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Introduction

« 5G mmWave systems are no longer in the future. 5G is actively being
deployed, with more cell phones with integrated the mm\Wave radios.

— 5G mmWave chips have moved out of engineering/development labs and into
mass production, and therefore need to meet the ramp demands of the market

— This change also means a required reduction in cost of test which is a large part
of what is driving parallelism increases

* FormFactor will go over our solutions to meet the demanding requirements
for 5G
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Agenda

* Discussion of 5G deployment
* Probe Head Technology Parallelism Expansion

 Test Cells

— ATE Resource limitations
— How to Expand Parallelism

o Summary
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What is the 5G mmWave?

 The 5G mmWave is the radio inside of the cellphone that operates at bands
greater than 6 GHz, with ultra-fast data speeds

— The mmWave chips are using more RF channels with multiple patch antennas in
order to maximize performance when compared to 4G systems
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Status of 5G mmWave Deployment

Count and status of operator mmWave investments

mmMWave rollout is
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2015-2026 smartphone volume forecast per air standard
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Model of Volume — How many test cells vs Parallelism to meet
Ramp?
« Using current market forecasts, the cost of test depends highly on the parallelism

* The table below shows that as the parallelism increases, the cost savings in the reduction
in the number of test cells is substantial, up to $500M in 2025 for the semiconductor

manufacturers
# of 5G Test Cells Needed
Parallelism| x1 X2 x4 x8

Year Est. Savings Est. Savings Est. Savings

# # (SM) # (SM) # (SM)
2020 83 41 S41 21 $62 10 §72
2021 306 | 153 §153 77 $229 38 5268
2022 402 | 201 $201 101 $301 50 $351
2023 489 | 245 $244 123 $367 61 $428
2024 580 | 290 $290 145 S434 73 S507
2025 642 | 322 $321 161 $482 81 $562

Parallelism effect on Number of test cells. For estimates, 1 test cell costs about $1M
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		Scope

		The intent of this document is to predict the size of the 5G probe card market using a bottoms up appraoch. Everything throughout this document will auto update. Numbers in red are intended to be changed.
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		Probe Card Costs and Revenue		This is the assumptions used for cost and revenue of the PH and PCBs. All numbers are derived from vendor quotes or QAD





		Probing Outputs and Equations		This has all of the equations used to predict the actual market









5G PC Revenue by Year



				Total 5G  Probe Card Revenue by Tester ($ in Millions)

				Tester		Teradyne										Advantest

				Parallelism		x1		x2		x4		x6		x8		x1		x2		x4		x6		x8

				Year		-		-		-		-		-		-		-		-		-		-

				2020		$10.80		$8.02		$6.46		$4.20		$3.85		$13.73		$10.96		$6.44		$4.68		$3.84

				2021		$39.92		$29.66		$23.87		$15.53		$14.23		$50.75		$40.50		$23.82		$17.32		$14.21

				2022		$52.35		$38.90		$31.31		$20.36		$18.67		$66.55		$53.12		$31.23		$22.71		$18.63

				2023		$63.81		$47.41		$38.15		$24.82		$22.75		$81.11		$64.74		$38.07		$27.68		$22.71

				2024		$75.59		$56.16		$45.20		$29.40		$26.95		$96.09		$76.69		$45.09		$32.79		$26.90

				2025		$83.77		$62.24		$50.09		$32.58		$29.87		$106.49		$84.99		$49.97		$36.34		$29.81



				Total 5G PCB Revenue by Tester ($ in Millions)

				Tester		Teradyne										Advantest

				Parallelism		x1		x2		x4		x6		x8		x1		x2		x4		x6		x8

				Year		-		-		-		-		-		-		-		-		-		-

				2020		$7.41		$5.19		$4.08		$2.23		$2.05		$10.34		$8.12		$4.07		$2.71		$2.04

				2021		$27.39		$19.19		$15.08		$8.24		$7.56		$38.22		$30.03		$15.03		$10.03		$7.54

				2022		$35.93		$25.16		$19.78		$10.81		$9.92		$50.13		$39.38		$19.71		$13.16		$9.88

				2023		$43.79		$30.67		$24.11		$13.17		$12.09		$61.09		$47.99		$24.02		$16.04		$12.04

