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100-300GHz Wireless

— Services

Wireless networks: exploding demand.

Immediate industry response: 5G.
~3~100 GHz
increased spectrum, extensive beamforming

Next generation (6G ??): above 100GHz.. (???)
greatly increased spectrum, massive spatial multiplexing

100-300GHz carriers, massive spatial multiplexing

° . . . . ° s ’:::\\
-> Terabit hubs and backhaul links, high-resolution imaging radar 7 rangerocpplr
spa;i/ally—muitiplexed mm-wave base stations e oo, MIMOarray Yz g e j//
(Y~ T AR (O gy o pym-wave: backhaul {f ,7‘4 ‘\\:{/lmdgmg
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arra arra single-beam receiver
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on each &® Z ‘Z Hg i 'single-beam
face :7 4 \ Eg i ' F:rief!ilzledr detection
—_ , _ < MIMO \Z '
. £z array =¢ element ~ transmitter
1 J "R Z > e e
——"~ or optical backhaul ~ . <A
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Benefits of Short Wavelengths

Communications: Massive spatial multiplexing, massive # of parallel channels. Also, more spectrum.

spaﬂally-multiplexed mm-wave base stations

(I = TRR IO (AR e g
"j: mm-wave \
/ endpolnt\

|

- mm-wave backhaul ¢

|

or optlcal backhaul

Zs. MIMO array
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Imaging: very fine angular resolution

What you see What you want to see

’;rrz:g\s/mitter receiver field of view B Ut .
™0 f .| High losses in foul or humid weather.
T3 é W/@W a 55| High A?/R? path losses.
o o element - E Eg
N =, nEES] “7| ICs: poorer PAs & LNAs.
/\\ B receiver resolvable directions Bea mS eaS”y blOCked.
A 100-300GHz wireless:

CB»)

~——~"imaging
= radar

AO c A/ L

terabit capacity,
short range,
highly intermittent
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140GHz moderate-MIMO hub

mm-wave
mm-wave .. endpoint
backhaul @ Z Pole- or wall- mounted

P multibeam picocell

o, . fe () ¢ e
‘ S °

adjacent packages tile into large array

linear antenna array PA}S

Si

array element
Ic

|

© N [ 1 o i _~0.61
= = = PcB

j08uu00 ebpe god

Erﬁn—l—-—I—-

Si
iC

PCB

>
[ s -t
>

~2.4%

—

| [AIAIAIA

190uL02 36p8 §Dd

module metal carrier

’ f /./,
@ 0\ hg’ 3l /.// I
[T~ : |~
“ optical : :
/ /// K tbkail array mounting surface & heatsink

If hub uses 32-element array (four 18 modules): ;'ingfﬂi
16 users/array. P,,;=21 dB_ PAs, F=8dB LNAs (99 array
: mm)
1,10 Gb/s/beam-> 16, 160 Gb/s total capacity
70, 40 m range in 50mm/hr rain with 17dB total margins
5 of 58
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210 GHz, 640 Gb/s MIMO Backhaul

D)
] O T
o= g / 7 \
en | .4 €
g | v g
B | = L <
o | - 4
2| % £z
| S e g 4’7
v | o+ 'S
) g [T ~ ;
Lls 5 2. 4x4
s 4 ;’/; subarray
S = L S
I 5. L \
o o L <
5 8 < Z MIMO
= 4 array
] o
+ +~ propagation

range

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

}cNiring | Si mm-wave IC

0 ‘
backplane . 1I-V power >\
metal ; .

carrier |

\‘

>

7 N\
J /}
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: 18dBm =P, 45 (per element)
LNAs: 6dB noise figure
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Systems Design
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MIMO System Design

