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System on Chip (SoC)

Complete computer systems
implemented in a single chip: CPU,
memory controller and peripheral
devices

Memory is typically external

Can be digital or mixed signal (typical
RF SoCs)
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PCB Architecture

Ca 2000

External memory
controller

Discrete ICs
Parallel busses
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R
PCB Architecture

2005

Integrated memory
controller

Fewer discrete ICs

High speed serial
busses

Discrete GPU
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R
PCB Architecture

2013
Few discrete ICs
Integrated CPU/GPU
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FPGA Architecture
Circuit Board
Embedded Embedded
CPU “stuff”
FPGA )' é
—
% Processor
" .~ bus
S b - &
More
MEM “Stuff’

(a) Memory connected to CPU via
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System on Chip benefits

Designs with SoC have:

» Fewer discrete ICs (simpler logistics)
* Higher performance internal busses
= |ower power

Simpler PCB design

--> Reduced time to market

System on Chip (SoC)



SoC with FPGA, software/hardware
codesign

Legacy Code Execution Time
100%

Profile applications to detect
hotspots

Implement the hotspot as an |IP
module (VHDL or C with HLS
tool from Xilinx)

::-.IExecution Time g 4idth &

0% Considerations

C Program On Processor uP / FPGA Partition

Reduced latency and increased
bandwidth compared to a two-chip
solution (i.e. FPGA+SoC).
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SoC with FPGA from Xilinx

Xilinx Zyng 7000 announced in 2011; a SoC
with a dual core CPU

Many peripherals implemented; Memory
controller, USB, Ethernet

Improved software (Vivado, SDK / VITIS)
Allows us to add custom modules (IP cores).

The custom IP modules can be developed
by ourselves or bought.

Connect the custom IP modules to the
internal SoC bus interconnect.
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I
Zynq 7000 SoC

f__l_'_gcessmg System
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Multi-Standards 1/Os (3.3V & High Speed 1.8V)
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I
Zedboard uses Zynq 7020

Broadcast Camera

Military Radios
—

. Medical Imaging and Networking
= ] T i |

. :(_Wirad Communications _)
C'ﬂimiess Communications )
(.HNB Routers, Switches, Encoders )

ARM®™ Dual Core Cortex®- A9 MPCore with Peripherals
- Up to 866 MH Up to 1GHz v
ARTIX:? 1066Mb/'s DDR; 1 ;3;bes DDR3 KlNTEX.?

Artix-7 Fabric Kintex-7 Fabric

125k - 444k LC FPGA Fabric

400 - 2,020 DSP Slices

High Reliability and High Performance I/Os
12.5Gb/s Transceivers

28k - 85k LC FPGA Fabric
80 - 220 DSP Slices

High Reliability 1/0s
6.25Gb/s Transceivers
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ARM Cortex-A9
Logic slices
BRAM

DSP
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I
Zynq Ultrascale+ Multiprocessor SoC (MPSoC)
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AXIl4 Interface

e Defined in the AMBAS specification from ARM

e Targeted at high performance, high clock frequency
systems
e Not a bus, but a point-to-point interface

System on Chip (SoC)
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Types

O AXIl4-stream
e Supports single or multiple streams on same wires
e Supports multiple data widths within same interconnect
¢ Only contains a data channel:
— Typically Ready, Valid, Data, Last (+ clk)
a AXlI4-lite
e Transaction length of one
e 32/64 bit data access widths
a AXl4
e Supports burst length up to 256 beats

System on Chip (SoC)
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AXl4-stream examples
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Types

O AXIl4-stream
e Supports single or multiple streams on same wires
e Supports multiple data widths within same interconnect
e Only contains a data channel:
— Typically Ready, Valid, Data, Last (+ clk)
Q AXi4-lite
e Transaction length of one
e 32/64 bit data access widths
a AXI4
e Supports burst length up to 256 beats

System on Chip (SoC)
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AXl4-lite Read

Address Channel

Master
interface Read data channel

Read address channel

Address
and
control

e

Read Read Read Read
data data data data

- - - -

e TWo independent channels: Read and Write
e Response is always generated

S_AXI_ARADDR

Size

Driven by

32 bits Master

AXI4-lite Read Address Channel

Description
Address bus from AXI interconnect to slave
peripheral.

