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SIMS  100-300 GHz Wireless

spaﬁally-multiplexed mm-\(vave base stations

Wi gy s mm-wave backhaul

High capacity: ot
potentially wide available bandwidth

massive spatial multiplexing even with compact arrays

Limited range:
high A%/R? path losses SN2
high worst-case atmospheric attenuation - \W

on each L
face
Need:
arrays with elements N o L/EE
low receiver noise figure
compact, efficient, medium-power amplifiers L7 N oc L'/ A°R® 2327705
S o ) ‘gnia:aﬁm
;7 : ST T anatiedad
Nomenclature: : 7 N o L/2R ng:if:tﬂf;:yu;m/;Z;;’Z;i;:;
30-300 GHz = 10 mm to 1 mm wavelengths b : 7 wevoeoy el
% - * 1 é \N”MO Nl gl gl e
millimeter-waves ¢ O Y .
R” L utm//
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=2 Atmospheric Attenuation

Fair-weather:

Rain Humidi
o <5dB/km DC-300 GHz umidity
L IR NIT] B A ATY 5 L Lo
s : 10° =09 humidity. 15 C
Rain at 50-100 mm/hr. (10° 1010°° probability): 130 dBkm___ 100mm/HrE ¢ 90% humidity, 35 C .
c - :
N oc <50 GHz = - = 10% .
2030 dB/km > 50 GHz ©10- WM 5 i
S SIS
L g8 | «f . 8 10" s
90% Humidity (35 C, 95 F): 5 S -
£ £ 10 = =
15 dB/km 200 GHz < 13 et -
¢ ~{ 30 dB/km 300 GHz g N 10 ]
>100 dB/km 360 GHz-10 THz = _ 107 -
(g} i L
0.1 e 10—
4 5 —— 0° 1% 10" 0% 10° 10 10" 10*
Overall V\forst-case (10™ to 10 probability): FremuEncy: He Frequency, Hz
oC f 4 < 50 GHZ sources: see list of references

a ~<20-30 dB/km 50-300 GHz
>100 dB/km 360 GHz-10 THz
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M|MIMIZ Conce pt: 640 Gb/s, 140 GHz MIMO hub sz )
Concept massive MIMO hub
64 beams at 10 Gb/s/beam 9,
128 antennas, each (9 x A/2)
70 meters range in 50 mm/hr. rain

17 dB margins: (obstruction, operating, aging, packaging)
LNAs: 8 dB noise figure

PAs : 100 mW =P, (per element)

MIMO arrays
on each

MIMO
tiled array

Kyocera: LTCC interposers.
Globalfoundries 22FDX SOl CMOS

Teledyne 250 nm InP HBT
Actual demos (with Samsung, Pi-Radio)
8-element arrays - 58888088
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70 m, 64 x 10 Gb/s hub: 140, 70, 35 GHz

Frequency 140 GHz 70 GHz 35 GHz
Handset ‘ Size I9IMmMx9mm |9mmx9mm 9mmx9 mm
# elements |8x8 4x4 2x2
Hub Size 13cmx1.0cm | 26 cm x 2.0 cm 52cmx4.0cm
# elements 128 x 1 128 x 1 128 x 1
Modulation QPSK QPSK 16QAM 64QAM
Channel Bandwidth 5 GHz 5 GHz 2.5 GHz 1.7 GHz
Transmit P, 4, /element 20.1 dBm 20.1dBm 24.2 dBm 27.8 dBm
high capacity | moderate capacity
1 RZ 2bits/sec/Hz
long range | -—--- moderate frequency P, o e?(NR |
) N N, | A2 bits/sec/Hz
short range | high frequency | moderate frequency

High frequencies are advantageous if R < 1.

Assumptions: Hub to handset downlink. Link parameters as per previous slide. Same range, noise figure, rain rate, margins.
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PIMS  Concept: 640 Gb/s, 210 GHz MIMO backhaul

Concept
8x 80 Gb/s MIMO with 2.1 m baseline
16-element subarrays (7A x 7\ antennas)

\ spaﬂally-multiplexed mm-\(vave base stations

oI (@, s mm-wave backhaul
~ _mm-wave =

Ez}’: endpoint._ .

500 meters range in 50 mm/hr. rain % ax4 - _/ T |5
14 dB margins: (obstruction, operating, aging, packaging) 2 SIS LA ]
LNAs: 8 dB noise figure # \MIMO

array

NN AN NS AN AN AN AN N
\ QAR

propagation
range

PAs: 50 mW =P 4

Demonstrated to date:
no subarrays, 1 channel

Ongoing demonstration efforts:
no subarrays, 4 x4 MIMO
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LIMS 500 m, 640 Gb/s backhaul: 280, 140, 90, 35 GHz

Frequency 280 GHz 140 GHz 90 GHz 35 GHz
1 x 8 MIMO array length, L | 1.8 m 2.6m 3.2m 51m
subarrays size 3.1x3.1cm? | 6.2x6.2cm? |9.5x9.5 cm? 25 x 25 cm?
#elements |4x4 4x4 4x4 4x4
Modulation QPSK 16QAM 64QAM 4096QAM
Channel Bandwidth 40 GHz 20 GHz 13 GHz 6.7 GHz
Transmit P, /element 19.7 dBm 16.1 dBm 16.5 dBm 19.2 dBm
100l s sommul s co
] ;_3_0_d_B_/|§rD___ 100 mm/Hr;
high capacity | moderate capacity 3| o=
2 bits/sec/Hz ] ! 3
long range | ----- moderate frequency P, 1 R p(NR | 2 g§ 1 rff
) N Ny (A2 bits/sec/Hz g i I
short range | high frequency | moderate frequency 5 1 ; :
High frequencies are advantageous if aR < 1. M e

Frequency, Hz
Assumptions: Link parameters as per previous slide. All carrier frequencies analyzed with same range, transmit power/element, noise figure, rain rate, margins.
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S2IMS  Radio link design: Implications

PRX _ NTXNRX /12 e—aR
Q Q R?

scan,TX scan,RX

Worst-case atmospheric losses similar at 50 GHz & 200 GHz

1OSE | | \\HH‘ | | \\HH‘ | \\HHE
- 90% humidity, 35 C -
4 7 (35.6 g/m® H,0) i
Same link budgets, if 10™= rain, 100 mm/h s
# array elements are moderately increased @ 200 GHz _\% 103 rain, 50 mm/h i
If comparable PA and LNA performance can be obtained. Q ,
—> work on LNA.s,_ PAs, < 10 = 20 dB/km 3
work on realizing much larger arrays B 10t 77T, . i
= T
z 1 S
But, any terrestrial > 50 GHz system will be short-range. 10-1; ! N : -
3 | I : g
2 ] 1 ) I C
10" = , o ! =
I R : -
10-3 ‘ I I \\HH‘ I I \\IHH‘ I T TTTTT
10° 10" 10" 10%

Frequency, Hz
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BIMS  100-300 GHz Wireless ?? Even 39 GHz is hard !