ADCs/DACs!: QPSK needs only 3-4 bit ADC/DACs %_:_:;%
. . @ Qs
N ADC bits, M antennas, K signals: SNR=6/N+1.76+10-log,,(M/K) il s HEHE
3 bits, (M/K)=2-> SNR=23 dB. QPSK needs 9.8 dB. : <l (5] .
] < E o,
. . 1. .o E ©
Linearityl: Amplifier P, ; need be only 4 dB above average power >[>% ekl
sin'  'cos . S
Phase noise?3: Requirements same as for SISO
Efficient digital beamforming®>: beamspace algorithm
Efficient VLSI digital beamformer implementation®: low-resolution matrix l
Efficient beamforming in broadband arrays’: combined spatial & temporal FFTs.
" 20 ; SO Qﬂ"!!!!!!”!!!!!!!!!'H“!!l!!!l!!!!ﬂ!!!!!!ﬂ!!!!!!!!BEQ
E f ;‘5% .-\\i;;;'(.“\x ""‘:;]_-_- WEis g
E‘ 2 - _‘\‘____ % L <l j
1) M. Abdelghany et al, IEEE Trans. Wireless Comm, Sept. 2021 g ; — ’ AL é i B E
2) M. E. Rasekh et al, IEEE Trans. Wireless Comm, Oct. 2021 = %] 2 g
3) A. Puglielli et al, 2016 IEEE ICC 3 180 i x %
4) M. Abdelghany, et.al,, 2019 IEEE SPAWC » -xf2 s K A= E:
5) S. H. Mirfarshbafan et al, IEEE Trans CAS 1, 2020 O, — < ¥ =
6) O Castafieda Fernandez et. al, 2021 ESSCIRC e & o A e e L - . =
7) M. Abdelghany et al 2019 IEEE GLOBECOM freq. (GHz) uimumihiummnmmummmimmuHi0&5
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100-300 GHz IC design: Transistors
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Transistors for 100-300GHz

The path to 6G: Architectures, Circuits, Technologies for Sub-THz Communications and sensing and imaging

Noise
18 - I T 1 | | |
o 1@ InPHBT
. E 16J@ SiMOSFET o o
CMOS: good power & noise up to ~“150GHz. Not much beyond. £ ,1@ sicehsT
2 InGaAs FET 3
65-22nm nodes are best. 0 noes -
B ® ®
InP HBT: record 100-300GHz PAs s o ¢
3 84 -
SiGe HBT: out-performs CMOS above 200GHz > 51 ® ¢ 3
= . O
. . . @ - C
GaN HEMT: record power below 100GHz. Bandwidth improving A e ©O
2 T T T T T
InGaAs-channel HEMT: world's best low-noise amplifiers 100 o200 250 300
requency (GHz)
Power o
30—t - Efficiency
E InPHBT [ e |
< . Si MOSFET — i
5 207 SiGe HBT [ SN ® nPHET f
3 InGaAs FET | > i B
g ‘ [ 2 ® SiGe HBT |
5 o] ‘ ® i 3 45.] InGaAs FET [
g ® T ® :
| g vetes o ;] P00 o :_
s ]
T 15 ® - B ] () [
R o 5 ® :
n - [
10_ ———— — Rgsultswithlowpowerbut e ] ‘ ’. ‘ ’ . C
00 w0 a0 om0 a0 (EMEerevtss e e
. Frequency (GHz) 100 150 200 250 300
Results compiled 9/9/2021 Frequency (GHz)
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Summary: InP transistors & ICs

w
=3

P
A

InP HEMTs: 1.5THz f, ., 1.0THz amplifiers

W. Deal et al, 2016 IEDM (Northrop-Grumman)

130nm InP HBTs: 1.1THz f ., 3.5V. 670 GHz amplifiers

M. Urteaga, et al, IEEE Proceedings June 2017 (Teledyne)

250nm InP HBTs: 650GHz f. ., 4.5V.

Z. Griffith et al, 2007 IPRM conference (UCSB)
M. Urteaga, et al, IEEE Proceedings June 2017 (Teledyne)

204 GHz static frequency divider
Z. Griffith et al, 2010 IEEE CSICS

e
=1

Transistor gain (dB)
&

"
=]

MSG/MAG
 fr=1.5THz

f,=610GHz ™, \
“‘b, ~

100 1000
Frequency (GHz)

Gains (dB)

h21

I=6.9mA  f=521GHz
Vee=1.6V  f,,,=1.15THz

9

10
40
35
30

@25—

10" 10" 10"
Frequency (GHz)

MAG/MSG

A, =0.30x20 unt
I, =6.01mA V =136V

. f =T80GHz
v, max
J,=100mAUm® V. =04V f=424GHz "

