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1. ULP Coprocessor (ULP)

1. ULP Coprocessor (ULP)

1.1 Overview

The ULP coprocessor is an ultra-low-power processor that remains powered on when the chip is in Deep-sleep
(see Chapter 9 Low-Power Management (RTC_CNTL)). Hence, users can store in RTC memory a program for the
ULP coprocessor to access peripheral devices, internal sensors and RTC registers during Deep-sleep.

In power-sensitive scenarios, the main CPU goes to sleep mode to lower power consumption. Meanwhile, the
coprocessor is woken up by ULP timer, and then monitors the external environment or interacts with the external
circuit by controlling peripheral devices such as RTCIO, RTC 12C, SAR ADC, or temperature sensor (TSENS). The
coprocessor wakes the main CPU up once a wakeup condition is reached.

ESP32-S2
Enable by ULP or Main CPU |
Enable with% = uLp Wakeup Wakeup Main
RTC GPIO. Timer ULP CPU
O L
alE of TSENS
O 3 a0
22 <k
o

Monitor / Control

Figure 1-1. ULP Coprocessor Overview

ESP32-S2 has two ULP coprocessors, with one based on RISC-V instruction set architecture (ULP-RISC-V) and
the other on finite state machine (ULP-FSM). Users can choose between the two coprocessors depending on
their needs.

1.2 Features
e Access up to 8 KB of SRAM RTC slow memory for instructions and data

Clocked with 8 MHz RTC_FAST_CLK

e Support working in normal mode and in monitor mode

Wake up the CPU or send an interrupt to the CPU
e Access peripherals, internal sensors and RTC registers

ULP-FSM and ULP-RISC-V can not be used simultaneously. Users can only choose one of them as the ULP
coprocessor of ESP32-S2. The differences between the two coprocessors are shown in the table below.
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1. ULP Coprocessor (ULP)

‘ Coprocessors
Feature
ULP-FSM ULP-RISC-V
Memory (RTC Slow Memory) 8 KB
Work Clock Frequency 8 MHz
Wakeup Source ULP Timer
Assist the main CPU to complete some tasks
Normal Mode ,
after the system is woken up.
Work Mode —
, Control sensors to do tasks such as monitoring
Monitor Mode ) o
environment, when the system is in sleep.
ADCO/ADCH
DACO0/DACH1
Control Low-Power Peripherals RTC 12C
RTC GPIO
Touch Sensor
Temperature Sensor
Architecture Programmable FSM RISC-V
Development Special instruction set | Standard C compiler

Table 1: Comparison of the Two Coprocessors

ULP coprocessor can access the modules in RTC domain via RTC registers. In many cases the ULP
coprocessor can be a good supplement to, or replacement of, the main CPU, especially for power-sensitive

applications. Figure 1-2 shows the overall layout of ESP32-S2 coprocessor.

APB BUS

i

ge

< Brid

RTC CNTL REG
RTC Memory RTC 10 REG
Arbiter
12C CTRL SARADC REG
RTC 12C REG
TSENS CTRL [e—>
ULP-FSM I} mux |« ULP-RISC-V
SAR CTRL Je—>

ULP Timer

ESP32-S2 RTC
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Figure 1-2. ULP Coprocessor Diagram
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1. ULP Coprocessor (ULP)

1.3 Programming Workflow

The ULP-RISC-V is intended for programming using C language. The program in C is then compiled to
RV32IMC standard instruction code. The ULP-FSM is using custom instructions normally not supported by
high-level programming language. Users develop their programs using ULP-FSM instructions (see Section

1.5.2).
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Figure 1-3. Programing Workflow

1.4 ULP Coprocessor Workflow
ULP coprocessor is designed to operate independently of the CPU, while the CPU is either in sleep or
running.

In a typical power-saving scenario, the chip goes to Deep-sleep mode to lower power consumption. Before
setting the chip to sleep mode, users should complete the following operations.

1. Flash the program to be executed by ULP coprocessor into RTC slow memory.

2. Select the working ULP coprocessor by configuring the register RTC_CNTL_COCPU_SEL.
¢ 0: select ULP-RISC-V
e 1: select ULP-FSM

3. Set sleep cycles for the timer by configuring RTC_CNTL_ULP_CP_TIMER_1_REG.

4. Enable the timer by software or by RTC GPIO;
e By software: set the register RTC_CNTL_ULP_CP_SLP_TIMER_EN.
e By RTC GPIO: set the register RTC_CNTL_ULP_CP_GPIO_WAKEUP_ENA.

