&

D))

RFIC

WSB:
100-300GHz systems: @
Architectures and Applications &5 Jump

ComSenTer

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

Mark Rodwell
University of California, Santa Barbara
rodwell@ece.ucsb.edu

Acknowledgement: This work was supported in part by the Semiconductor Research Corporation (SRC) and DARPA.

’ International Microwave Symposium
l M S 6- 11 June 2021, Atianta, GA 1




Acknowledgements

D))

7

Systems ICs

Networks,
Applications,
, MIMO, Power

mm-wave CMOS:
handset
mm-wave arrays

mm-wave CMOS:
hub

mm-wave arrays

mm-wave MIMO

MIMO algorithms efficient PAs N-path mixers
Imaging algorithms II-V arrays MIMO ADCs
Compressive imaging
MIMO algorithms 140-300GHz desigr) automation
T VLSI MIMO SiGe ICs equalizers
: digital beamforming
[ )%

100-300GHz ) advanced

I" 3 propagation high- packaging
measurements frequency atesials

packaging

MIMO

algorithms advanced
(funding via packaging
CONIX) materials

S

RF

Transistors
P N-polar GaN HEMTs
28 = for 140, 210GHz

AIN/GaN HEMTs
for 140, 210GHz

transistors in
novel materials

GaN HEMTs
on Si

Diamond cooling
for GaN

THz HBTs for PAs
THz HEMTSs for LNAs

Massive VLS| design automation
MIMO LSI MIMO processors 140/210/280GHz arrays
demo. for demos.
Compressive 140GHz radar chipsets
imaging - and arrays

International Microwave S

O
IIV1S 6-11June 2021, At



n JUMP + nCORE Official Sponsors

D))

-
—
m~m

NORTHROP

PA GRUMMAN
LOCKHEED qrm DANALOG
MARTIN NH DEVICES
w & dicron

A~ Raytheon
Technologies

EMD
PERFORMANCR
MaTRRIaALS




il

@Mi\_,;/

Wireless networks: exploding demand.

(. {fw »100-300GHz Wireless

— Services

Immediate industry response: 5G.

~10~40 GHz ("5G") xﬁﬂ

~40~100GHz ("5.5G ?")
increased spectrum, extensive beamforming

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

100-300GHz carriers, massive spatial multiplexing

-> Terabit hubs and backhaul links, high-resolution imaging radar 2 rangeopper
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-, Benefits of Short Wavelengths

CAX

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

P :
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Imaging: very fine angular resolution But: _ _
High losses in foul or humid weather.
What you see What you want to see tragsr:'giytter reacl’eriavyer sinfz;:itigre\art;i;?\;er H ig h 7\/2/ R 2 p at h I O Sse S .
e =~ oo | |Cs: poorer PAs & LNAS.
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element transmitter .
0= i 100-340GHz wireless:
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highly intermittent
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Opportunities and Challenges &3

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-CMOS for short ranges below 200 GHz.

SiGe, GaN, or IlI-V LNAs and PAs for longer-range links. Just like cell phones today
SiGe or IlI-V frequency extenders for 220GHz 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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transmitter receiver far-field pattern:
array single-beam receiver
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Potential 100-300GHz Systems

140GHz MIMO Hub 210 or 280GHz MIMO Backhaul
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2 140GHz massive MIMO hub @3

jarray element 1x8 array tile

@5&6% ﬁ
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256-element
MIMO tiled array

massive MIMO hl{b

/
_ 1 < ; 1 _q b N ) on each

MIMO arrays
face

adjacent packages tile into large array
linear antenna array P/-}S
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..
] <3
PCB > semlas- [ 7 Prcs
[ 1l 1T m
i module metal carrier
array mounting surface & heatsink

Handset:
8 X 8 array
(9%9mm)

10uL02 8bpe §0d
S

108UL02 8Bpe §0d

0.5-5 Tb/s spatially-multiplexed 140GHz base station
128 users/face, 4 faces. P,,z;=21 dB,, PAs, F=8dB LNAs
512 total users @ 1 user/beam, 1,10 Gb/s/beam:;
230, 100 m range in 50mm/hr rain with 17dB total margins

