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Wireless above 100GHz

— Services

Wireless networks: exploding demand.

Immediate industry response: 5G.
28, 38, 57-71(WiGig), 71-86GHz
increased spectrum, extensive beamforming

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

DOD applications: Imaging/sensing/radar, commes.



140-340GHz Wireless

10Gb mobile communications: spa}ally-multiplexed mm-\ivave base stations
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TV-resolution wireless imaging:
See, fly, drive perfectly in any conditions. |
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Benefits of Short Wavelengths

Communications: Massive spatial multiplexing, massive # of parallel channels

spaﬂally-multip[exed mm-wave base stations
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Imaging: very fine angular resolution

What you see What you want to see
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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

array



mm-waves: benefits & challenges

Large available spectrum
i e esfpesafscmacfcassefiraa s

Rain: 25, 50, 100 mm/hr |

D1 5 ~10° 10% 10°
95% humtdlty 35C
Fog WG/m

Rain Attenuation, dB/km
|

0 50 100 150 200 250 300 350
Frequency, GHz

(note high attenuation in foul or humid weather)

Need phased arrays (overcome high attenuation)
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Need mesh networks

Object having area
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...high-frequency signals i i
are easily blocked.
...this is easier at high frequencies.

#channels oc (aperturearea)’ /(wavelength - distance)’

Torklinson : 2006 Allerton Conference
Sheldon : 2010 IEEE APS-URSI
Torklinson : 2011 IEEE Trans Wireless Comm.
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Blockage is avoided
using beamsteering
and mesh networks.



spatially multiplexed base station
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140 GHz spatially multiplexed base station

jarray element  1x8 array tile

@ ~0.650.
massive MIMO hub _ _ 240 =
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256-element
MIMO tiled array

MIMO arrays
on each

face

1 Tb/s spatially-multiplexed base station
256 users/face, 4 faces
1024 total users @ 1 user/beam, 1 Gb/s/beam; Handset:
225 m range 8 X 8 array

Link budget is feasible, but...
Required component dynamic range ?
Required complexity of back-end beamformer ?




140 GHz spatially multiplexed base station

jarray element  1x8 array tile

@;O'GSK
massive MIMO hL\‘b “; | i
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256-element
MIMO tiled array

face L. WRVSIGI YU LU il

|Requ|red SNR (measured as Eb/No) ‘ 9.8‘ dB

packaging loss (receiver) 2 dé

packaging loss (transmitter) 2 dB

end-of-life hardware degradation 2 dB

Each face supports 256 beams @ 1Gb/s/beam. nardware design margin 2 d8
beam aiming loss (edge of beam) 2 dB

o . suystems o;?erating margin 5 dB

225 meters ran ge in 50 mm / hr rain [peth obstricton loss (shadowing) 500 o5

Realistic packaging loss, operating & design margins (20dB total)

PAs: 16 dBm P_ . (per element)
LNAs: 3 dB noise figure



/5 GHz spatially multiplexed base station

If we use instead a 75GHz carrier,

but constrain the handset to a similar size (8mmx8mm)
and the hub to the same number of elements

then the range becomes 210 meters (vs. 225 meters)

Would be similar performance;
except that PAs, LNAs are poorer @ 140GHz

Nhub

lement

2
])received — Dhuthand (Z’j e_aR Dhand - 47Z-Ahand /2«2 Dhub == De

})trans 1 67[2 E

*The hub array is now 9Immx655mm (vs. 5mmx350mm)



340 GHz (or even 650 GHz) backhaul

linear array
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Sub-mm-wave line-of-sight MIMO network backbone
wireless @ optical speed; link network where fiber is too expensive to place.

340 GHz: 640Gb/s @ 500 meters range; 1.6 meter linear array (5Tb/s for 8%8 square array).
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650 GHz: 1.28Tb/s @ 500 meter range; 1.6 meter linear array.
Capacity doubles again if we use both polarizations.
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340 GHz 640 Gb/s MIMO backhaul

oo wavere IHLI I
\ Required SNR (measured as Eb/No)

packaging loss (receiver)
packaging loss (transmitter)
end-of-life hardware degradation
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g ‘;“ \ geometric path loss, dB
7l ath obstruction loss (foliage, glass
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~ propagation
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1.6m MIMO array: 8-elements, each 80 Gb/s QPSK; 640Gb/s total
4 x 4 sub-arrays - 8 degree beamsteering

500 meters range in 50 mm/hr rain; 29 dB/km
Realistic packaging loss, operating & design margins
PAs: 82mW P_ . (per element)

LNAs: 4 dB noise figure

9.8 dB
G ey e
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2 dB
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3 dB

0 dB

10 dB

-33.00 dBm

2.07E-06
-56.84 dB
0.00 dB
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340 GHz 5 Tb/s MIMO backhaul

500m range in 50mm/hr. rain.

8-element 640Gb/s linear array:
requires 80mW power/element
requires 1.6m linear array

8-element 5Tb/s square array:
same link assumptions

requires 10mW power/element
...10W total radiated power
requires 1.6m square array
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140 GHz, 640 Gb/s MIMO backhaul

Why not use a lower-frequency carrier, e.g. 140 GHz ?

8-element 640Gb/s linear array:

same link assumptions

requires 2mW (vs. 80mW) power/element
requires 2.6m (vs. 1.6m) linear array

8-element 5Tb/s square array:

same link assumptions

requires 0.25mW (vs. 10mW) power/element
requires 2.6m (vs. 1.6m) square array
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High-resolution imaging radar
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frequency-scanned beam

Proposed demo: 220GHz frequency-scanned system
64x512 pixels, 60Hz refresh

35cm x 35cm aperture
64-element linear array
Target:

0.3m diameter, 10% reflectivity, 300m range
detect with 5dB SNR in 35dB/km fog.

System:

F=6dB, P = 10dBm (10% duty cycle)

element™

transmitter
array

far-field pattern: far-field pattern:
single-beam receiver multi-beam receiver

TTTTTTTTIT]

single-heam
receiver
far-field detection

transmitter
far-field
illumination

[EEEEEE S 5SS NEEE|
far-field patterns of the
multi-beam receivers

\
transmitter
far-field illumination

DOD-relevant: 140GHz close-range system
256x256 pixels, 10ms image acquisition time
27 cm linear arrays, 256 elements

Target (large bullet):

2cm diameter, 10% reflectivity, 100m
detect with 10dB SNR in 20dB/km rain.

