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S01IMS 100-300GHz Wireless -

Wireless networks: exploding demand.

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

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

100-300GHz carriers, massive spatial multiplexing
- Terabit hubs and backhaul links, high-resolution imaging radar
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O2IMS Bepefits of Short Wavelengths

Connecting Minds. Exchanging Ideas.

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

spaﬁally-multiplexed mm-wave base stations
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But:

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

ICs: poorer PAs & LNAs.

Beams easily blocked.

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

highly intermittent
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transmitter receiver far-field pattern:
. . . array single-beam receiver
spat/lally-multlplexed mm-v\vave base stations MIMO array
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B2IMS  140GHz Moderate-MIMO hub

Connecting Minds. Exchanging Ideas.
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If demo uses 32-element array (four 18 modules):
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
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B21IMS 210 GHz, 640 Gb/s MIMO Backhaul

Q
o | 2 - mounts on heatsink/backplane —
= 4§ Yz /Z_ \ printed circuit board
%D B '; ‘7 )cNiring . Simm-waveC
! 0 z
o | 4 ‘? backplane' L 111-V power
g | o0 B & — : | amplifiers
3158 s 7 An// carrier ‘1
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thin, -Er trat
= { array on In, IOW-gr supstrate
S - .
++ ~ propagation Key link parameters
range 500 meters range in 50 mm/hr rain; 23 dB/km
g .
20 dB total margins:
8-element MIMO array packaging loss, obstruction, operating,
2.1 m baseline. design, aging
80Gb/s/subarray—> 640Gb/s total PAs: 18dBm =.P1dB_ (per element)
4 x 4 sub-arrays - 8 degree beamsteering LNAs: 6dB noise figure
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Connecting Minds. Exchanging Ideas. - ﬁ‘ﬂ y [ ﬁm @1 x32 Mmfo e
ADCs/DACs!: QPSK needs only 3-4 bit ADC/DACs | [ 4 [k/%
N ADC bits, M antennas, K signals: SNR=6N+1.76+10-log,,(M/K) i e

3 bits, (M/K)=2-> SNR=23 dB. QPSK needs 9.8 dB.

~80 meters_— g .
e ,/// mm-wave e
mm-wave S ~ 7, endpoint P
backhaul g - Pole- or wall- mo nted -
% 2 % __mu tb am picocell /,/\

Linearity': Amplifier P,,; need be only 4 dB above average power >-[>% s W
ol ¥| |E] S
. . sin cos P
Phase noise?3: Requirements same as for SISO . 8| [g] .S
L] Q o L]

L3 [ [ [ [ . - q g .:_-'
Efficient digital beamforming*°: beamspace algorithm >-[>% M-
ol S a8

sin cos . S

Efficient VLSI digital beamformer implementation®: low-resolution matrix

4+—

Efficient beamforming in broadband arrays’: combined spatial & temporal FFTs.
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1) M. Abdelghany et al, IEEE Trans. Wireless Comm, Sept. 2021 ¥ — o K 3 = g
2) M. E. Rasekh et al, IEEE Trans. Wireless Comm, Oct. 2021 ‘é %] o s E - BE
3) A. Puglielli et al, 2016 IEEE ICC 5 160 % ; -n %
4) M. Abdelghany, et. al, , 2019 IEEE SPAWC « -al2 e K A 3 4 & 7
5) S. H. Mirfarshbafan et al, IEEE Trans CAS 1, 2020 _"ij\.»""" o " bt : —
00 et e o T USRI oo i R et =
) M. Abdelghany et a freq. (GHz) QjHimumuummmmmnummmmmlmuiU
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Transistors
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G2 IMS Transistors for 100-300GHz

Connecting Minds. Exchanging Ideas.

CMOS: good power & noise up to “150GHz. Not much beyond.
65-22nm nodes are best.

InP HBT: record 100-300GHz PAs

SiGe HBT: out-performs CMOS above 200GHz

GaN HEMT: record power below 100GHz. Bandwidth improving

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

Power

30 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
N 1 ® GaN FET
E InP HBT i
o - Si MOSFET
s 257 SiGe HBT [
3 ' InGaAs FET |
[e]
: 18 :
3 20—_ . . . —
>
3 ‘ o e
= ] ' O O
® 154 —
g  {
d A o

10 T T I T T T T I T T T I T T T T

100 150 200 250 300

Results compiled 9/9/2021

®
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Frequency (GHz)

Results with low power but
high PAE, or low PAE but
high power, are not shown
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Receiver or LNA Noise Figure (dB)

Power Added Efficiency (%)

