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100-300GHz Wireless

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

— Services

100-300GHz carriers, massive spatial multiplexing

-> Terabit hubs and backhaul links, high-resolution imaging radar

spaEally—multiplexed mm-wave base stations
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\
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Benefits of Short Wavelengths

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

spat/lally—multlplexed mm-wave base stations " MIMO array

(s (@ v mm-wave backhaul
mm-wave

NN
endpoint._ .

MIMO arrays
on each
face

|
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\ PR AN AN AR AR AN AR AR

e
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~or 6pjcica| backhaul *J N o L/ Z
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Imaging: very fine angular resolution |- w™
a rav’ -

What you see What you want to see k ? / =

E ~L ilﬁiwj:}t

Q )),J\M' "

“T—=="im aging
= radar

|
transmitter
illumination

recewer “resolvable directions

AG < A/L

But:

High losses in foul or humid weather.
High A?/R? path losses.

ICs: poorer PAs & LNAs.

Beams easily blocked.

100-300GHz wireless:
terabit capacity,
short range,

highly intermittent



transmitter receiver far-field pattern:

. . . array single-beam receiver
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140GHz moderate-MIMO hub

~80 meters — ¢
R

=7, mm-wave
~ 7 endpoint

mm-wave e _
backhaul V Pole- or wall- mounted
L QU ' = Z @ multibeam picocell
o 2 - A 1 x 32 MIMO array
W iy 2 d & @ adjacent packages tile into large array
R/ )/ <2 [ ] . : linear antenna array ~ PAs
=\ ) [———————— 1 1o
” () S - (5 it =il o5 3 (3
y N P~ array elemen " —=—a— .- > 3
) el « s B = % , % c§‘ Sé E -—I—I—.—I—I—-—r@ SC" é
AN W : { R \‘ — % . ® f _l_-_._._._._._- f b (o)
N PN > L~ S S 8 5 gre-a-4—-a-aull. 5N 1418
NS B A8 o 3 PCB Er—ﬂl--'- @ PCB 3
QO B e ~2.0, g ~—safien- 2
o o\ o g :lj\_ﬁ_n_ﬁ o
o module metal carrier

b 4 e optical array mounting surface & heatsink

- backhaul

<>

Handset:
8 X 8 array

If demo uses 32-element array (four 1X8 modules): (9x0mm)

16 users/array. P,,;=21 dB_ PAs, F=8dB LNAs

1,10 Gb/s/beam—> 16, 160 Gb/s total capacity
70, 40 m range in 50mm/hr rain with 17dB total margins




210 GHz, 640 Gb/s MIMO Backhaul

D)
r*/___\ % 7 \
52 A7
=5 A
S| S ) = 7
g g i 'Y 7
IR
2|8 S I % 7 4x4
= = H{ A’;/ subarray
S = g &
z 2 H; ’Z \
g 2 n:; 7 MIMO
& array
S g~ -
+ gl «~ 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 —l

printed circuit board
wiring | Si mm-wave IC
to \
backplane' . 11-V power

metal |
carrier,

Vivaldi 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, s (per element)
LNAs: 6dB noise figure
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Fair-Weather Propagation

H =20 4 92 km v =75 1 008 g/m3
00 | ' ' l | | ]
: Wiltse, 1997 IEEE Int. :
Falr Weather APS Symposium, July
) _
10 —
_E A sea level -+
3 | A T\
2 10 ':_ | 200-300 GHz
2 ¢ 125-165 GHz
< \ ~—4km elevation
5 75-110 GHz
0.9
"Bl
9km elevation
0.010 L
0 50 100 150 200 250 300 350

FREQUENCY, GHz

Caution: wireless services must work reliably, not only in best-case conditions.
Must consider worst-case (104, 10 probability) atmospheric attenuation



Systems must work in most weather

Rain:
10*: 50-85mm/hr, 19dB/km  300GHz: 30 dB/km
10-°: 100+mm/hr: 30dB/km  400GHz: 100 dB/km

100

Rain Attenuation, dB/km

35°C, 90% Humidity

450GHz: 200 dB/km

%ch\4

N
L
O
o
O

- 650GHz: 300 dB/km
i 850GHz: 300 dB/km

on (dB/km)