System

F=6dB, - Need 0.4W PAs (10% duty cycle)

(reasonable margins)
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Beamforming for massive spatial multi
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Pure digital bearrrrforming:
dynamic range & phase noise requirements: appear to be manageable v'v'v’
Digital back-end processing requirements (die area, DC power): being investigated ???

Pure RF beamforming: (focal plane, Butler matrixes, RF beamforming)
Established approach in DOD systems (high dynamic range). Issues of array tiling.

reconfigurable
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Beamforming for massive spatial multiplexing

Digital beamforming L, =
: , D %¥ 1 e
‘/ADCS/DACS onIy 3-4 bit ADC/DACS FECIUIFEd (Madhow, Studer, Rodwell) sinl Teos = g S
] = T e®
® & § L]
v'Linearity: Amplifier P, ; need be only 3dB above average power (madhow). . A & e
o W
. . —b—%-ﬁ—! &
v'Phase noise: Requirements same as for SISO (alon, Madhow, Niknejad, Rodwell) sirl :cos | NN s
Efficient digital beamforming: beamspace algorithm=complexity “Nx log(N) (Madhow)
. . B i
Efficient digital beamforming: low-resolution matrix (studer)
Efficient channel estimation : fast beamspace algorithm (studer)
D A
Efficiently addressing true-time-delay problem: "rainbow" FFT algorithm (Madhow) e 0w e
v'Array-to-backplane interconnect power: low-power analog baseband 50Q links (rodwell
In progress... el
Propagation models and measurements: (volisch) E 5
Blockage probability, mesh networks, network protocols: (rangan, cabric) T ———rat ..

-TLT -3.56 0 3.5 T
freq. (GHz)

MIMO system power analysis: (Rangan, Cabric, Buckwalter)



Transistors
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mm-Wave Wireless Transceiver Architecture
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custom PAs, LNAs - power, efficiency, noise
Si CMOS beamformer-» integration scale

...Similar to today's cell phones.
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IC Technologies for 100 + GHz systems

transmitter
baseband processor 140 or 220 GHz 140 or 220 GH:z 140 or 220 GHz 340, 650, or 1080 GH:z
Silicon s M7 L I . Ll > 4 [ -
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mm-wave CMOS (UCSB examples)

150 GHz amplifier:

IBM 65 nm bulk CMOS, 2.7dB gain per stage Seo et al., JSSC, Dec. 2009
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GF 45 nm SOI CMOS, 6.3 dB gain per stage Kim, Simseck, 2017 BCICTS
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mm-Wave CMOS won't scale much further

Gate dielectric can't be thinned
—> on-current, g, can't increase
0.34 A .

L
one band minimum '

normalized
transconductance

EOT + body thickness term = 1nm\§

0.01 0.1 1
(electron effective mass)/mo

Shorter gates give no less capacitance
dominated by ends; ~1fF/um total

end capacitances

TR

D
- G -
N+ (IR N

- -
channel
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

23



III-V high-power transmitters, low-noise receivers

Cell phones & WiFi: GaAs PAs, LNAs mm-wave links need:
high transmit power, low receiver noise

0.47 W @86GHz

H Park, UCSB, IMS 2014

0.18 W @220GHz

T Reed, UCSB, CSICS 2013

1.9MmW @585GHz

M Seo, TSC, IMS 2013
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Gallium Nitride Power Technologies
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130nm / 1.1THz InP HBT Technology
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130nm / 1.1THz InP HBT: IC Examples

220 GHz 0.18W power amplifier 325 GHz, 16mW power amplifier
UCSB/Teledyne: T. Reed et al: 2013 CSICS UCSB/Teledyne: A. Ahmed, 2018 EuMIC Symp.

Integrated ~600GHz transmitter
Teledyne: M. Urteaga et al: 2017 IEEE Proceedings

~620 GHz
~20 GHz (%) II:D>_,_

“_ . Dual Branth DrivérAﬁplifie_r.“, d ; RF

nout < R
o ' SR Output
24 : e ~20 GHz
ZE- | AR -1 L TR S35 ;

~100 GHz ~200 GHz

but, only ~1 mW output power
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Transistor scaling laws: ( V,I,R,C,T ) vs. geometry

Depletion Layers

Irmx (C’vsat( appl + ¢)

A T?

Bulk and

Contact

Resistances
area=A \

i

a

contact te rms dominate

1) FET fringing capacitances
2) IC mterconne ct capacitanc es

M A

fnglng fmgmg

Fringing Capacitances

Thermal Resistance

AT;ransistorN P ll'l( L j
K, L \W

Available quantum states to carry current
£

-> capacitance,
transconductance
contact resistance 28



Frequency Limits and Scaling Laws of (most) Electron Devices

T oc thickness PIN photodiode R

R,
C oc area / thickness M\'m

R

/area

top o« pcontact

shect /W1
area 4 /l?“e/n@th

pcontact IO
Rbottom oC +

oc area / (thickness )’
j To double bandwidth:

max, space-charge-limit

AT o POWer log(lel?gth
length width

Reduce thicknesses 2:1
Improve contacts 4:1

Reduce width 4:1,

Keep constant length
Increase current density 4:1

29



Bipolar Transistor Design

z-b z];f/ZDn

TC — n/zvsat
C,=¢cA./T
] c,max o VsatAe(I/ce,operating_I_ I/ce,punch-through)/ ]—;2
AT oc ki 1+ 1In L
Lg | We)

Rex — IO contact/ Ae

w. W o,
R — e 4 bc 4+ contact
" ps}leet( 1 2 Le 6Le ) Acontacts

We
Tb %c TC
I
4 \ [—

=/

(emitter length L, )
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Bipolar Transistor Design: Scaling

z-b z];f/ZDn
r.=1/2v
C,=¢A/TT

t

] oC VsatAe (VC

c,nmax

AToc£ 1+ln(

L

E

Rex — 10 contact/ Ae

Rbb — psheet(

/4

e

Le
4

e

_|_

e,operating

:

W

12L,

6L,

2
T I/ce,punch-through) / ]—;

l

14 IO contact
A

contacts

We
Tb %c TC
I
4 \ [—

=/

(emitter length L, )
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Making faster bipolar transistors