Noise
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4 ®) @) -
2 T ! T
100 150 200 250 300
Frequency (GHz)
Efficiency
25 1 1 1 1 | 1 1 1 1 | | 1 1 1 1
] GaN FET
] InPHBT [
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: . Loz Y
omargums soones. OUMMAry: INP Transistors & ICs 2
* hay \.@J
g” RFIC
0 . 215
InP HEMTs: 1.5THz f, .., 1.0THz amplifiers T T
W. Deal et al, 2016 IEDM (Northrop-Grumman) s \,‘f““"ﬂmz
£,=610GHz "~ \
0 S -
v Fr;:,c:lentv (GHz) .
35
130nm InP HBTs: 1.1THz f__,, 3.5V. 670 GHz amplifiers ul
M. Urteaga, et al, IEEE Proceedings June 2017 (Teledyne) 25l N
201
% 15
g 10.
5. Ic=6.9mA  f=521GHz
Vee=1.6V f,,=1.15THz
b 10" 10" 10°
405 Freauency (GHz)
250nm InP HBTs: 650GHz f, _ , 4.5V. as-| waomss
Z. Griffith et al, 2007 IPRM conference (UCSB) el
m 25—
M. Urteaga, et al, IEEE Proceedings June 2017 (Teledyne) > 20
=
& 15-
10+ A'e=0,30x2,0umz e o,
| =6.01mA,V_=136V LTI CE
204 GHz static frequency divider o J_=100mAum’, vV =04V =424 G'Hz_
Z. Griffith et al, 2010 IEEE CSICS 0 L 11 B B 20 B e R A B
10° 10" 10" 1072

Frequency (Hz)
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o2 IMS 100-300GHz Wireless: Transistor Requirements

Connecting Minds. Exchanging Ideas.

Transmitters need:
high power-added efficiency PAE = (P, — P;y)/Ppc baseband processor

high added power density (P, -P:,)/(gate width, emitter length) e3P Y e N e - =
S : 5 x| sinT | cos —€

gﬁ g ‘§ array RF . 3

Receivers need: T I A =
low cascaded noise Foqse = F + (F —1)/G+ (F—1)/G*+- |:—FH [ % E

E E E baseband processor

Need reasonable gain/stage. sirsl E <,ﬂ@<¥ =
. g NEHEE cosT sin

die area, power, S I I I

. . & < g & § 81 . front-end [—%

accumulated gain compression D-a [>'a ~ = g FLL —

ml_ﬁ S f ) i [ 43@4 =

- " . _ _§ qu-q—z-(- | [ <€

power power S N . cos sih —<

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

o
o LI_ N <
in out Q-
°— lossless & passive [° f
&‘

Fose=1+M=F+(F-1/G+(F—-1)/G*+ -

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

added power = (PP, )

Workshop WMD




Interconnects

norma/ . ~20 microns . l-n Verted ground
|

signal

6 microns BCB / 6 microns BCB

J L W 4‘ -

1 micron / I 1 micron

’E‘J | | n | Iﬁ
= Q—\

InP




aniIMS - - =
o o, NOTMal & INnverted Microstrip @%
L@J
RFIC
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

signal I

6 rlnicrons BCB 6 rLicrons BCB \\ / /
I ' [ ()

1 micron [ | | 1 micron
— ' —
ground signal
InP InP
OUT- B
c,
L;
]N <Bliiiiainy e Divider | gy IN+ 2
5:'* 10-stage drive amplifier Balun f
266GHz, 16.8dBm PA: A. Ahmed et. al, 2021 IMS 529GHz dynamic divider: M. Seo et al, IEICE Electronics Express, Feb. 2015

TAMTT-S Workshop WMD

IEEE MICROWAVE THEORY &
TECHNOLOGY SOCIETY




mIMS On-Wafer Interconnect Losses @%
RAIC

Interconnects in packages and on PCBs:

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

loss (dB/mm) o (frequenc:y)3/2

loss (dB/wavelength) oc \/ frequency

Interconnects in ICs:
H 1is independent of frequency

loss (dB/mm) oc \/ frequency

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

Workshop WMD
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G2IMS |NA Design: Noise Close To Transistor Limits

Connecting Minds. Exchanging Ideas.

1) Goal: low noise measure, not noise figure 4) Capacitance in common-base; just like ¥
coe inductance in common-emitter, allows simultaneous T
> I> I> I> I> tuning for zero reflection coefficient and minimum M
YRR el R e e T | .
G G 1-1/G 5) Write ADS Python code to display A
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 H z, . . . .
v, s lJb,m o] Veb=0.3V,0.4%,0.5V, Fseademin= 6:57 0B Less input tuning-> less noise from passive element loss.
= given:
je=0'5 mA/um’ Y =GB, YDPI:KG]-O-jKB[:l/(50§2)+jKBl
A3 Vep=0.3V Ly w I KL, K1

3) Minimum M is independent of circuit configuration®; T G KC,

pick for high bandwidth or high gain/stage (= low P,) W —
Result: 7.2-7.4dB LNA noise given 6.6dB transistor Fcascade.

50Q) source El/
50Q source:/

o
I
%

_31[ EF_ r) <-- all give the same minimum M...
E { ...but common-base gives highest gain

(InP HBT @210GHz).
*HA Haus, RB Adler, Proceedings of the IRE, 1958

IS..|, NF dB

21

(o))
1

- Simulation
— Measurement

0
195 200 205 210 215 220
Freq GHz

B R VTT-S Workshop WMD

TECHNOLOGY SOCIETY

U. Solyu et. al, 2021 EuMIC Conference



g

| .._.\“ _3 : ....,._
HilmlE

44
. 8
&
® S E

9,
L S
e
=
o
S
<
L S
Q
S
O
o




oniIMS

e ines s, CUTTENT density, finger pitch limit cell output power

gate base
. . 2 3
Electrode RC charging time oc (finger length) : k3 s [t Xy
R = X k7
Maximum finger length oc 1/ \/frequency i:j i 2 | = | %j i L{
g g
e P = )l £ B |
Current per finger oc 1/ \/ frequency g bR it ;
@ | drainfl X QY & < | emitter
source collector

Maximum cell width o« 1/frequency

cell

Maximum number fingers oc 1/frequency

Maximum current per cell oc 1/frequency”?