International Microwave Symposium

X !
‘;\‘ wiew, w p \*
/ \"/’\\ I M S 6 - 11 June 2021, Atlanta, GA 9




140GHz moderate-MIMO hub

If demo uses 32-element array (four 18 modules):
16 users/array. P,,z=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

mm-wave
backhaul )
L 2
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¢
- ¢

~80 meters_—g"""
e

"*';,;/ ‘endpoint
= 7 Pole- or wall- mounted
multibeam picocell

1 x 32 MIMO array

array element

!
_~0.6)

~2.4)L

@ adjacent packages lile into large array

linear antenna array P/‘-}S
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array mounting surface & heatsink

Range varies as (# hub elements)®> - (Service area/element) is constant
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Handset:
8 X 8 array
(9%9mm)
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70 GHz spatially multiplexed base station ~@BFE

RFIC

If we use instead a 70GHz carrier,

the range increases to 168 meters (vs. 100 meters)

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

and the hub array becomes 20mmx524mm (vs. 10mmx262mm)

Or, use a 4x4 (8mmx8mm) handset array,
and the range becomes ..100 meters.

Same handset area (more handset elements)—> same link budget
Easier to obtain license for 140+2.5GHz than 75+2.5GHz

nal Microwave Symposiurn
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220 GHz, 640 Gb/s MIMO Backhaul
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2l &P 7 4x4
E = 4 b subarray
S £ L L

2 8|z 7 \

: © ~ 7 MIMO
= r array
Q G

+ «~ propagation

range
8-element MIMO array

3.1 m baseline.
80Gb/s/subarray—> 640Gb/s total
4 x 4 sub-arrays - 8 degree beamsteering

printed circuit board

wiring | Si mm-wave IC

to

backplane . 1V power
(S . amplifiers

metal | P

carrier"v.._“

i’ /7‘/
\\ Vivaldi antenna array

on thin, low-gr substrate

Key link parameters
500 meters range in 50 mm/hr rain; 23 dB/km
24 dB total margins:
packaging loss, obstruction, operating,
design, aging
PAs: 24mW P, (per element)
LNAs: 6dB noise figure
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210 GHz, 5.1 Tb/s MIMO backhaul

O

500m range in 50mm/hr. rain.

8-element 640Gb/s linear array:

requires 14dB_ transmit power/element (P, )
....3.2W total output power

requires 2.1m linear array

64-element 5Th/s square array:

same link assumptions

requires 5dB, transmit power/element (P, )
....3.2W total output power

requires 2.1m square array

Complex system: can we make it cheaply ?
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70 GHz, 640 Gb/s MIMO backhaul (16QAM) @&

RFIC
Why not use a lower-frequency carrier, e.g. 70 GHz ? T
linear array,
8-element 640Gb/s linear array: G224
. . n‘ff 2/
requires 11dB_ transmit power/element (P, ) Ay
....1.7W total output power Slp2 2ol Shore
requires 5.5m linear array I S
s array
&;/E;Eé)ggation
64-e|ement 5Tb/s square array: 7T ——————
same link assumptions st o ]::s;:.gtr;nsgi:::;
requires 2dB,_ transmit power/element (P, .) e avaaaata
...1.7W total output power v vES adaiaiad
requires 5.5m square array gffgfg}g:g}}grg}gj -
T e
B=(N—1)D{m“:,/

Similar RF power output, physically larger
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System Design

-~ 94
RFIC
—->——->—I =
| x i g -)_qu)
ADCs/DACs: only 3-4 bit ADC/DACs required (Madhow, studer, Rodwell) sin’ Teos [§f fSI &
® O E (2]
® Q 8 :
Linearity: Amplifier P, ; need be only 3dB above average power (madhow). >_[>%< 5,3
> 2 fp— | £
. i . —2b— 8
Phase noise: Requirements same as for SISO (alon, Madhow, Niknejad, Rodwell) sinl Teos LB 7S

Efficient digital beamforming: beamspace algorithm=complexity “Nx log(N) (Madhow, Studer)

P
v

D

Efficient digital beamforming: low-resolution matrix (studer)

X|

(¥

Efficient channel estimation : fast beamspace algorithm (studer) B

(a) Narrowband scenario. (b) Wideband scenario.