Viable 100-300 GHz wireless systems need:
acceptable range, useful capacity, low DC power, low hardware & deployment costs
issues: A%/R? (beam diffraction) and atmospheric losses, beam blockage

Low communications density (Gb/s/km?) ? > widely spaced hubs
Lower deployment costs
Long distances, high propagation losses
Lower frequencies are much better.

High communications density (Gb/s/km?) ? - densely packed hubs
Less Gb/s/hub
Short distances, smaller propagation losses
Higher frequencies can work well, can provide very high capacity

Research for future high-capacity communications:
(1) demonstrate high data rates
(2) reduce cost, reduce DC power, increase range and operating margins.
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° B Igorithm, D i : Madhow, UCSB
LIMS  MIMO System Design seamspace ortm Dynomic ange: Madhow

More antennas than signal beams: spatial oversampling (averaging). e .

. . . backhaul e = - ;ﬂp‘gmt Pole- or wall- mounted /‘///Dﬂ
Given QPSK, 2:1 spatial oversampling: ol [ i ﬁﬁ T ey
ADCs/DACs only need 3-4 bits [ i e

RF/IF/baseband chain needs P, only 4 dB above average power

Phase noise requirements similar to single beam system

Efficient digital beamforming using beamspace >'[>|% I::’QE
First compute (low-resolution) spatial FFT. sinl Teos § g §
Then cancel crosstalk between closely-spaced users E 3 5 -
Wideband MIMO arrays: use spatial & temporal FFTs >-[>|%; 3 §

"true time delay" L :E’:'aé

M. Abdelghany et al, IEEE Trans. Wireless Comm, Sept. 2021
M. E. Rasekh et al, IEEE Trans. Wireless Comm, Oct. 2021

A. Puglielli et al, 2016 IEEE ICC

M. Abdelghany, et. al,, 2019 IEEE SPAWC

S. H. Mirfarshbafan et al, IEEE Trans CAS 1, 2020

O Castafeda Fernandez et. al, 2021 ESSCIRC

M. Abdelghany et al 2019 IEEE GLOBECOM
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Transistors for 100-300 GHz

CMOS: good power & noise up to ~150GHz. Not much beyond. Best published mmwave results at 65-16 nm nodes.
InP HBT: record 100-300 GHz PAs, record integrated transceivers
SiGe HBT: power better than CMOS, worse than InP HBT

GaN HEMT: record power below 100GHz. Bandwidth improving
InGaAs HEMT: world's best low-noise amplifiers

PAE (%)

Noise
18 .
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m
=
914_
>
k=2
LL12_
3 o0 ©
(@]
Z10 ()
Z ®
2 1 @
5 8 ®
Q
§ 6 ] . .
& @)
4] Cp
]
100 1000

Frequency (GHz)

=
o

110- 140 GHZ PAS

140 GHz 114 GHz

140 GHz
130 GHZ '125 GHz
135GHz 140 GHz 138
140 GHz
135 GHz 130 GHZ
114 GHz
140 GHz . 132 GHZ.
136 GHz

120 GHz ™10 GHz

PAE (%)

10 15 20 25 3
Psat (dBm)

GHz

140-170 GHz PAs

||||||||||||||||||||

Results compiled 8/16/2023

Lr02P0CGHZ PAS 1

220GH2.
150 GHz . 220 GHz
161GH2.
10 =10 7]
- :e\-o/
g
- <C
0 GH ' o
17 z
180 GHz
'lSOGHZ
220 GHz
. 181 GHz
147 6Hz @) @ 956Hz
200 GHz
1 IIIIIIIIIIIIIIIIIIIIIIII 1 II.IIIIIIIIIIIIIIIIIII

5 10 15 20 25 30

Psat (dBm)

5 10 15 20 25

Psat (dBm)

PAE (%)

220-330 GHz PAs

10_

GaN HEMT
InP HBT

Si CMOS
SiGe HBT
InGaAs HEMT

260 GHz -

O
. 270 GHz

. 245 GHz

5 10 15 20 25 30

Psat (dBm)
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2IV2 InP Transistors and ICs @&

30 nm InP HEMTs: 1.5THz f__,, 1.0THz amplifiers 5 = el Bew il NG

E {50 e o §zs
W. Deal et al., 2016 IEDM (Northrop-Grumman) , Elii i E ﬁxD é
§IS MSG/MAG
I °‘H§EBEB‘D "o fuun=1.5THz
O T ’ f,=610GHz. T:l
° ? ~i. :
o o L ===t o * Fr:‘:tencv(Gfk) o
130nm InP HBTs: 1.1THz f ., 3.5V. 670 GHz amplifiers ;
M. Urteaga, et al., IEEE Device Research Conference, 2011. 30 i 1 o //\
M. Urteaga, et al., IEEE Proceedings, 2017 (Teledyne, UCSB) 2 0! 2 /;-Q
R 20 %20
S Ay /A
8 10 M /— —
sl 1:=6.9mA  f=521GHz ’
Vee=1.6V  f,,=1.15THz 0
o 1] 1 2 3 4

h
9 X0 KT 12

Frequency (GHz)

. 40~
250nm InP HBTs: 650GHz f._, 4.5V. -
Z. Griffith et al., 2007 IPRM conference (UCSB) 120 4 A =025x40 un’
10 Ibs‘ep=85uA
M. Urteaga, et al., IEEE Proceedings, 2017 (Teledyne) N’E; 8
L
10 A.=0.30x2.0un? e % Jed T 3
5] =801 mA Y, =136V W T TR GHE 2 ;
. —J-100mAIumV =04V f= 424GHz“x‘ () A ———
THZ HBT Scallng Laws 0 T T TTTTT0 T T T 11T T ||||||| 0 1 i’ Va 4 5
10° 10 10" 10" V)
Rodwell, et al., IEEE Proceedings June 2008 (UCSB, Teledyne) Fregbeney, (H2)