"
T T TTTTT T TTTTI] T T 1TTTT]

10° 10" 10" 10"

Frequency (Hz)
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100-300GHz wireless: transistor requirements

Transmitters need:

AMAAMAAAAAAAA

high power-added efficiency PAE = (P, — Piy)/Ppc baseband processor
high added power density (P, -P.,)/(gate width, emitter length) e e e

E_g . % ;:?: ssrrGIyCO;F .
Receivers need: N | I I RN
low cascaded noise F.,cc = F+ (F—1)/G+ (F—1)/G? + -+ §’QT’§ = I S

4

B E B baseband processor

Need reasonable gain/stage.
die area, power,

channel M
D —

data

accumulated gain compression D il [>§"T - "
S | -
power power % Q“:-‘_

' -%4

: . array RF
L4
s front-end

: cos I sin

MALANALIA

(gain in PAs, LNAs is less than MAG/MSG, U, ...)
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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)

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.

A

. S

. X
in out q
o— lossless & passive ° f
E

Fasce =1+M=F+F-1)/G+ (F—-1)/G*+ -

*If lossless, and given the correct source and load impedances.

added power = (P, P, )
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100-300 GHz IC design: Interconnects

ISSCC 2022 - Forum X.Y: 14 of 58
The path to 6G: Architectures, Circuits, Technologies for Sub-THz Communications and sensing and imaging



Normal & inverted microstrip

Normal: PAs, LNAs
smaller skin-effect losses v/
ground-plane holes at transistors X

normal

~20 microns

signal

6 microns BCB

InP

266GHz, 16.8dBm PA: A. Ahmed et. al, 2021 IMS

Inverted: high-density blocks (mixers, phase shifters,...)

higher skin-effect losses X

no ground-plane breaks: better ground integrityv’

in Vel‘fed ground
[
6 rLicrons BCB \\ / /
4 l I8 IS0 180 JNT ]
1 micron
—
signal
InP
E.]N::" - FEH o Divider ougr;
=¥ 10-stage drive amplifier Balun f

The path to 6G: Architectures, Circuits, Technologies for Sub-THz Communications and sensing and imaging
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On-Wafer Interconnect Losses

Interconnects in packages and on PCBs:

H oc 1/frequency (to control radiation loss) —> W —

loss (dB/mm) oc (f1requen(:y)3/2

loss (dB/wavelength) oc \/ frequency

Interconnects in ICs:

H 1s independent of frequency

loss (dB/mm) oc \/ frequency

loss (dB/wavelength) oc 1/ \/ frequency
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100-300 GHz IC design:
Low-noise amplifiers
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LNA design: noise close to transistor limits

I
1) Goal: low noise measure, not noise figure 4) Capacitance in common-base; just like

soe inductance in common-emitter, allows simultaneous T
> D D D D tuning for zero reflection coefficient and minimum M

F.ow=M+1=F+ t—t = . . 1
G G 1-1/G 5) Write ADS Python code to display
F =noise figure, M =noise measure source impedance for minimum M.

2) Find bias current density for lowest noise measure ] ] o ]
6) Scale transistor size to eliminate series tuning element.

F_cascade-dB_min vs Je(mA/um) vs Vcb @ 2 1OG Hz
J . :P g yi L] . . .
Vip + o 5] veomosvomiosy, Fonseademin= 6.57 dB Less input tuning-> less noise from passive element loss.
o given:
./e=0.5 mA/um, Yopi:Gi+J.Bl Yap::KG1+jKB::l/(SOQ)"'J'KB/
Vcb=0.3V ‘_J LE "—]E J KLEﬁ—-K[F

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

KC,

To

5002 source ;(
50Q sourt';e;;r

No series tuning element !

Result: 7.2-7.4dB LNA noise given 6.6dB transistor F

cascade®
.5 e

...but common-base gives highest gain

? —I‘T |ﬂ (InP HBT @210GHz).

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

o
I
)

- %% ﬁ 6% <-- all give the same minimum M...