Slave
interface

Valid signal, asserting that the

S_AXI_ARVALID 1 bit Master S_AXI_AWADDR can be sampled by the
slave peripheral.
Ready signal, indicating that the slave is
S_AXI_ARREADY 1 bit Slave ready to accept the wvalue on

5_AXI_AWADDR.

System on Chip (SoC)
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Read address channel
Address
and

control

R —

Master Slave

AXl4-lite Read Data Channel |““——taisrar—

data data data data

AXI4-lite Read Data Channel

Signal Name Size Driven by Description

. Data bus from the slave peripheral to the
S_AXI_RDATA 32 bits Slave AXT interconnect.
Valid  signal, asserting that the
S_AXI_RVALID 1 bit Slave S_AXI_RDATA can be sampled by the
Master.
Ready signal, indicating that the Master is
S_AXI_RREADY 1 bit Master | ready to accept the value on the other

signals.
A "Response” status signal showing whether
S_AXI_RRESP 2 bits Slave the transaction completed successfully or

whether there was an error.

AXI4-lite Response Signalling

RRESP
State [1:0]

00 OKAY

Condition Description

1‘0“\’“

The data was received successfully, and there were no errors.
"Exclusive Access OK"

01 EXOKAY | This state is only used in the full implementation of AXI4, and
therefore cannot occur when using AXI4-lite.

"Slave Error”

The slave has received the address phase of the transaction correctly,

10 SLVERR but needs to signal an error condition to the master. This often
results in a retry condition occurring.
"Decode Error”
This condition is not normally asserted by a peripheral, but can be
11 DECERR asserted by the AXI interconnect logic which sits between the slave

and the master. This condition is usually used to indicate that the
address provided doesnt exist in the address space of the AXI
interconnect. 21




Address

and
control

—_—

m
Master Slave
- I e interface Read data channel interface

Read Read Read Read

Read Example

s AXI_ACLE
W4 AXI_ARADDR[31:0] | pooooooo ¥ 30000000
s AXI_ARVALID
s AXI_ARREADY
1ead Data Channel
® AXI_RDATA[31:0]
% AXI_RVALID
s AXI_RREADY
B AXI_RRESP[1:0]

I
.
R
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Write address channel
Address
and

control

—_—

AXl4-lite Write N

D t C h I 'Master Write Write Write Write ' Slave
a a a n n e interface data data data data interface
(Add ress Chan nel Similar to Write response channel

Read; see Write example) ooirte

-

AXI4-lite Write Data Channel

Signal Name Size Driven by Description

. Data bus from the Master / AXI interconnect
S_AXI_WDATA 32 bits Master to the Slave peripheral,

Valid signal, asserting that the
S_AXI_WVALID 1 bit Master | S_AXI_RDATA can be sampled by the
Master.

Ready signal, indicating that the Master is
S_AXI_WREADY 1 bit Slave ready to accept the wvalue on the other
signals.

A "Strobe” status signal showing which bytes
S_AXI_WSTRB 4 bits Master | of the data bus are valid and should be read
by the Slave.