				2024		$51.87		$36.33		$28.56		$15.60		$14.32		$72.37		$56.85		$28.46		$19.00		$14.27

				2025		$57.48		$40.26		$31.65		$17.29		$15.87		$80.21		$63.00		$31.54		$21.05		$15.81



				Total 5G PH Revenue by Tester ($ in Millions)

				Tester		Teradyne										Advantest

				Parallelism		x1		x2		x4		x6		x8		x1		x2		x4		x6		x8

				Year		-		-		-		-		-		-		-		-		-		-

				2020		$3.39		$2.83		$2.38		$1.97		$1.80		$3.39		$2.83		$2.38		$1.97		$1.80

				2021		$12.53		$10.48		$8.79		$7.29		$6.67		$12.53		$10.48		$8.79		$7.29		$6.67

				2022		$16.43		$13.74		$11.52		$9.56		$8.75		$16.43		$13.74		$11.52		$9.56		$8.75

				2023		$20.02		$16.74		$14.04		$11.65		$10.66		$20.02		$16.74		$14.04		$11.65		$10.66

				2024		$23.72		$19.84		$16.64		$13.80		$12.63		$23.72		$19.84		$16.64		$13.80		$12.63

				2025		$26.28		$21.98		$18.44		$15.29		$14.00		$26.28		$21.98		$18.44		$15.29		$14.00





# of Test Cells Needed



				# of 5G PH Needed

				Tester		Teradyne										Advantest																		# of 5G PH Needed

				Parallelism		x1		x2		x4		x6		x8		x1		x2		x4		x6		x8										Parallelism		x1		x2		x4		x6		x8

				Year		-		-		-		-		-		-		-		-		-		-										Year		-		-		-		-		-

				2020		110		58		31		22		17		110		58		31		22		17										2020		110		58		31		22		17

				2021		407		214		113		80		64		407		214		113		80		64										2021		407		214		113		80		64

				2022		533		281		148		105		83		533		281		148		105		83										2022		533		281		148		105		83

				2023		650		342		181		127		102		650		342		181		127		102										2023		650		342		181		127		102

				2024		770		405		214		151		120		770		405		214		151		120										2024		770		405		214		151		120

				2025		853		449		237		167		133		853		449		237		167		133										2025		853		449		237		167		133



				# of 5G Test Cells Needed

				Tester		Teradyne										Advantest																		# of 5G Test Cells Needed

				Parallelism		x1		x2		x4		x6		x8		x1		x2		x4		x6		x8										Parallelism		x1		x2				x4				x8

				Year		-		-		-		-		-		-		-		-		-		-										Year		#		#		Est. Savings 
($M)		#		Est. Savings 
($M)		#		Est. Savings 
($M)

				2020		83		41		21		14		10		83		41		21		14		10										2020		83		41		$41		21		$62		10		$72

				2021		306		153		77		51		38		306		153		77		51		38										2021		306		153		$153		77		$229		38		$268

				2022		402		201		101		67		50		402		201		101		67		50										2022		402		201		$201		101		$301		50		$351

				2023		489		245		123		82		61		489		245		123		82		61										2023		489		245		$244		123		$367		61		$428

				2024		580		290		145		97		73		580		290		145		97		73										2024		580		290		$290		145		$434		73		$507

				2025		642		322		161		107		81		642		322		161		107		81										2025		642		322		$321		161		$482		81		$562





Probing and Market Inputs

		Model Inputs								mmWave Phone Volume						Probing Effeiciency by //

		Step Time (seconds)		0.2						Year		# of mmWave Phones/Year				PC //		x1		x2		x4		x6		x8

		# of die/Wafer		2600						2020		33				TD efficiency		100%		95%		90%		85%		80%

		Test Time per die (seconds)		10						2021		122

		# of AIP per phone		3						2022		160

		Die Yield		90%						2023		195

		# of months needed to produce all die		8						2024		231

		Probe Lifetime (M of TD)		0.90						2025		256

		PCB Margin %		60%

		Overall Equipment Effectiveness (% time the machine is actually adding value) - Prober alignment, cleaning, wafer changes, etc.		70%