S..|, NF dB

21

o
1
H

NF
- - - - Simulation
— Measurement
T T

0 T T
195 200 205 210 215 220
Freq GHz

U. Solyu et. al, to be presented, 2021 EuMIC Conference
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100-300 GHz IC design:
Power amplifiers
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Current density, finger pitch limit cell output power

gate

Electrode RC charging time o (finger length)’

Maximum finger length oc 1/ \/frequency

0 P PN DR D IS ey
TF 1 T T

Current per finger oc 1/ \/ frequency

gate metal resistance
base metal resistance

drain
source — UL collector

Maximum cell width o« 1/frequency

Maximum number fingers oc 1/frequency Weel

Maximum current per cell oc 1/frequency’”

Bipolar

Maximum RF power per cell oc (maximum load resistance) : (maximum c:urrent)2 oC 1/ (frequency)3 ™~

Compare to Johnson F.O.M.: maximum power per cell o (maximum voltage)2 / (minimum load resistance) oc 1/ (ﬁrequency)2 A
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Current density, finger pitch limit cell output power

K. Shinohara, Teledyne: GaN HEMT thermal analysis

5002 GaN PA cell @ 140GHz (1.6W)
25V swing, 1.67mA/um,

tes: 30 u idth, 15 um pitch :
gates: 30 um width, 15umpitch o IFEA el EE [ e i
3 : : :
o B B B B B8 B2 B B & E B & B B B B B &
" B B B B 8 &8 B B &2 E 8 &8 B B & B B &
B B B B 2 &8 B B &2 B &8 &8 B B & B B &
B B B B B8 B B B & BE & &8 B B & B B &

/
135 l«lm:016*7¥g @ 140GHz [ &796; %65

50Q2 InP HBT PA cell @ 280GHz (40mW)
4V swing, 3.3mA/um,
emitters: 6 um length, 6 um pitch

|

17 pm=0.023*)g @ 280GHz [E27 5222

High V,, low I, ? Device sized to drive 50Q2 might approach A,/4 width.
Small finger pitch is critical; limited by thermal design
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Low-Loss 100-300GHz Corporate Combining

Wilkinson trees are lossy: Single-(A/4) combiners are much less lossy
Signal passes through *many* 70.7Q, /4 lines. Each design uses a single effective /4 section.
A/4 lines are long. Shorter lines, low-Z_ lines - lower loss
70.7Q lines are narrow...and lossy—> High loss. But, low loss only if transistor cells fit.
B - ,\ r (
Wﬁ_ D>-nnn

Egsl
2:1 W |
_ B

5002

m 7076 ——m 16:1 1>—\_I'Ll'|_
—unn

1 500
1 | 1 -
0.5 1200GHz, 6 microns BCB, 2.7E7 S/m conductivity i 16:1 vy
m ] [
© 0 4
") ] [ 70.7Q m—
8 [ 500  m—
= 054 35.40 mm
S i | 1~ 250 mE
E ] [ Agl24
» -1 5 Wilkinson binary tree combiner L 7777777777
= { single quarter-wave section; }.QM 2 cell pitch 3 1
] single quarter-wave section; i. /24 cell pitch
-15 . i . :
1 2 4 8 16
Power combining ratio
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100-300GHz Power combining: what is best ?

Corporate T-line

Direct

M. Shifrin:
Monolithic

sy e

S

vty

series-connected Cascaded combining

P o

4|:l

Distributed Active Transformer

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

: 1992 IEEE puWave/mmWave A. Ahmed 2018 EuMIC, 2021 RFIC (UCSB)
Circuits Symp. (Raytheon)
_| I adu’( dl azrrl I addulz our2 I addc d3 0”,3
3:2 i
m t Um‘ f m t ()m‘ t m L ()uf t
[, —0
+ + + + + +
_|E Vin.t Vom t Vm 4 Voul t Vm I I/om‘r
2:1 = - A= - - = - - -
Q Q Q (@]
+— += += +=
g common,i g conmimon, g commaon,t g
contmonl common?) Zcommrmj‘

ol I R s
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)

Aot it
MR T
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Transistor stacking. Why ? Why not ?