I NNHHW I NNHHW I

10° 10" 10"
Frequency, Hz

- 1000GHz: 1000 dB/km
50 mm/Hr

Appleby, Wallace, IEEE Trans Ant & Prop, Nov. 2007

Rosker; Wallace, 2007 IEEE IMS

Olsen, Rogers, Hodge, IEEE Trans Antennas & Propagation Mar 1978
Liebe, Manabe, Hufford, IEEE Trans Antennas and Propagation, Dec. 1989
Liebe, IEEE Trans Ant and Pro, Vol 31, No. 1, Jan 1983

Karasawa, Maekawa, IEEE Proc, Vol 85, #6, June 1997
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(b) Wideband scenario.
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MIMO System Design

M antennas, K signals: spatial oversampling.

ADCs/DACs!: effective # bits increased by log,(M/K)
Given QPSK, 2:1 spatial oversampling, only need 3-4 bits

Linearityl: Amplifier P, ; need be only 4 dB above average power
Phase noise?3: Requirements similar to SISO
Efficient digital beamforming*>: beamspace algorithm

Efficient VLSI digital beamformer implementation®: low-resolution matrix

e -r—!%

o L |—
<
| S
; S
£
L&)

x
~
]

Q

O

Q

<

11
o~ o000
channel 1

| digital beamformer

1Y

Efficient beamforming in broadband arrays’: combined spatial & temporal FFTs.

B0
i e
- L Yl
g 2 ::: X X % A ¥ b
= o K e
1) M. Abdelghany et al, IEEE Trans. Wireless Comm, Sept. 2021 g . o i o
2) M. E. Rasekh et al, IEEE Trans. Wireless Comm, Oct. 2021 = = X1
3) A. Puglielli et al, 2016 IEEE ICC H 160 o
4) M. Abdelghany, et. al,, 2019 IEEE SPAWC il i \ X
5) S. H. Mirfarshbafan et al, IEEE Trans CAS 1, 2020 Ol —" e
6) O Castafieda Fernandez et. al, 2021 ESSCIRC T . 5 7 g b i W oic

7) M. Abdelghany et al 2019 IEEE GLOBECOM froq. (GHz)

Q‘! !!!!!!!!B!!!!li!!!!"l“!"!l"l!'!ﬂ!!!!!!ﬂ!!!!!!!l!ag

"iIliiiﬂiliﬂhﬂilllllllIIIIIIIII!Iilﬂ“ﬂHIIilii
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Transistors

HBT64J

Tiw
Mo 5

InGaAs—
InPp —* ‘ﬁ? Pt/Ru/Pt

InGaAs : i I
- Channel

Buffer




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

InGaAs-channel HEMT: world's best low-noise amplifiers

Power

30 1 1 1 1 I 1 1 1 1 I I
E InPHBT [
S z Si MOSFET |
s 297] SiGe HBT [
2 - ‘ InGaAs FET }
e}
: 1@ -
§_ 20 7 . ’ . —
S
3 ] [ b
SR ® ® O
0]
& 15- ® l
2 I
((/)u *results with low PAE at high Psat or .

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

Results compiled 9/9/2021 Frequency (GHz)

Receiver or LNA Noise Figure (dB)

Power Added Efficiency (%)

Noise
18 1 L 1 L | |
1@ InPHBT
16]@ SiMOSFET . =
1@ SiGe HBT
1430 InGaAs FET 3
12_' -
: ® ®
10 O -
g 0 3
: o ®
6 O —
4 @ ©O 3
2] —r 1 | '
100 150 200 250 300
Frequency (GHz)
Efficiency
25 1 1 1 1 I 1 I I
) InPHBT [
20 7 ® Si MOSFET [
- ® SiGe HBT |
15 InGaAs FET
- ... . -
10 ® -
- . ’
5] o
1 @ '. ® O -
] ® o o
O I T T T T T I T T
100 150 200 250 300

Frequency (GHz)
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InP Transistors and ICs