Contacts: Baraskar et al., Journal of Applied Physics 2013 (UCSB)
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m lM s . M. Urteaga, et al., IEEE Proceedings, 2017 (Teledyne) @.
Connecting Minds. Exchanging Ideas. n S . = Z Z. Griffith et al., IEEE CSICS, 2010 (Teledyne) N

M. Seo et al., IEICE Electronics Express, 2015 (Teledyne)

208 GHz master-slave latch 688 GHz fundamental oscillator

i Qesses eee : ...‘ '.. ««| Divider OUEE

10-stage drive amplifier Balun =

lF . oo e oe e é ks ..
3T |F e o . S0 e . . . . . . ot
Output Input 3 & 25 “. - Dual Branch DriviérAm.pIifie:r. e — RF
RF p & o ve ' ::8 Output
Input
PLL R L. .195GHZ PLL
REF .
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PIMS Bipolar Transistor Design

Ty = sz / 2D,
=T./2v_,

C. :gA/T

Rodwell, IEEE Proceedings, 2007 :\: R\
R

)/ TS

I c,max electron A\e (Vce operatlng ce ,punch-through

AT oci 1+1In 5
L. W

€

Rex — IO contact/A\e

We Wbc /O contact

R, = +
" pSheet 1 2 Le 6 Le A\:ontacts
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PIMS Bipolar Transistor Design: Scaling

Ty = sz / 2D,
=T./2v_,

C. :5A:/T

2
I c,max electron A\e (Vce operatlng ce ,punch-through ) / T

Rodwell, IEEE Proceedings, 2007 :\/ R\
RAUS

AT oci 1+1In i
L. W

e

Rex — IO contact/A\e

We Wbc ,0 contact

R, = +
7 pSheet 1 2 Le 6 Le A:ontacts
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PIMS Bipolar Transistor Scaling Laws

Rodwell, IEEE Proceedings, 2007 ;@f \%

Pt/Au
I e \ Pes to double the bandwidth: change
SN emitter & collector junction widths decrease 4:1
Pt/Au '
T proe current density (mA/um?) increase 4:1

P+ InGaAs base current density (mA/um)
N- InP collector

constant

N+ InP subcollector : 2
; collector depletion thickness

decrease 2:1

Narrow junctions. base thickness

decrease 1.4:1

emitter & base contact resistivities
Thin layers

High current density

Ultra low resistivity contacts

decrease 4:1

MTT-S
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PIMS  Ultra low resistivity refractory contacts for THz HBTs @

Baraskar et al, Journal of Applied Physics, 2013 (UCSB)

10-SZ ‘ SR ‘ “‘HHZ ] ‘ B w— ‘ E— : “‘HHZ B . B ' “‘HH:
] . 5 1 P-InGaAS r ¢ =0.3 eV _ 5
Ohmic contact resistivity: | NnGaAs; | E y02ev NnAst
the key challenge for THz HBTSs. . 10 | ] I
$ ] 32 nm (2.8THz).
Refractory contacts: < node
. . > 10'7—, ] L requ:rements
robust under high-current operation Sl ;
» ]
. ]
Low penetration depth: ~ 1 nm x 10°- —— S - AT 7T —
[&] ]
S N\
o £ 5208 VI RO j
Performance sufficient for 32 nm /2.8 THz node. § 10° | " 06ev “‘& i 470V j
g ] 0:2 ev DN : step-barrier
] I ] step-barrier ] ! Landauer
Why no ~2 THz HBTs today ? 17 L andauer - | Landauer :
-10 T T T T T T T T T T T T T T T T T T T
Can't reproduce such base contacts 1008 10 10°  10% 10® 10 10® 102 10® 100 100 102
in full HBT process flow. Electron Concentration, cm™ Hole Concentration, cm™ Electron Concentration, cm™
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InP HBTs: 1.07 THz@ W_.= 200 nm =~ "™

base contact

Au
Pt-InGaAs
reaction
emitter " i«
Frequency [GHz]
— . 2./nm
—
L7nm| - hase 14 . 1nm 2
setback
grade
10 nm - -

COIleCtor Frequency, Hz



PIMS Challenges at the 64nm/2THz & 32nm/3THz Nodes

Need high base contact doping o]
>10%%/cm?3 for good contacts 6

. . . ~ 10
high Auger recombination s
very low . ‘;10.7‘\
Need moderate contact penetration g oo aTHztarget \\y
Pd or Pt contacts 5
react with 3++ nm of base § 1o " ooey
penetrate surface contaminants sep barer
too deep for thin base 10™

€102 ‘s21sAyd paljddy jo |euanor ‘/p 13 Jeyseleg

Solution: base regrowth:
thin, moderately-doped intrinsic base
InGaAs or GaAsSb @ 10%°-10%°/cm? SN\
thick, heavily-doped extrinsic base | |
P-GaAs, ~102!/cm3 —

Hole Concentration, cm™

base contact

Au

Pt-InGaAs
reaction

emitter

setback
grade

collector Rode et al., IEEE TED, Aug. 201

collector

IS S S T

process MOCVD
e/b junction regrowth

MTT-S
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PIMS Regrown-Base InP HBTSs: status at end of effort.

Good DC data: even given regrowth Y. Fang et al, 2019 [EEE DRC (UCSE)
refractory Mo/W/TiW emitter contact
maintains low p..