& s s [l

+
_I rrg_l rrg_l II-g—I W, va

£
Y e - ST
= ey T % m*ﬂw

I R,=Z,/M ’I‘
P=MIV R,~Z,
P=M*IV

Lower frequencies Higher frequencies
Corporate combining | length < 1/f— large die area X length < 1/f—> small die area v/

dB loss « 1/\/7% high loss X dB loss « 1/\/?9 low loss v
Series-connected more transistor fingers per cell > ok v/ more transistor fingers per cell> parasitics X

ISSCC 2022 - Forum X.Y: 24 of 58

The path to 6G: Architectures, Circuits, Technologies for Sub-THz Communications and sensing and imaging



Series combining using sub-A/4 baluns

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)

bt

DC T
o
output
O— oOc _OO
DC —L— .
T ’I‘Q T ’I‘Q
(c) i T y f 4 g
mh Py :L@T@*P, ¥ Ep 2 y=2500 _]ir W Enpa=2502 8, P;f@T@fF;- w7 g2 5=3062, I?Jf =7,
x = Ve | ¥ |" & A = Fi | Vi A
N e L YR Em;g, . Zy ¥ Pol &2 }I" 2oy By Eam.fr . it » Zgia . 4¥
81GHz, 17 dB Gain :
470 mW P, , 23% PAE 5 - . - 4
Teledyne 250 nm InP HBT P P, " Z0237230, 0§ Zp;5=252, 6 PO+ Z02s=300, 6, i
. —2 Ve | ¥ Vo |V
2 stages, 1.0 mm?(incl pads) Zowup=1Z0,1.2tand; 13 l @
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Sub-A/4 Balun Combiners. Why ? Why not ?

16:1 combiner

) T%’ v&TTﬂv &LT
—la _|2Wg 2Wg|_ _|2Wg 2Wg|_

Lower frequencies Higher frequencies
Corporate combining | length < 1/f—> large die area X length o< 1/f—> small die area v/
dB loss « 1/\/7% high loss X dB loss « 1/\/79 low loss v
Sub-A/4 Balun more transistor fingers per cell > ok v/ more transistor fingers per cell> parasitics X
impedance shift of transistor-balun interconnect X
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Cascade combining as stacking plus matching

2vi;

14} 2:1
o

e

(rdn'e dl

mided.

a(fded 3

A.S.H. Ahmed et al, 2018 EuMIC (UCSB)

The path to 6G:

I our! I out 2 I ouH Vout VCC
I“q;"l 3.2 | - » |- I— -----------
:II_ = m t our f m t ourr mr our t = :
2 + + * +* * * :
i , Ve - > 7 i
_"__K ’ = int ! our,t & int / out.t & int / out,t & |
o e e e e e e 1 - - - - - - - — — —————————
: [iii,f ]our.r I "'E I/ % 7 2 7 2
I —_— — | cominoin,t common,t | © common,t | © X
' + R [+ | ! = S E = Bias3
' 5 2 |
[ I I !l ' {11l '\ ‘tr > 0000 _ T~ rr/rUr/a;°-- 2
I int out.t| /7 | Z B |
I - - opt | contnonl contmon?2 contnon3 common I
|
| | tune |
| -»~\ o L X X X 4L L e e e ——— — —
| ____load-pull_____ j v v v Rbias2
VBias2
----- q
P78 IR BRI |
====simulated 20 B ; 8 I
+ measured 15 === -simulated Zone==l 7 ( I
L LT TR Pl b = + measured I
10 i e 8. 6 1 __fune
1] .-"-.- 2 £ L t—
ES - 3 . § g M
=5 e & I
& @ 4 m
w 'U_ 0 =2 I
of ; ] 1 tune Q=2X4X5um
0 2  tm————
emsmEE———-
A L -10 VBias1
-----.--
S+ . -15
190 200 210 220 230 240 250 260
Freq, GHz
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H. Ahmed et al, 2018 EuMIC (UCSB)

Genera I ized Ca Scade Com bi n i ng 2 g H. Ahmed, et al, 2021 RFIC Symposium

adjustable power =stacking + matching nonuniform with spittling or combining
summation 2
2
s = = = = =
Pun’(/mf E E g E g E ;E) g E % 1 %
P,‘,,—»L» Prmi % l-ro) = (L?) = (Lr:) [= % 8 < = c = Lro) % g g
s N R 2 = o 4 = o N~

O o | ol — N T =
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Cascade Combining: Why ? Why not ?

