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REW All Digital Beamforming Transformation

* All digital beam forming required
for future threats including swarm
of drones

* Reduction in SWAP* requirements
drive need for heterogeneous
iIntegration

* Thousands of array elements in a
given system with data converter
at each element will radically
change market dynamics

* SWAP = Size, Weight and Power

Intel® Programmable Solution Group
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EMIB embedded multi-die interconnect
bridge

https://www.intel.com/content/www/us/en/architecture-and-technology/programmable/analog-rf-fpga.html
https://www.intel.com/content/www/us/en/architecture-and-technology/programmable/fpga-integrated-data-converter-solution-br
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https://www.intel.com/content/www/us/en/architecture-and-technology/programmable/fpga-integrated-data-converter-solution-brief.html
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EMIB technology

Standard (2) Transceiver Die Package Bumps
Package Traces :

(5) Package Lid

(1) Intel® Stratix® 10 FPGA /
(4) Package 0 Qoo o00000000000000000 Y (10000
Balls I—l

(3) Package Substrate (6) EMIB

Circuit Board

* Allows integration of high-performance analog converter chiplets
regardless of process node, foundry, or IP provider with Intel® FPGA

* Provide lower latency versus JESD204c
* Provide lower power per bit versus JESD204c

Intel® Programmable Solution Group intel



Chiplets

Compute

Interconnect

Specialized

Advanced
Interconnect
Bus

Open-source
die-to-die
interconnect
standard

Satellite
MODEMS

Hybrid
band

Analog

https://www.intel.com/content/www/us/en/products/docs/programmable/direct-rf-series-fpga-white-paper.html

Programmable Solutions Group

Intel Confidential



https://www.intel.com/content/www/us/en/products/docs/programmable/direct-rf-series-fpga-white-paper.html

AIB Overview

* Support peer-to-peer high bandwidth
parallel communication

* Open to download from Intel Website

*Versatile per-channel clocking in both
directions

* Streaming or transactional protocols
can be implemented on top of AIB

* AIB’s flexible 10 cell permits arbitrary
TX, RX, clock and control mapped by
the protocol layer above

Intel® Programmable Solution Group
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Why Direct RF?

Antenna Direct RF Architecture
Filter Filter

>R

Least analeg circuitry required
Highest performance

Smallest form-factor

Fastest time-to-market, lowest risk

~32GHz of BW
iinrma Direct IF Architecture
T Filter LA Filter IF1Mixer Filter IF1Amp Filter Moderate analog circuitry required
,‘ '51 r‘ H Meodest performance
Large form-factor
Slow time-to-market, medium risk
LD ~1to 2GHz of BW
s Superheterodyne
T Filtsr LNA Filter IF1Mixer Filter IF1Amp Filter IF2Mixer IF2Amp Filter Architecture

Mest analoeg circuitry required
Lowest performance
Largest form-factor

Slowest time-to-market, most nsk
~100 to 200MHz of BW

https://www.intel.com/content/www/us/en/architecture-and-technology/programmable/analog-rf-fpga.

html
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Direct RF Sampling Advantages

"Analog Up/Down MultiGsps  PolyPhase
Conversion Converters  Up/Down

*Eliminates analog tuner
circuitry

* Provides real-time frequency
agility
e Multi-mode radar / EW

* Provides wider bandwidths
 EW countermeasures

Advantage in Size, Weight,
Power, Cost, and Capability

1/Q
Baseband

FPGA

1/Q
Baseband

> 1/Q
Baseband

FPGA

1/Q
Baseband

Up to 90+% Savings in Size

Intel® Programmable Solution Group intel



Integration
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Digital FPGA

Analog Up/Down Conversion Boards Data Conversion Boards FPGA Board
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RF Sampling
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RF Synthesis
Intel® FPGA

Module

Intel® FPGA Board
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Intel® Stratix® 10 AX and Intel Agilex® @ FPGA Direct RF-Series

Intel Agilex® FPGA 1.4 MLE
+
4-Channels ADC/DAC

Intel® Stratix® 10 FPGA 2.8
MLE
E

8-Channels ADC/DAC

1SA28S

Intel Agilex® FPGA 2.7 MLE
+
8-Channels ADC/DAC

AGRWO027

Intel® Programmable Solution Group




Devices familly

* Agilex based

Logic Elements
Product Name g

(LE)

Intel® Agilex™ Direct RF-Series 1437
SoC FPGA AGRWO14
Intel® Agilex™ Direct RF-Series