Pt/Au
TiW P++
spike
SiN -\.
PUAL I R
InGaAs \
|

P+ InGaAs base
N- InP collector

N+ InP subcollector

Narrow junctions.
Thin layers
High current density

Ultra low resistivity contacts

to double the bandwidth:

change

emitter & collector junction widths

decrease 4:1

current density (mA/um?)

increase 4:1

current density (mA/um)

constant

collector depletion thickness

decrease 2:1

base thickness

decrease 1.4:1

emitter & base contact resistivities

35

decrease 4:1

Teledyne: M. Urteaga et al: 2011 DRC
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- f=521GHz
fmax=1.15THz

% 20 it e o T O s A
@ BE BRI
=
g - - - k-
[ Il\l R
[ % Lt
1D I— =4 =14+ -_I——l\-\\I—I—lHH——
o ER N NRRE RN
[ I'-,_‘I RN RN
5 CTTTIT ST -
] BRI
10° 10" 10" 10"
Frequency (GHz)

-

32



InP HBTs: 1.07 THz @200nm, ?? @ 130nm

base contact
Au

Pt-InGaAs
reaction
emitter 100
Frequency [GHz]
e 020 2.7nm
|
17nm base 14 .1nm
setback [ Acomesum N P |
A.=0.17-1.9 um2 Hy,
g ra d e V. Ziov HM= FaaN\
Je = 18 mA/um?
10 nm f. =510 GHZ
— collector 10 100 1000

Frequency [GHZ]

Rode et al., IEEE TED, Aug. 2015



THz HBTs: The key challenges

Obtaining good base contacts RC parasitics along finger length
in HBT vs. in contact test structure metal resistance, excess junction areas
(emitter contacts are fine)
10, e
? P-InGaAs
7 (— base pad, base feed
N 10-6i E
$ (— emitter undercut
G 2
2107 I 2 (—\
E TE collector-base junction
g “HH/
® o ~3THz target 2
E 10 R U —— (— emitter undercut
S N
‘E ¢B=O 8 eV ““ (— base mesa edge
SRR Y VA
© 107  o4ev MO\
] 0.2eV ‘ o
| step-barrier collector
1 Landauer
107

00 100 107 10
Hole Concentration, cm>

Baraskar et al, Journal of Applied Physics, 2013
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Towards a 2 THz SiGe Bipolar Transistor

Similar scaling
InP: 3:1 higher collector velocity
SiGe: good contacts, buried oxides

Key distinction: Breakdown
InP has:
thicker collector at same f,
wider collector bandgap

Key requirements:
low resistivity Ohmic contacts
note the high current densities

Assumes collector junction 3:1 wider than emitter.
Assumes SiGe contacts no wider than junctions

InP SiGe
emitter
junction width 64 18 nm
access resistivity |2 0.6 Q-um?
base
contact width 64 18 nm
contact resistivity 2.5 0.7 Q-um?
collector
thickness 53 15 nm
currentdensity 36 125 mA/um?
breakdown 2.75 1.3? V
f. 1000 1000 GHz
f 2000 2000 GHz

max

35



FETs (HEMTs): key for low noise

10
2:1to4:1increaseinf_:
improved noise 8
less required transmit power
smaller PAs, less DC power

or higher-frequency systems

Noise figure, dB

fT=BOOGHz

frequency, Hz

B | | | | B L II |
[ F, ~1+2g, (R +R,+R)T- A 600
— S f. GHz
B >
[ +2gm(RS+Rg+Rl.)F-(i)
- Je 1200
C T ~] f1 GHz
- 11 | | L1 11 I-

10" 10"
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InP HEMTSs: state of the art

First Demonstration of Amplification at 1 THz Using
25-nm InP High Electron Mobility Transistor Process

Xiaobing Mei, et al, IEEE EDL, April 2015 (Northrop-Grumman)

INAIAS —
barrier

channel
barrier
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FET Scaling Laws (these now broken)

Sate FET parameter change
InAlAs gate length decrease 2:1
barrier
source drain
— I
chan_nel
— dielectric equivalent thickness decrease 2:1
S - D channel thickness decrease 2:1
N - I channel state density increase 2:1
- - contact resistivities decrease 4:1
channel
barrier

vertical S/D spacer
== [ow-K dielectric spacer
high-K gate dielectric



FET Scaling Laws (these now broken)

Sate FET parameter change
:onapr\:/ioc\a? gate length decrease 2:1
source drain
X b7
= I
chan_nel
— dielectric equivalent thickness decrease 2:1
X o >\\< D channel thickness decrease 2:1
- - channel state density increase 2:1
- - contact resistivities decrease 4:1
channel _ _
bartier Gate dielectric can't be much further scaled.

Not in CMOS VLSI, not in mm-wave HEMTs
vertical S/D spacer

== [ow-K dielectric spacer
high-K gate dielectric  Shorter gate lengths degrade electrostatics-> reduced g,, /Gy, > reducedf,,.., f,

g./W, (mS/um) hard to increase-> C,,,/ g,,, prevents f _scaling.



Towards faster HEMTs: MOS-HEMTs

Scaling limit: gate insulator thickness

HEMT: InAlAs barrier: tunneling, thermionic leakage
solution: replace InAlAs with high-K dielectric

2nm ZrO, (¢,=25): adequately low leakage

Scaling limit: source access resistance
HEMT: InAlAs barrier is under N+ source/drain
solution: regrowth, place N+ layer on InAs channel

Target “10nm node
~0.3nm EOT, 3nm thick channel

N+ source

L.

Q

s

| -
mm =
J= k=
<o e
< & o
£ & +
P

'

high-K

gate dielectric

channel
1.2to0 1.5 THz f.. :
barrier
a)35 T T T T T TTTT ’, :’I_' n L B I | a) 3 b)
: Ll LI III8,/578 Sl
30 SRR HXR 43 10 =0it05v] " =
. . 0.1 V increment -
Lo L Ll 0 42.5 _VGS—OtOO.SV
25- U ! \_Sn 5. 7 10°F 90 mv/dec. £ 0-80.3 V incrémeht
E 20 . \“/ .11'/”:/. _ 2 E 1 ! —Z.OE
3 o Y s 3, & £08 Jun Wu, UCSB, IEEE EDL, 2018
€ 15l ‘ R £ 15 2
£ ; R - o 4 - 2
S N %, .~ 810°¢ E £04
10+ ‘ e 1 = 109 =
. ~'357 GHz . 5 a
I 5L N - | 410 GHz- 10 ¢ Jo5 02
Channel K-factor o= T o\ 2 S !
Buﬁ:er 0 1 L I 1 LN L1 0 10—4 & 0.0 0.0
10 100 1000 0.2 0 0.2 0.4 0.6 0 0.1 02030405

Frequency (GHz)

Vs (V)

Vps (V)
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mm-Wave IC design: the challenges

Transistor gains are low: f,., is significant fraction of ..
match for optimum gain, noise, or power.

