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100-300GHz Wireless

— Services

Wireless networks: exploding demand.

Immediate industry response: 5G.
~1~40 GHz ("5G?")
~40~100GHz ("5.5G ?")
increased spectrum, extensive beamforming

Next generation might be above 100GHz.. (?)
greatly increased spectrum, massive spatial multiplexing

100-300GHz carriers, massive spatial multiplexing
-> Terabit hubs and backhaul links, high-resolution imaging radar
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Benefits of Short Wavelengths

Communications: Massive spatial multiplexing, massive # of parallel channels. Also, more spectrum!
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High losses in foul or humid weather.
High A2/R? path losses.

ICs: poorer PAs & LNAs.

Beams easily blocked.

100-340GHz wireless:
terabit capacity,
short range,

highly intermittent



transmitter receiver far-field pattern:
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140 GHz moderate-MIMO hub
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210 GHz, 640 Gb/s MIMO Backhaul
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8-element MIMO array

2.1 m baseline.

80Gb/s/subarray—> 640Gb/s total

4 x 4 sub-arrays - 8 degree beamsteering

mounts on heatsink/backplane —
printed circuit board \
wiring | Simm-wave IC

to .‘
backplane . 1I-V power

metal |
carrier,
%

’. /y"/ \
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Key link parameters
500 meters range in 50 mm/hr rain; 23 dB/km
20 dB total margins:
packaging loss, obstruction, operating,
design, aging
PAs: 18dBm =P 4, (per element)
LNAs: 6dB noise figure



210 GHz FMCW crossed-array imaging car radar

Array:

36x%1 transmit, 1%216 receive
36 (v) X 216 (h) image

length: 15cm (6 inches),
beamwidth: 0.27¢,

view: 10° (v) x90° (h).

scan: 40Hz

Electronics

transmit power/element: 50mW
receiver noise: 6dB

packaging losses: 2dB TX, 2dB RX

Sees:

L1

[ [ [/

feel L L LY

transmitter
array

22cm diameter target (a soccer ball) @ -10dB reflectivity

200m range,

with 10dB SNR

in heavy fog/rain @ 22dB/km
with 4dB operating margins.

. field of view

array - ERERREE L R R RR AN

What you see

|

transmitter
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istors and ICs

Trans




Transistors for 100-300GHz

CMOS: good power & noise up to “150GHz. Not much beyond.

65-32nm nodes are best.

InP HBT: record 100-300GHz PAs

SiGe HBT: power better than CMOQOS, worse than InP HBT
GaN HEMT: record power below 100GHz. Bandwidth improving

InGaAs-channel HEMT: world's best low-noise amplifiers
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30 1 1 1 1 I 1 1 1 1 I I
E NP HBT |
S : Si MOSFET
s 257 SiGe HBT [
2 - ‘ InGaAs FET |
@)
: 1@ -
§_ 20 7 . . . —
S
S ] ove
o ] ' ‘ ’ .
D J
& 15- ® l
2 i
(S)U *results with low PAE at high Psat or ‘

] low Psat with high PAE are not shown
10 1 1 1 1 I 1 1 1 1 I T I T
100 150 200 250 300

Results compiled 9/9/2021 Frequency (GHz)

Receiver or LNA Noise Figure (dB)

Power Added Efficiency (%)

18
16
14
12
10

25

10

20

15

5

Noise
- 1 1 1 1 ] ]
1@ InPHBT
1@ SiMOSFET > -
1@ SiGe HBT
410 InGaAs FET -
: ® O
; ¢
: O 3
: ® ®
] O F
- O O -
| L T
100 150 200 250 300
Frequency (GHz)
Efficiency
1 1 1 1 I 1 I
InPHBT [
§ ® Si MOSFET [
o SiGe HBT [
h InGaAs FET
009® :
_ ® o -_
o ® :
? . . I
I 1 1 1 1 1 T I T T T
100 150 200 250 300

Frequency (GHz)

10



140GHz Tx/Rx, 22nm SOI CMOS (GlobalFoundries)