Efficiently addressing true-time-delay problem: "rainbow" FFT algorithm (madhow, cabric, Studer)
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freq. (GHz)
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. System Design

ADC resolution: — b—1 2
N ADC bits, M antennas, K signals: SNR=6N+1.76+10-log,,(M/K) Y <[ I
3 bits, (M/K)=2-> SNR=23 dB. QPSK needs 9.8 dB. . S [g] S
e Q 8 :”
Jammer tolerance: »‘%q : E_,_, s
Increase ADC resolution by 1 bit=> Py, o max = K'Poigna L —1SP Qg
Maximum jammer power = sum of all user's power.
signal with no  signal with error vector
Phase n0i592 fsymboI/2 pfgmase error pfgmase error decomposition
Phase error o, : SNR=-20-log,,(c,)+10-log,,(M/K), where o, = _[ L(f)df.
MIMO and SISO require similar L%f) : fiow
Beamspace:
lower frequencies, many NLOS paths, complicated channel matrix: O(M?) to beamform
higher frequencies, few NLOS paths, simpler channel matrix: FFT, O(M-logM) to beamform
fewer bits in signal; fewer bits in FFT coefficients.

—r———— X
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100-1000 GHz Transistors and ICs

f.x GoodICs complexity LNAs  PAS increased -
GHz to (GHz) bandwidth ?

CMOS 350 150/200 transceivers good weak: 10-30 mW not easy

Production SiGe 300 200/250 transceivers ok OK: 20-100 mW depends on $S

R&D SiGe 700 300/500 transceivers good OK:20-100 mW 2-3THz

R&D InP HBT 1150 400/650 PA, converters ok* good: 100-200 mW 2-3THz

R&D InP HEMT 1500 500/1000 LNA great weak: 20-50 mW 2-3THz

R&D GaN 400 120/140 PAs good excellent: 0.1-1W  600GHz

|Cs with useful performance, hero experiments

*can be addressed

There are THz transistors today; their bandwidth will increase

Challenge: reducing costs, increasing market size

International Microwave Symposium
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mm-Wave CMOS won't scale much further @2

i i . i i . RFIC
Gate dielectric can't be thinned Shorter gates give no less capacitance
—> on-current, g can't increase dominated by ends; ~1fF/um total
0.34 T

one band minimum A

end capacitances

AN

D
- G -
n | N

normalized
transconductance

EOT + body thickness term = Inm~§

-
channel

(electron effective mass)/m_ barrier

Maximum g,,, minimum C-> upper limiton f.
about 350-400 GHz.

Tungsten via resistances reduce the gain
Inac et al, CSICS 2011

Present finFETs have yet larger end capacitances

International Microwave Symposium

l M S 6 - 11 June 2021, Atlanta, GA 20




o

. mm-Wave Transistor Development

A 2/
S 1000 | 1 | 1 N | 1 ; Footgate
InGaN and GaN HEMTS: a B B GaN ¢t ng;:::lgezzd G Q:\??;zsz:;‘g GaNgQap engan:;e_:yaccedss
) ] ® GaAs | akage P etiioes dipeiat
High power from 100-340GHz 100 u - e np L oo Kises o
GaN: superior power density at all frequencies s 1 e L - F s s B
Ts 103 ‘s = e T
o ] .. ’ “ E Gifactl\:::el 206G
1 ] ‘ ° B . AlGaN backbarrier
E ‘ E AlGaN Backbarrier '\\prov'diiac::;.ge oy
] C confinement
i ‘ i SiC substrats
01 T T T T TTT] T T T T T T T GaN Buffer B re(;ucsel; t?xerrarreal
! 0 100 T
Frequency (GHz)
. - N-polar GaN: Mishra, UCSB
:t"'tz '“f" ';'BlTlsT-H ¢ @ 130nm nod THz InP HEMTs:
-of-art: 1. i nm n
Ef?ic?eﬁt iOO 6SOGHzmaé)wer ode State-of-art: 1.5THz f,_,, @ 32nm node
more f._: more efficiSnt higher frequencies Sensitive 100-650GHz low-noise amplifiers
base rema:(-)wth' better co’ntagctsé hiqherf more f.: lower noise, higher frequencies
growtn. : o max’ high-K gate dielectric - higher f,, f .,
status: working DC devices; moving to THz
. . L L 60 S—
ko o B ;=420 GHz E I
S = - © : [ =562 GHz SiEeaue
= i e ‘© X T &
2 % 2 5 < 2 ::‘o \\
é £ go 2 _) _QED g) Etu \‘\
collector I \
subcollector . . :."‘:3'33 : N3
10f Ves =090 'Y 85 S
collector mesa, T =TS B I,s= 0.793 mA/um \:::’
05 1 15 2 contacts, etc. bartier ot oPr o= i
Ve, (V) Frequency (GHz)
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A