Bipolar

Maximum RF power per cell oc (maximum load resistance ) - (maximum current oc 1/ (frequency)

Compare to Johnson F.O.M.: maximum power per cell o (maximum Voltage)2 / ( minimum load re31stance 1/ frequency) ~

Workshop WMD




oniIMS

e ines s, CUTTENT density, finger pitch limit cell output power

K. Shinohara, Teledyne: GaN HEMT thermal analysis

50C2 GaN PA cell @ 140GHz (1.6W)
25V swing, 1.67mA/um,
gates: 30 um width, 15 um pitch

15 um

30 um
BE B BB A B
B B B B B @
{2 S S = S [ v |
B B B B A B
B B B BB B B
B BEREEE @
B E BB B A
B B BB E B
B B B B A B
B BB E R R
BB B E B A
B EEBEREB B @
B EEE A B
B B B B B R
L L = = = =
B EEE A B
BB EEBE B
B B BEE A A

1 |
| |

y
135 pm=0.16*Ag @ 140GHz [ 5265765

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

17 H-m=0.023*7£g @ 280GHz (5275 22

High V,, low I ., ? Device sized to drive 50Q2 might approach A,/4 width.
Small finger pitch is critical; limited by thermal design

Workshop WMD




oniIMS

omrgmessnen. LOW-LOSS 100-300GHz Corporate Combining

Wilkinson trees are lossy:

Signal passes through *many* 70.7Q, /4 lines.

A/4 lines are long.

70.7Q2 lines are narrow...and lossy—> High loss.

1 1 1
1200GHz, & microns BCB, 2.7E7 S/m conductivity

Insertion loss, dB
o
()]

J wilkinson binary tree combiner

{ single quarter-wave section; }‘gﬂ 2 cell pitch

{ single quarter-wave section; }.u.f24 cell pitch
T T

1 2 4 8 16
Power combining ratio

®
-
IEEE MICROWAVE THEORY &

Workshop WMD

=)

r
L)

-2
-

Single-(A/4) combiners are much less lossy

Each design uses a single effective /4 section.
Shorter lines, low-Z_ lines - lower loss
But, low loss only if transistor cells fit.

any length any length
rf4 any length
Eggz l
W

l 500

4:1 } s A\ —>

16:1

70.7Q m—

35.40Q wm
| 250w

TECHNOLOGY SOCIETY



oniIMS

Connecting Minds. Exchanging Ideas.

Corporate T-line

100-300GHz Power combining: what is best ?

Direct series-connected
M. Shifrin: 1992 IEEE pWave/mmWave

Monolithic Circuits Symp. (Raytheon)

SVDU

2viy

4|:l

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

B X

MTT-S

IEEE MICROWAVE THEORY &
TECHNOLOGY SOCIETY

b

WL:II_ 32
b

[ 2:1
o P

Balun series-connected

—>4|->

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

ada’ el

ozn‘]

adu’ 2

L >

ll’!t OU’[

ozn‘Z

m[a’ o3

L)

ouri

match

""

n,t out,t

common,i

comimonl

l

match

~+
~+

out,t

common,!

common?2)

l

A/4 baluns: Y. Yoshihara, 2008 IEEE Asian Solid-State Circuits Conference (Toshiba)
sub-1/4 baluns: H. Park, et al, IEEE JSSC, Oct. 2014 (UCSB)

Workshop WMD
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O2IMS Transistor stacking. Why ? Why not ?

Connecting Minds. Exchanging Ideas.

7% |11~ i~

> 5 o o il P
g—l £ —I £ _ o, eee L :E" (-:‘lf-l:l]r'% L ’_E ‘::'-HBU
Lo 3
R,=Z,/M T 'I‘
P=MIV R,=Z,
P=M*IV
Lower frequencies Higher frequencies
Corporate combining | length < 1/f - large die area X length o< 1/f—> small die area v
dB loss 1/\/79 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

Workshop WMD




O2IMS geries combining using sub-A/4 baluns @%‘

Connecting Minds. Exchanging Ideas.
RFIC

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 _OQ
DC L -
T I I
(c) Mg - - i : P,
) Ps ;L@T@-/ﬁ v 20202520, § v Z325-258, 6, ij@T@;m = Zg25-3082, ) f zz
z = Vo | = 3 — V|1 i
R : o | myle U Za b 7, ! z;,,,ﬁ ¥ g JI" e Fn g B Zos . Zo s Zapa Oz | f
81GHz, 17 dB Gain :
470 mW P, , 23% PAE 5 - = * S "
Teledyne 250 nm InP HBT P b P, s Zp2=2300, 6 Jg( v Ly g.=250, B Pig ) s dpay=300, 8, §
2 stages, 1.0 mm?(incl pads) Zown =120 1. tandl, | T« | V5 | |7 @

B iviTT-s Workshop WMD
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G2 IMS gyb-)./4 Balun Combiners. Why ? Why not ?