Device dimensions are a significant fraction of a wavelength
Even short lengths of wiring add serious parasitics

Transmission-line losses are high
low Q in VCO resonators and filters
high combining losses in PAs: low power, low efficiency
several dB added noise in LNAs.
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Thin-film microstri

. inverted or right-side-up

thin-film microstip line

e

Ground Plane

Low &

inverted microstip line
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130nm /1.1 THz InP HBT ICs to 670 GHz Z7RS

614 GHz
fundamental

VCO
M. Seo, TSC/UCSB

M Seo, TSC
IMS 2013

also: 670GHz amplifier (&
J. Hacker, TSC H
IMS 2013 (not shown)

204 GHz static x
frequency divider @
(ECL master-slave
latch)

Z. Griffith, TSC/ UCSB
CSIC 2010

Integrated
300/350GHz

Receivers:
LNA/Mixer/VCO
M. Seo TSC

220 GHz
180 mW
power
amplifier

T. Reed, UCSB
CSICS 2013

600 GHz
Integrated

Transmitter

PLL + Mixer
M. Seo TSC

340 GHz
dynamic
frequency
divider

M. Seo, UCSB/TSC
IMS 2010

300 GHz gl ]
fundamental FRELES : ! 5o
PLL S | - : _ .C‘).LI pUts

M. Seo, TSC
IMS 2011

81 GHz
470 mW
power
amplifier

H-C Park UCSB
IMS 2014

TELEDYNE
SCIENTIFIC COMPANY

A Teledyne Technologies Company




T rTrTTmTri wErTEr TTET AT

214 GHz, 180mW Power Amplifier (330 mW design)

0o

388 3 | i - 32-Cascade, 3-stage PA, Location R2C1 )
= _ m_ = - P = 12.9W 180mW
e 150 | capmimin=i== F @214GHz ]
( B 157mW .
- @208GHz ]
100 - -
50 N e Pl 220G HE (V) H
= e (PR 2 1EG HE (M) E
B e P 208G HE (i) i
u r1|||r||r|||||||1|:'||I|r||r|||||||
45 4 3.5 3 25 2 1.5 1
Atteannatnr Unltana WA
30
— 51, 21464, = 22.0dB
oo
o
N | e i
| ol
.n I E
J..'-il' m
OONEN |
{-=54 £
44y w
p‘lt’ b
4 | o
A S
(¥
23 mmx 2.5 mm 1 8C16C32Cx 3-Stage PA Poc= 12.9W
-30 — ————r
210 220 230 240 250 260 270

Frequency (GHz)

T. Reed, Z. Griffith, 2014 CSICS http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=6659187&tag=1 45



205GHz Logic in Thin-Film Inverted Microstrip

L peak =65 pH
R 1oad = 50 ohms
V. logic =300 mV

> 205 GHz divider, Griffith et al, IEEE CSICS, Oct. 2010

8:1, 205 GHz static divider in 256 nm InP HBT Image taken before top metal (ground plane) deposition s



140GHz Transceivers: GF 22nm SOI CMQOS

BB-/ BB-iB
A 135 GHz
Post-Am
] P
Double
RF Balanced
Bassive Miber

[ | 135 GHz
Post-Amp

BB-Q BB-QB

BB-/ BB-IB 135 GHz

! | Post-Amp
Double
RF Balanced
Active Mixer
135 GHz

BB-Q BB-QB  post-Amp

Delay
Line

/2

Delay
Line

T2

A. Farid UCSB, 2019 RFIC symposium

x3 X3
135 GHz 45 GHz

X3 X3
135 GHz 45 GHz

x3 Driver
& STD

x3 Driver
& STD

==

==SEE)

1.9 mMm

0.76 mm

0.76 mm

a7



RX Characterization

,’ ——RF@134GHz,LO@133GHz [

’ —eo— RF@136 GHz, LO@135 GHz

s’ —+— RF@135 GHz, LO@134 GHz

Ilillllll

----- Sim. RF@136 GHz, LO@135 GHz
I l l I I I

E 0
2 .
s 2 ]
Q E
E";’ :
4] ]
Ea 837
O = ]
Z 3 12
5 1
16 31—
-40

Input Power (dBm)

35—
m ]
S 30-
£ 255

= (O =

gtb 20E

g 5 20°
(74 i

m§155
< 103
Q S
o 5—

—— LO @ 134 GHz
—e— LO @ 135 GHz
----- Sim. LO@ 135 GHz

._2,0.

| l-1|0' | 6 | I1|0I
Baseband Frequency (GH

z)

—>— BB Freq. Fixed @ 100 MHz
—e— BB Freq. Fixed @ 1 GHz

Rx Conversion Gain (dB)
o

125

LO Frequency (GHz)

130 135 140 145
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TX Characterization

5 . 1 1 1
[
m 0] F
=, ]
s -5- w
g ]
a -10- =
S y —>— BB Freq. Fixed @ 1 GHz i
S 15- —e— BB Freq. Fixed @ 2 GHz s
= ] —— BB Freq. Fixed @ 5 GHz -
(@ 20 1 [
125 130 135 140 145
LO Frequency (GHz)
- n 2 | | | | | |
E & e T O :
2 : : S 237 | T I 2
T o: T O O '
g . - ST -4- Sk
o 43 S | - Sim. LO@135 GHz [ 0N : -
a —e— LO@136 GHz : © g -6 - e, -
‘5' . s —e— LO@135 GHz - = O -8 @ - [
2 -87 ’.' —s— LO@134 GHz E % o ] —*—LO @134 GHz :
= T —*—LO@133 GHz ; e 103 —-—--- Sim. LO @ 135 GHz -
12 3+ - - AN SN T - 12+ :