BB-!/ BB-IB
A ’; 35 aHz
ost-Am,
] P
Double
RF Balanced
Eassive Mixer

135 GHz
Post-Amp

BB-Q BB-QB

BB-/ BB-IB 135 GHz

? | Post-Amp
Double
RF Balanced
Active Mixer
135 GHz

BB-Q BB-QB  post-Amp

Delay .
Line x3 x3 x3 Driver
1356 GHz 45GHz & STD
II=EEE
LO
15 GHz
Delay .
Line x3 x3 x3 Driver
135 GHz 45GHz & STD
T2
LO
15 GHz

A. Farid UCSB, 2019 RFIC symposium

1.9 mm

0.76 mm

0.76 mm
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Power Amplifiers in 250 nm InP HBT

Ahmed et al, 2020 IMS, 2020 EuMIC, 2021 IMS, 2021 RFIC
Teledyne 250nm InP HBT technology

140GHz, 20.5dBm, 20.8% PAE 130GHz, 200mW, 17.8% PAE 194GHz, 17.4dBm, 8.5% PAE

Record-setting efficiency for 100-300GHz power amplifiers.

266GHz, 16.8dBm, 4.0% PAE

12
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280GHz transmitter and receiver IC designs

Solyu, Alz, Ahmed, Seo; UCSB/Sungkyunkwan
Teledyne 250nm InP HBT technology

Receiver Transmitter

ol 9010000 | |

=

==

simulations: 11dB noise figure, 40GHz bandwidth simulations: 17dB saturated output power.

Application: point-point MIMO backhaul links
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140 GHz
Array Modules




The mm-wave module design problem

How to make the IC electronics fit ? o Someretrate

. . . = beamformer IC
How to avoid catastrophic signal losses ? gggg&y
How to remove the heat ?

heatsink

Not all systems steer in two planes...
...some steer in only one.

E‘ér

Not all systems steer over 180 degrees... o
...some steer a smaller angular range

@ adjacent packages tile into large array
[ J

® linear antenna array G?N PAs

= .-
g BEEEE g 11
M = 5 B & S
3 E -—.—.—.—H—-—r@ §
LI (5 e --anll, 55 3
S—
ﬂqﬁ—ﬁ—ﬁ e car’,l:;er il F':

array mounting surface & heatsink
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Do we need 2D arrays ? 1D steering might be fine.

1/sin?¢ sidelobes provide strong signals to tall buildings.

Providing sidelobes reduces broadside gain by less than 3dB.
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2D vs. 1D: user spatial distribution

design 1 design 2
[m ]
array
Dl( i X clements
P
elements
field of regard
(scan range) |:| |:|
[+
angular resolution sectors \‘—a/néular resolution sectors
uniform horizontal & vertical user distributions uniform horizontal, nonuniform vertical
design 1: 2D array X

design 2: 1D array i RAAthAn |
vl R L vt

0 6

Spatial distribution of users, and of scattering objects, guides choice of array geometry.



1D or 2D subarray for backhaul ?

Should we use 4x4 array, 1x16, or 16x1 array ?

All provide same system link budget, same # RF channels, same angular scanning range.

0

f‘\\ f\\ f\\ f\\ f\\ f\\ f\\ f\\
NIEVAVAVAVA\VAAVARANY,

RN

array

4x4
subarray

\MIMO

*

baseline length )
O O o o9 o9 SS9y o v

«~ propagation
range

(@

Spatial distribution of users, and of scattering objects, guides choice of array geometry.

field of regard
array (scan range)

design 1

28

design 2

1122

design 3

A
L] e T

/

Lelement

1/7 radian

1/28 radian

/28 radian

1/7 radian
\

movable) postion of focused beam

1/112 radian

1/7 radian

1/112 radian

1125
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140GHz hub: packaging challenges

Si beamformer

Cu stud bonds

CPW-pistrip
transition

LTCC lower >
two planes

heatsink

IC-package interconnects
Difficult at > 100 GHz

0.5-2 W/mmZ2 Cu-filled

thermal

Removing heat
Thermal vias are marginal

Interconnect density
Dense wiring for DC, LO, IF, control.
Hard to fit these all in.