S _AXI_WSTRSB signals

S—M[Iiﬁ]smﬂ S_AXI_WDATA active bits [31:0]
1111 1113111311123 3133311331133331311311 All bits active
0011 Q0000000000000001111123732 711231 Least S]I_;lﬁiﬁﬁﬂﬂt 16 bits active
0001 00000000000000000000000011111111 | Least significant byte (8 bits) active.
1100 111311311111311110000000000000000 Maost Sigﬂ]ﬁfﬂﬂt 16 bits active
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AXIl4-lite Write

Response Channel

Write address channel

Address
and
control

—_—

Write data channel

Master Write Write Write Write
interface data data data data

—_— - — - —

Write response channel

Write
response

-

Slave
interface

AXI4-lite Write Response Channel

Signal Name

Size

Driven by

Description
Ready signal, indicating that the Master is

S_AXI_BREADY 1 bit Master ready to accept the "BRESP” response signal
from the slave.
A “Response” status signal showing whether
S_AXI_BRESP 2 bits Slave the transaction completed successfully or
whether there was an error.
S_AXI_BVALID 1 bit Slave Valid signal, asserting that the S_AXI_BRESP

can be sampled by the Master.

System on Chip (SoC)
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Write address channel
Address
and
control

 —

Write data channel
L Master Write Write Write Write Slave
- I e interface data data data data interface

u
Write Example

Write
response

-

b AXI_ACLK
W4 AXT_AWADDR[31:0]
XI_AWVALID
KI_AWREADY
Write Data Channel
W AXI_ WDATA[31:0]

B-® AXI_WSTRB[3:0] ooao
i AXT_WVALID

b AXI_WREADY
AXI_BVALID
B S_AXI_BREADY
W4 AXT_BRESP[1:0]
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AXl4-lite use of Valid and Ready signals

A frequently misunderstood use of the Valid and Ready signals, and one which often results
in incorrect and illegal implementations of the AXI4-lite protocol, is the assumption that the
sender can/must wait for "Ready” to be asserted by the receiver before it asserts its "Valid”
signal. This is an illegal use of the handshaking signals and can result in a deadlock situation
arising. Ready can be asserted before Valid, but the sender must never wait for Ready as a
pre-condition to commencing the transaction.

This important aspect of the AXI4-lite protocol can be easily remembered by applying the
"Assert and wait” rule. Never use the “"Wait before Assert” approach, because this is illegal.

"Assert Ready and wait for Valid” "w’/

"Assert Valid and wait for Ready” 4

"Wait for Ready before asserting Valid” X

System on Chip (SoC) 26



AXI4

o Like AXI4-lite, but with additional features
— Bursts of up to 256 beats

— Exclusive access

(https://blogs.synopsys.com/vip-central/2016/08/24/amba-axi-
exclusive-access-de-mystified )

— Memory management / coherency
— Quality of service
(https://community.arm.com/soc/b/blog/posts/quality-of-
service-in-arm-systems-an-overview )
e Can be translated into AXI4-lite by AXI interconnects
modules

System on Chip (SoC) 27
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AXl4Lite to internal shared bus bridge;
Processor InterFace (PIF) shared bus signals

* PIF is an in-house

—— Register and memory processor interface (PIF)

—— Clock and reset signals

—— Clock, equal = axi aclk input developed IOW

pif clk - _: out std logic;

—— Reset signal, active HIGH and equal to inverted s_axi aresetn performance Shared
pif_rst : ont std logic;

—— Register chip select bus_

pif regcs : ont =ztd logic vector( downto 0} ; . .
~- Memory chip select _ * Register access with
pif memcs : ont std logic vector( downto 0} ;

—— Write address H

pif_ addr : ont std logic vector (PIF_ADDR WIDTH-1 downto O): aCKnOWIede SIgnaI

—— Write data *
pif wdata i ont std logic vector (PIF _DATA WIDTH-1 downto O); (aCk_ ) to support
—— Read enable strobe

pif:re i out std logic_wector(C downto T} different CIOCk domains-

pitwe ¢ out scd iogic vecter( downto O « Separate register select
—— 'a:_a ?ia:a.. ?_EE?EH;S:E:E_E-_:-::E _3:.'::?:? bit .;‘.:': each eight signals and memory
- bits (i.e. byte) of the write data bus.

pif be : ont std logic vector ((PIF_DATA WIDTH/2)-1 downto 0);: select Signals.

