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G2 IMS  100-300 GHz Wireless

Connecting Minds. Exchanging ldeas.

(>
Al

spa}ally—multiplexed mm-wave base stations

. o HHIHIHHH:\‘nm(%nm:nw\nl\]ﬁg\m]llwa\l\\'igi\il\HlI[HuwH:ia\\lpéj/\;l/zm: mm-wave backhaul
High capacity: o [,
potentially wide available bandwidth TN L
many simultaneous signal beams even with compactarrays | <% & ﬁ_ S
e — — "~ or optical backhaul —
. . e I N o array A i
Limited range: (max 500-1000 m) " e \ e i
R NS 2 // A’ _a’_.am
high A2/R? Friis (beam diffraction) losses T AN AL,
. . . : ¥ o _receiver '2 .ﬁm“g.@ "g ,fa;g,n
high worst-case atmospheric attenuation o arays YoeTwaray AN ANA
on eac - - - v v .
face ¥ g,mfg,tm’g,ﬁu”&, - ,/g 48 j S .g s ,g
N oC L i! /1 &’&,&’a,.l‘m’&,_,&' & ’&ﬁ'gﬂ:z,a
. ﬁ]’j ,EII/’ ,Q: ,&j o s M
Need: i T yviery 0
arrays with very many elements 7 o T ) i
. . . < 7 ¥ Y R
low receiver noise figure £ 5 L N Y AT
r 5 2
efficient medium-power amplifiers > 78 Noc L/ [R )
b2 2 N o I /IR
g
. <~
Terminology: ¢ z \M,MO
30-300 GHz > A =10 to 1 mm-> "millimeter-waves" ‘R '
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B2IMS 750 GHz FMCW crossed-array imaging radar
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S
. transmitter . .
36 %X 1 transmit array, 6" long ~array receiver ~ fleldofview
1 % 216 receive array, 6" long J s H ITHH R T
36 x 216 image; 10° x90° field of view L ! @ e e
. ° I P iiiiiiiiiiiiiiiiiigz
0.3°beamwidth S b s IIHH T R
~_ e e penell bbb dodo b ol i g e b S i
™~
Sees soccer ball ~J
~U

@ 200 meters range,
in heavy fog.

What you see

P, = 17 dBm PAs
F =6 dB LNASs

17 dBm PAs, F=6 dB LNAs , 2 dB TX packaging losses, 2 dB
RX packaging losses, 4 dB operating margins, 40 Hz scan,
10 dB SNR, -10 dB target reflectivity, 22 dB/km fog. soccer
ball is 22 cm diameter

& IEEE GRS



B2 IMS video Rate Synthetic Aperture Radar

Connecting Minds. Exchanging ldeas.

Video-rate, video-resolution SAR
like infrared: high-resolution, real-time images

better: sees even through fogs/cloud z Iy | l
2012 DARPA VISAR program: g %

220 GHz, 1km range system x

transmitter: 50 W vacuum tube. F, = ;LR;LT

'
Feasible now: InP HBT solid-state-source oo agecy

2 tiles x (16 x 16 elements) x 100 mW/element

P4 = 20 dBm PAs
F=7dBLNAs

& IEEE GRS



O IMS 1 6 Tb/s wireless data center links ?
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75-165, 195-305 GHz = 200 GHz bandwidth 195-305 G“Z\@
75-165 GHZ\@

