupts. This can happen if a pop from lecation cne is immedi-
ately followed by a push to location one. For this reason, it is neces-
gary to provide valid code at the memory location pointed to by the
no=interrupt vector,

USING THE STACK POINTER REGISTER

It is Qgggiblg to perfarm stack menipulatisms by reading and writing Lthe =
SPR. Because of the intricate interaction between the SPR and the stacks,
great care must be exercised to prevent the procegsor from getting lost.

READING THE STACK PFOINTER REGISTER

The stack pointers are both read in a single cycle by executing a SPRé
instruction. The paramater stack pointer is retrieved in the least
significant byte and the return stack is retrieved in the most significant
byte. The value obtained is not exactly the value of the stack pointers

4

addition to this, pushes and pops on eithar stack during the SPR@ cycle
causé the stack pointers to change in the middle of the eycle. This can
cause additional increments and decrements to the values obtained and .
should, therefore, be avoided. For example, returning from a subroutine
during a SPRE cycle causes the value for the return stack to be
decremented instead of incremented.

Reading the SPR usually results in a push on to the parameter stack. This
causas the parameter stack pointer to be incremented in the middle of the
RSPR cycle. The output of the incremented stack pointer then passes
through the incrementer before it is reads The rasult is that the value
obtained ieg the value of the parameter stack prior to executing the $pre
plus twe. Because of the number of steps that must be performed on the
value from the stack pointer in the last half of the SPRE cycle, it is
recommended that the stack pointers be read without performing any stack
operations during the fetch cycle. This can be done as follows:

1. Do not combine a SPRE with a return from subroutine.

4. Combine the SPR@ with an arithmetic or logical function to prevent the
rasult from pushing the previous top of stack down on the stack. an
effective way to obtain the values of the stack pointers follows:

HEX \ BASE 16 FOR THIS DISCUSSION

=102 \ CORRECTION FACTOR :

RETURN STACK: 1

PARAMETER STACK: 2

8PRE + \ SINGLE OP CODE: NO STACK OPERATIONS
NOP ; IF A RETURN FOLLOWS, MAKE IT A SEPARATE OP CODE

o

-
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WRITING TO THE STACK POINTER REGISTERS

Since stack operations de not change the value stored in the SPR, it may
be written to by & simple SPR! instruction. There is one thing to watch
put for, however. If a SPR! is combinad with a return from subroutine,
the value popped off the return stack into the I register will be
detarmined by the value in the 5PR prior tc the execution of the SPR!
instruction.