Connecting Minds. Exchanging Ideas.

16:1 combiner

: T Ny
I _| W, 2w, |_

Lower frequencies

T )
s KA =

Higher frequencies

Corporate combining

length o 1/f > large die area X
dB loss « 1/,/f-> high loss X

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

Sub-A/4 Balun

more transistor fingers per cell > ok v/

Workshop WMD

more transistor fingers per cell> parasitics X
impedance shift of transistor-balun interconnect X




oniIMS

Connecting Minds. Exchanging Ideas.

Cascade combining as stacking plus matching

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

sy e

[4) :II_ 32
e

[ 2:1
o P

L%

== ==simulated
+ measured

T
o

P Pomw P PI added? P PI addeds P 3
> ]in_. t ]our, f ]in_. 14 [m it ]iu. f [ouf. t
o
+ + + + + +
4 int 4 our.t it / out,t "fn,r r out.t
————m o —— 1 < |- - < |- - < |- - =
| I A | 3] 5] 5] [}
I int out t = I/ = 7 = =
I _— — } g cominont g commoin,t g commonn,t g
|
ALy 1
I ! int J outt|/ :
I - - opt | contmonl contmon?2 contmon3
| ¢ :
: |
| ____loadpull | v v v
15|....|....l....|S.2.1..|....|....l.... 10

v

zcommon:i I

Rpias2

VBias2

LLL L T .-'- - m
L .—..r: gl 100 : . e
£ | ———
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B2IMS Generalized cascade combining (anfre)

M)

A.S.H. Ahmed et al, 2018 EuMIC (UCSB) L@J
A.S. H. Ahmed, et al, 2021 RFIC Symposium RF":
adjustable power =stacking + matching nonuniform with spittling or combining
summation =
i
- = - - o
Pmt’de(f ; g g ; g ; ; g § ; E g % & %
" s g e © % ) g 0 T e © % - = =Z® £ 8 0
o Q o o o £ o -—
< 9 ™ = = - ™ ~ - e P
S o™
T8 £ : “ho
: : E E
W ) L k. Ly L, 2L, = Lg 3

Veepa  OUTe
v 4:1 combiner | 25 266GHZz, 16.8dBm, 4.0 PAE | 5 S
BBPA 1 C ]
Staged, 96l'|'m o 5 _ Gain _ 4 o 20_: --------------
Stage3, 96pLm £ ] h % 0] -7
- 2 splt| [1:2 spi ¢ 15 p SN
Vecdriver | | [1:2 split]|1:2 split | £ ] out ST
VBBdrivgr ' — Sldged;. 4gpim U‘g 1 PAE 3 2 e G0 FT
o ] 3
B 1.2 split 5 ] L1 20 "**SimU|ateg IS11]
measure
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EDIMS Cascade Combining: Why ? Why not ?

M]ﬂU

s

$
H}—Ii
(Z'I/V)Z(I-W)

Lower frequencies Higher frequencies
Corporate combining | length < 1/f-> large die area X length < 1/f—> small die area v
dB loss « 1/\/79 high loss X 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 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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MIMS Recent high-efficiency 100-300GHz PAs

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

140GHz, 20.5dBm, 20.8% PAE

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

ouT

Stage4, 961um
e e ol PN
A :

EI RD: ::: Stage 3

Stage 4

Staget, 24 wm
HBTperiphery
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140 GHz
Array Modules




G2 IMS The mm-wave module design problem

Connecting Minds. Exchanging Ideas.

How to make the IC electronics fit ?
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
linear antenna array G.?N PAs

|-
§ E ._._._._._._._r@ §
& Si E -—I—l—l—l—l—-—r@ Si s
é Ic EJ—-—I—I—.—I—I—- @ ic g 200
3| || Pos —=u-ufi-ss= [ pcE § ~0.5) 0. TN =
A" T T _ L >Uzy ~5A
module metal carrier NO’; ?L é?%’/:///J ~3;\‘ ;ig/%

array mounting surface & heatsink
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oniIMS

omeangnss semsrereee. DO WE Need 2D arrays ? 1D steering might be fine.

1/sin?¢ sidelobes provide strong signals to tall buildings. o
Providing sidelobes reduces broadside gain by less than 3dB. o |bu="dmg| |building |
— Don't need 2D arrays to serve tall buildings v S

directivity .
mobile
m 25‘_ A RarT users
O V\{IthOUt D*(sin2do/sin%¢) . .
= 20 - sidelobes
(M) ® °
.% 15 —; angle, d) ~ ’,:\ \ ]
(@) ] - o :
g 10 7 & R . Rmax
B ] : 2 L building| Hmax
O 91 with D sin’ /sin’} sidelobes - Wa P
O ! o0 S S WSS I '
0 4 =
< o - SI d Hpole
1 10 100 grout

vertical full width beamwidth, 2<|>O, degrees
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MIMS 2D vs. 1D: user spatial distribution

building | |building | design 1 design 2

[ 1 11 ]
arra
- s . [It 0 X clements
2 ‘ABarray mobile i
S JLsers l/elements
n i P ‘ field of regard
T building —| (scan range)
39:_ f.-R T Rmax building| Hmax //
s ‘¢w | angular resolution sectors %ular resolution sectors
:S‘ ot N T - S [ A S
5 Hpole . . . N . . . . .
] o | uniform horizontal & vertical user distributions uniform horizontal, nonuniform vertical

design 1: 2D array

design 2: 1D array

0
Spatial distribution of users, and of scattering objects, guides choice of array geometry.
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mlMS 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