		Cost needs o go down a little with every step up with //

		75% increase in PH price with //. Can't derate // increase





Probe Card Costs and Revenue

		Hardware Cost per DUT										PCB and PH Revenue and Cost by //

				Teradyne		Advantest								Teradyne										Advantest

		mmWave Cables		$10,624		$12,435						PC Parallelism		x1		x2		x4		x6		x8		x1		x2		x4		x6		x8

		RF Brackets		$3,665		$16,000						PCB mmWave Hardware Cost		$14,289		$28,578		$57,156		$42,867		$57,156		$28,435		$56,870		$56,870		$56,870		$56,870

												PCB Fab Cost		$12,500		$12,500		$12,500		$12,500		$12,500		$12,500		$12,500		$12,500		$12,500		$12,500

												Labor Cost Est. (from QAD)		$9,000		$9,000		$9,000		$9,000		$9,000		$9,000		$9,000		$9,000		$9,000		$9,000

												Total PCB Cost		$35,789		$50,078		$78,656		$64,367		$78,656		$49,935		$78,370		$78,370		$78,370		$78,370

												Margin		60%		60%		60%		60%		60%		60%		60%		60%		60%		60%

				Min		Max						PCB Revenue (with margin)		$89,473		$125,195		$196,640		$160,918		$196,640		$124,837		$195,924		$195,924		$195,924		$195,924

		PCB Fab Cost		$10,000		$15,000						PH Revenue (estimates from QAD)		$30,800		$48,945		$77,780		$91,389.82		$105,000		$30,800		$48,945		$77,780		$91,390		$105,000







Probing Outputs and Equations

				Teradyne										Advantest

		Step Time (seconds)		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2

		# of die/Wafer		2600		2600		2600		2600		2600		2600		2600		2600		2600		2600

		PC Parallelism		1		2		4		6		8		1		2		4		6		8

		# of die Tested in // (tester limitation)		1		2		4		6		8		1		2		4		6		8

		Step Effeciency		100%		95%		90%		85%		80%		100%		95%		90%		85%		80%

		# of TD needed for wafer		2600		1368.4210526316		722.2222222222		509.8039215686		406.25		2600		1368.4210526316		722.2222222222		509.8039215686		406.25

		Total Steping time (seconds)		520		273.6842105263		144.4444444444		101.9607843137		81.25		520		273.6842105263		144.4444444444		101.9607843137		81.25

		Test Time per die (seconds)		10		10		10		10		10		10		10		10		10		10

		Total Test Time Not including Stepping (s)		26000		13000		6500		4333.3333333333		3250		26000		13000		6500		4333.3333333333		3250

		Total Test Time Including Stepping (s) and OEE		37885.7142857143		18962.4060150376		9492.0634920635		6336.1344537815		4758.9285714286		37885.7142857143		18962.4060150376		9492.0634920635		6336.1344537815		4758.9285714286

		Wafers Tested per day		2.28		4.56		9.10		13.64		18.16		2.28		4.56		9.10		13.64		18.16

		# of AIP per phone		3.0		3.0		3.0		3.0		3.0		3.0		3.0		3.0		3.0		3.0

		Die Yield		90.00%		90.00%		90.00%		90.00%		90.00%		90.00%		90.00%		90.00%		90.00%		90.00%

		# of Phones per day per test cell		1,779		3,554		7,100		10,636		14,161		1,779		3,554		7,100		10,636		14,161

		# of months needed to produce all die		8		8		8		8		8		8		8		8		8		8

		# of phones per test cell per production ramp		398,456		796,091		1,590,361		2,382,495		3,172,102		398,456		796,091		1,590,361		2,382,495		3,172,102

		Probe Lifetime (M of TD)		0.90		0.90		0.90		0.90		0.90		0.90		0.90		0.90		0.90		0.90

		# of Wafers per probe		346		658		1246		1765		2215		346		658		1246		1765		2215
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SMARTPHONE VOLUME FORECAST PER AIR STANDARD
5G mmWave is hitting the market