16QAM- 4 bits/Hz—> 800 Gb/s 62@

2 polarizations—> 1.6 Tb/s \

server

rack
100 m range o
polarization
. antennas
plJ/bit =7
103:‘ ..........................................
blockage ? crosstalk ? Mlﬂﬁpath&beam blOCkﬂg&Z 100 m link . | =——T=18°C,RH = 20%
H H o - T o TP PSP & T =27°C, RH = 60%
> 140 GHz Fresnel zone edge C |
1'5'; 250 GHz Fresnel zone edge 3 = i
_ 14  .__-3dB beamangles ("beam beamwidth) _. [ X
PldB - 12 dBm PAS E 05_ —-_-h___"_:: ::"’_d-—.-‘._’ - %—
- o — === == [ =
F=7dBLNAs g 0 =—— — | 3
£ o5 CTmEeeszIlll -
~10 dBm PAs, F=7 dB LNAs, 2 dB TX packaging losses, 1_ e
2 dB RX packaging losses, 10 dB operating margins, A 3
19 beamwidhs, 103 uncoded BER. 24—+ Ty 7 rrr7rrrr 7Tt i :
: : 60 40 -20 0 20 40 60 I DD S I DS DN RS
mechanical alignment horizontal distance. m = 50 100 150 200 250 300 350 400
P1dB =12 dBm if 5 dB backoff from Ppeak Frequency (GHz)
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B2IMS 250 GHz, 1.0 Tb/s, 1.5 km MIMO Backhaul

Connecting Minds. Exchanging ldeas.

vertical
polarization

8-element MIMO array

MIMO
Receive

~ 1m baseline
Array

125 Gb/s/subarray; 1.0 Tb/s total

1.5 km range in 50 mm/hour rain

Transmit
Array

P.4g = 25 dBm PAs
F=6dB LNAs

25 dBm P1dB PAs (5 dB backoff), F=6 dB LNAs , 2 dB TX packaging losses, 2 dB RX packaging losses, 10 dB
operating margins, 8A X 8\ sub-array elements - 7 degree beamsteering

& IEEE Y%=
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500 m, 640 Gb/s backhaul: 220, 90, 35 GHz

Carrier frequency 220 GHz 90 GHz 35 GHz
Array baseline 0.58 m 0.91 m 1.5m
Atmospheric attenuation 23 dB/km 20 dB/km 11.5 dB/km
subarrays  size 78 x 78 mm? | 39 x 39 mm? | 95 mm x 95 mm 250 mm x 250 mm
# elements 8 x 8 4 x4 4 x4 4 x4
Modulation QPSK QPSK QPSK 16QAM | 64QAM | 256QAM | 1024QAM
Channel bandwidth 40 GHz 40 GHz 40 GHz | 20 GHz | 13 GHz 10 GHz 8 GHz
Fractional bandwidth 18% 18% 44% 22% 15% 29% 23%
Total transmit power™ 0.17 W 2.8 W 033W | 15W 5.5W 1.1 W 3.7TW

500 m range, 8 dB noise figure, 50 mm/hr. rain, 10~ uncoded error rate, 2dB (each) transmitter and antenna packaging
losses, 10 dB total operating margins, 2 polarizations % 4 channels/polarization < 80 Gb/s/channel, 640 Gb/s total

*Summed over all array elements. 10° oo ‘h‘dgidit‘y,‘ 3G
104% rain, (isoﬁgmr#r?l/h
_\é 10° - rain, 50 mm/h
: : 2 102 .
High frequencies ) § o A —
titi Pex _ NpNgy A" or : |
competitive - 2 Z 10" o
. p I:?I'x QscanTXQscanRX R ) 10"+ NooE
if R < about 5-10 dB | o i
. kTF . 9) 2b1ts/sec/Hz NE
Py nin = SNR -| —— |-(bits/sec) - —-— 107t
’ 2 7 bits/sec/Hz 10° 100 10" 0%

Frequency, Hz

& IEEE GRS



Connecting Minds. Exchanging ldeas.

B2 IMS Radio link design: Implications P __ NuNe (

P Q Q
50 GHz or 250 GHz ? RO
Worst-case losses similar at 50 & 250 GHz 5  _SNR. kTFj (bits/scc)- 2 bits/sec/Hz
Same link budget at 250 GHz if ot min 7 Dbits/sec/Hz
slightly more elements @ 250 GHz 10°z———n bl
. . : - 90% humidity, 35 C -
or less spectrally efficient modulation 10° (35.6 gim’ H.0]
- = rain, 100 mm/h
and if we can make good PAs and LNAs. E 4 i 50 mm/h
Any terrestrial > 50 GHz system will be short-range. = 10T
o B I~
= 102§ =
Low frequency (6-12 GHz) or high (28-50, 110-270 GHz)? % o _20dB/km__ . :
Low communications density (Gb/s/km?) ? g SN é
low deployment costs: widely spaced hubs b 10" ! E 3
long link distances - use lower frequencies. 107" E N ! R
] I @) : -
-zi ! | E
High communications density (Gb/s/km?) ? 107 ! E |
can afford more closely spaced hubs 107 - o '11 A
short link distances - can used high frequencies 10 10 10 10