Economies of scale

Advanced packaging standards require sophisticated tools
High-volume orders only

Hard for small-volume orders (research, universities)
Packaging industry is moving offshore

20



100-300GHz IC-package connections

Deal, IEEE Trans THz,

type Frequency technology cost heatsinking
= micromachined 1000 GHz Research. high good
3 waveguide Cheap one day ? X
3 interface
ribbon, mesh bond 200 GHz Handcrafted. high good
Sil } ’::::_:_:—:::- ul?ﬁelecml
8 - patch antennas 1000 GHz Straightforward low good
© A SIISINL / (microsr or diple on superstrate
_/ Cu stud flip-chip >200 GHz Industry standard low ok,
marginal for PA
- —— hotyvias 200 GHz Development low? good
(ball) wirebonds 100 GHz Industry standard low good

X

21



140GHz hub: ICs & Antennas

LTCC Array module CMOS Transmitter IC
22nm SOl CMOS.

110mW InP Power Amplifier
20.8% PAE

Si beamformer
Cu stud bonds

CPW-pstrip
transition

baseband

va

Power amplifier IC

[50°
LO/N

patch antennas

o
LTCC lower
two planes

Receiver IC

190mW InP Power Amplifier
22nm SOI CMOS.

16.7% PAE

heatsink

GlobalFoundries 22nm SOI CMOS

lcm

Teledyne InP HBT
Farid, Ahmed, Rodwell, UCSB; Flynn, Dunn, Niknejad, Nikolic, BWRC; Rebeiz, UCSD

Kyocera



135GHz 8-channel MIMO hub array tile modules

Receiver: A. Farid et. al, 2021 IEEE BCICTS Symposium
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210 GHz and 280 GHz
Array Modules
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210 GHz MIMO backhaul demo

RN

(basehnelengﬂif
wavelength - distance

7
B
w oy
b &
> 7
£ &
< . T
Y r <
< 7 <7 4x4
& < A’y/ subarray
S = & S
e 32 5 ¥ \
Q % )// -
5 8 ~ 7 MIMO
I 4 array
] P
Rru

«~ propagation
range

8-element MIMO array

3.1 m baseline for 500m link.
80Gb/s/subarray—> 640Gb/s total

4 x 4 sub-arrays - 8 degree beamsteering

mounts on heatsink/backplane —
printed circuit board \

wiring | Si mm-wave IC

to

backplane ' . 1I-V power
ko amplifiers

metal | 3

carrier |
\

\ ‘,’ \- -
aldi antenna array

on thin, low-gr substrate

Key link parameters
500 meters range in 50 mm/hr rain; 23 dB/km
20 dB total margins:
packaging loss, obstruction, operating,
design, aging
PAs: 63mW =P 4, (per element)
LNAs: 6dB noise figure
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210GHz Module: Single-Channel Backup Plan

antenna
/ substrate

top O X - ... i
PCB with | SO

DC and GHz connectors

1))

O

cross-section \\ \\ k\ & & & & k\§\\§\\§\

O

bottom

O ﬁ Products Home ! Optical Elements ¢ Oplical Lenses / Sphencal Singlet Lenses ! Flano-Convex Sphencal Lenses ¢ PTFE Plano-Comeex @
LérSes

PTFE Plano-Convex Lenses

Ideally Suited for THz Applications
Low Insertion Loss — l,f
Design Frequency: 500 GHz II -

| -
W— I|
! Application Idea
LAT115 Mounled in an LURY
LAT20:0
o LATOTS
o
LAT150 LAT10:0
ax 48 mm
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210GHz Series Feed Antenna on 50 um Fused Silica