30 25 20 15 <10 5 0 5 1 4 6 8 10 12 14
Input Power (dBm) Modulation Frequency (GHz)

o
o
N



ﬁ® Jump InP Power Amplifier Design

Class-A mm-Wave Power Amplifiers
120, 140, 220, 300GHz designs
Power: 50-100-200mW

140GHz efficiencies: 17%

Class-B mm-Wave Power Amplifiers
120GHz designs

Power: 30 mW

140GHz efficiencies: 28%

ICs taped out Feb. 2019
Presently in fabrication
Expected test: late summer

James Buckwalter, Mark Rodwell: UCSB

ComSenT
COl Mgl\mo NS SQSE TE RA%RTrZ
# Description Area(mmxmm)
1 14OGHZ’P‘E§;;E'23§EQ'BPAE:13%' 0.63x1.08
3 140GHZ:Pog;ﬁggzrgBPAE:Gﬁ%’ 0.95x1.07
o | e | oswose
5 220Gszpoét:ﬁ(l-fg%ngBPAEﬂ'S%’ 1.09x0.78
i e e
10 140GHZ'Pocu;t;igg%’BPAEz&1%’ 099%03
S I e s
o | 1206Hz Pzg;i‘iﬁg_iggpAEzg'Z%’ 0.95%0.98
5 | 1406Hz P%“;;:] 1-23;23;/*97-5%’ 1.07x0.54
) 140GHz, P, =15dB,, PAE=28%,

Gain=16dB

U




ﬁ® JUMP 140GHz PA: power and S-parameter simulations

ComSenTer

COMMUNICATIONS SENSING TERAHERTZ

250-nm
Technology InP HBT
Freq, GHz 140
VCC, V 2.5
Jpino MA/UmM 1.3
S21, dB 25
P.,:,dB,,, 2dB 19.1
PAE %, 2dB 12.6
P...,dB 20.9
PAE_.. % 18.3
BW, ., GHz 43
Py, W 0.65

30 N L =)
N
m ; i
T 25 Gain P i
c out %)
8 20 ;
ms15, e m
-‘3.“105 PAE R
§ v
o 5 I
0: T T | I T TrpTTT ! 7°
20 15 10 5 0 5 10 15
Pin dB
30 | | | | 30
- 20

100

120

140 160 180 200
Freq, GHz
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B% jump 220GHz PA (CB version) ComSenTer
Power cell: _
Smaller base capacitor, B
SRF=679GHz

Decrease the shunt inductor

Two stage drivers:
Similar to power cell with higher cap

SRF=512GHz
Technology | 250-nm InP HBT

Freq, GHz 220
VCC, V 2.8
JpinMA/UM 1.3
S21,dB 22.3
P..,dB,, 2dB 21
PAE %, 2dB 8.3
P...,dB, 22
PAE_., % 10.4
BW. 5, GHz 48
Poe, W 1.5

,dB , Gain, dB
m

out

P

24 L1 N
22; Pout o
20§ Gain ﬁ -
18- TP

: m
16 A
14% PAE :ﬂ'
12 N
10 . ———— =)

-8 -4 0 8
Pin dBm

S21

S22

S11

160 180 200 220 240 260 280

Freq, GHz
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g% jump 300GHz PA (CB version)

power cell and driver:

Decrease base cap and inductor
SRF=714GHz

Three driver stages

Technology | 250-nm InP HBT
Freq, GHz 300
VCC, V 2.5
Joioo MA/Uum 1.3 "
S21, dB 17.6 _‘;-
P...,dB,, 2dB 17.8 ‘]
PAE % , 2dB 3.5 o
P...,dB 19.4 i
(2
PAE ., % 5
BW,4p, GHZ 43 - 4 7260 270 280 290 300 310 320 330 340
PDC' W 1.65 m Freq, GHz
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The mm-wave module design problem

How to make the IC electronics fit ?

100+ GHz arrays: A,/2 element spacing is very small.
Antennas on or above IC = IC channel spacing = antenna spacing
— limited IC area to place circuits

How to avoid catastrophic signal distribution losses ?
long-range, high-gain arrays: array size can be large.
ICs beside array - very long wires between beam former and antenna
— potential for very high signal distribution losses

How to remove the heat ?
100+ GHz arrays: element spacing is very small.
If antenna spacing = IC channel spacing, then power density is very large

antennas
on superstrate
antennas

on superstrate

&&& beamformer IC
>~ 2 &&
I
-l
&

-

bheamformer IC

antennas
on substrate
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mm-wave/sub-mm-wave packaging

| & D| @i (-G
Not all systems s.teer in two planes... L N
...some steer in only one. o, ©
— T A XY
— =i, g Q \\\\\
Not all systems steer over 180 degrees... = "= :\&

...some steer a smaller angular range

Arrays can often be linear (1D), instead of rectangular (2D) |A||C
Element spacing can often be greater than A/2. &
—> Array packaging then greatly simplified. ,;57.“
% ~0.5A ~0.7) /ﬁ’fg’é/////
- ~SN
- Ay Y >
~0.5 ;:;;/ 31 :_;:".:/

56



Concept: Tile for linear arrays

@ adjacent packages tile into large array

: linear antenna array GaN PAs

JoBUU02 8bpa g94

JoBuU09 8bps gHd

module metal carrier

array mounting surface & heatsink 3

Terrestrial system: horizontal steering only— linear array.
Space at edges of linear array: room for llI-V PAs, LNAs.
Alternating-sides feed: 2mm pitch— room for large GaN PAs.
Mounting directly on metal carrier- heatsinking.
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140GHz array module design

Cu Pillar Transition Performance @ adjacent packages lile into large array

0.00 Si beamformer P ®
250 PA wiring 4 linear antenna array  PAs
g 500 ~Cu stud bonds cross-section . P r— =
£ 750 CPW-pstrip -——metal 2 & > -—nulnn- < H |9
g-m.oo—wm transition :Emetal 1 ® = 5 3 g
12,50 substrate & ! E __._._._._._._I—@ / Q.
5 - .4 d B LILL upper plane back metal @ IC [ c |
p wire bond 3 E -—I—l—.—l—l—-—r@ I |8
R T M | L . P substrate-to-thin-film pstrip transition 3 PCB [_B_l == IZ_] PCB ] S
13074 Fgr;quencylGHz] PDwer ampllfler IC g -_.__._._.__._-_r E%
- LTCC upper plane I—IﬁJ;:;;I T— T—N oo — T—
_| module metal carrier |—
patch antennas - -
array mounting surface & heatsink
LTCC lower ™
PR AT BT NN I (N N NI I I N I A S A .
two planes 20 ] —&— E-plane Measured
151 @144 GHz -=--=--E-plane Simulated |
1 @140 GHz Iy

heatsink 10 -

5- -

0L .