Frequency, Hz

S IEEE BB
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100-300 GHz IC Technologies (B
A.SA@MNCISCO :2025
110-14}0 GHZI PAs | 141-170 GHz PAs 171-200 GHz PAs | 221-260 GHzI PAs 261-330 GHz PAs
114 GHz
{140 GH . . . -
Z. .. 140 GHz Results
140 GHz | 1 220 6Hz | compiled
135 GHz 220 GHz | 3/22/2025
i " GHZ. . 130 GHz 138 GHz[ 1 150 GHz E . 220 GHz
140 GHZ..135 GHz [ io1cHz @
- . 114 GHz |-~ R IR L -
107 132GHz 140GHz | ® C ] C ] ] -
. 145 G Z L - :) 260 GHZ -
| 1oe: @ 1 soc | @20cH @:ocH
GaN HEMT ‘ 180 GHz 15 it ‘
InP HBT I 160 GHz @) l 20 GHz | 235 GHz ]
Si CMOS 181 GHz PS @310 GHz
SiGe HBT l | @ o cr 1@ ] 2650H2
245 GHz
InGaAs HEMT 325 GHz
270 GHz
T I T T T T I T T T T I T T T T T I T T T T I T T T I T T T T T I T T T T I T T T T I T T T T T I T T T T I T T T I LI T T _MI T T T T I LI} T T I T T L T
0 15 20 25 30 10 15 20 25 30 10 1§ 20 25 30 10 15 20 25 30 10 15 20 25 30
Pout@ peak PAE (dBm) P . @ peak PAE (dBm) P . @ peak PAE (dBm) Pout@ peak PAE (dBm) P @ peak PAE (dBm)

Alizadeh, 2024 BCICTS

130 nm el
RS
i InP HBT o
25 - o
N fmax-lnls THZ + t ¥ :::
@ ¥ v s
% 15 e
3 - : g X ..
sl 1=6.9mA  f=521GHz =
Vee=1.6V  f,,=1.15THz F~5.75 dB,
10 107 10" 10
Frequency (GHz) @215 GHZ

€ IEEE LQ

MTT-S

mmml

AIlzadeh 2023 BCICTS

15% PAE,
150 GHz

Griffith, 2024 IMS
130-nm InP HBT PA chip

25% PAE,
220 GHz

What parameters are important
for high PAE at 100-300 GHz ?
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B2 IMS \/ltage, current, impedance, power

Connecting Minds. Exchanging ldeas.

Imax o< Wg ) (# ﬁngerS) AV I:)Out = AV ) Imax /8
IQLzAV/ImaX Jmax RL:AV/ImaX
) Q
P,=AV-I__/8=(AV) /8R g
more fingers — more power & S
minimum R — maximum P, , ) V. orV,
.. : .. interconnect
Transmission lines: minimum Z, ;. / interconnect
lateral modes, junction parasitics

High P, . with small AV ?

out power

power !
combiner

combiner

R smaller than interconnect ZO,Iine

Substantial impedance shift on interconnect

Desired low R cannot be presented to transistor

Large AV 1is necessary for high power

m |‘
Z im.combiner

:

% load.transistor

n.combiner
YA load.transistor

& IEEE GRS



mIMS Increasing bipolar transistor bandwidth

Pt/Au

J‘oi la(‘be
3| --! \=
BN
> L
.MANFMNCISEO'ZOZS

B ]

Increased transistor bandwidth: COTiw P4+
Thinner collector depletion layers

— reduced breakdown voltage

- InGaAs
InP

P+ InGaAs base
—_———— _———- N- InP collector

—_ T —_ T N+ InP subcollector
emitter — | emitter to double the bandwidth: change
base emitter & collector junction widths decrease 4:1
PN . current density (mA/um?) increase 4:1
Egap.collector current density (mA/pm) constant
\ colicetor collector  cqlector depletion thickness decrease 2:1
r—— base thickness decrease 1.4:1
emitter & base contact resistivities decrease 4:1

& IEEE Y%=



B2IMS  johnson figure of merit

Connecting Minds. Exchanging ldeas.