InP HEMTs: 1.5THzf, _,

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

130nm InP HBTs: 1.1THz f._,

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)

1.0THz amplifiers

3.5V. 670 GHz amplifiers

o}

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

. f  =T780GH
1 =6.01mA V=136V s, =

J,=100mANM’, V. =04V  f=4240Hz

D T LI ||[| 1 LI Illll
10° 10" 10"

Frequency (Hz)

x s
T LI RL]|

10"

40—
35 MAG/MSG
12
10
E 8
3
E b < g
& 157 Mo S £
A =0.30x2.0un? o4
10— e

10 10] 1
Frequency (GHz)

A=025x4.0 um?
I =85UA
ep

bst

el 15 mWAm®
S A 1.0 ke
0 1 2 3 4 5
V.
ce

@
=
£20
=
H
21 MSG/MAG
e
g
15 10
s
o
10
3
E
3

5

0

[
b

~
=]

]

fun=1.5THz
f,=610GHz_ ™.
'y

100 1000
Frequency (GHz)
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100-300GHz wireless: transistor requirements

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

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

Receivers need:

low cascaded noise Fusc = F+ (F—1)/G+ (F—1)/G* + -

P>

Need reasonable gain/stage.
die area, power,

accumulated gain compression Dil >§ =

—— ——

power power

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

baseband processor

X

o -

channel M

data

sin I cos

array RF
front-end *®

channel 1

sin | cos

_________

0 -%4
' ]

channel M

data

| .
w °
‘ cos l sin

channel 1

array RF
front-end

MARAAAAAAAAR

MALALALIR



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)

n

-

lossless & passive

—O0
out

_o

=

*

B

39€

-

E’w

7y

v

L
X

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

Y

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.

i wh’ ...

Foase =1+M=F+(F-1)/G+(F—-1)/G*+ -

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

P

DC
P.—[>—P
in out

PAE = (Pout-Pin)/PDC

added power = (P__-P. )

17



Interconnects

normal . ~20 microns . nverted ground
| |

signal

A

s e \ 6 microns BCB
J - w . ll -

1 micron [ ] | 1 micron

.ﬁf— 1
—1

InP




Normal & inverted microstrip

Normal: PAs, LNAs Inverted: high-density blocks (mixers, phase shifters,...)
smaller skin-effect losses v/ higher skin-effect losses X
ground-plane holes at transistors X no ground-plane breaks: better ground integrityv’
normal _— ~20 microns inverted ground
Gka:mns BCB GrL.l'crons BCB \\ / /
il L ESC T 1180 ] Il o e |
1'micmn : [ ] | | I‘m!cmn :
ground signal

;-]N::.. oMo liiiiiiii: oeee| Divider our
-h 10-stage drive amplifier Balun [ %
266GHz, 16.8dBm PA: A. Ahmed et. al, 2021 IMS 529GHz dynamic divider: M. Seo et al, IEICE Electronics Express, Feb. 2015

19



On-Wafer Interconnect Losses

Interconnects in packages and on PCBs:

H o< 1/frequency (to control radiation loss)

loss (dB/mm) < (frequcen(:y)3/2

loss (dB/wavelength) o< \/ frequency

Interconnects in ICs:

H is independent of frequency

loss (dB/mm) o< \/ frequency

loss (dB/wavelength) o< 1/ \/ frequency

20
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LNA design: noise close to transistor limits

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

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

F-1 F-1 F-1/G
+ + fo=— i

Foce =M+1=F —+..= ) ]
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.

7 @210GHz, . . . .
Ve )| b Fonecade min= 6.57 dB Less input tuning-> less noise from passive element loss.
- given:
je=0_5 mA/um’ ng’:Gi-&-jB[ Yapj:KGl-*-jKB[:I/(SOQ)+jKBj
V,=0.3V & s, KLy Rl

3) Minimum M is independent of circuit configuration®; >

pick for high bandwidth or high gain/stage (= low P)

KC,

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

To

No series tuning element !

L y% [ % < all give the same minimum M. Result: 7.2-7.4dB LNA noise given 6.6dB tran“5|stlorlF

T
E _LT ...but common-base gives highest gain
\% (InP HBT @210GH?z).