2693
SoC FPGA AGRW027
Intel® Agilex™ Direct RF-Series

2693

SoC FPGA AGRMO27

Intel® Programmable Solution Group

18x19
Multipliers

9020

17056

17056

# of
ADC/DAC

4/4

8/8

20/16

Sample Rate
(Gsps)

64/64

64/64

4/12

# of Bits
Resolution

10/10

10/10

14/14

Embedded
Memory (Mb)

190

287

287

Quad Core
ARM

Yes

Yes

Yes

XCVR's

58G PAM-4,32G
NRZ

58G PAM-4, 32G
NRZ

58G PAM-4, 326G
NRZ

PCle Package
4.0 45%x32
4.0 52.5%42.5
4.0 56x45
L]
intel. 11



Intel® FPGA with Integrated ADC/DACs

* up to 64GSPS sample rate
" EMIB technology
* AIB physical layer protocol

Intel® Programmable Solution Group intel@ 12



Overview

Product 18x19 # of Sample Rate # of Bits Embedded
Elements

Mame (LE) Multipliers ADC/DAC (Gsps) Resolution Memory

Intel® Stratix®
10 AX SOC 2753 11520 a/8 64/64 10/10 244 2 A tiles

Stratix 10 FPGA 15A28

Intel® Agilex™

Direct RF- Wi d e
Series SoC 1437 apz0 414 64/64 10/10 190

1 A tile
o Band

Intel® Agilex™
. Direct RF- .
Ag | |eX Series SoC 2693 17056 8/8 64/64 10/10 287 2 A tiles
FPGA
AGRWO27

Intel® Agilex™

Direct RF- M i d
Series SoC 2693 17056 20/16 412 14/14 287

i Band

https://www.intel.com/content/www/us/en/architecture-and-technology/programmable/analog-rf-fpga.html
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Schematic Representation

high-density, high-
performances FPGA

CMU &
= CLK DIST

Limear EQ
& MNLEQ

Linear EQ
& MLEQ
- cMuU
g . CLKDIST

EMIB
EMIB

Limear EQ
& MLEQ
CMU &
CLEDIST

EMIB
EMIB

8 ADC and 8 DAC per device

running 64GSPS per ADC or
DAC

Intel® Programmable Solution Group intel 14



Block diagram

Coarse DDC *
Coarse DUC *
E
Fine DDC o o
Fine DUC :

NCOs

EMIB
EMIB

https://www.intel.com/content/www/us/en/architecture-and-technolog
y/programmable/fpga-integrated-data-converter-solution-brief.html
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Analog performance: 25GHz of instantaneous bandwidth with a 65 dBc
SNR

= =]
r intel 64.0G 1024 Channels Analysis Filter Bank
i TR o L] ML::--', " " l,' l ,.'“ Al
mnwmm YA
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Intel® FPGA with Integrated ADC/DACs board

Intel® Programmable Solution Group intel® 17



RF performance sweeps

Intel® Programmable Solution Group Intel Confidential intelx 18



ADC NSD Sweep

User mode = x1, Fs = 64 Gsps, Sample Size = 1048576
! I =

00— T T -40
Fundamental: -10.02 dBFé @ 23.055175781 GHz | !
NSD (average): -153.73 dBFS/Hz (143.71 dBc/Hz) 0
NSD (median): -155.28 dBFS/Hz (145.26 dBc/Hz)

o SFOR: 69.01 dBFS (55.99 dBc) @ 17.809648436 GHz

THD: -65.79 dBFS (55.77 dBe) up to HD20

-40 — 80

100

FFT Magnitude (dBFS)
B
NSD (dBFS / Hz)

o 4 8 12 16 20 24 28 32
Frequency (GHz)

Intel® Programmable Solution Group intel 19



ADC NSD Performance Summary

ADC NSD x1 Mode Fs = 64 Gsps
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ADC Spurious Demo

Fs=51.2 Gsps
Decimate by 16

RF inputlevel =-1dBFS
Sweep (16 GHz, 19 GHz)

intel.
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ntel Agilex® @ FPGA Direct
—requency Ca

culator

Intel A-tile ADC Spur Calculator

are shown

User should fill out boxes in Drange.