2015-2026 smartphone volume forecast per air standard

* The so-called mid-band (i.e. sub-6GHz) (Munits)
has been been the most-used in 2020 in 1600
5G mobile phones. The associated 1400
technology will continue to permeate the
smartphone industry as most 5G % e
markets are based on it worldwide. B 100
* 5G mmWave significantly entered the 2 e
smartphone market in 2020 through the 2 &0
US version of the iPhone 12. As mobile % -
network operators are improving the
coverage with more cells/repeaters, there e
will be a pull for these ‘true’ 5G o rv
cellphones in the US market as well as 2015 2016 2017 2018 2019 2020 2021 202 2023 2024 2025 202 R
i 206
across other countries such as Japan, . i o 0 0 0 o m o m we ms mi me w0 e
Korea, Australia and certain countries in  mmscmm o o o o 3 3 0o 0 o o o o -oox
5 sub o o o o 25 1% m 4; 516 50 e s | 0%
Europe. —c
- c e ms e s w3 a6 7 5 3 4%
—toventory V27| 1464 1467 1474 1497 1495 1534 1524 | 1465 | 1455 1435 1360
Inventory: equivalent semiconductor content built out to secure phone assembly.

SMARTPHONE MARKET OUTLOOK

* 2020 has been a tough year for smartphone manufacturers.
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How Many RF Channels are needed for SG FR2’?

 Each mmWave chip for 5G requires a large
number of RF channels due to the phased
array design

« For example, in Techlnsights', an X-ray
analysis of the QTM052 and show that it has
a total of 24 RF ports, 8 in each quadrant

* Therefore, in x8 testing, one would need 192
RF ports

QTMO052 from Techlnsights

Thttps://www.techinsights.com/webinars/webinar-space-power-beams-shorten-trek-gain-edge-5g-chip-design-
and-manufacturing
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Test Capabilities Higher Parallelism Checklist

* In order to provide the wafer test solution for high parallelism, the test cell
needs to:

J Wafer Contactor capable to operate > 55 GHz
d Accommodate large RF test heads to support the mmWave frequencies
d Have enough mmWave tester channels (~192) to cover the RF ports required

 Provide sufficient space on the board for components/connectors.
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Comparison of 4 Primary Probe Head Technologies

Cantilever Vertical MEMS Spring Pin Membrane
RF Performance <3 GHz <40 GHz < 55 GHz > 80 GHz
Array Capable? No Yes Yes Yes
Pitch 40 um, peripheral 90 um >150 um 100 um
Max Size 90x20mm 100 x 100mm 90x20 mm 10x80 mm

Power Integrity

(bypass cap distance
from tip) 5mm 5mm 10mm 3mm




Sheet1

				Cantilevers		Sping Pins		Vertical MEMS		Pyramid Probe

		RF Signal Performance		< 3 GHz		< 5 GHz		< 40 Ghz		> 80 GHz

		Array Capable		No		Yes		Yes		Yes

		Pitch		40 µm, but periphery		180 µm		90 µm		120 µm

				Cantilever		Vertical MEMS		Spring Pin		Membrane

		RF Performance		< 3 GHz		< 40 GHz		< 55 GHz		> 80 GHz

		Array Capable?		No		Yes		Yes		Yes

		Pitch		40 µm, peripheral		90 µm		>150 µm		100 µm

		Max Size		90x20mm		100 x 100mm		90x20 mm		10x80 mm

		Power Integrity (bypass cap distance from tip)		5mm		5mm		10mm		3mm
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Pyramid Probe Family of Wafer Probe

* Pyramid Probe has proven RF —
performance out to 80 GHz
— Maintains the better than -10 dB RL out to |_ w

> 80 GHz with good margin i
— Better than 6 dB IL out to 80 GHz 21

0 10 20 'l 40 &0 B0 70 a0 80 100 110
GHz
g P43 Board5864+Core_RO14728_S2P (S11) weemem RX3_Board5864+Core RO14728_S2P (S21)
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Test Capabilities Higher Parallelism Checklist

* In order to provide the wafer test solution for high parallelism, the test cell
needs to:

v Wafer Contactor capable to operate > 55 GHz
d Accommodate large RF test heads to support the mmWave frequencies
d Have enough mmWave tester channels (~192) to cover the RF ports required

 Provide sufficient space on the board for components/connectors.
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Pyramid Probe Area Expansion