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

cascade®

|s21

o
I
)

IS..|, NF dB

21

o
Ly
H

NF
- - - - Simulation
— Measurement

0 T T
195 200 205 210 215 220
Freq GHz

U. Solyu et. al, 2021 EuMIC Conference



g

N
—
),
=
o
S
<
-
Q
>
O
all




100-300GHz Power combining: what is best ?

Corporate T-line

Distributed Active Transformer

Direct series-connected

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

sy HEHE

14} :II_ 3:2

e
40 2:1
o P

4|:l

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

Cascaded combining

A. Ahmed 2018 EuMIC, 2021 RFIC (UCSB)

l
I .'H ol ,”“r I added? Pmn‘_’ II added3 Pm”_;
J' !um, ! !fn..r ‘{‘m!.!
—b e —_— E——
+ + + + + +
Vm.r Vom ! in,f Vou!..r V.r'n..r Vnm.r
S|° S|~ B S|° B S
3 +~ = I =
g commaon, i g common,( E common, |t g
Z('(HHHPUH ! conmon’ Zr.'mHiHuH 7|

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)

it vt
MR T

o output
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Cascade combining as stacking plus matching

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

> P J
(m'f ledl m it (-'ddi’cf. ont? (-'(H:’ﬂ'
3 VBU —tHE— * b b b ____________
14} 3:2
I_ m 1 um 1 m f om 1 m 1 orn' 1
] e

+ + + + + +

2"“% _I(__IH I_:n..' r_:m!_! I_.:'n_! I_'om‘.! r_'m.lf I f

ol

v

v

. = TR = = = =1  eeeeseseses
! 21 i Ji I ] G G G G -
it out.t = = = =
! I © © © ©
1 — —_— | E comimon, it E caonmnan,t E coron, t E V
V 4 | Bias3
I * / I“_ | :
Lo | ) | T ————— =
l int ont.t| 7 ’ ’ 7 b4 ( b |
—I : _ _ opt : memou i ‘me mon2 Zcmmmnu common3 I
I
| | |
| $ | l l l tune |
: load-pull ! ! v s T o

Rpias2
VBias2

i
P71 ASFEE I BRI ST B S R 10 |
- ===simulated S21 i 20 : ! S| 8 I
+ measured F 0 ====simulated P 2cace= 5 HI
R — o= fm - o + measured I
10 o 100 3 6 L.
- ke = £ N me—aeme——
a - o 8 5 , Vinj I
%5 20% " Ls
w 2 % - i
8008 3
0 ¥ 2 l Itune Q=2X4X5um
P
-40
S VBiast
-------_
R e e o TN S

190 200 210 220 230 240 250 260
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Transistor stacking. Why ? Why not ?

12, 28

MI ﬂU

P=MIV

Lower frequencies

\
/1

(T-W)(1-W)

|

Higher frequencies

Corporate combining

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

length o< 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

26



Capacitively degenerated common-base

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

Y

20 T Lo 50
17— PAE 140 GHz [
|/ — =Gain i
. — 40
15— :
8 - —— - :
s ] - -30 32
S10]-=—====~=~= -0
© - S
. — 20
5 CE - 10
i CB w grounded base .
i CB w 600fF basecap |
0 T T T T { T T T T { T T T T { T T T T { T T T T i o
-10 -5 0 5 10 15

Pin dB
m

W
v
<—{ match

! added

How does this differ from stacking ?

wldel | P enklent? i eneled 3 F

—»J'-»—)-'-»—)-l-»—)—

P P(Hﬁ
o— = o
S 5 5 g
%g : : :
c, v
T T T
Ll —L.T_L—L
i
I o
> .
= 2 = E_ET E
& e & =® £ 8 2
= O o S o = S ™
ELO w ELD o~
Q &

[~
|?O mW

£

V.