S R Wik

-10 a v '

-15.00

|- 16.36 -{140.00 1351
12364
153.51

80.00 10500  130.00 | 15500  180.00  200.00 ]
Freq [GHz] :

©

O

—&— Measured

----- Simulated

0 T T T T T T
140 142 144 146 148 150 152
Frequency (GHz)

Simulations good: working with Kyocera. June tapeout ?



140GHz Indoor Gigabit Network Demonstration

Xeysight fnfiniium : Thursday, May 23, 2018 3:33:38 AM

41 R LA o T AT 1 VO A R R ]
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Concept: module for small angular scanning

mounts on heatsink/backplan _
printed circuit board P ‘Z \
wiring \ Simm-wave IC . =
tO ‘I\"‘.‘ “".“ - "//
backplane . 1I-V power £ z
al b . amplifiers % :;/ <
gfr?er\x‘-‘ ‘ 3 . 7 porle
ler} | =z 4 "/7 subarray
4 .E ‘// -~
] = s \
@ =
. hs = o MIMO
< £ 4 array
/ .
\ ~ propagation
Vivaldi antenna array range

on thin, low-gr substrate

Terrestrial system: horizontal + vertical steering - rectangular array.
Limited angular steering range (installation)—> spacing >> A/2
Endfire / edge-card geometry: room for I1I-V PAs, LNAs.

Mounting directly on metal carrier- heatsinking.

If Vivaldi's are replaced with dipoles, element spacing can be reduced to A/2.
— potential for wider angular scanning
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A/2-spaced 2-D Arrays

o -
Tray design - —
Vertical spacings become very small (ipchpmounted)
difficult to remove heat L

Split-block / waveguide design
heatsinking maintained
difficult to manufacture

0.75
i

3

= a o Q
blocks: antennas & feeds § ; EEE ?IEEE aliﬁ Q‘EEE @220GHz
fv;zxéeguide o’ % el HE&E 2 E_‘%E i ESE “ E_E?E microstrip to @/

network \

L1 B3 T8 3 ?ﬁaa,‘{?,g,%ff

TR N A— acjacent
5 w2 | || || ]1 _____ /,f,__;_m___‘___::: tilecifnt,o

-------- larger array.

Gal Gal GaN GaN

\E s

a @ .
Siic Ic SiiC ic Siic ic Silc ic /
s s s s |

X 2
“horn 5% Y | [
attennas g T e R EEs
Dy 1 j HA N B | I
\; split waveguide block £8 SESew i | Branzanes ) R
e w4 | — : S -
3 ! R oy epaya iy iy pmpeper iy oyt et B e O
a8 @200GHz | | iy B
Ea ok
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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 250 GHz.

l1I-V LNAs and PAs for longer-range links. Just like cell phones today
I1I-V frequency extenders for 340GHz and beyond

The challenges
spatial multiplexing: computational complexity
packaging: fitting signal channels in very small areas
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In case of questions



W oo =0 ok wh =

140 GHz spatially multiplexed base station

B

C

D

E

F

G

H

J K L

Boldface indicates parameters to enter, other parameters are calculated by formula and should be left alone

This spreadsheet calculates power levels for QPSK point-point digital microwave radio links along the surface
To calculate RANGE, vary the range until the transmit power (cell F4) is at the appropriate level

B: Bit rate

carrier frequency

». wavelength

Required SNR (measured as Eb/No)
F: receiver noise figure

R: transmission range

atmospheric loss

Dant, trans transmit antenna directivity
Dant, revr receive antenna directivity
ou: bandwidth factor (0.5<u<1)
radiated channel bandwidth required
# beams

kT

packaging loss (receiver)

packaging loss (transmitter)
end-of-life hardware degradation
hardware design margin

beam aiming loss (edge of beam)
systems operating margin

Prec, received power at 1E-3 BER
geometric path loss

geometric path loss, dB

path obstruction loss (shadowing)
atmospheric loss, dB

atmospheric loss

1.00E+09
1.40E+11
2.14E-03
9.8

3

225.0
1.993E-02
4.69E+03
1.03E+02
0.80
800.0
128
-173.83

2

NN N

-60.03
2.76E-07
-65.59
5.00
4.48
19.93

1/sec
Hz
m
dB
dB
m
dB/m
none
none

MHz

dBm (1Hz)
dB
dB
dB
dB
dB
dB
dBm

dB

dB

dB
dB/km

QPSK required radiated power/beam 17.0 dBm 5.07E-02 W

PA output power per element / beam -5.0 dBm 3.14E-04 W
QPSK total required radiated power 38.1 dBm 6.48E+00 W
total PA output power per element 16.0 dBm 4.01E-02 W
Transmitter: Base station

A_effective 1.71E-03| meters”2 372.88| Wavelengths"2
Vertical beam angle, peak-null 25.00 deg 0.4363|radians
Horizontal beam angle, peak-null 0.35 deg 0.0061|radians
array rows and columns 1 # rows 256| #columns
total # array elements 256

vertical angle scanned, total 25.0 deg

horizontal angle scanned, total 89.6 deg

array height 2.37|wavelengths 5.07E-03|meters

array width 163.70|wavelengths 3.51E-01|meters
element height 2.37|wavelengths 5.07E-03|meters
element width 0.64|wavelengths 1.37E-03|meters
Antenna directivity, dB 36.71 dB

Receiver-handset

A_effective 3.75E-05| meters*2 8.16|Wavelengths*2
Vertical beam angle, peak-null 20.0 deg 0.3491|radians
Horizontal beam angle, peak-null 20.0 deg 0.3491|radians
array rows and columns 8 #rows 8| #columns
vertical angle scanned, total 160 deg

horizontal angle scanned, total 160 deg

array height 2.9E+00|wavelengths 6.27E-03|meters

array width 2.9E+00|wavelengths 6.27E-03|meters
element height 3.65E-01|wavelengths 7.83E-04|meters
element width 3.65E-01|wavelengths 7.83E-04|meters
Antenna directivity, dB 20.11 dB

rain attenuation fits from Olesn, Rogers, Hodge, IEEE Trans Ant and Prop, March 1978

Rain rate, mm/hr
75Hz_downlink

140GHz_downlink

50

140GHz_uplink | @

mm/hr

1.97 inch/hr

Don't confuse radiated power with PA output power
They differ by cell C22, the transmitter packaging loss,
which includes transmit (but not receive) antenna losses.