Excellent base contacts; but hydrogen base passivation 103
0.4 Q—pm? resistivity for GaAs/metal contactv’ _ | < 10°
290 Q sheet resistivity for regrown base v/ g o ]
0.60Q2—um? resistivity for InGaAs/GaAs contact X - P
1940Q)/ sheet resistivity for intrinsic base X 1071
(hydrogen anneal needed further adjustment) abmee/ S
- i B 10 0.3 04 05 0.6 0.7 0.8 0.9
| HBT vV, V) V._(V)
I
I
Base metal | ~ Short!
Y 2 T Py (N .| e
Intrinsic base | J %:g: ,x %igg- p:::f“-”ﬂ-m-um’
Drift collector : .‘220‘ % 3331
& Ig- . p—Ga/l\s(4c20l)/Pt/Rul/Pd/Au- = 103 ---------- __p-GaAs/p-InGaAs|

MTT-S 7 -
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llI-V FET scaling laws to double bandwidth ———

Needs:
shorter gates
thinner channels
less resistive contacts
thinner (equivalent) gate dielectric
greater channel charge

State of art: 32 nm gate length HEMT
1.5 THz fmaX(Northrop-Grumman)
semiconductor gate dielectric limits further scaling

Making faster field-effect transistors

Scaling laws: Rodwell, IEEE DRC 2010
1.5 THz HEMTs: Deal, 2016 IEDM
1 THz MOS-HEMT: Whitaker, IEEE DRC 2023

FET parameter change

gate length decrease 2:1
transport mass constant
2DEG electron density Increase 2

ate-channel capacitance density

iIncrease 2:1

dielectric equwalent thickness

decrease 2:1

channel thickness

decrease 2:1

channel state density

increase 2:1

contact resistivities

decrease 4:1

60 .
L f 1THz
. . s0s fma4z>35 GHz zgzl ’
Further scaling may be feasible et s —o— MG |
target ~2 THz f .,
lower F.in @ 100-300 GHz o - S 0} xbsig.zz
high-K ZrO, gate dielectric o B
increased charge: InP channel ? e o o "

Frequency (GHz)

€ IEEE 3=
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BIMS THz InGaAs-channel MOS-HEMT

Gate dielectric:

0.83 nm ALO|N, / 1.7 nm ZrO,

improved electrostatics vs. ~¥6 nm InAlAs.
potential for improved (f, f_.,) with scaling

Remaining scaling barrier:

Limited (low) state density of InGaAs channel
Barrier to necessary g.,/W, increase with scaling
Theory (right/wrong ?) suggests using InP channel

fma >1THZ| —d—u )

f 485 GHz —e—H, ] —o— 1L, =20nm
—9—“80 1.0} —e—l,‘-36um

~ 409 1 B S
% _ Vs = 0V -0.5V b_v
=30¢ :
3 Z
O 20} , M £

ol Ves=02V L

IDS-052§ mA/um S LTiN
10° 10! 102 10} 0 0.0 02 03 04 05 0.6 07 08 09 1 11

Frequency (GHz) Vs )

MTT-S
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L. Whitaker et al, 2023 IEEE DRC (UCSB) @

Vi

_Aldnim

143 nm ' ‘ 573 nm

100 nm

200RG227-R
RMH-36-8

AIOXNy/Zr02




BIMS  Transistor layouts: 1, V, Z, and P.

P.=AV-l__ /8
: . —A)—
R, below 25 Q2 or above 75 Q is hard to realize. R =AV /I,
Jmax
AV ~
o = o J .. - (number fingers)(finger length); = RL
L t\b
V..orV
— (number fingers)(finger length) = av < b3 PR
o RL FET gate fingers = N,
Large AV, small J__. ,orsmall R : i i e
long fingers or many fingers — layout parasitics — lower f___ . W“ g s i
Higher frequencies need smaller layout parasitics
— shorter fingers (length __ oc fY?), fewer fingers (#,, o ™) Binola
: T : L
Technologies with high AV and low J,_._ are problematic. M mm 4 _ mm mm

f

# emitter fingers = N,

MTT-
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transistor

lossless 4-port [HI.J.]




IMS  100-300 GHz: transistor requirements, IC design

Transmitters need:
high power-added efficiency PAE = (P, — Pi,)/Ppc

high added power density (P, -P.,)/(gate width, emitter length) baseband processor

s, LI L = <
A ] - . —<
° o § = § § sinx Icos :<<
Receivers need: g olgl 5] - B
. 2 B¢ S o I array RF . :<<
low cascaded noise Fosc = F+(F—1)/G+ (F—1)/G* + - =3, 3| | [fontend *
g / '% = ; X :<<
2 Q e ) sin Icos —€
P> TR

Need reasonable gain/stage.  baseband processor
die area, power, | < - Eéf: ;[ > =
accumulated gain compression D S [> 5 N S [ B T e
power power R gl [3] | ¢ frontend =%
Do el B
-§ Q(-(-E-(- cos Isin —
o B - ; —<€

At 100-300 GHz, transistor performance is marginal...
...how do we design PAs, LNAs, for performance close to transistor limits ?

olEEE A4 m';w WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems
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SIMS  Where the IC designer can't help

mm-wave transistor gain is low: gain-boosting is common

Common-source vs. common-gate.
Capacitive neutralization. Unconditionally stable positive feedback (singhakowinta, Int. J. Electronics, 1966)

—o0 —t— JB;
i [ out [ Maof ‘;‘EE{,, - e
°— Jossless & passive [° L= fff

Such circuits don't improve the parameters that matter the most.

The circuit* doesn't change the transistor minimum cascaded noise figure. (Haus, Adler, Proc. IRE, 1958)

The circuit* doesn't change the transistor maximum efficiency vs. added power curve.

Fgsc=1+M=F+(F-1)/G+(F—-1)/G* +

)

DC
P.-—-[>—-P
in out

PAE = (Pout-Pin)/PDC

*If lossless, and given the correct source and load impedances. added power = (P, P, )

MTT-S
QIEEE A AN WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems



BIMS Noise Measure Invariance @

Cascaded noise figure F. , noise measure M.

F=M+1=F+(F-1)/G,+(F-1)/G%+... , h» w

Minimum cascaded noise figure F.

,min?

optimum noise measure M

transistor
...minimum values obtained with optimum source impedance. -
opt.T I |
C’\5 i L"j Zir
(and hence F. ...,) are invariant with respect to lossless embedding. * '
amplifier
_ _ Z [
In any IOSSIeSS LNA tOpOIOQy’ Ivlmin,LNA - M min, transistor ? I:C,min,LNA - |:C,min,transistor' <,\5 f’pu I—|L‘ Zl
L4
gen I

Fe minuansistor dEFINES the lowest acheivable LNA cascaded noise figure.

lossless passive embedding network

a=0 v _I(—m %

o #0

H. A. Haus and R. B. Adler, "Optimum Noise Performance of Linear Amplifiers," in Proceedings of the IRE, vol. 46, no. 8, pp. 1517-1533, Aug. 1958.
N. Baniasadi and A. M. Niknejad, "Noise Measure Revisited for Design of Amplifiers Close to Activity Limits," in IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 69, no. 6, pp. 2276-2283, June 2022.