5. Set the system into sleep mode.

When the system is in Deep-sleep mode:

1. The timer periodically sets the low-power controller (see Chapter 9 Low-FPower Management (RTC_CNTL))
to Monitor mode and then wakes up the coprocessor.
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1. ULP Coprocessor (ULP)

2. Coprocessor executes some necessary operations, such as monitoring external environment via
low-power sensors.

3. After the operations are finished, the system goes back to Deep-sleep mode.
4. ULP coprocessor goes back to halt mode and waits for next wakeup.

In monitor mode, ULP coprocessor is woken up and goes to halt as shown in Figure 1-4.

Enable Q/l Z\D
(1) ©)

Timer
. 1O, O o
Expired

Run
ULP l R _ R } ‘ R ‘} ‘ o
HALT : i ! ! i i ! :

time

Figure 1-4. Sample of a ULP Operation Sequence

1. Enable the timer and the timer starts counting.

2. The timer expires and wakes up the ULP coprocessor. ULP coprocessor starts running and executes the
program flashed in RTC slow memory.

3. ULP coprocessor goes to halt and the timer starts counting again.
e Put ULP-RISC-V into HALT: set the register RTC_CNTL_COCPU_DONE,
e Put ULP-FSM into HALT: execute HALT instruction.

4. Disable the timer by ULP program or by software. The system exits from monitor mode.
¢ Disabled by software: clear the register RTC_CNTL_ULP_CP_SLP_TIMER_EN.

¢ Disabled by RTC GPIO: clear the register RTC_CNTL_ULP_CP_GPIO_WAKEUP_ENA, and set the
register RTC_CNTL_ULP_CP_GPIO_WAKEUP_CLR.

Note:
e [f the timer is enabled by software (RTC GPIO), it should be disabled by software (RTC GPIO).

e Before setting ULP-RISC-V to HALT, users should configure the register RTC_CNTL_COCPU_DONE first,
therefore, it is recommended to end the flashed program with the following pattern:

- Set the register RTC_CNTL_COCPU_DONE to end the operation of ULP-RISC-V and put it into halt;
- Set the register RTC_CNTL_COCPU_SHUT_RESET_EN to reset ULP-RISC-V.
Enough time is reserved for the ULP-RISC-V to complete the operations above before it goes to halt.

The relationship between the signals and registers is shown in Figure 1-5.
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Figure 1-5. Control of ULP Program Execution

1.5.1 Features

ULP-FSM is a programmable finite state machine that can work while the main CPU is in Deep-sleep. ULP-FSM
supports instructions for complex logic and arithmetic operations, and also provides dedicated instructions for
RTC controllers or peripherals. ULP-FSM can access up to 8 KB of SRAM RTC slow memory (accessible by the
CPU) for instructions and data. Hence, such memory is usually used to store instructions and share data
between the ULP coprocessor and the CPU. ULP-FSM can be stopped by running HALT instruction.

ULP-FSM has the following features.

¢ Provide four 16-bit general-purpose registers (RO, R1, R2, and R3) for manipulating data and accessing

memory.

¢ Provide one 8-bit stage count register (Stage_cnt) which can be manipulated by ALU and used in JUMP

instructions.

e Support built-in instructions specially for direct control of low-power peripherals, such as SAR ADC and

temperature sensor.

1.5.2 Instruction Set
ULP-FSM supports the following instructions.

e ALU: perform arithmetic and logic operations
e | D, ST, REG_RD and REG_WR: load and store data
e JUMP: jump to a certain address

o WAIT/HALT: manage program execution
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e WAKE: wake up CPU or communicate with the CPU
e TSENS and ADC: take measurements
The format of ULP-FSM instructions is shown in Figure 1-6.

Q
& ¢®
o R

‘31 28 | 27 0‘

| |

Figure 1-6. ULP-FSM Instruction Format

An instruction, which has one OpCode, can perform various operations, depending on the setting of Operands
bits. A good example is the ALU instruction, which is able to perform 10 arithmetic and logic operations; or the
JUMP instruction, which may be conditional or unconditional, absolute or relative.