Power amplifier I1C 0.5-2 W/mmZ2 Cusfilled

thermal
vias
patch antennas “’/

Interconnect density ST
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

Workshop WMD




mIMS 100-300GHz IC-package connections

type Frequency technology cost heatsinking

= micromachined 1000 GHz Research. high good
= waveguide Cheap one day ? X
Eé interface

ribbon, mesh bond 200 GHz Handcrafted. high good

G. Rebeiz

patch antennas 1000 GHz Straightforward low good
on superstrate

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

X

hot vias 200 GHz Development low? good

(ball) wirebonds 100 GHz Industry standard low good
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G2 IMS 140GHz hub: ICs & Antennas

Connecting Minds. Exchanging Ideas.

Receiver: A. Farid et. al, 2021 IEEE BCICTS; Transmitter: A. Farid et. al, 2022 IEEE Trans. MTT 10.1109/TMTT.2022.3161972

)N PN VI LAV D7\ o /¢

i il
£ i - - -
I

O e
S [

i

e
I
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oniIMS

Connecting Minds. Exchanging Ideas.

135GHz 8-channel MIMO hub array tile modules

Receiver: A. Farid et. al, 2021 IEEE BCICTS; Transmitter: A. Farid et. al, 2022 IEEE Trans. MTT 10.1109/TMTT.2022.

140GHz MIMO hub receiver array modaules,
4-element, 8-element

MIMO beamforming

Data transmission up to 1.9Gb/s

&

3161972

.

" peog
o P
o el ——" me S

DC supplies 1O reference
-

carrier e ) ]
Printed circuit bnnrl/ I;;:;cnna i Tachyon 3313, ¢, = 33,6 = n,[l;)a
140GHz MIMO hub transmitter array modules, R
on 3313, ¢, = 33,8 = 0008 = Tachyon 3313, ¢, = 3.3,0 = 0.003
8'e I e m e nt 3313, €, = 33,8 = 0.003 GL7L¢, = 52,8 = 0003 T%' 3136 = s;siisu-o.oa:'
38.5dBm EIRP At Coppe b

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

fEEEBEBT
N
8888888
poBHEEE-8-00-0
LB E SR
<0-83-8-88888
BB ERERET

CMOS TX, RX ICs
GlobalFoundries

110mW InP PA

D))

M

20.8% PAE - L ]
22nm SOI CMOS. R e 385 dBm EIRP C
@ P 7l _ atbroadside o
et ] [ E E ol
£ ] ) . - - .
L ] r 5 L 150 Mbiv's ©13dGbivs
2 1 i B E -23dB EVM, RMS -13.5dB EVM, RMS
o 9 - F . 2 - R T,
2 g A [ X s BERR
o 1 4 [ ® b +— =R
L -a. & E & % ¥ B *
5 157 ik i LI
Teledyne 250nm InP HBT e e aa : g | e ow
60 40 220 0 20 40 60 =20 -15 10 -5 _U_ s 10 15 20 300 Mbit’ it ’ 1.92Ghit/
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210 GHz and 280 GHz
Array Modules
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mIMS 210 GHz MIMO backhaul modules
N g

q | & o
< *§ o
=5 w af to T
= | = L & backplane! " 11I-V power
o | S - ‘7 ; I\""“- "‘ \ amplifiers
= %0 a8 g?rﬁark‘- ‘i
2|13 £[|P L A g
< | P [oT0 .. \ »
cls §||PL 7 4x4 \ ‘ '
: = E A}{ ‘? subarray . >‘>”$\ A
- @ A{ ‘? \ ' Iv|v aldi antenna array
% 8 ‘}{ ‘?/ MIMO on thin, low-gr substrate
I 4 array
Q .
H « propagation Key link parameters
range 500 meters range in 50 mm/hr rain; 23 dB/km
20 dB total margins:
8-element MIMO array packaging loss, obstruction, operating,
3.1 m baseline for 500m link. design, aging
80Gb/s/subarray—> 640Gb/s total PAs: 63mW =P, (per element)
4 x 4 sub-arrays - 8 degree beamsteering LNAs: 6dB noise figure
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mIMS 210 GHz Transmitter and Receiver ICs