D 0.0020|
_5_ 15)
i g A0 -
< 15— £ .
0
& '20— g 0.000
] g ¢=0
-25— =
0=90 216 GHz 220 GHz
-3[]_
E _35 T I T [ T I T I T [ T [ T
= 140 160 180 200 220 240 260 280
3 freq_ GHz Theta (-180.000 to 180.000) Theta (-180.000 to 180.000)
b 0.0020
12 015
10 i 0010|
3__ % 05|
‘E 6_ %‘i | -0 0,000
v 8§ 4 224GHz g 228 GHz
] =90
1.03 mm 5 ;
04
-2 U el ¥ ol ¥ Lo % L, ® L ® L Theta (-180.000 to 180.000) Theta (-180.000 to 180.000)
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radiated signal

antennas on
/Iow-t;r superstrate

hot via
IC-package
interconnects{

— beamformer ICs

high-thermal-
conductivity
carrier

o © — copper
IF |/O Iines, heatsink
LO reference lines, heat
array control lines,

DC power.

array backplane,
mounting plate,
heat-sink

)




The mm-wave module design problem

How to make the IC electronics fit ? o Someretrate

. . . = beamformer IC
How to avoid catastrophic signal losses ? gggg&y
How to remove the heat ?

heatsink

Not all systems steer in two planes...
...some steer in only one.

E‘ér

Not all systems steer over 180 degrees... o
...some steer a smaller angular range

@ adjacent packages tile into large array
[ J

® linear antenna array G?N PAs

= .-
g BEEEE g 11
M = 5 B & S
3 E -—.—.—.—H—-—r@ §
LI (5 e --anll, 55 3
S—
ﬂqﬁ—ﬁ—ﬁ e car’,l:;er il F':

array mounting surface & heatsink
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Materials for 100-300GHz Packages

Coupling loss into dielectric slab modes: crasing foavec

— layers must be thinner than ~4_/ 206‘:/ 2

— thin, low-¢. layers

Skin loss:
—> loss (dB/mm) oc f"?£"? /(thickness)"”

— thick, low-¢, layers

Metalized via

Stripline can't radiate Al

— width, height < 4, /2¢,” e R P

30



Packages for medium-to-high-power 1D arrays

PA heatsinking: good-high thermal conductivity under ICs

Even 1D arrays are dense:
IF, power, control, LO/N lines must run under IC
need OK line losses @ DC~30GHz
— moderate dielectric constant, high thermal K.
ceramic AIN or SiC? (~200W/K/M)

Need high-quality 100-300GHz antennas
one thin and low-¢, insulator plane required.
fused silica or similar.
for high-performance antennas
for 100-300GHz routing, if needed

array IC

fused silica

aluminum
nitride
copper




Ceramic AIN and SiC

Crystalline AIN and SiC are expensive.
Ok for high-performance DOD packages
need cheaper package material for industry, consumers

Ceramic AIN and SiC can be substantially less expensive
lower thermal conductivity

can be formed into thick layers

ceramic AIN apparently has K, ~100W/K/m

ceramic SiC apparently has K, ~180W/K/m

excellent for many packages Siicon Carbide

Fine Ceramics
Home

About Us v Products v Case Studies Technical Da Sort by Category ® L l ® Sort by Property ®

W Material Characteristics

Vickirs Mosdness

Strength (3-point Bending|

https:/lwww.ortechceramics.com/products/uncategorized/aluminum-nitride-substrate/

http://lwww.surmet.com/technology/aln/index.php

https://precision-ceramics.com/materials/aluminum-nitride/

https:/lwww.accuratus.com/alumni.html

https://global.kyocera.com/prdct/fc/product/categoryl/life/life011.html

o prosstyprg

https://global.kyocera.com/prdct/fc/list/material/silicon_carbide/index.html?gclid=CjwKCAjwvuGJBhB1EiwACU1Aiftisylcz-7Zw1pUJ2FXYrgWSHwIq1sCKNcSA6dtuBwhc6aw cmEzBoC54EQAvD BwE 32



https://www.ortechceramics.com/products/uncategorized/aluminum-nitride-substrate/
http://www.surmet.com/technology/aln/index.php
https://precision-ceramics.com/materials/aluminum-nitride/
https://www.accuratus.com/alumni.html
https://global.kyocera.com/prdct/fc/list/material/silicon_carbide/index.html?gclid=CjwKCAjwvuGJBhB1EiwACU1AiftisyIcz-7Zw1pUJ2FXYrgWSHwlq1sCKNcSA6dtuBwhc6aw_cmEzBoC54EQAvD_BwE
https://global.kyocera.com/prdct/fc/product/category/life/life011.html