MTT-S
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PIMS  Noise Measure Invariance: Implications

All lossless circuits using the same transistor have the same M .. _| —
Common source/emitter has the same M _. as common gate/base. »‘l % i %
LI LI J-
Reactive feedback for simultaneous noise and gain tuning T — —_|_:\/\,_b.as e
does not change M __ . '?fipen) TR
T
Capacitive neutralization for gain-peaking does not change M . . |— JB —|
O— 2-port o © 2-port 0
Singhakowinta's feedback does not change M. .. J’ - 57 1
7T
| » | N =
.. in all cases *given that the appropriate Z_ .. is used™. _| —H
and *given that the embedding circuit is lossless* Al
e
For lowest LNA noise, pick topology with smallest tuning losses. _| Ry

QIEEE AA mM*tH"ﬁ WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems



oniIMS

e Cascode LNASs and noise measure invariance

Simple cascode:
Sub-optimum Z

source

— Cascode stage F. > F,

,cascode

for common-base stage

C ,transistor * @

<J Zout * Zopt,CB

Cascode with internal noise-match

- tune
Optimum Z_ ... for common-base stage Zosice
— CaSCOde Stage |:C,cascode = I:C transistor * @ l
Cascaded common-emitter stages —
Optimum Z__ . for each stage opt.ce
I:C,multi—stage = I:C transistor
Cascaded common-base stages .

opt,CB tune

Optimum Z ... for each stage & JJ
|:C,multi—stage = FC transistor

& IEEE B3

WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems

J Zout = Zopt,CB

Z .=2

J out opt,CE

‘J Zout = Zopt,CB



g IMS | NA design for noise close to transistor limit

Connecting Minds. Exchanging Ideas.

4) Capacitance in common-base; just like

—HE

1) Goal: low noise measure, not noise figure
coe inductance in common-emitter, allows simultaneous
> D D D D tuning for zero reflection coefficient and minimum M
F-1 F-1 F-1/G SR
I:cascade =M +1=F+ + 2 to = . . A& K
G G 1-1/G 5) Write ADS Python code to display D

F =noise figure, M = noise measure source impedance for minimum M. "'{ &

2) Find bias (J,V) for lowest noise measure
cascatods_minve AU VS @01 0CH 6) Scale transistor size to eliminate series tunmg element.
v, o+ lfb,-as | Veb=0.3V,0.4V,0.5V, For =657 dB Less input tuning-> less noise from passive element loss.
C E| as Ccascade, min~
- ‘- given:
_je=0_5 mA/um’ Yopl G,%jB, Yop[ =KG,+jKB,=1/(50Q0)+jKB,
V,=0.3V Ly 1 KL, ki1,

TO00DTIRE

T KC,

No series tuning element !

To

50C2 source 3(
50Q) source

3) Minimum M is independent of circuit configuration®;
pick for high bandwidth or high gain/stage (= low P)

7) Result: F = 7.4 dB (F=7.2 dB, G=13 dB) given F, .....= 6.6 dB

B ¥:§% |—) % <-- all give the same minimum M...
15

but common-base gives highest gain U. Solyu et. al, 2021 EuMIC

T
? - 1 (InP HBT @210GHz).

*HA Haus, RB Adler, Proceedings of the IRE, 1958

- Simulation
— Measurement

195 200 205 210 215 220
Freq GHz

MTT-S
WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems
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oniIMS

Connecting Minds. Exchanging Ideas.

100-300 GHz Power combining: what is best ?

Corporate T-line Direct series-connected

M. Shifrin: 1992 IEEE uWave/mmWave
Monolithic Circuits Symp. (Raytheon)

Cascaded combining
A. Ahmed 2018 EuMIC, 2021 RFIC (UCSB)

add( dl out ] addt d?2 om 2 addc d3 Om 3
e e L > L) L)
14 3:2
:II_ m t onr t out t oul t
+ + + + + +
2v —I (—)
qr (_ _I _________________ Vin,t Vour t I/in,t out,t V out,t
iy | 2 A - | I - | I - | I ¥
- | 5 5 &
common,t common,t common,t
Var > | = = S €
A out,t I
- |
|
—I : commonl common?2) common3|
load-pull I

LT

J,

LT

Distributed Active Transformer
I. Aoki, IEEE Trans MTT, Jan. 2002 (CalTech)

Balun series-connected

A/4 baluns: Y. Yoshihara, 2008 IEEE Asian Solid-State Circuits Conference (Toshiba)
sub-A/4 baluns: H. Park, et al., IEEE JSSC, Oct. 2014 (UCSB)

& IEEE B3
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2IMZ On-Wafer Interconnect Losses @

Interconnects in packages and on PCB:s:
H oc 1/frequency (to control radiation loss) — W —

loss (dB/mm) oc (frequenc:y)?’/2

loss (dB/wavelength) oc ,/frequency

Interconnects in ICs:
H is independent of frequency

loss (dB/mm) oc /frequency

loss (dB/wavelength) oc 1/,/frequency

MTT-
@IEEE AA) e WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems



LIMS  |nvariance of PAE vs. added power

Py = ] P P,
Given the correct source and load impedances, - L <5 L 1,
all (lossless) power amplifier circuits have the same @5‘2 '—KI — @5‘3 ¥ 7 '—KI v, v,
maximum efficiency vs. added power curve. — - - -
V3 : 1 lossless 4-port [HI.J.]
...which is that of the transistor itself. | o Ho .. |
Pl= S ' R+P=—(F+F)
Vv, : V,
0, L 10,
Things that don't change PAE: Vi Vo by o Hy) > (Vo Vo b 1, 200 B Z3y)
Source/emitter inductance in common-source/emitter
Base/gate capacitance in common base/gate. r) P
Capacitive neutralization N Prl>*Pom
Singhakowinta's unconditionally stable positive feedback. T o
o kS
Design for highest PAE: b i persrm—
Pick topology with smallest tuning loss. e
Pin Padded Pout
Real PAE design:
PAE, accumulated gain compression, bandwidth, IM3, ... o -> L’ -> -
|z, |5
v T v

MTT-S
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oniIMS

e 1 FANSiStor stacking. Why ? Why not ?