Mlﬂv

d
-

s

&
Hﬂ _
() (1-w0)

Lower frequencies

Higher frequencies

Corporate combining

length o< 1/ large die area X
dB loss 1/\/7% high loss X

length < 1/f-> small die area v
dB loss o 1/\/7% low loss v/

Series-connected

more transistor fingers per cell &> ok v/

more transistor fingers per cell> parasitics X

Cascade combining

large interstage matching networks X

small interstage matching networks v/
small # transistor fingers per cell > ok v’
cascade cell pass-though losses X
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Recent high-efficiency 100-300GHz PAs

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
I Vcora @ out Veopa ouT
" e ;
VBBPA Stage 1 VBBPA Staged, 96[m
[z ]2 ][1:2][1:2] Stage3, 96pum
:{B:;DD: APA cell Stage 2 Vccedriver
D{|Match]|Mau:h||Match |[Mah] A oriver Ve T Stage2, 481
Stage 3 APA cell | mn
seact A A oner Sy
IN ORI
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|ICs and Packages: 140 GHz

ISSCC 2022 - Forum X.Y: 31 of 58
The path to 6G: Architectures, Circuits, Technologies for Sub-THz Communications and sensing and imaging



The mm-wave module design problem

How to make the IC electronics fit ? e
How to avoid catastrophic signal losses ?
How to remove the heat ?

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
[ J

® linear antenna array G?N PAs
=== !
§ E -—-—-—I—-—-—-—f@ E §
§ }Sé E W@ ISC’: T :E%
@ | o= 1
§ @ -—-+l—l—-—-—f@ §
S = it e I e
—T I — -
module metal carrier

array mounting surface & heatsink
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100-300GHz IC-package connections

The path to 6G: Architectures, Circuits, Technologies for Sub-THz Communications and sensing and imaging

type Frequency technology cost heatsinking
I micromachined 1000 GHz Research. high  good
s I8 waveguide Cheap one day ? X
T 2 interface
315 LI
8
ribbon, mesh bond 200 GHz Handcrafted. high good
2
& patch antennas 1000 GHz Straightforward low good
= on superstrate
Cu stud flip-chip >200 GHz Industry standard low ok,
marginal for PA
hot vias 200 GHz Development low? good
(ball) wirebonds 100 GHz Industry standard low good
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140GHz hub: packaging challenges

IC-package interconnects
Difficult at > 100 GHz

Si beamformer

Cu stud bonds

CPW-pistrip
transition

Removing heat | =
Thermal vias are marginal ' e

Power amplifier I1C 0.5-2 W/mmZ2 Cusfilled

thermal
vias
patch antennas w’/

Interconnect density LTce

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

LTCC lower ~
two planes

heatsink

Economies of scale A
Advanced packaging standards require sophisticated tools
High-volume orders only

Hard for small-volume orders (research, universities)
Packaging industry is moving offshore
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135GHz 8-channel MIMO hub array tile modules

Receiver: A. Farid et. al, to be presented, 2021 IEEE BCICTS; Transmitter to be submitted

! llIH' g WL ) o f o

wﬂui*lﬁﬂfflﬂ’ili i\"\\
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135GHz 8-channel MIMO hub array tile modules

140GHz MIMO hub receiver array modules,

Receiver: A. Farid, 2021 BCICTS; Transmitter: to be submitted

4-element, 8-element

MIMO beamforming

eRemteestisanadiais

— = R —

* e il

1

Data transmission up to 1.9Gb/s

T Tetien 3913,6, —33,0-0003

DC supplies LO reference @ baseband
-

i |
Tachyon 3313, €, = 33,

= 0.003

Tachyon 3313, €, = 3.3, = 0,003

Tachyon 3313, ¢, = 3.3,0 = 0.003

Tachyon 3313, ¢, = 3.3,8 = 0.003

Tachyon 3313, ¢, = 33,8 = 0.003

Tachyon 3313, €, = 3.3,6 = 0.003

140GHz MIMO hub transmitter array modules, e 55 s Bs e e — :
8-€|ement B Ni/Au plated Copper bar N

hyon 3313. €, = 33,6 = 0.003

38.5dBm EIRP

Data transmission up to 1.9Gb/s
Performance limited by assembly yield.
Data rate limited by connector.