The 100-300GHz 2D Array Challenge

System architecture:
Single-beam: simpler RF front-end, simpler baseband
MIMO: complex digital baseband, flexible, many beams

Arrays can be made from either tiles or trays _¢_>_<
Arrays must be vast: 100-1,000-10,000 elements i —(|>—>7§ -
Arrays must be dense: packaging challenges _¢"> <
Many DC/IF/LO lines, plus antenna interface. L —¢—>—<
Fitting IC functions into available area. S
Removing the heat. radiated signal

°°°°° antennas on

hot via A low-gr superstrate

IC-package

f 100 150 200 250 300 GHz el
Py 3 2 1.5 1.2 1 mm “g“d‘“tr?y'
W2 15 1 075 06 05 mm
06A 18 12 09 072 06 mm IF 1/0 lines,  heatin
LO reference lines, heat

array control lines,
DC power.
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The 100-300GHz 2D Arrays: tiles vs. trays

Tiles: Trays (Slats):
thinner, cheaper, lighter thicker, more expensive, heavier
less space to fit the electronics: ~0.6A x 0.6\ more space to fit the electronics: ~ L x 0.6A
more difficult to remove the heat easier to remove the heat
0,051 transceiver
air gap

antenna
substrate

radiated signal

r antennas on
hiokvia < low-gr superstrate
IC-package

: — beamformer ICs
interconnects

die-attach
solder:
0.054

array backplane,
mounting plate,

" I high-thermal-
conductivity
carrier

——copper
IF I/O ”neS' heatsink
LO reference lines, heat

array control lines,
DC power.



A simple 200GHz, 0.6Ax0.6A array can just fit

Seo et al, 2021 IMS

SRRl 000 GHz Transmitte

VY

0.75 mm (1) =

LO/N

- el . i ! i g B ) ro
miEn - s i L _ S o ke —~ = —— (1) -
- Oy 4 . 1L, B N BTl

Q¢

15

S ST LM LM L R
—| e oy, m® || [EE ) el S 24-element array
: s o ; ! B B | : 4.5mm x 4.5mm

'
-« 2.9mm
RF] RF] RF RF
\ L 1 B 1 Ll |

2:1 LO multipler:
650 pm by 500 pm

power amplifier

o

0.9 mm .9 mm

miver

0.9 mm - -« 0.9mm




Packages for medium-to-high-power 2D arrays

PA heatsinking:
good-high thermal conductivity material under ICs

2D arrays are very dense:
IF, power, control, LO reference lines must run under IC

need OK line losses @ DC~30GHz

— moderate dielectric constant, high thermal K.
ceramic AIN or SiC (~200W/K/M)

possibly LTCC; need better thermal vias, better density.

Need high-quality 100-300GHz antennas above ICs.
need thin low-¢, insulator plane above IC.
fused silica superstrate.

radiated signal

antennas on

hokvia S low-gr superstrate

IC-package

. -~ S>»— pheamformer ICs
Interconnects—[

" high-thermal-
conductivity
carrier

— copper
heatsink

IF 1/0O lines,
LO reference lines,
array control lines,
DC power.

heat
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100-300GHz array frequency scaling