Each instruction has a fixed width of 32 bits. A series of instructions can make a program be executed by the
coprocessor. The execution flow inside the program uses 32-bit addressing. The program is stored in a
dedicated region called Slow Memory, which is visible to the main CPU as one that has an address range of
0x5000_0000 to 0x5000_1FFF (8 KB).

ALU - Perform Arithmetic and Logic Operations

ALU (Arithmetic and Logic Unit) performs arithmetic and logic operations on values stored in ULP coprocessor
registers, and on immediate values stored in the instruction itself. The following operations are supported.

¢ Arithmetic: ADD and SUB

e Logic: AND and OR

e Bit shifting: LSH and RSH

¢ Moving data to register: MOVE

e PC register operations - STAGE_RST, STAGE_INC, and STAGE_DEC

The ALU instruction, which has one OpCode (7), can perform various arithmetic and logic operations, depending
on the setting of the instruction bits [27:21].

Operations Among Registers
2
o & &£ &

Figure 1-7. Instruction Type — ALU for Operations Among Registers

When bits [27:26] of the instruction in Figure 1-7 are set to 0, ALU performs operations on the data stored in
ULP-FSM registers R[0-3]. The types of operations depend on the setting of the instruction bits ALU_sel [24:21]
presented in Table 2.
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Operand Description - see Figure 1-7

Rdst Register R[0-3], destination
Rsrcl Register R[0-3], source
Rsrc2 Register R[0-3], source

ALU_sel  ALU Operation

ALU_sel Instruction Operation Description
0 ADD Rdst = Rsrc1 + Rsrc2 Add to register
1 SUB Rdst = Rsrc1 - Rsrc2 Subtract from register
2 AND Rast = Rsre1 & Rsre2  Logical AND of two operands
3 OR Rdst = Rsrc1 | Rsrc2 Logical OR of two operands
4 MOVE Rdst = Rsrc1 Move to register
5 LSH Rdst = Rsrc1 << Rsrc2  Logical shift left
6 RSH Rdst = Rsrc1 >> Rsrc2  Logical shift right

Table 2: ALU Operations Among Registers

Note:
e ADD or SUB operations can be used to set or clear the overflow flag in ALU.
e All ALU operations can be used to set or clear the zero flag in ALU.

Operations with Immediate Value

>
52
7

D
» D

Figure 1-8. Instruction Type — ALU for Operations with Immediate Value

When bits [27:26] of the instruction in Figure 1-8 are set to 1, ALU performs operations using register R[0-3] and
the immediate value stored in instruction bits [19:4]. The types of operations depend on the setting of the
instruction bits ALU_sel[24:21] presented in Table 3.

Operand Description - see Figure 1-8

Rast Register R[0-3], destination
Rsrc1 Register R[0-3], source
Imm 16-bit signed immediate value

ALU_sel  ALU Operation
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ALU_sel Instruction Operation Description
0 ADD Rast = Rsrc1 + Imm  Add to register
1 SuB Rdst = Rsrc1 - Imm Subtract from register
2 AND Rdst = Rsrc1 & Imm Logical AND of two operands
3 OR Rast = Rsrc1 | Imm Logical OR of two operands
4 MOVE Rast = Imm Move to register
5 LSH Rdst = Rsrc1 << Imm  Logical shift left
6 RSH Rdst = Rsrc1 >>Imm  Logical shift right

Table 3: ALU Operations with Immediate Value

Note:
e ADD or SUB operations can be used to set or clear the overflow flag in ALU.
e All ALU operations can be used to set or clear the zero flag in ALU.

Operations with Stage Count Register

>
52
7

O
ol N

Figure 1-9. Instruction Type — ALU for Operations with Stage Count Register

ALU is also able to increment or decrement by a given value, or reset the 8-bit register Stage_cnt. To do so, bits
[27:26] of instruction in Figure 1-9 should be set to 2. The type of operation depends on the setting of the
instruction bits ALU_sel[24:21] presented in Table 1-9. The Stage_cnt is a separate register and is not a part of
the instruction in Figure 1-9.