o

Ly
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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
' Veps  [Ground] [R [Grownd) out vecea VT
n 51 ju :
VBERA P B ded " VEBPA Staged, 96
2 ]2 ]2 ][1:2] 5 L, — 1o Stage3, 96um
Veeor — =~ !
Vegior W ‘PA cell % E Vecdriver
vccmi.tm:ﬂaw“tch“mi |. ADT“L E ] ve, § VBBdm«!r ‘ Stage2, 48um
Vesor W&o oo oMo —olf Em:::u -
Stage1, 241m
BTperiphery
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The mm-wave module design problem

How to make the IC electronics fit ? i

How to avoid catastrophic signal losses ? o Ak
&&j&&
How to remove the heat ? NSk
heatsink /
: Al =
Not all systems steer in two planes...
...some steer in only one. = 7 N

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
3 B i -0l X :HE
§ S E = .- @ Si 3 é
= Ic @ [ E—_— @ e g
PCB E = @ PCB 3
[— — -
:'; = module metal carrltl'er - B

array mounting surface & heatsink
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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.
— Don't need 2D arrays to serve tall buildings

directivity
— 1 1 1 1 L1 1 1 1 B/:P/_D
@ 25 Without o
1 , D*(sin2do/sinZd)
- 20 1 sidelobes
()] i
% 15 —; angle, d)
O . i
8 10 E - Q R . Rmax o
2R , , : 8 | building | Hmax
k> 1 with D _sin“¢ /sin“¢ sidelobes a S | ""\(I,H)
e ] :c;* 22, O N o SN R [ N
O 0 ' LN : L LI s ' H
1 10 100 S| ground poie

vertical full width beamwidth, 2(])0, degrees
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2D vs. 1D: user spatial distribution

building | (building | design 1 design 2

[ 1] ]
arra
| . . " * f 0 ™~ clements
2 “ABarray Mobile T I
S 1 N JLsers Kelements
Pl e f ° field of regard
[ building T (scan range) D D
3 -R‘J T me’.“bu'rd' g H! //
i ildin 'max
§ \¢1¢ | 'I/angular resolution sectors %ular resolution sectors
O WO I S N AN
g | .-
8 | Hpote . . . . . . . . .
] e ' uniform horizontal & vertical user distributions uniform horizontal, nonuniform vertical
design 1: 2D array R RN ' ‘ X

JBW%ANEE

design 2: 1D array

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.

& ~ propagation

design 1 design 2 design 3
7 \
@ ‘,(/ é 285, ||
i D -~ // o 1122 -
)// - array 2\l 28 [T ] 112)
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F 7
- D . 47 element
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140 GHz
Array Modules




Gen. I 140GHz MIMO hub modules

110mW InP Power Amplifier? LTCC Array module CMOS Transmitter ICC
20.8% PAE 22nm SOI CMOS.

Si beamformer
~ Cu stud bonds

CPW-pistrip
transition

b
Q
wire bond

Power amplifier IC

[50°
LO/N

patch antennas

LTCC lower
two planes

Receiver IC¢
22nm SOI CMOS.

190mW InP Power Amplifier®
16.7% PAE

heatsink

@=—IL>
LIQ‘...,
cos  baseband)|
m 1Q

GlobalFoundries 22nm SOI CMOS

lcm
. S. H. Ahmed et al., 2020 IMS
S.H

(a) A
(b) A. S. H. Ahmed et al., 2021 EuMIC
(c) A. Farid et al., 2019 RFIC

Teledyne 250nm InP HBT

Kyocera
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Gen. I 140GHz MIMO hub receivers

A. Farid et. al, 2021 IEEE BCICTS
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Gen. I 140GHz MIMO hub transmitters

A. Farid et. al, IEEE Trans. MTT 4/2022
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Samsung/ComSenTer 140 GHz Link Demo

Teflon lens used to extend link range

12 Gbps @ 30 m
2.3Gbps @ 120 m

A

TX baseband TX beamformer RX beamformer RX baseband

: n
Tx module ey < Rx module

8 TX chains & /= - ‘v /4 L ~ _"":"-"-".:'_::I-;-*.-_-.__ 8 RX chains
w/ phased array 5/ /St P 3 S e w/ phased array
Sf . o . ~ 2 Gen 1140 GHz modules ' '

Abu-Surra et. al. (Samsung) 2022 IEEE International Conference on Communications, 16 -20 May 2022, Seoul, Korea,