The mm-wave module design problem

\€%

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

mounts on heatsink/backplane 7|

printed circuit board

wiring Si mm-wave IC
to ‘

backplane | . 1lI-V power
\ amplifiers
metal ! ‘

carrier !

aldi antenna array
on thin, low-gr substrate
-

antennas

heatsink

on superstrate
&&& beamformer IC
=
< &&&&
<

=

@ adjacent packages tile into large array

linear antenna array Ga\N PAs

P

beamformer IC

antennas
on substrate

Si
IC

PCB

108UL0D 8bpa gOd

I_E_IJ—-—-—.—.—I—.—-&I
EJ—-—I—I—.—I—I—-@
>
>

J_-_._._._._._-@

J_-_._._._._._-|_<_|

Si
IC

PCB

| Jo8uu02 8bps god

[ o]
AL 1L
module metal carrier

array mounting surface & heatsink

" . ¢
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Si beamformer

Cu stud bonds

CPW-pistrip
transition

LTCC lower
two planes

heatsink

@IEEE M WSB: 100-300GHz mm-wave wireless for 0.1- in- :

IC-package interconnects
Difficult at > 100 GHz

'.b =1 ?I;l‘lll”f,J'/

0.5-2 W/mm? Cufilled
Removing heat “ /'
Thermal vias are marginal /

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

Economies of scale

Advanced packaging standards require sophisticated tools
High-volume orders only

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

l ’ @ International Microwave Symposium
, IIVI1S 6-11June 2021, Atianta,GA 24
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&

‘ RFIC
E type Frequency technology cost heatsinking
E: micromachined 1000 GHz Research. high good
“:;.:; waveguide Cheap one day ? X
S interface
ribbon, mesh bond 200 GHz Handcrafted. high good
E’_ patch antennas 1000 GHz Straightforward low good
(O]

on superstrate

Phased array unit element
with on-chip antenna feed

: 7 7-/ Cu stud flip-chip >200 GHz Industry standard low ok,
marginal for PA

X

- ——— hotvias 200 GHz Development low? good

(ball) wirebonds 100 GHz Industry standard low good

slum
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2 140GHz CMOS+InP MIMO hub array tile ~ @B

RFIC

i
’ mn s

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

adjacent packages tile into large array
linear antenna array PAs
g el LS :
Si -—sufiles- Q Si
= -

Ic E
EF"““.“‘H
=

PCi

108uL00 86p8 §Od

|=—u-u-uu- @pcg
| —]

i]m. eoe

—
module metal carrier

1 |
array mounting surface & heatsink

J]‘ 108UL02 86p8 §Dd

Si beamformer

7 Cu stud bonds

/

\é /", CPW-pstrip

= transition
e

Receiver IC
22nm SI. _

190mW InP Power Amplifier
16.7% PAE

wire bond

Power amplifier IC

LTCC lower
two planes

heatsink

GlobalFoundries 22nm SOl CMOS

lcm

Teledyne InP HBT

isium
26
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Farid, 2021 IMS, RFIC

= r
—
S

Azimuth(Sim) ' _ _
Elevation (Sim) - ) 135GHz Transmitter's EIRP Vs Pin
Elevation (Meas) ™ :
Azimuth (Meas) 27
o B 25
= r 7 B
o )
— T 21
(U] = A
& 19
\
\ L =
N ‘\ - 17
] x 15 ~B-4-degree from Broadside
...|...|.||....|.|..|.|.|....||'-_ 5 K 5 =e=Broadside
-150 -100 -50 0 50 100 150 26 -24 -22 20 -18 -16 -14 -12 -10 -8 6 -4 2 0 2 4 6
Angle from Broadside (degree) Transmitter Pin (dBm)
& & Y % o« » |no0FoomO EIRP =19dBm/ 6dB-BO from Psat
B oo bued ol
: e N |[PpEBeccaa. QPSK (5G Baud 16QAM (5G Baud 64QAM (5G Baud
o N v N
®» N ev e T . -
A D o D 98.‘1-7003.
RS awqe
» w B ¢ % v (aPesegile i ' "
‘ol V.o @ 3°r:
rate 4 Gbaud 4 Gbaud 2 Gbaud . -» w 5
po‘ver 3dB baCkOff 6dB baCKOﬁ. 8dB baCkOff ¥ 221641791 22164179104 -2.21641791 22164179104 -2.21641791 22164179104
EVM 7.9% 9.2% 7.4% : ' : . =
(RMS) 7.69% (RMS) 8.4% (RMS) 8.5% (RMS)
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ICs and Packages:
210 & 280 GHz
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210 GHz MIMO backhaul demo