Breakdown voltage: V,, = & T.

¢

Collector transit time: 7, = T. / 2V, o1

Current gain cutoff frequency: f, =1/27 (7, +---) emitter

V. f <v &/ < Johnson figure-of-merit

br 'z electron™"max

Pout oc Vb% / RL,min — Pout o< (Vd&trongmax/f )2 S

E gap,collector

Wide bandgap E,, — greater &, .
InP: moderate & collector

max 2 very hlgh Velectron
GaN: extremely high &, moderate v, .,

-— o
collector

The Johnson F.O.M. has long guided microwave transistor development.

What else matters for 100-300 GHz power amplifiers ?

& IEEE Y%=



O2IMS Bregkdown is never less than the bandgap

Connecting Minds. Exchanging ldeas.

Impact 1onization: Band-band tunneling:
qVCE 2 Eg

QVee 2 E

gap,base

+ base doping degeneracy

ap,collector

E gap,base

|

collector
E

gap,collector

collector

& IEEE Y%=



O2IMS  1mpact Tonization vs. Avalanche, BCVEO vs. BVCBO i

Connecting Minds. Exchanging ldeas. SAN FRAN uscwozs

Impact ionization: electron + hole from energetic carrier L 1 electron

Avalanche: alternating electron and hole 1onization

+ 2 electrons

BVCBO: multiplication m= oo ; avalanche K==

collector

BVCEOQO: multiplication m=1/ f ; avalanche or just ionization.

Avalanche 1s slow:

1 electron

repeated electron transists, hole transits
InP: v

hole

<<V

vecron —> lOng hole transit time

Silicon: electrons impact 1onize more readily than holes
— BVCBO significantly larger than BVCEO

S IEEE BB



O IMS ByCBO vs. BVCBO depends on base impedance.

Connecting Minds. Exchanging ldeas.

. BVCBO
Breakdown varies between > m co\l 188 breakdown: M —s oo
~3) d+m)l,
BVCBO and BVCEO l 1
CcO
as the impedance BVCEO breakdown: m=1/ 3
DI, 2) Bl 3) mgl, 4 (1+mpl, 5) -
presented to the base - 3% / — ) —/88
N N

varies from zero to infinity.

& IEEE Y%=



()] IMS HBT thermal res|sta nce Rodwell, IEEE Proceedings, 2008

Connecting Minds. Exchanging ldeas. Ca rS|aW & Jaeger 1959
1 R 1 (W W. Liu, IEEE TED, June 1995
AT /P= sinh'| =& |+ sinh™' | —&
Ky Le We ) K We E
| L |
= In| —= |+ il
TKylke  (\Wo ) 7K, Le E

T(R) = P ln(ij+ P :
7KL \2R) 7K, L

Steep temperature gradient

— — 5
Cylindrical heat flow for W./2<r < L. /2, / \ \ ‘[ i
Spherical heat flow for L_./2 <r WE
Ly
Near the emitter: M

Finger thermal coupling 1s <<100%.

Bias circuits cannot compensate transistor self-heating  rormula from carsiaw & saeger, conduction of heat in solids, 1959, page 265

& IEEE GRS



O2IMS HBT electrothermal runaway
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0.0022
Thermally unstable unl 5 5
ermally unstable unless 0.002 - W. Liu, IEEE TED, 3
—aVbe V.0, 0-0018; March 1996 -

K
" aT constant | - Rex + REE + R) /IB_I_ nkT / ql

Thermal runaway — increasing current — destruction

0.0008 - Thermoelectric feedback coefficient from Liuet al. -

0_0006_ T T I\II\\l T T II\I\I‘ T T \\I\Ill

Teledyne 250 nm InP HBT technology: 0001 001 )y e 1 10
0, =55 Kelvin 1 pum Griffith, 2007 IEEE IPRM Ve Ve
mW Le Vs VCC -
aV as
InP HBT @ J. ~ 8 mA/um”* : —2 ~ —0.8 mV/Kelvin R, +VCE ;/CE
REE REE REE

Thermal compensation does not help: weak thermal coupling.