LO multiplier RX I-Q mixer
chain 7 oo

25 GHz =— [ *@j
i 1 0
BBD Shift

ifter i ’ L +®_/

L
Y.Y.
L
I Q

12

LO multiplier
chain

25 GHz Phase
(322
Shifter

Inverted microstrip Normal microstrip

1 1 1 1 1 1 —_— 30 1 1 1 1 1 1 ] 1 " 1 " 1 1 1 " 1 N :

o 35 ] i% T 5 113 3
g30 - 2104\ 3
8 25 [ © 5 99 “._ _---F
$ - i 81 TG :
g 15 —— Meas. LO @ 203 GHz [ % 14-_ - g .2 7_ ]

I o 3 3

§ 10 ——Meas. LO @ 210 GHz [ % 13 ] T Meas.BB@1GH: r_ g _ —e— Meas. LO @ 207 GHz _ z 6 1 —e—Meas. 3
< 54 ---- Sim. LO @ 207 GHz . 512 — Meas.BB@2GHz o 59 .. Sitn. LO @ 207 GHz 51 "-gm :

= - - L X ! : ;

0 T T T T T T T T [72] 1 —TT—TTTT1 T TT1 7 (14 0 -—T——1T——1T—TT—T17 4 . : . : . : i : i : .
190 195 200 205 210 215 220 190 195 200 205 210 215 220 185 190 195 200 205 210 215 220 190 195 200 205 210 215 220
RF Frequency (GHz) RF Frequency (GHz) RF Frequency (GHz) RF Frequency (GHz)

B R VTT-S Workshop WMD

TECHNOLOGY SOCIETY



c@M!Mﬁ 200 GHz MIMO backhaul modules

e 1-channel modules w/ 200 GHz InP 1-channel
Tx, Rx ICs (simplicity)

e 2x2 patch antenna feed on fused silica substrate

; .
 eew g, s
e % =
| e i
i '
ntenna
substrate

e 200 mm Teflon lens

* Assembly: 200 GHz ribbon bonds, low- |
v
frequency ball-bonds 5
: N\
* 280 GHz modules will be similar il NN AN x\x&&w
:;T:u-Js Home / Opbical Elements / OpScal Lenses / Sphencal Singlet Lenses / Plano-Conver Sphencal Lenses / PTFE Plano-Convex Q O

PTFE Plano-Convex Lenses

Ideally Suited for THz Applications [
Low Insertion Loss = ﬂ ]
Design Frequency: 500 GHz | %

|

I -

Application Idea

3

T115 Mounted n an LUR
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O |\Y) =
ConnectingMinds.ExchanginE. 200 GHZ MIMO baCthUI mOdUIeS

configuration for
vertical polarization, one lens

1 8
, 7]
0
4—1— 1 — E 1 «~—LMR4 - Lans Mount with
8 LAT{51 - Piano-Convex
2o PTFE Lens
213
bl B
________ ®|E
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5[E
5
S

Newport 462-XYZ-M
positioner

TR1-P5 - @1/2" Optical Post: 1
/pm.Ps- @1/2" Post Holder: 1"
l vlr 0.48" |41 %
52 (Bl
Setto 153 okl
Y : il
satto 1. € 1 F I ; E
T 1
RC2 - Dovelail Rail Cam'er—vl ! | f

RLAGBOC - Dovelall Optical Ray, 6"

b 1
c : : : 1

|
& —————————{5{mm focal lengih, i e. 6.0 inches =

i

i
i
I
I
I
I
Newport S42-04x08 breadboard |O.5” } I
- i
{
I
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oniIMS

Connecting Minds. Exchanging Ideas.

2 x 2 Phased-array transmitter and receiver:

same IC design as single-channel transceivers,

LO phase-shift beamforming: broadband,
patch antennas on quartz superstrate.

Modules being assembled for testing.

QBIAS
IBIAS
E MIXER
PA
PA
MuLT
E MIXER
_IBIAS
QBIAS

IN
C_PA
B_PA

ps_icon
ps_acon [

vopps [

VEE _GAIN

VEE_GAIN

PS_QCON sl
PS_ICON

INEG
anNeG (]
QPOS

VEE MIXER [
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VEE_ MIXER
VEE MIXER

3
s
H

LO_IN
VBB_LNA
svigi sd

88| Ps_icon

VEE MIXER
VBB_LNA
VCC_LNA

1POS
INEG
QNEG
QPos

VCC_LNA

VBB_LNA
VCC_MIXER

Workshop WMD

PS_QBIAS
PS_ICON

PS_QCON

VEE PS

VEE GAIN

PS_QCON

PS_ICON

it s asias

PS_IBIAS

200 GHz 2x2 transmitter & receiver arrays

Patch Antenna (gold sheet)

Quanz (er =3.78)

Air Gap

} M4 Antenna Feed (gold)

BCB (er = 2.6), M3 (no metal)

BB (er = 2.6), M2 {no metal)

BCB (er = 2.6)

M1GND [gold)

BCB (er = 2.6)




o IMS 280GHz Transmitter and Receiver ICs

Connecting Minds. Exchanging Ideas.

Teledyne 250nm InP HBT technology.

Transmitter (simulated):
17dBm saturated output power
~40GHz bandwidth,

Receiver (simulated):
12dB noise figure
40GHz bandwidth

Objective:
80Gb/sec/channel for MIMO backhaul demonstration.