AA : A A
=1 . p . #beams-(bit rate per beam) - k7TF -SNR = L ¢ **. P

received ﬁ trans 2 N2 trans
AR AR
(Worst-case atmospheric loss: ~constant over 50-300GHz)
Proposed scaling law change Implication change
carrier frequency increase 2:1 - capacity (# beams-bit rate per beam) | increases 4:1
aperture area keep constant number elements increases 4:1
total transmit power keep constant RF power per cm? aperture area stays constant
100GHz 200GHz RF power per element decreases 4:1
@\ @\ IC area/element (tiled array) decreases 4:1
W 1w IC area/element (trayed array) decreases 2:1
IC power/area (tiled array) stays constant
IC power/area (trayed array) decreases 2:1
_— S e 0.05% transceiver
IC-package M beaforier ics air gap

|nterconnects{ antenna

substrate

high-thermal-
conductivity
carrier

> — copper
IF1/0 lines, NS . copper
LO reference lines, heat carrier—
array control lines, die-attach

DC power. solder: :
P 0.05A T
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2D arrays with ICs *beside* antennas

______________________________________________________________________________

Concept: \ metal carrier and heatsink I_.,sect:on A-A" |
N x N 2D array array i %B éjf]*] o
RF ICs placed at sides | %i"% ] D Lels i@ﬂmi |
inli LY = Qi !
50Q2 striplines between ICs and antennas i § ] § |
Interconnect losses are acceptable g ! %5 e ] ﬁﬁl I
line lengths are <NA/4: low loss LS [,[\:EB ' % éfﬁ] g1
: : E ek antEnTE G - S E
Interconnect density limits array size: TR T A .Z’ﬁtﬁgggﬁﬁ?é’r%@?ﬁ Lls e
Assume: 4-layer LCP interposer (75 um layers, €,~3.3), | i.%B T e ] L L O é‘ﬁlmi |
50Q) striplines are 75 um wide O ! T%EB ¥ ﬁ] o
minimal line coupling: 150 um line spacings S ! ;: el G D B0 ¥ § L
S 4 interconnects in A/2 pitch of 140GHz array. HE = At
— 8x8 maximum array tile size at 140GHz S E Jale] s i g L
—> 16x16 maximum array tile size at 75GHz S %B 5‘4:| AEEEN EaK:; 1_, g1
IC channel density limits array size: e iU« SUSRT——
A/2 antenna pitch, N x N antenna array fed from both sides fqei\{’o” ) 7‘/2//’ e patch antennas |
- IC channel pitch = A/N. ) — — /d’fl;?r’“'
Assume 250 um channel pitch: Z N t=75 um
- 8x8 maximum array tile size at 140GHz ground planes —50Q IC-antenna stripline interconnects;
- 16x16 maximum array tile size at 75GHz 75 um width, 150 pm spacing
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Packaging for
100-300GHz Wireless

radiated signal

antennas on

ok via low-zr superstrate

IC-package

beamformer ICs
mterconnecls{

high-thermal-
conductivity
carrier

— copper
heatsink

IF 1/0 lines,
LO reference lines,
array control lines,
DC power.

-
 —— —

————
g

C

“'u
W

:ani_enna_ array

MOS transmitter IC

InP power amplifer IC



Packaging for 100-300GHz wireless

Overall Challenges:

100-300GHz antenna-IC connections
removing heat.

Interconnect density

Supply chain (domestic, R&D small-volume)

Established technologies:
effective for 1D arrays and smaller 2D arrays. ;
Low-¢, (LCP, organic, LTCC) interposers: good antennas

- metol carrier and heatsink section AR
0-5PE08 888 ] == = = ;
- : i . i

e 1
(B ppoocboo
k=

T

Cu stud flip-chip bonding: good connections = b S
- ' RO n oD, e

thermal challenges: thermal via performance and density 7ean0ann g

Advanced technologies

High-power 1D arrays: package laminates with both low-¢_and high-K,, layers
Medium-power 2D tiled arrays: low-g, antenna superstrate, high-K, interconnect substrate
Medium-power 2D trayed arrays: assembly cost, high-K,, trays

0.057 transceiver
C

antenna
substrate

iiiii

array IC T S e N ey = St e o L
cccccccccccc

rrrrrrr

fused silica

aluminum ] LS
nitride IF 1/O lines, 1 o carrier—"
LO reference lin heat i
copper array control lin dlé‘:ﬂaﬂ.ﬂh
DC power. SOIOEE:

0.051




(backup files follow)