EaEeEeR’
«-5-0-8-0-0-0-81
i ESEEEE"

S PR

cAsssmap
<3008 888a
BB EEEERE

110mW InP PA CMOS TX, RX ICs * ﬁ%
20.8% PAE GlobalFoundries T T TTIIYY i RS '
22nm SOl CMOS. o ] i . 33 at broadside o
53 ] [ E ] £
£ r 2 6] . » - .o,
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140 GHz IF Beamforming Phased-Array Receiver

S. Li, etal, IEEE JSSC 2021, Rebeiz Group, UCSD

LO, IF, VDD\,ASP| Quartz Superstrate Layer

Antenna Gain

5.3 mm

_ Channel |
Meas. Gain: 25-26 dB

8-element Receiver Block Diagram Comb Loss: -6 dB

8-element Receiver Chip Areais 5.3 mm x 4.7 mm v

v

1.1 mm channel to channel spacing is dependent on the % length at 140 GHz in :che air 4.7 mm
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140 GHz IF Beamforming Phased-Array Transmitter

LO (21-24 GHz)

Siwei Li, 2021 IEEE IMS: Rebeiz Group, UCSD

Ant. Feeg‘,:.. '::.E-l g
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= e
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High-power 140GHz CMOS Amplifier

.. S. Li, 2021 IEEE RFIC Symposium
Power Amplifier for 140GHz ICs Rebeiz Group, UCSD

45 nm SOl CMOS (GlobalFoundries)
17.5dBm saturated output power
13.4% peak power-added efficiency
Record performance

TfF

Wi 2xilpm; We o 30x1lpm; Wa g:30x16pm
Ly 25pH ; by 049 ka: 0.71; VDD : 1/1.2V
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Fully Connected E-band 16x16 Uplink

16 x 16 subarrays

Low power: 7 mW/user/element
7-76 GHz, 81-86 GHz

4 simultaneous users demonstrated

Can support 16 users, 2 Gb/s/user

E. Naviasky, 2021 ISSCC
(Niknejad group, UC Berkeley)
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Beamspace digital beamformer IC

All-digital receive beamformer ASIC in 65nm CMOS

Beamspace algorithm
HEH!l!!!!H!!!!l!!!E!!!!!!!!!!!!!!!!I!!HHHH!HH!H!
Supports 32 antennas and 1 to 16 users

o
I

i

20GB/s throughput given
16 simultaneously transmitting users
under conditions requiring 3-bit ADC resolution

w =)

£ 5

e o EE

m S
(4]

(@ p]

LR e Nal :EW

Record 9.98GB/s throughput given
16 simultaneously transmitting users .
under Condltlons requ”'lng 6_b|t ADC resolutlon Hiiiili“iliiIII]IIIlliIliIlllllillillil"ilii“iliilil._

Castaneda Fernandez 2021 ESSCIRC.
Studer Group, Cornell/ETHZ
Molnar Group, Cornell
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|ICs and Packages: 210 GHz & 280 GHz
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2021 IMS; Teledyne 250nm InP HBT

M. Seo et al,
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280GHz transmitter and receiver IC designs

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

Receiver Transmitter

=

==

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

Application: point-point MIMO backhaul links
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100-300GHz Wireless

Massive capacities
large available bandwidths
massive spatial multiplexing in base stations and point-point links

Very short range: few 100 meters
short wavelength, high atmospheric losses. Easily-blocked beam:s.

IC Technology

All-CMOS for short ranges below 200 GHz.

SiGe or IlI-V LNAs and PAs for longer-range links. Just like cell phones today
SiGe or IlI-V frequency extenders for 200GHz and beyond

The challenges

digital beamformer computational complexity
packaging: fitting signal channels in very small areas
mesh networking to accommodate beam blockage
driving the technologies to low cost
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Backup slides
(for questions, for reference)
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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:

/
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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.
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What you see
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/0 GHz spatially multiplexed base station

If we use instead a 70GHz carrier,

the range increases to 70 meters (vs. 40 meters)

but the handset becomes 16mmx16mm (vs. 8mmx8mm),

and the hub array becomes 19mmx612mm (vs. 10mmx328mm)

Or, use a 4x4 (8mmx8mm) handset array,
and the range becomes ..about 40 meters.