%

Lower frequencies

g i M, g
| - g
1’4\7 sww O f (-.\[-l)lﬂg i il = .\ﬂﬂv
TS T
R,=Z,
P=M?3IV

Higher frequencies

Corporate combining

length < 1/f-> large die area X
dB loss « 1/\/79 high loss X

length < 1/f-> small die area v
dB loss « 1/\/79 low loss v

Series-connected

€ IEEE 3=

more transistor fingers per cell > ok v/

more transistor fingers per cell> parasitics X

WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems




oniIMS

e CaSCade Combining: Why ? Why not ?

<

&
HFE)
(z-lxv):( [-W)

Lower frequencies

Higher frequencies

Corporate combining

length < 1/f-> large die area X
dB loss « 1/\/7% high loss X

length < 1/f-> small die area v
dB loss « 1/\/79 low loss v

Series-connected

more transistor fingers per cell &> ok v/

more transistor fingers per cell> parasitics X

Cascade combining

& IEEE B3

large interstage matching networks X

small interstage matching networks v/
small # transistor fingers per cell > ok v’
cascade cell pass-though losses X

WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems




100-300 GHz ICs
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ZM2 InP HBT Amplifier: 500 mW, 14.9% PAE, 150 GHz ¢

Teledyne 250 nm InP HBT; 2 mm x 1.5 mm adaptive class-AB bias Alizadeh 2023 IEEE BCITS

]RF’ ]DC'

DC

RF bias

] gain AN\~

IRF

)|
/1

combination of corporate
and cascade power-combining

Output power, PAE, and Gain Peak PAE with associated output power & gain vs. frequency Adaptive class-AB bias currents vs. output power
PR N S S T S I S T S I S I N 25 PRI N T N T T N T T T N M T A T N N A S M A

—_ 30 ] 150 GHZ . 30 20 600 . 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 N
Q ] E 7 i ] 138 GHz L
~ i S - r < ] [
£ i e . - € 5004 -
8 25 <° i i Iy ] stage5 a
< : o4 25+ L 15 o = ] -
) ] x E @ © 4004 o
5 ] g% ] [ = 3 1 stage 4 :
S 20 = L3 2 300 -
S . 68 S 5 ] -
8 ] E_.% 20 <— - 10 ¥ % 200_: :—
s 15_- [ E ° : : @ ] / .
3 1 e simulated %— | i 100_: stage 3 :—
i measured @) 4 L ] -
10 L L DL L L L e 0 15 LN N S I N B O N B N B N N L S N B B 5 0 ] ——— T T T T o
-2 0 2 4 6 8 10 12 125 130 135 140 145 150 155 160 0.1 0.2 0.3 0.4 05 0.6

input power (dBm) Frequency, GHz output power, W

MTT-S
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oniIMS

Connecting Minds. Exchanging Ideas.

o
9 ¢ RF
oo out
g ®
é VBB B RB RB
Ry C C C
a B B B
3
(transmission line for DC return) R.Fm
<+ T T T T
combination of corporate and cascade power-combining
30 ; 1 r . . .
Sim, ====== Wafer-1 sssesess Wafer-2
Vcc1T Vcc1? A Vi TVccz
For all transistors: WH
§ Je=1.5 mA/pm Ves
E _— Ppcq=50 mW IIH out, in1
s @ RBP Vs
= = t i F
s g stp Ves e in H
< ® 0} T LTI L LR " out in
£ g 10 ~ RFin H T V.| |RPa
£ g \‘\__--sﬂ'¢—.\ o e—in out in I outi——e
o a -20 = -~ Ves 'H
g i 1x4x5 pm STD ,
& : Rs=150 Q uH outs ins
=30 i Cp=63 fF i
IMN out; ing
-40 2x4x5 pym
225 GHz Rs=150 Q o
-50 Cg=63 fF
o 40 190 200 210 220 230 240 250 260 270 280 1SMN12 ISMN23

Teledyne 250 nm InP HBT (reduced base post)

Thermally ballasted 4-finger common-base cell:
increases maximum V..

Frequency (GHz)

InP HBT Amplifier: 78 mW, 18.4% PAE, 220 GHz

7 N
@

Alizadeh 2024 |EEE MTT Trans. ; to be published

©IEEE Y%=
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ZIM2 InP HBT Amplifier: 16.8 dBm, 4.0% PAE, 266 GHz &

Ahmed et al, 2021 RFIC
Teledyne 250 nm InP HBT

4-stage capacitively degenerated common-base

Cascade combining: _u—

~40% of Pout from output stage
~40% from driver
~20% from pre-driver.

<¢— ftune
)|

I
<4+— fune

Improved PAE feasible with re-design, or using 130 nm node

30 . — e e L VCCPA ouT ? 25 1 | 1 1 1 5
o e : . B— 41 combiner | : -
: ~ o = BBPA ] Gain [
g " Stage4, 961Lm o 20 4
—-N 10—' - : = ] i
@ Jea-="" Stage3, 961Lm £ 15; p o
- 04 [ : = o ] o s =
o 77 Vecdriver | | [1:2 split][1:2 spiit | E W
- o 1 2 o
e [ Stage2, 48um = 40 -
2 VBBdriver : ' & e :
204 ---- simulated IS11] B 1:2 split 5] L1
4 -
——measured Stage1, 24pum 1 C
30 4+4—/—>—+—F—7—7———7T"—"— HBTperiphery 0] )
220 240 260 280 300 320 (®) & IN RN AN LR L b
-15 -10 -5 0 5
Freq , GHz Pin dBm

MTT-

il WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems
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LIMS Record PAE @ 220 GHz

IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS, VOL. 34, NO. 4, APRIL 2024 431

A 220-GHz Power Amplifier With 60-mW Py,
and 23.5% PAE in 130-nm InP HBT

Zach Griffith™”, Senior Member, IEEE, Miguel Urteaga"-;', Fellow, IEEE, and Petra Rowell

Key finding: RF breakdown > DC breakdown (thermal effects)

T-
QIEEE A4 %":{‘;ﬁ:ﬁ WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems



LIMS 200 GHz Low-Noise Amplifier: 130 nm InP HBT @

Unpublished data: do not distribute outside this workshop.
5-stage common-emitter design.