D)
ol o R
| & 2 (RN
= |5 ~ 7
2| s Y o
o | - 4
8| F t L
o8 s||By 7
|0 ™ r <
2l &P 7 4x4
E = 4 b subarray
S = L L
2 8Pz 7 \
g S . 7 MIMO
= & array
Q G
+ «~ propagation

range

8-element MIMO array

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

4 x 4 sub-arrays - 8 degree beamsteering

printed circuit board

wiring | Si mm-wave IC

to

backplane . 1V power
b i\ amplifiers

metal |

carrier |

i’ /7‘/
\\ 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: 63mW =P, (per element)
LNAs: 6dB noise figure

International Microwave Symposium
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., ICs for 210GHz and 280GHz MIMO links &

D))

2/2020 tapeout

~gy 44

—
M

7 LO=203GHz
- LO=207GHz
] LO=210GHz

190 195 200 205 210 215 220

210 GHz LNA: measured 13dB gain, NF TBB.

20
]
ol
LO=203GHz B L
LO=207GHz LI =11 ==
LO=210GHz 7
......... 2]
28 48 8 2 N
Tx Input signal power (dBm)

-
=)

Noise Figure (dB)

T
200

-
N
L

Rx Conversion Gain (dB)
-
o

Pout (dBm)

LbrRras,
©woowowbddb
, L

Technology:
Teledyne 250nm InP HBT.

190 195 200 205 210 215 220

Rx input Freq (GHz) Rx Input signal power (dBm)

Pout dBm, PAE %, Gain (dB)

. 200 GHz PA: measured 17.7-18.5 dBm Psat, 6.9-8.5% PAE.

Gain

210

Bl 270 GHz PA: measured 16.7 dBm Psat, 4% PAE.
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280 GHz LNA: measured 12dB gain, NF TBD.
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200GHz PA: A. Ahmed et al, 2021 IMS

270GHz PA: A. Ahmed et al, 2021 RFIC symposium
210GHz TX, RX: M. Seo et al, 2021 IMS

Ongoing efforts:
210GHz single-channel TX, RX modules
2x2 arrays (with antenna superstrate: Rebiez, UCSD)
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AN
>~ The 100-300GHz 2D Array Challenge
(= Y >

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

. [ _¢—
Arrays can be made from either tiles or trays _¢_> .
Arrays must be vast: 100-1,000-10,000 elements " e ><
. LO/N
Arrays must be dense: packaging challenges — 1 ><

Many DC/IF/LO lines, plus antenna interface.
Fitting IC functions into available area.
Removing the heat. .
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% 100-300GHz array frequency scaling &
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— #beams - (bit rate per beam)-kTF -SNR = %e‘“R P
AR

received = 4212 trans trans
AR
(Worst-case atmospheric loss: ~constant over 50-300GHz)
Proposed scaling law change Implication change
carrier frequency increase 2:1 - capacity (# beams-bit rate per beam) | increases 4:1
aperture area keep constant number elements increases 4:1
total transmit power keep constant RF power per cm? aperture area stays constant
100GH:z 200GHz RF power per element decreases 4:1
@\ @\ IC area/element (tiled array) decreases 4:1
i L IC area/element (trayed array) decreases 2:1
IC power/area (tiled array) stays constant
St IC power/area (trayed array) decreases 2:1
ol 0.05% transceiver
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spagally-multiplexed mm-wave base stations
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Wireless above 100 GHz

3
Y))).

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.

I1I-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
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(backup files follow)