Total PA output power

<--—-calculations are a bit off

for the handset element spacings because

1.03E+01 W

with a wide angular scan range, the angular resolution

varies as a function of scan angle..

H=20, 482 km v = 7.5 1 008 g/m3

FIEVER
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/5 GHz spatially multiplexed base station

A B C D E F G H | 2l K L M -
Boldface indicates parameters to enter, other parameters are calculated by formula and should be left alone

1

2 This sbreadsheet calculates nower levels for QPSK boint-point diaital microwave radio links alona the surface

: i If ' da 75GH '

: 1 If we use Instead a Z carrier, tput power

5 | iackaging loss,

1l th ' to 325 met 250 met

[tne range increases to merters (VsS. merters 1.02E401 W

g8 |l

o | he handset b 16 16 9 9

« | but the handset becomes mmxi1omm (VS. smmxXomm),

11 ||l

o | he hub b 9 655 5 350

: 'and the hu drray becomes smmx mm (vVSs. ommx mm

14 | |

15 | |# beams 128 horizontal angle scanned total 89.6 deg

16 | |KT -173.83| dBm (1Hz) |array height 2.37|wavelengths 9.46E-03|meters 2 beam aiming add

17 | |packaging loss (receiver) 2 dB array width 163.70|wavelengths 6.55E-01|meters 5.00 blockage add

18 | |packaging loss (transmitter) 2 dB element height 2.37|wavelengths 9.46E-03|meters 6.69 atmosphere add

19 | |end-of-life hardware degradation 2 dB element width 0.64(wavelengths 2.56E-03|meters 26.02 100vs5m add

20 hardware design margin 2 dB Antenna directivity, dB 36.71 dB 39.72 power adjustment range, dB

21 PRy iy (R P PR PRS- TR, 2] | Wy Mg gy §

22 O 4 4 8 8 h d t 8.16| Wavelengths2

» (U, USe a a4X ( mMmMxoemm) Nanaset array, oo i

24 0.3491|radians -7.41E+01

» [and th b 210 met | #eoum

26 an e range necomes mesters.

2? GLIIIUapIICIIb Va3, U 0.0J HulnLJinal alygre swalinnesud, wiai 1ov ey

28 | |atmospheric loss 20.60 dBIkm array height 2.9E+00|wavelengths 1.17E-02|meters <-—calculations are a bit off

29 array width 2.9E+00|wavelengths 1.17E-02|meters for the handset element spacings because

30 element height 3.65E-01|wavelengths 1.46E-03|meters with a wide angular scan range, the angular resolution

31 element width 3.65E-01|wavelengths 1.46E-03|meters varies as a function of scan angle..

32 Antenna directivity, dB 20.11 dB

33

34 | |rain attenuation fits from Olesn, Rogers, Hodge, IEEE Trans Ant and Prop, March 1978 H =0 4 92 ke; v = 7.5, 1, 0,08 g/m3

35 | |Rain rate, mm/hr 50 mm/hr 1.97 inch/hr 100 F ' J T ' I I wri -
75Hz_downlink | 140GHz_downlink 140GHz upllnk ® P »

FH W - b4 90%
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340 GHz 640 Gb/s MIMO backhaul

B C D E F G H | J M N

Boldface indicates parameters to enter, other parameters are calculated by formula and should be left alone
This spreadsheet calculates power levels for 4QPSK point-point digital microwave radio links along the surface
To calculate RANGE. vary the range until the transmit power (cell F4) is at the appropriate level 30 Power levels for 64-QAM, approx
B: Bit rate *per MIMO transmitter* 8.00E+10 1/sec  |4QAM required radiated power 292 dBm 8.281E-01 W 4131 dBm 1.35E+01 W
carrier frequency 3.40E+11 Hz output power per element 191 dBm 8.20E-02 W output power per element | 31.27 dBm 1.34E+00 W
4. wavelength 8.82E-04 m output power per sub-array 32 dBm 1.31E+00 W output power per sub-array 43.31 dBm 214E+01 W
Required SNR (measured as Eb/No) 9.8 dB output power of whaole system 402 dBm 1.05E+01 W output power of whole systerd 52.34 dBm 17T1E+02 W

Transmitter Pawer levels for 16-QAM, approx

A_effective 6.35E-04 meters"2 815.67 | Wavelengths"2 35.71 dBm 3.725E+00 W
F: receiver noise figure 4 dB Vertical beam angle, FWHM 2.0 deg 0.0349|radians output power per element | 2567 dBm 3.690E-01 W
R: transmission range 500.0 m Horizontal beam angle, FWHM 2.0 deg 0.0349|radians output power per sub-array 37.71 dBm 5903E+00 W
atmospheric loss 2 875E-02 dB/m array rows and columns 4 #rows 4 # columns output power of whole systerd 46.74 dBm 4 723E+01 W
Dant, trans transmit antenna directivity 1.03E+04 none total # array elements 16
Dant, revr receive antenna directivity 1.03E+04 none vertical angle scanned, total 8.0 deqg
o bandwidth factor (0.5=a=<1) 0.80 horizantal angle scanned, total 8.0 deg 8-e|ement
radiated channel bandwidth required QPSK 6.40E+10 Hz array height 286 wavelengths 7.16
radiated channel bandwidth required 64QAM | 2.133E+10 Hz array width 286 wavelengths |inea ra rray
# MIMO channels 8 array height 253E-02 meters 1.00|inches
total data rate 6.40E+11 sec array width 253E-02 meters 1.00(inches ‘?/ \
kT -173.83| dBm (1Hz) | Antenna directivity, dB 4011 dB £
packaging loss (receiver) 2 dB Receiver ;‘ ‘7
packaging loss (transmitter) 2 dB A_effective 6.35E-04 meters"2 815.67 | Wavelengths"2 ‘f ‘?/
end-of-life hardware degradation 3 dB Vertical beam angle, FWHM 2.0 deg 0.0349|radians e S
hardware design margin 3 dB Horizontal beam angle, FWHIM 20 deg 0.0349|radians £ ‘; ‘7
beam aiming loss (edge of beam) 0 dB array rows and columns 4 #rows 4 # columns ?:D { ‘?/ 4x4
systems operating margin 10 dB vertical angle scanned, total 8 deg K = L barra
Prec, received power at 1E-3 BER -33.00 dBm horizantal angle scanned, total 8 deg Q i A7 su y
geometric path loss 2 07E-06 array height 2 9E+01 | wavelengths § {/ P
geometric path loss, dB -56.84 dB array width 2 9E+01| wavelengths u z ( \
path obstruction loss (foliage, glass) 0.00 dB array height 253E-02| meters 1.00|inches © - “// MIMO
atmospheric loss, dB 14.374685 dB array width 2.53E-02 meters 1.00|inches L array
atmospheric loss 2875 dB/km |Antenna directivity, dB 4011 dB T, o