Parameter Value Unit | Allow ed entries
Fs B4 Gsps (40, B4)
Fundamental 1258496 | GHz (0.1, 36)
NCO entry option frequency [drop down]
|NCO frequency entry 12 GH:z

Coarse NCO step entry 22 step [-Bd, B3]
Decimation factor 16 [drop down]
NCO frequency 12 GHz

1BY 4 GHz

| Highlighted spur locations are present inside the B\,

| Mgee- Aredicied spur locatfans fn this calcafator are based on the A0 architectars. Onfo spur focations. Aot magnitads

Sours at some focations may fiave 4 veoe fow magniteds and nat be oisibfe above the nofse foor

1. Enter the sample rate.
2. Enter fundamental BF input frequency.

3. Select to enter MCO by framasnse o soace swae . Fillour 3a or 3b, accorcﬁ'l?fy

G, Enter the MOT faguancy /
3b. Erter cosnes AT Fapan | /
4. Select decimation factor. /4
NCO frequency result caleulsted from User inputs. /
B! result calculated from User inputs. /

/

Sampler Spur,
Harmonic Calculator Interleaving Spur Calculator Calculator
Harmonics Gain and Phase | Dffset Spurs Spur /épurs

Name (GHz) Index Spurs (GHz) (GHz) Indesx / IGHz)
Fundamental 0.585 32 0.585 0565 -12.000 1 / -5.000
HDZ 13170 0 =0.415 1585 =11.000 2 =4.000
HO3 14.245 1 -1415 2585 -10.000 3 0.000
HD4 1660 2 -2.415 3.5685 -3.000 L) 4.000
HDS -10.925 3 -3.415 4.585 -5,000 5 &.000
HO6 -0.430 4 -4.415 5.58% -7.000 [ 12.000
HOT 12.035 5 -5.415 5555 -6.000 T/ 16.000
HO8 15.320 =] -£.415 7.585 -5.000
HO3 2735 7 -7.415 8.585 -4.000
HO10 -3.850 3 -5.415 3.585 -3.000
HOM -1565 3 -3.415 10,585 -2.000 /
HO12 11020 10 -10.415 11585 -1.000
HO13 16.336 1 -11.415 12585 0000 -
HODW$ 3.81 2 -1.585 13.585 1.000
HD15 -8.774 13 -10.535 14.585 2.000
HO16 -2 641 4 -3.585 15.585 3.000
HOT? 3.944 15 -8.585 16.585 4.000
HO18 17.471 16 =7.585 17.585 5.000
HO13 4.886 17 -6.585 18.585 5.000
HDZ0 -7.693 8 -5.585 13,555 7.000

3 -4.585 13.415 5.000

20 -3.585 18.415 3.000

21 -2.585 17.415 10.000

22 -1.585 16.415 11.000

23 -0.585 15.415 12.000

24 0.475 .415 13,000

25 1415 13415 14000

Excel-based Spur Calculator

Intel® Programmable Solution Group

Largest
spur

FFT Magnitude (dBFS)

—-Series Spurious

User mode = x16, Fs'= 64 Gsps, Sample Size = 262144 , RFin = 12. 534960933 GHz, f = 12.000000000 GHz
0 -40
Fundamental: -1.01 dBF S @ 0.584960938 GHz < !
SFDR (100%1 -71.79dBF S (70.79 dBc) @ 0.000000000|GHz
Max Harmo nic: 11=-74.02 dBF S @ -1.565429688 GHz
20k Max Offset Interleaying Spur: -71.61 dBF S @ 0.000000000 GHz 4 60
Max Gain/Timing Inte pur -73.09 dBF S @ -0.584960938 GHz
-40 - -1-80
N
X
ra
60 1-100 m
-
o
7]
=
80 <1-120
L 4 +
| 4

-2

[l

-15 -1 -05 0 05
Frequency (GHz)

15 2

EVP Spur Calculator analysis mode

intel.
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ADC Spurious Performance Sweep

User mode = x16, Fs = 51.2 Gsps, Sample Size = 131072, RFin = 17.729296875 GHz , fnco = 17.600000000 GHz
li] T
Fundamental: -1.04 dBFS @0.149296875 GHz l O !
SFDR (100% IBW): -75.29 dBFS (74.24 dBc) @ 1.341406250 GHz
No Harmonic Spurs present in spectrum
Max Offset Interleaving Spur: -83.14 dBFS @ 0.000024414 GHz
20 |— —
3 T =76.16 dBFS @ -0.129296875 GHz
40 — =
0
w
m
=
@
°
2 60— —
[
=3
-]
=
=
TS
w
-80 L]
] 1 ’ 4
* [ ] ¥
L ]
| ! |
|
-100
MR
Az | | | L b || i ||.Mil |. 1A TR R | y
-1.5 -1 -0.5 V] 0.5 1 1.5

Frequency (GHz)
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ADC Spurious Performance Summary

90

85

o
o

~
43}

100% IBW SFDR (dBc)
& =

o2}
o

55

50

Intel® Programmable Solution Group

ADC SFDR x16 Mode Fs = 51.2 Gsps

[ u'- 5 L L ™ 0, %0 o -
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DAC IMD Demo

Fs=64 Gsps

Interpolate by 8

Two tones: RF output level =-7 dBFS

Sweep tone spacing, level, and fo = (12 GHz, 18 GHz)

intel.