—-Data and ack signals from register RFIFTEST

rdata rfiftestlpif t in =td logic wvector(PIF DATAR WIDTH-I downto O); ° Memory (RAM and FIFO)
ack rfiftestZpif t in std logicy access Without

——Data and ack signals from register ADIF REG -

rdata_adif reglpif : in std_logic_vwector(PIF_DATA WIDTH-L1 downto 0O): aCknOWIedge Slgnal due
ack adif reg2pif : in std logicy .

e sesd dees to known access time
rr.data_da;spirxfifozpif t in  std logic_vector (PIF_DATA WIDTH-I1 downto O): H H
mdata adspirxfifoZpif : in =td logic vector(PIF DATA WIDTH-I downto C) Wlth same CIOCk domaln

System on Chip (SoC) (i.e. processor clock) o
2-port BRAM/FIFO.



AXl4Lite to PIF bus bridge; Register write access example

axidpifb_0/pif_clk 0

0000 =c=c=c=c= =c=c=c=c= 0000
----- 1010040 |
----- 00000

000 EI

[W]4]4] [I

0000
0000




AXl4Lite to PIF bus bridge; Register read access example

[Bapioooo |

0000000
0o

_
T
hl.

00000000 GGGGGGG GGGGGGGGI 0000X000000000000000000000000010 00000000000

00000000000000000000000000000000 || [ [ [ ]
i——mm———— 0000000
ooooooor | [ 1 [ 1 1 T ]
0 I I U & W R R I I ) ( R
0 [ 1 1 1 1T ]
0000 —————————
DGDDGDDI

i—___ﬁ___
_____-—_—_—_-_
00000000000000000000000000000000 | [ [ [ [ | ]

00000000 uuuuuuu uuuuuuu pooogoo | [ [ ]
N I A A A A A A B

[=}

[=}

= =

b= [=] [=]



Serial Peripheral Interconnect (SPI)

A serial protocol in embedded systems (proposed by Motorola)

Four-wire communication protocol

— SCLK — Serial Clock

— MOSI/SIMO — Master Output, Slave Input

— MISO/SOMI — Master Input, Slave Output

— SS/CS — Slave Select/Chip Select

— May also come with bidirectional data in a 3 wire bus
Single master device and with one or more slave devices
Higher throughput than 12C and can do “stream transfers”
No arbitration required

But; has no slave acknowledgment (master could be talking to
thin air and not even know it)

Used to communicate across small distances

System on Chip (SoC)
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SPI Protocol

HHSO Slave

5S

 Wires: e
MOSI SPI

— Master Out Slave In (MOS MISO  Slave

SS

— Master In Slave Out (MISC -
— System Clock (SCLK) MSO  Siave

SS

— Slave Select 1...N
« Master Set Slave Select low
« Master Generates Clock

« Shift registers shift in and out data
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I
SPI Wires in Detail

MOSI

MISO

Slave
Master SCLK

./ SS BAR

A

|

 MOSI - Carries data out of Master to Slave
« MISO - Carries data from Slave to Master

— Both signals happen for every transmission
« SS BAR - Unique line to select a slave

« SCLK — Master produced clock to synchronize data transfer

System on Chip (SoC)
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SPI uses a “shift register” model of

communications
Master Slave
Merniary e Mernary
gll1121314151617 MDEIFUIEE#EE?
f MISO

Master shifts out data to Slave, and shifts in data from Slave

System on Chip (SoC)



SPl communication; 3-wire
Analog Devices AD9683 ADC

Table 15. Serial Port Interface Pins

Pin

Function

SCLK

SDIO

Serial clock. The serial shift clock input, which is used to
synchronize the serial interface reads and writes.

Serial data input/output. A dual-purpose pin that
typically serves as an input or an cutput, depending on
the instruction being sent and the relative position in the
timing frame.