2nd-Gen Designed Taped out March 2022.
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spa;i,ally-multiplexed mm-\ivave base stations
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—or optical backhaul —
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MIMO arrays
on each
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MIMO array
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mlMS Wireless above 100 GHz

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

The challenges

computational complexity

packaging: fitting signal channels in very small areas
mesh networking to accommodate beam blockage
driving the technologies to low cost

Workshop WMD

[ 2

M)

-2
-

M



In case
of questions




Connecting Minds. Exchanging Ideas.

BRIMS 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

Workshop WMD
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SLIMIS 75 GHz, 640 Gb/s MIMO backhaul (160AM) @B
RFIC
8_-e|ement
Why not use a lower-frequency carrier, e.g. 75 GHz ? ""eara';" —
77
Must use at least 16QAM, given 80Gb/s/channel... b e :§ %
= é 7 4x4
i £ .3 subarray
° % :::E :é \MIMO
8-element 640Gb/s linear array: e 7l

requires 16dB, transmit power/element (P, )

requires 3.5m linear array

Similar RF power output, physically larger

Workshop WMD



o2 IMS References

Connecting Minds. Exchanging Ideas.

Systems Design

O

100-300GHz Link examples: M. J. W. Rodwell, "100-340GHz Spatially Multiplexed Communications: IC, Transceiver, and Link
Design," 2019 IEEE 20th International Workshop on Signal Processing Advances in Wireless Communications (SPAWC), 2019, pp.
1-5, doi: 10.1109/SPAWC.2019.8815433.

Required ADC/DAC resolution and amplifier IP3, P1dB in massive MIMO: M. Abdelghany, A. A. Farid, M. E. Rasekh, U. Madhow and
M. J. W. Rodwell, "A Design Framework for All-Digital mmWave Massive MIMO With per-Antenna Nonlinearities," in IEEE
Transactions on Wireless Communications, vol. 20, no. 9, pp. 5689-5701, Sept. 2021, doi: 10.1109/TWC.2021.3069378.

Phase noise in massive MIMO: M. E. Rasekh, M. Abdelghany, U. Madhow and M. Rodwell, "Phase Noise in Modular Millimeter Wave
Massive MIMO," in IEEE Transactions on Wireless Communications, vol. 20, no. 10, pp. 6522-6535, Oct. 2021, doi:
10.1109/TWC.2021.3074911.

Phase noise in massive MIMO: A. Puglielli, G. LaCaille, A. M. Niknejad, G. Wright, B. Nikoli¢ and E. Alon, "Phase noise scaling and
tracking in OFDM multi-user beamforming arrays," 2016 IEEE International Conference on Communications (ICC), 2016, pp. 1-6,
doi: 10.1109/ICC.2016.7511631.

Beamspace algorithm for MIMO hub digital beamforming: M. Abdelghany, U. Madhow and A. Télli, "Beamspace Local LMMSE: An
Efficient Digital Backend for mmWave Massive MIMO," 2019 IEEE 20th International Workshop on Signal Processing Advances in
Wireless Communications (SPAWC), 2019, pp. 1-5, doi: 10.1109/SPAWC.2019.8815585.

Beamspace algorithm and VLSI design for MIMO hub digital beamforming: S. H. Mirfarshbafan, A. Gallyas-Sanhueza, R. Ghods
and C. Studer, "Beamspace Channel Estimation for Massive MIMO mmWave Systems: Algorithm and VLSI Design," in IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 67, no. 12, pp. 5482-5495, Dec. 2020, doi:
10.1109/TCSI1.2020.3023023.

Digital beamformer IC: Oscar F. Castaneda Fernandez , Zachariah Boynton , Seyed Hadi Mirfarshbafan , Shimin Huang , Jamie Ye,
Alyosha Molnar , Christoph Studer, "A Resolution-Adaptive 8mm2 9.98Gb/s 39.7p]/b 32-Antenna All-Digital Spatial Equalizer for
mmWave Massive MU-MIMO in 65nm CMOS", 2021 European Solid-State Circuits Conference.

Algorithms for MIMO digital beamforming with broaband waveforms: M. Abdelghany, U. Madhow and M. Rodwell, "An Efficient

Digital Backend for Wideband Single-Carrier mmWave Massive MIMO," 2019 IEEE Global Communications Conference
(GLOBECOM), 2019, pp. 1-6, doi: 10.1109/GLOBECOM38437.2019.9013233.
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o2 IMS References

Connecting Minds. Exchanging Ideas.

Transistors

O

O

InP HEMT:W. R. Deal, K. Leong, W. Yoshida, A. Zamora and X. B. Mei, "InP HEMT integrated circuits operating above 1,000
GHz," 2016 IEEE International Electron Devices Meeting (IEDM), 2016, pp. 29.1.1-29.1.4, doi: 10.1109/IEDM.2016.7838502

InP HBT: M. Urteaga, Z. Griffith, M. Seo, J. Hacker and M. J. W. Rodwell, "InP HBT Technologies for THz Integrated Circuits,"
Proceedings of the IEEE, vol. 105, no. 6, pp. 1051-1067, June 2017, doi: 10.1109/JPROC.2017.2692178.