Operand Description - see Figure 1-9

Imm 8-bit signed immediate value

ALU_sel ALU Operation

Stage_cnt  Stage count register, a 8-bit separate register used to store variables, such as loop index

ALU_sel Instruction Operation Description
0 STAGE_INC  Stage_cnt = Stage_cnt + Imm  Increment stage count register
1 STAGE_DEC Stage_cnt = Stage_cnt - Imm  Decrement stage count register
2 STAGE_RST  Stage_cnt=0 Reset stage count register

Table 4: ALU Operations with Stage Count Register

Note: This instruction is mainly used with JUMPS instruction based on the stage count register to form a stage
count for-loop. For the usage, please refer to the following pseudocode:
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STAGE_RST // clear stage count register
STAGE_INC // stage count register ++
{..} // loop body, containing n instructions

JUMPS (step = n, cond = O, threshold = m) // If the value of stage count register is less than m, then jump to
STAGE_ING, otherwise jump out of the loop. By such way, a cumulative for-loop with threshold m is implemented.

ST - Store Data in Memory

S 8
[ NS N
NV X @ &
e (2 & L © &
F & & & S

‘31 28| 27 | 26 | 25 | 24 21|20 09 (8 71 6 |5 413 2(1 O‘

Figure 1-10. Instruction Type - ST

Operand Description - see Figure 1-10

Rast Register R[0-3], address of the destination, expressed in 32-bit words
Rsrc Register R[0-3], 16-bit value to store

label Data label, 2-bit user defined unsigned value

upper 0: write the low half-word; 1: write the high half-word

wr_way 0: write the full-word; 1: with the label; 3: without the label

offset 11-bit signed value, expressed in 32-bit words

wr_auto Enable automatic storage mode
offset_set  Offset enable bit.
0: Do not configure the offset for automatic storage mode.
1: Configure the offset for automatic storage mode.
manul_en  Enable manual storage mode

Automatic Storage Mode

0@/

‘31 28|27 25|24 21|20 10|9 0‘
Lo [ 3 | | | |

Figure 1-11. Instruction Type - Offset in Automatic Storage Mode (ST-OFFSET)

Operand Description - see Figure 1-11

offset Initial address offset, 11-bit signed value, expressed in 32-bit words
5\
&
*‘0$ \‘D\OQ} Qé\o Q‘éé\
‘31 28 | 27 25 | 24 98 71 6 |5 413 211 O‘
‘ 6 1 ‘

Figure 1-12. Instruction Type - Data Storage in Automatic Storage Mode (ST-AUTO-DATA)
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Operand Description - See Figure 1-12

Rdst Register R[0-3], address of the destination, expressed in 32-bit words
Rsrc Register R[0-3], 16-bit value to store
label Data label, 2-bit user defined unsigned value

wr_way 0: write the fullword; 1: with the label; 3: without the label
Description
This mode is used to access continuous addresses. Before using this mode for the first time, please configure
the initial address using ST-OFFSET instruction. Executing the instruction ST-AUTO-DATA will store the 16-bit

data in Rsrc into the memory address Rdst + Offset, see Table 5. Write_cnt here indicates the times of the
instruction ST-AUTO-DATA executed.

wr_way write_cnt Store Data Operation

0 * Mem [Rdst + Offset]{31:0} ={PC[10:0], 3'b0, Label[1:0], Rsrc[15:0]} Write full-word, including
the pointer and the data

1 odd Mem [Rdst + Offset]{15:0} = {Label[1:0],Rscr[13:0]} Store the data with label
in the low half-word

1 even Mem [Rdst + Offset]{31:16} = {Label[1:0],Rscr[13:0]} Store the data with label
in the high half-word

3 odd Mem [Rdst + Offset]{15:0} = Rscr[15:0]} Store the data without label
in the low half-word

3 even Mem [Rdst + Offset]{31:16} = Rscr[15:0] Store the data without label

in the high half-word

Table 5: Data Storage Type - Automatic Storage Mode

The full-word written to RTC memory are built as follows:

L \\O(\ V@OKQ\O}
QO\{\\O \‘b\QQ} 006@0
E 2 X CAOE ]
| [ o [ | |
Figure 1-13. Data Structure of RTC_SLOW_MEM][Rdst + Offset]
Bits Description - See Figure 1-13

bits [15:0] store the content of Rsrc

bits [17:16]  data label, 2-bit user defined unsigned value

bits [20:18]  3’b0 by default

bits [31:21]  hold the PC of current instruction, expressed in 32-bit words

Note:

¢ When full-word is written, the offset will be automatically incremented by 1 after 