~ propagation

rain attenuation fits from Olesn, Rogers, Hodge, [EEE Trans Ant and Prop, March 1978 R - o. 3 n2 i T I’-s- * l°-°5 “/’]"'3 range
Rain rate, mm/hr 50 mm/hr 1.97 inch/hr
Ga 3.38E+00 Gb 0616
Ea -1.51E-01 Eb 0.0126 g™
a 1.40E+00 b 6.63E-01 =
alpha=aR"b 1.87E+01 dB/km  Zzero-rain-rate attenuation 10 dB/km f w b

140GHz

340GHz

650GHz

MIMO_array_lengths ®
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340 GHz 5 Tb/s MIMO backhaul

Boldface indicates parameters to enter, other parameters are calculated by formula and should be left alone
This spreadsheet calculates power levels for 4QPSK point-point digital microwave radio links along the surface

Power levels for 64-QAM, approx

To calculate RANGE. vary the range until the transmit power (cell F4) is e apropare e P 1
B: Bit rate *per MIMO transmitter* 8.00E+10 1/sec J|4QAM required radiated power 20.2 dBm 1.035E-01 W 3228 dBm 1.69E+00 W
carrier frequency 3.40E+11 Hz output power per element 101 dBm 1.03E-02 W output power per element | 2224 dBm 167E-01 W
4. wavelength 8.82E-04 m output power per sub-array 222 dBm 1.64E-01 W output power per sub-array 3428 dBm 268E+00 W
Required SNR (measured as Eb/No) 9.8 dB output power of whale system 40 2 cﬁ!m 1.05E+01 W output power of whole systerd 52.34 dBm 17T1E+02 W

Transmitter Pawer levels for 16-QAM, approx

A_effective 6.35E-04 meters"2 815.67 | Wavelengths"2 26.68 dBm 4.656E-01 W
F: receiver noise figure 4 dB Vertical beam angle, FWHM 2.0 deg 0.0349|radians output power per element | 16.64 dBm 4 612E-02 W
R: transmission range 500.0 m Horizontal beam angle, FWHM 2.0 deg 0.0349|radians output power per sub-array 2868 dBm 7.379E-01 W
atmospheric loss 2 875E-02 dB/m array rows and columns 4 #rows 4 # columns output power of whole systerd 46.74 dBm 4 723E+01 W
Dant, trans transmit antenna directivity 1.03E+04 none total # array elements 16
Dant, revr receive antenna directivity 1.03E+04 none vertical angle scanned, total 8.0 deqg
o bandwidth factor (0.5=a=<1) 0.80 horizantal angle scanned, total 8.0 deg
radiated channel bandwidth required QPSK 6.40E+10 Hz array height 286 wavelengths 7.16 64-e Iement Sq uare a rray
radiated channel bandwidth required 64QAM | 2.133E+10 Hz array width 286 wavelengths 5 .
# MIMO channels 64 array height 253E-02| meters 1.00|inches 2 53 transmitter
total data rate 512E+12 sec array width 253E-02 meters 1.00|inches " aperture area B A array
KT 179 09] AR r4H2 | Antanna diractivibe AN 44 channels OC( - J P 8 P e B %
: 10 W I wavelength - distance ) g G S o B = 5 .

e es o t t e e e e t .15 6? Wavelengths*2 - . o g ol el i
: r qUIr m u pu p r men ol radame g/afa/recetver pE e e e
'...10W total radiated
E (NN ] tota ra Iate power 4| # columns @/2, @/2/@/2,@15, "a/@"a_/@ ‘H,@‘a/@
Prec, received power at 1E-3 BER -33.00 dBm horizontal angle scanned, total 8 deg & a,,ffu’ 8 @f@/@/ﬁ/ N g % g | e P
geometric path loss 2.07E-06 array height 2.9E+01| wavelengths @’@/tﬁ’@/ 5?1/@/@ e A 5 A 8
geometric path loss, dB -56.84 dB array width 2 9E+01| wavelengths D [ &"fm, & e & 8 [ 8 2 8
path obstruction loss (foliage, glass) 0.00 dB array height 2.53E-02 meters 1.00|inches LN N=Bl /AR
atmospheric loss, dB 14.374685 dB array width 253E-02| meters 1.00|inches 9 @/ﬁ aﬁ @/ﬁr /
atmospheric loss 28.75| dB/km |Antenna directivity, dB 40.11 dB 8 @,&”@,&"
B=(N-1)D &% g

rain attenuation fits from Qlesn, Rogers, Hodge, IEEE Trans Ant and Prop, March 1978 - H =90 ‘]‘ n2 “r: i I’ ‘( > ) \@&//
Rain rate, mm/hr 50 mm/hr 1.97 inch/hr
Ga 3.38E+00 Gb 0616
Ea -1.51E-01 Eb 0.0126 g™
a 1.40E+00 b 6.63E-01 =
alpha=aR"b 1.87E+01 dB/km  Zzero-rain-rate attenuation 10 dB/km f w b

140GHz

340GHz

650GHz

MIMO_array_lengths

®