Same handset area (more handset elements)—- same link budget
Easier to obtain license for 140+2.5GHz than 70+2.5GHz
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75 GHz, 640 Gb/s MIMO backhaul (16QAM)

Why not use a lower-frequency carrier, e.g. 75 GHz ? Tar—
linear array

Must use at least 16QAM, given 80Gb/s/channel... B g N
s|lz 7

: § }; ‘Z guxgrray

8-element 640Gb/s linear array: 135N b

requires 16dB,_ transmit power/element (P_) - iopgatio

requires 3.5m linear array

Similar RF power output, physically larger
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Do we need 2D arrays ? 1D might be fine.

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

Providing sidelobes reduces broadside gain by less than 3dB.  |building | |building |
— Don't need 2D arrays to serve tall buildings i s
directivity D ’::‘":{:{F—H—‘:’.’ * .b ¥ I ’
4 L - e - AOgrrgy  MOPNE
m 25 without o e — . Jusers
. . D*(sin2do/sin%¢) e WU " "
- 20 - sidelobes
QO i ‘~::‘- \':“‘ . ° °
% 15 - angle, b r~—building s :‘\ .
O) : : ’z: ) - - \\
8 10 E 3 . R . Rmax o
D ] : S building | Hmax
= 1 with D sin“¢ /sin“$ sidelobes N S ot
O i o0 : S K T S N
bt J - o]
o 0 ————r ———rry E Hpol
1 10 100 °| ground pote
vertical full width beamwidth, 2¢O, degrees
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2D vs. 1D: user spatial distribution

building | building design 1 design 2
e [T |
arra
. . y []T I X clements
& - ABarray niake 2
5 oS Kelements
L ° field of regard

:jrbuildmg —’ (scan range) D D
L] R‘J ,,Rmox’..-‘ //
S v s building | H,
§ ,"¢7,,‘l¢""' [max %ngular resolution sectors %ularresolution sectors
Sl
S Hpole . . . c . . . . . .

| o | uniform horizontal & vertical user distributions uniform horizontal, nonuniform vertical
design 1: 2D array : ' X

.

. o| o

.
. » .
0
.

AR . Li

. . .

design 2: 1D array

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

design 1 design 2 design 3 [ ]
ﬁ 7 \
~ ‘{/ 1 283, ||
G - 7 L 1122 -
P z ;/_ array L] e T 2y
- /
ﬂ // ‘{ L/e‘lement
<D <7
[ - %
2V A4 x4
— ol -
ol | B < 7 subarray
= r = 7
Q D :“ 47 1/7 radian 1/112 radian
wn
el " c
8 D b // M | MO field of regard = 1/28 radian % 1/7 radian
D {/ array (scan range) E 3 8 s
" == 8| & - §
(5 ~ propagation 5/
range
movable) postion of focused beam
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Insertion loss, dB

Denser Integration: higher PAE at high Power

Compact multi-finger transistor layouts
— Shorter combiner lines

—> Less loss >
- Higher PAE.

§— any length

r any length

t
Agl12
T }.QM
any length igl6
(l* any length }
05 1 1 1 / | g/4
"~ 1200GHz, 6 microns BCB, 2.7E7 S/m conductivity i ,|r
0 4 -
—~ _
: : § 1=
-1 - Wilkinson binary tree combiner N hgf2d 70.702
] single quarter-wave section; }.gﬂ?_ cell pitch I T~ 500y  s—
] single quarter-wave section; i /24 cell pitch 35.4() w—
1.5 T T T 250 ==
1 2 4 8 16
Power combining ratio
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Capacitively degenerated commmon-base

Lower gain, same peak PAE, higher PAE at P, ;.

How does this differ from stacking ?

oy oy Ll Ll L1l
VeB [ |
|: ZL Rp |: ZL ] 1
S S DA
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Pin TO VEEg is -ve Pin TO
P
. . P added
(a) CE (b) CB with (c) CB with m*i—’L P
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