« EXxpand active probing area using traditional membrane probe tips
— P2000 supports a 4x AiP in a linear array today
— P4000 will support an 8x AiP in 2022

» Pyramid membrane performance carries forward: P800S

— Excellent RF measurements

— Stable CRES with consistent probe marks

— Replaceable cores from tester side

AiP x4 (P2000) == AiP x8 (~P4000) |

& -
»

.g“lb‘ri‘o.
@

Existng 2021 2022
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Enabling Higher Density with FFI Thin Film Technology

* Dense die breakout and routing with higher . ____
number of /e RiEvaeaT ey ypynviy
— Cross of RF lines with ground in-between NN\ o g/

— Larger power nets

— World-class impedance control (+/- 80 mrho 4 @RS
over entire signal path) . LU TG T T g
— Impedances other than 50 Q available within
the same probe head possible.
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Test Capabilities Higher Parallelism Checklist

* In order to provide the wafer test solution for high parallelism, the test cell
needs to:

v Wafer Contactor capable to operate >55GHz
v' Accommodate large RF test heads to support the mmWave frequencies
dHave enough mmW tester channels (~192) to cover the RF ports required

 Provide sufficient space on the board for components/connectors.
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ATE Comparison Table — x8 Parallelism Challenge
 |In order to meet the channel count, the testers from the major

wafer test manufacturers have increased their mmWave
capability

— However, the complexity in mmWave test channels has limited the

maximum number of channels in an ATE possible

RF Bandwidth Max Channel
Count

Teradyne 44 GHz

UltraFlex?

Advantest 64
WaveScale?

NI STS? ~50

"The max is 128 (https://www.teradyne.com/products/mmwave/)
2The information here is based on the associated datasheets/documentation on each manufacturer’s

website (Nov 1, 2021)
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How to Increase Parallelism Outside of the Tester?

* There are multiple ways to increase the parallelism without increasing the
tester channels
— To maintain RF channel test capability, RF switches can be used

» By switching serially through the channels, all RF paths on the DUT can still be tested
with minimal test time change (switch speed <1 us)

— Loopback is also possible

« This allows the device to test itself at high speeds, but it could miss a functional error in
some scenarios
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RF Switching

» Off the shelf options exist for switching high
frequency RF paths.

« Can be used when the test cell is channel-limited or
there is insufficient PCB real estate for connectors.

Full Path loss from Connector to probe tip including switch

Pyramid
Probe

B 08 & & 3 2 &
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Probe Head Loopback

* FFI can also design custom loopbacks, as
well as crossing lines as needed
— Loopback lengths in the membrane can be

ultrashort to minimize return loss and insertion
loss

— The Loopbacks can be crossed with a ground in
between for long/complex routing in the large
mmWave chips

— Coupling structures can also be added for
attenuation
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Test Capabilities Higher Parallelism Checklist

* In order to provide the wafer test solution for high parallelism, the test cell
needs to:

v Wafer Contactor capable to operate > 55 GHz
v' Accommodate large RF test heads to support the mmWave frequencies
v Have enough mmWave tester channels (~192) to cover the RF ports required

 Provide sufficient space on the board for components/connectors.
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High Density Connectors

[19.050]
0.75

[12.700]

» Currently-available high density RF
connector solutions cannot meet
coax performance.

« Stacked connectors (with semi-rigid
coax) in places where sufficient Z
height is available

— Minimizes space used for connectors

to get active area back for digital
content

— When height constrained, the PCB
can be cut away to allow stacking
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Test Capabilities Higher Parallelism Checklist

* In order to provide the wafer test solution for high parallelism, the test cell
needs to:

v Wafer Contactor capable to operate > 55 GHz
v' Accommodate large RF test heads to support the mmWave frequencies
v Have enough mmWave tester channels (~192) to cover the RF ports required

v Provide sufficient space on the board for components/connectors.
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Summary

 Significant cost savings by going to higher parallelism

* Pyramid product is ready for the parallelism challenge
= >55 GHz bandwidth;

= Thin film membrane technology enables high density routing and loopbacks;

= High RF channel count support with RF switches and compact connectors;

 FormFactor has a complete solution to provide full test capability of AiP chips to
support the 5G mmWave ramp.
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