F =6.3-5.5 dB over 180-217 GHz; record for bipolar transistor
-22 dBm IP1dB at 210 GHz.

12-16 dB gain over 170-220 GHz

7 mW DC power dissipation.

Alizadeh, Park, Urteaga, Rowell, Rodwell, to be submitted

10 L e S B N S EE A B S B S I R
_'._'Sim 210GH —a— Gain—e— Output P
z —&— Gain—e— Output Fower
9 - T T T Meas 20 T T T T T T T =-5.0 20
i 18 L6LS 15 78 15 ]
5 *F 12.412.412.412.5128127;5 4170 7 - = 102
- ! - J -4 -1 —
F =6.4-5.6 dB 10+ ' . E
o~ o cascade,LNA ] 1125 E 3
m & il
7t : & s 1-150 2 0
e e ko) [0 |
Z T O Ty e S e P ] z OfF 1175 8 .
®ogH®s 83 | _.—-—F 'S a 7
6 E %W& ‘.&mﬁ‘““ ©60%06.03 o7 f - 8 1-200%5 -10—-
[ =a= 81 ¥ i aQ ]
s 79 @571 =
. @63 @set ] 2 {-225 3 ]
| T -0 -20]
5| 3 -4-25.0 i
= 4 -275 ]
4 : | i | L 1 + | : | 3 | | L | L | : | : _20 A 1 A 1 " 1 .: 1 A 1 A 1 " 1 A _300 -30 T I T l T I T I T ] T I T
175 180 185 190 195 200 205 210 215 220 225 -40 -3 -30 -25 -20 -15 -10 -5 0 120 140 160 180 200 220 240 260
Input Power (dBm
Frequency (GHz) P (@Bm) freq, GHz

MTT-S
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Connecting Minds. Exchanging Ideas.

Teledyne 250nm InP HBT

=
o
1

=
©
O]
c
=t
2 207
g 157
c
o
®)
X
'_

a1
M

: LO multiplier
i chain

25 GHZE

Inverted microstrip |

. L ~ 20 GHz bandwidth

—+—Meas. LO @ 203 GHz
——Meas. LO @ 207 GHz
——Meas. LO @ 210 GHz B
----- Sim. LO @ 207 GHz L

o

190 195 200 205 210 215 220

RF Frequency (GHz)

— a1 ~ 16 dBm Psat L

Saturated RF Power (dBm

Normal microstrip

—e—Meas. BB @ 1 GHz B
—— Meas. BB @ 2 GHz i

111

190 195 200 205 210 215 220
RF Frequency (GHz)

RX Conversion Gain (dB)

210 GHz Transmitter and Receiver ICs

Seo, 2021 ifin
IEEEIMS 7

LO multiplier
chain 7 oo

25 GHz
(222

30 1T

—e— |Meas. LO @ 207 GHz
----- Sim. LO @ 207 GHz

B R NN
S o1 o o1 O U
P RN TR MR R |

RF Frequency (GHz)

185 190 195 200 205 210 215 220

Noise Figure (dB)

12 4— ~ 8.5 dBnoise figure T
11 3
10 4~ 3
8y TV ;-
73 -
6_: —e— Meas. 3
54 -—-sSim 3
4 ] v I ' T T T T T

190 195 200 205 210 215 220
RF Frequency (GHz)

€ IEEE 3=
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SIMS 280 GHz Transmitter and Receiver ICs

2023 EuMIC

Teledyne 250nm InP HBT

11 1 1 I 111 1 I 11 1 1 I 11 1 I 11 1 1 I 11 1 1 I 11 1 1
m 207 . A
S | ~ 10-12 dB noise figure [
W s &f Wl L{ =< ] [
ami S m . 0
...“ |adan '““I-w' LNA I-Q mixer LO multiplier chain N 15 i
0° 90°) D E L
4 : = ] :
90°0° LO e 10 -
%Zo ref. S - -
2 ] [
LL { —®— Measured noise -
Q 57 =---- Simulated N
o - L
Z - L
0 LI | T T T I L I LI I LI I T T T I LI B
250 260 270 280 290 300 310 320
RF Frequency, GHz
16 B S S SN S S S A W SV S S — L
i 1-Q mixer " ] ~ 13 14 dBm P, E
[aud jaadd] . —= 7] B 8 : :
— 2 12 -
PA 180° : F
T 10 —
1.19 » ..I, é
) S 4 -
Performance disparity: 3 ] b
problems with PA driver & @
4
2 Meas. BB @ 100MHz
Meas. BB @ 1GHz [
(0 Ve ot ot o e B e 1) B St o B e e (1 T (L
250 260 270 280 290 300 310

Freq (GHz)

MTT-S
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Juitding | (bulldling j design 1 design 2
TR A I nnnnmnmm
elements

field of regard H L
(scan range)
7

R

angular resolution sectors

array on pole

angular resolution sectors




LIMS The mm-wave module design problem

How to make the IC electronics fit ? omemas
How to avoid catastrophic signal losses ? W e Ll
&&g&&&
How to remove the heat ? \//
heatsink on sul:satsrate

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

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

@ adjacent packages tile into large array
: linear antenna array Ga‘aN PAs
h) = ]
8 -—H—.—I—I—-—r@ 3 |8
: = 5 E
& Si E -—I—I—.—I—I—-—r@ Si g
@ c = e 4 |3
g E -—-—I—l—-—l—-—f@ 418
e o o -
3 PCB E r@ PCB § 50, 5&
p—— — = o i 2))) i
I 1T ir 1T 1 == 2 T _,4_4///
module metal carrier i = :////// ~3 k ; 57///

array mounting surface & heatsink ~0.5A ==

MTT-S
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S2IMS Do we need 2D arrays ? 1D steering might be fine.