Chip select bar. An active low control that gates the read
and write cycles.
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Example Analog Devices SPI protocol:
AN-877 Application Note; Interfacing to High Speed ADCs via SPI

SERIAL DATA OUT (SDO) Table 1. Serial Timing Specifications'
To determineif a device supportsthe SDO pin, referto thedevie Symbol | Description
data sheet. If SDO is present, it is ina high impedance state, unless tos Setup time between data and rising edge of SCLK.
data is actively being shifted on this pin toallow tying multiple ton Hold time between data and rising edge of SCLK.
devices together atthe receivingend. Additionally, data is shifted tax Period of the clock.
out on the first falling edge of SCLK after the instruction phaseis te Setup time between CSB and SCLK.
complete. Whendata s returned tothe controller, the information th Hold time between CSB and SCLK.
is placed in the outputshifters, within the time period between the t Minimum period that SCLK needs to be in a logic
last rising edge of SCLK associated with the instruction phaseand high state.
the immediately next falling edge. This can be nominally 20 ns to Minimum period that SCLK needs to be in a logic
when operatingat 25 MHz. low state.
ten soio Minimum time it takes the SDIO pin to switch
csB CsB between an input and an output relative to SCLK
scLk| GONVERTER falling edge.
SPI SCLK SDIO tois soio Minimum time it takes the SDIO pin to switch
CONTROLLER T'opo SDO| viGHz wHEN between an outputand an input, relative to SCLK
ol NOTUSED OR . rising edge.
g ' See device data sheet for minimum and maximum ratings.

Figure 3. 3-Wire Control

—-— |ty — ty |-
- 15 ton |- -t
cse N
o
SCLK ~DON'T CARE ) } \ / \_}_\_/_\_%U_\J/_\_}_\_/_\_[(\ IAYAYAYAVA J’ \__{ DONT cARE

Il
SDIO DONTCARE JRW | wi | wo [ ar2] a1 awo] ao Jas Jar | T T os] pa [ D3] o2 ]D1] Do K ponTcare
o

ths—m] tolk |- —-

- -

05TIS003

Figure 4. Setup and Hold Timing Measurements
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AD9683

SPI ACCESSIBLE FEATURES

Table 16 provides a brief description of the general features that are accessible via the SPI. These features are described in detail in the
AN-877 Application Note, Inferfacing to High Speed ADCs via SPI. The AD9683 part-specific features are described in the Memory Map

Register Descriptions section.

Table 2. Word Length Settings

Table 16. Features Accessible Using the SPI [W1:wo0] csB
Feature Name Description Setting Action Stal!mg
Mode Allows the user to set either power-down mode or standby mode 00 | byte of data can be transferred. Opt!onal
Clock Allows the user to access the DCS via the SPI ?:J i Eyies 0: ja:a can Ee;rans;errej, gp:!ona:
. . es of data can be transferred. iona
Offset Allows the user to digitally adjust the converter offset y P
Test Input/Output Al th to set test modes to have k dat tout bit 1 4 or more bytes of data can be No
est Input/Qutpu ows the user to set test modes to have known data on output bits transferred. CSB must be held low for
Output Mode Allows the user to set up outputs entire sequence; otherwise, the cycle is
Output Phase Allows the user to set the output clock polarity terminated, and an instruction cycle is
Output Delay Allows the user to vary the DCO delay anticipated when CSB returns low.
VREF Allows the user to set the reference voltage
tpg»| |= thicu™ - = tox |- — ty |-
- g | | tpy [= + |=tiow
E b))
Li4
SCLK DON'T CARE DON'T CARE
vonreme) [\ [\ ]\ uhw
L §
[}
SDIO DON'T CARE ;i RW | wi | wo [ A2 | AN | A10 | A9 | A8 | AT | | D5 | D4 | D3 | D2 | D1 | Do k DON'T CARE 3
Figure 67. Serial Port Interface Timing Diagram
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