InP HBT: M. J. W. Rodwell, M. Le and B. Brar, "InP Bipolar ICs: Scaling Roadmaps, Frequency Limits, Manufacturable
Technologies," in Proceedings of the IEEE, vol. 96, no. 2, pp. 271-286, Feb. 2008, doi: 10.1109/JPROC.2007.911058.

finFET: H. Lee, S. Callender, S. Rami, W. Shin, Q. Yu and J. M. Marulanda, "Intel 22nm Low-Power FinFET (22FFL) Process
Technology for 5G and Beyond," 2020 IEEE Custom Integrated Circuits Conference (CICC), 2020, pp. 1-7, doi:
10.1109/CICC48029.2020.9075914.

22nm SOI CMOS: C. Li et al., "5G mm-Wave front-end-module design with advanced SOI process," 2017 IEEE 12th International
Conference on ASIC (ASICON), 2017, pp. 1017-1020, doi: 10.1109/ASICON.2017.8252651.

SiGe HBT: B. Heinemann et al., "SiGe HBT with ft/fmax of 505 GHz/720 GHz," 2016 IEDM, San Francisco, CA, 2016, pp. 3.1.1-
3.1.4.

GaN HEMT: S. Wienecke et al., "N-Polar GaN Cap MISHEMT With Record Power Density Exceeding 6.5 W/mm at 94 GHz," IEEE
Electron Device Letters, vol. 38, no. 3, pp. 359-362, March 2017

GaN HEMT: A. Fung et al., "Gallium nitride amplifiers beyond W-band," 2018 IEEE Radio and Wireless Symposium (RWS), 2018,
pp. 150-153, doi: 10.1109/RWS.2018.8304971.
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o2 IMS References

Connecting Minds. Exchanging Ideas.

Power Amplifiers

O

O

Stacking: M. Shifrin, Y. Ayasli, and P. Katzin, “"A new power amplifier topology with series biasing and power combining of
transistors,” in 1992 IEEE Microwave and Millimeter-Wave Monolithic Circuits Symp. Dig. Papers, Jun. 1992, pp. 39-41.

Stacking: S. Pornpromlikit, H.-T. Dabag, B. Hanafi, J. Kim, L. Larson, J. Buckwalter, and P. Asbeck, “A Q-band amplifier
implemented with stacked 45-nm CMOS FETs,” in Proc. 2011 IEEE Compound Semiconductor Integrated Circuit Symp. (CSICS),
Oct. 2011, pp. 1-4.

Distributed active transformers: I. Aoki, S. Kee, D. Rutledge, and A. Hajimiri, “Distributed active transformer: A new power-
combining and impedance-transformation technique,” IEEE Trans. Microw. Theory Tech., vol. 50, no. 1, pp. 316-331, Jan. 2002S

Series combining with baluns: Y. Yoshihara, R. Fujimoto, N. Ono, T. Mitomo, H. Hoshino and M. Hamada, "A 60-GHz CMOS power
amplifier with Marchand balun-based parallel power combiner," 2008 IEEE Asian Solid-State Circuits Conference, 2008, pp. 121-
124, doi: 10.1109/ASSCC.2008.4708744.

Series combining with sub-quarter-wave baluns: H. Park, S. Daneshgar, Z. Griffith, M. Urteaga, B. Kim and M. Rodwell,
"Millimeter-Wave Series Power Combining Using Sub-Quarter-Wavelength Baluns," IEEE JSSC, vol. 49, no. 10, pp. 2089-2102,
Oct. 2014

Cascade combining: A. S. H. Ahmed, A. A. Farid, M. Urteaga and M. J. W. Rodwell, "204GHz Stacked-Power Amplifiers Designed by
a Novel Two-Port Technique," 2018 13th European Microwave Integrated Circuits Conference (EuMIC), 2018, pp. 29-32, doi:
10.23919/EuMIC.2018.8539884.

270GHz InP HBT PA: A. S. H. Ahmed, U. Soylu, M. Seo, M. Urteaga and M. J. W. Rodwell, "A compact H-band Power Amplifier
with High Output Power," 2021 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), 2021, pp. 123-126, doi:
10.1109/RFIC51843.2021.9490426.

140GHz CMOS PA: S. Li and G. M. Rebeiz, "A 130-151 GHz 8-Way Power Amplifier with 16.8-17.5 dBm Psat and 11.7-13.4% PAE
Using CMOS 45nm RFSOI," 2021 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), 2021, pp. 115-118, doi:
10.1109/RFIC51843.2021.9490507.
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o2 IMS References

Connecting Minds. Exchanging Ideas.

Power Amplifiers (more)

O 270GHz power amplifier: A. S. H. Ahmed, U. Soylu, M. Seo, M. Urteaga and M. J. W. Rodwell, "A compact H-band Power Amplifier
with High Output Power," 2021 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), 2021, pp. 123-126, doi:
10.1109/RFIC51843.2021.9490426.

O 200GHz power amplifier: A. S. H. Ahmed, U. Soylu, M. Seo, M. Urteaga, M. J. W. Rodwell, "A 190-210GHz Power Amplifier with
17.7-18.5dBm Output Power and 6.9-8.5% PAE." IEEE International Microwave Symposium (IMS). 6-11 June, Atlanta and virtual
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