1/sin?¢ sidelobes provide strong signals to tall buildings. o o
Providing sidelobes reduces broadside gain by less than 3dB. ~ |building | |building |

— Don't need 2D arrays to serve tall buildings g,

! /
iy 2

-

directivity

n 25 o él mobile
] ' S users
© 1 WIthOUt D*(sin2¢y/sin2d) S . .
- 20 1 sidelobes
QO ] °
% 15 _; angle, (1) :\ “
@ : \
o 10 N
'-CUE) ] 3 building| Hmax
S 91 with D sin’ /sin’$ sidelobes - S
O : 0 0 S
- - o, O e e e e | i e
& 0 e S N
1 10 100 5 pole

vertical full width beamwidth, 2<|>O, degrees

MTT-S
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BIMS 5D vs. 1D: Don't aim beams in useless directions

2D array 1D array

[
1 L elements

elements
) ) individual beam . . individual beam
2D array field of view / 1D array field of view
S / .
; X v
s
% L
E .
o . |
w]
=
g .

horizontal beam direction horizontal beam ciirection

With most users on the ground, 2D array wastes spatial degrees of freedom on unoccupied directions.
Need some 2D beamsteering to avoid ground reflections.

MTT-
QIEEE A AN X Vot T & WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems
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2IMS 100-300 GHz IC-package connections @

N
T . .
= type Frequency technology cost heatsinking
©
E: micromachined 1000 GHz Research. high good
w .
== waveguide Cheap one day ? X
o @ .
o® interface
ribbon, mesh bond 200 GHz Handcrafted. high good
antenna arr—ay mographically-
o defined package
DC, LO reference, :
IF & control lines. H TRICOnnects
supply bypassing
= = wafer-scale >200 GHz Industry standard low good
beamforming integrated
circuits fan-out package
heat remova_l, nTetaI — f
mechanical base plate —
support

Cu stud flip-chip >200 GHz Industry standard low ok,
marginal for PA

X

s - ———  hotvias 200 GHz Development low? good

(ball) wirebonds 100 GHz Industry standard low good

X

MTT-S
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LIMS 140 GHz Hub Demonstration

massive MIMO hl{b

MIMOQO arrays
on each
face

Concept: 128 elements, 64 x 10 Gb/s/user, 70 meters.

28-element
Hled array
Demonstration (Samsung + UCSB)
8-element receiver*: 22 nm SOl CMOS
8-element transmitter®: 22 nm SOl CMOS + 100 mW InP HBT PAs
2.3 Gb/s @ 120 meters*
PTFE lens used to extend link range
Globalfoundries: 22FDX CMOS .
e SIS0 o [ Samsung demo with
: ¥ Lylocdeyra: L%gg, assl:r:bFII\I?T 12 Gbps @ 30 m g

2.3 Gbps @ 120 m UCSB modules

—

(! e
3

-
»
-

—

- .

- .
-
>
- :
r
_
.
b -
“ : -
;

14}
o

Ll
|

Rx module
- -~ )

re .
° -

T b [

CMOS TX ICs antennas

.
.
.
-
»
-
e
-
.
-

InP HBT PAs

*Modules: Farid et al, IEEE BCICTS 2021, IEEE Trans MTT 2022,
Demo: Abu-Surra et. al. (Samsung) 2022 IEEE International Conference on Communications, 16 -20 May 2022, Seoul, Korea

¥ IEEE E3Y s
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210 GHz and 280 GHz
ICs, Modules, Links

Fle (dt Control Source ingut MessSetup Tace Makens Window Usities Help
ThE=) P TodekPonmDetodt) - ) B w32 R 50|




PIMS  Concept: 640 Gb/s, 210 GHz MIMO backhaul

Concept
8 x 80 Gb/s MIMO with 2.1 m baseline
16-element subarrays (7A x 7\ antennas)

\ spaﬂally-multiplexed mm-\(vave base stations

oI (@, s mm-wave backhaul
~ _mm-wave =

Ez}’: endpoint._ .

500 meters range in 50 mm/hr. rain % ax4 - _/ T |5
14 dB margins: (obstruction, operating, aging, packaging) 2 SIS LA ]
LNAs: 8 dB noise figure # \MIMO

array

NN AN NS AN AN AN AN N
\ QAR

propagation
range

PAs: 50 mW =P 4

Demonstrated to date:
no subarrays, 1 channel

Ongoing demonstration efforts:
no subarrays, 4 x4 MIMO

MTT-S
QIEEE N T a4 WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems



. . Soylu, 2023 IEEE BCICTS (UCSB)
LIMS 200 GHz link demonstration

Kyocera module assembly

c’]

8 Gbaud
32 Gb/s

13.4% error vector magnitude
—> BER< 1073

Now working towards
4 x 4 MIMO demo.

WSQ: Phased Arrays and MIMO for mm-wave 6G/WiFi and Sensing Systems
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PAMS What's Next ? Large Arrays, Dense Arrays

Connecting Minds. Exchanging Ideas.

A/2-pitch 2D arrays at 200-300 GHz
Not all systems need 2D arrays, but many do.

very small spacing: hard to fit in the circuits
Highest-frequency ~ A/2-pitch 2D arrays: 140 GHz CMOS (Rebeiz group, UCSD)

Target: large-scale A/2-pitch 220 GHz 2D arrays in InP HBT

I:)RX NTX NRX [12 jeaR

Massive inexpensive arrays at 70-140 GHz P 0O 0 R2
Motivation: difficulties even with 5G @ 39 GHz ™ scan, T2 =scan, RX
Goal: greatly increase P, civeq/Piransmit.
longer range, greater margins against blocking and fading.
Q... . angular scan field of view; solid angle in steradians

Approach: greatly increase # transmit, receive elements. WW

low cost: need very low die area per element

low DC power: need very low DC power per element @
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spagally-multiplexed mm-wave base stations = MIMO array
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2M2 100-300 GHz Wireless

Massive (near Th/s) aggregate capacities: large spectral bandwidths, massive spatial multiplexing .
Limited range: ~100-500 m; atmospheric loss, A?/R? loss.

Easily-blocked beams: need redundant paths.

IC technologies: CMOS, InP, SiGe (GaN)

Near-term commercial impact:
range is too short, cost is too high
capacity (Gb/s/km?) is much more than needed

Research (long-term):
demonstrate 100+ Gb/s capacity, reduce cost, reduce power, increase range and operating margins.
(A/2) pitch arrays at 200+ GHz
massive low-cost arrays
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