Intel® Programmable Solution Group
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DAC IMD Sweep

sz Spectrum X

Ref Level 0.00 dBm ® RBW 1 MHz
Att 10dE SWT Sé6s @ VBW 1kHz Mode Auto Sweep
1 Frequency Sweep

CF 15.0 GHz 1001 pts 800.0 MHz/ Span 8.0 GHz

Intel® Programmable Solution Group |nte| 26



Appuyez sur ‘ Echap ‘ pour quitter le mode plein écran.

DAC IMD Sweep

s Spectrum X ¥
Ref Level 0.00 dBm ® RBW 1 MHz SGL
Att 10dE SWT Sé6s @ VBW 1kHz Mode Auto Sweep
1 Frequency Sweep o 1AP Clrw

9,77 dBm

CF 15.0 GHz 1001 pts 800.0 MHz/ Span 8.0 GHz

Intel® Programmable Solution Group |nte| 27



DAC IMD Sweep

s Spectrum x N X

Ref Level 0.00 dBm Offset 1.00 dB ® RBW 1 MHz
® Att 0dB SWT 56s e VBW 1kHz Mode Auto Sweep
1 Frequency Sweep

it nlJ URAT AT “‘r* e “"' ”l

CF 15.0 GHz 1001 pts

Intel® Programmable Solution Group

J. e

l l Ul 'h 1

800.0 MHz/

|
1.‘

Span 8.0 GHz

intel.
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DAC IMD Performance Summary

- DAC IMD3 x8F Mode Fs = 64 GSPS
| | |

53

a7t

46 -

45 | | | | |
12 13 14 15 16 17 18
RF Center Frequency (GHz)

Intel® Programmable Solution Group
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ADC/DAC details: 64Gsps with 25GHz of
Instateneous bandwidth and with a 65 dBC
SNR

|

Differential CML &
inputs and e CLE DIST

outputs
R 0~C

Coarse Limear EQ

Test Memaory

Data converter chiplets include Numerically
controlled Oscillators (NCOs) and integrated Digital
Up Converters (DUCs) and Digital Down Converters
(DDCs) that eleminate a substantial amount of
analog circuitry

Intel® Programmable Solution Group intel 31



Tile architecture

LinearEQ
& MNLEQ
CML &

CIOC k|ng -"c:uc.cnar
* Clock Distribution Network

* External clocking
* Per channel CMU pll

AlB

* Data flexibility
* 1Tbit bandwidth Con

s CLKDIST

Test Memory

Limear EQ
& NLEQ
ChL &

e CLE DIST

Coarse
DDC

Test Memory

CMU &
- CLEDIST

%
£
Z
ﬁ
&
8
&

Test Memory

Coarse
DODC

Test Memory

Intel® Programmable Solution Group
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Differential inputs

* A wideband balum is used
to convert from common
mode to differential inputs

Intel® Programmable Solution Group intel@ 33



Intel Agilex® 9 FPGA Direct RF-Series Evaluation

Platform (EVP)

—ADC Data —
Intel A-Tile
(4 Rxand 4 Tx ports) DRF Connect IP 4
P

DDR Memory
-« DDR Memory

DMA Engine

DAC Playback ]

N oceccemsiann Data Bus -—» I_._ "
' . Intel ATile _
(4 Rx.and 4 T ports) DRF S| |
Test be nc h PEENNEEN  TAG Control 3
MATLAB PC

enablement EVP Block Diagram

Intel Agilex® 9 FPGA Direct RF-Series MATLAB script
Development Kit interface

Intel® Programmable Solution Group

Uper mods = x15, Fa = 64 Gapa, Sample Size = 262144 . RFIn = 1 GHz. T ., =12
° T T T T T

T T
ECEE- T

FFT Magnitude (dBFS )

o5 © os
Frequency {GHz)

ADC capture

&

DAC captur

intel.
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ADC NSD Demo

Fs=64 Gsps

No decimation

RF input level =-10 dBFS
Sweep entire first Nyquist zone

intel.

Intel® Programmable Solution Group intel@ 35
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