Gen-II 140GHz MIMO hub modules

Use C4 flip-chip bonds, not 50 um Cu stud; higher yield given LTCC lithographic dimensions




Gen-II 140GHz MIMO hub modules

Kyocera: LTCC & Asse_mbly
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Interface PCB: 140 GHz Modules to RF-SOC PFGA

Michael Zappe, Aditya Dhananjay, Pi-Radio, Inc.
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210 GHz and 280 GHz
Array Modules

3 s

I'II'TI'I"I () ‘ L]




210 GHz, 640 Gb/s MIMO Backhaul

D)
r*/___\ % 7 \
52 A7
=5 A
S| S ) = 7
g g i 'Y 7
IR
2|8 S I % 7 4x4
= = H{ A’;/ subarray
S = g &
z 2 H; ’Z \
g 2 n:; 7 MIMO
& array
S g~ -
+ gl «~ 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 —l

printed circuit board
wiring | Si mm-wave IC
to \
backplane' . 11-V power

metal |
carrier,

Vivaldi 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, s (per element)
LNAs: 6dB noise figure
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210 GHz Transmitter and Receiver ICs
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200GHz MIMO backhaul modules

coffifiguration for
vetflical polarization, one lens
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200 GHz IC-Antenna Interface

20 um spacing between pad and antenna edge

mag(S-parameters) (dB)

-10

-15

-20

-25

_mag(S-parameters) v. Frequency

—e—= | 5(1, 1) | = | S(X6.P1_PO5_X6 , X6.P1_POS_X6) |

!

-3?60 170 180 190 200 210 220 230 240

Frequency (GHz)
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280GHz MIMO backhaul development

1st tapeout: PA, LNA
PA: 270 GHz, 16.7 dBm Psat, 4% PAE.V
LNA: 280 GHz, 15 dB gain, NF=?? v’

Amidreza, Solyu, Ahmed, Seo, UCSB

== == Simulation
—— Measuwrement

2nd tapeout: transmitter, receiver
Not all blocks yet tested

Working LO multiplier v/

Working high-power LO driverv’
Failed low-power LO driver X
Failed low-power PA driver X

- transmitters, receivers failed X

Sl
A

3rd tapeout: transmitter, receiver
Redesigned, LNA, LO and PA drivers
In fabrication: expected 9/2022.
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spagally-multiplexed mm-\(vave base stations MIMO array
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100-300 GHz 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 beams.

IC Technology

All-silicon for short ranges below 200 GHz.

SiGe or IlI-V LNAs and PAs for longer-range links. Just like cell phones today
I1I-V frequency extenders for 340GHz and beyond

The challenges

beamformer computational complexity: looks good.

packaging: fitting signal channels in very small areas, removing the heat
packaging: accessing advanced industry technologies in low volumes
mesh networking to accommodate beam blockage

driving the technologies to low cost
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200 GHz Modules: Antennas
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In case
of questions




70 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)

8-element
Why not use a lower-frequency carrier, e.g. 75 GHz ? ""earargy —
$7
Must use at least 16QAM, given 80Gb/s/channel... b2 2
% :‘E; .;;; guxbirray
' g 'vi i; \MIMO
8-element 640Gb/s linear array: ¢ 70,
«~ propagation
range

requires 16dB_ transmit power/element (P,,.)

requires 3.5m linear array

Similar RF power output, physically larger



100-300GHz IC-package connections

Deal, IEEE Trans THz,

Sept 2011

type Frequency technology cost heatsinking

micromachined 1000 GHz Research. high good

waveguide Cheap one day ? X

interface

ribbon, mesh bond 200 GHz Handcrafted. high good

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

X
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140GHz hub: packaging challenges

IC-package interconnects
Difficult at > 100 GHz

Si beamformer

~ Cu stud bonds
7
// , CPW-pistrip

Removing heat
Thermal vias are marginal

Power amplifier IC 0.5-2 W/mmZ2 Cu-filled

thermal
vias
patch antennas M/

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

L5 » le]
LTCC lower ;
two planes

heatsink

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
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