S IEEE BB



B IMS HBT electrothermal runaway

0.01

0

VBB
Currents will distribute unequally 1n a multifinger HBT unless % R,
K — ( dVbe j VCE QJA Vee Vee Vee
thermal stability ~—
R, +R:+R /B+nKT /gl X 5 v
R R R
R, and R, do not help. - e e
. R_.
Unequal currents — destruction % o
Finger- ﬁnger thermal couphng 1s too weak to suppress runaway.
005 | SR , : .
| Yun Wei, PhD. thesis, UCSB, 2003
a | | o
| i - Pk
0.03 | |_Probet il 6* .
0.02 i - gjl‘NpNﬁ gjlzmpwﬁ gleNpNH Ejh”p“
|
:

®IEEE BB



o0 IMS Electrothermally segmented common-base layout

Connecting Minds. Exchanging ldeas.

4 finger cell (4 x 0.25 um x 6 um); 250 nm InP HBT |
154
Normal cell: e iR
parallel RF connection x|/
parallel DC connection
prone to electro-thermal runaway ML
*“'ﬁf R, /4
Segmented cell: {%“’
parallel RF connection | %_Q » ? m
independent DC connection 7 . | ;f?;
reduced electro-thermal runaway %_Q |
no degradation in high-frequency performance. |“*T % ’
operates at higher currents at a given Vce. L_Féw
| HT = Amirreza, IEEE Trans MTT 2024

& IEEE Y%=



O IMS DC and RF breakdown are not the same

Connecting Minds. Exchanging ldeas.

Thermal time-constants
breakdown depends on temperature
temperature can't track RF cycle

Electrothermal runaway (thermal positive feedback)
contributes to breakdown
temperature can't track RF cycle

Avalanche multiplication
impact ionization is fast (electron transit time)
avalanche is slower (hole + electron times)

BVCEO vs. BVCBO

Iy or IC,

depends on RF impedances,
not on DC impedances.

& IEEE Y%=
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B2IMS What do 100-300 GHz power transistors need ?

ecting Minds. Exchanging ldeas

RF/microwave emphasis (DC-30 GHz)
need high V, for high output power
need high V. /V_, for high drain\collector efficiency
need high gain for high PAE (hence high fmax)

These are insufficient at 100-300 GHz.
need high current density for compact transistor layout
transistor cell parasitics, circuit layout parasitics
need high current density for adequate large-signal gain

S IEEE BB



G2IMS cyrrent density, finger pitch limit cell output power

Connecting Minds. Exchanging ldeas.

gate base

Electrode RC charging time o (finger length)’ g Bt E Be3]
Maximum finger length oc 1/\/frequency gj i gj i

Current per finger o< 1/\/frequency *ff;fn j diin % 3emier
Maximum cell width o 1/frequency G

Maximum number fingers o 1/frequency ng E

Maximum current per cell o< 1/ frequency’” o W l

Maximum cell power o< ( maximum load resistance) - (maximum current oc 1/ frequency) 1

Johnson: maximum power o< (maximum Voltage)2 / (minimum load resistance) 1/ frequency)

Current density (mA/um) is a key figure of merit

S IEEE BB
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G2 IMS | ow mA/um— transistor and circuit layout problems

Connecting Minds. Exchanging ldeas.

Low mA/um - many fingers

interconnect

interconnect

.;.l

Transistor layout:
large interconnect parasitics
uncontrolled, unmatched impedances
degradedf, f.., G, F, P.,, PAE...

power
combiner

max’ sat’

power
combiner

e e e

|C layout:
large transistor footprint
longer interconnects to combiner
impairs low-Z (high power) design
reduces feasible P_,

> ' Zin.combiner s in.combiner

YA oad.transistor

AEREE0E

Z load.transistor

& IEEE Y%=



O IMS power-added efficiency

Connecting Minds. Exchanging ldeas.

PAE: I:)out Rn — lv V (l_lj
P. 2V +v G

|
— ndrain/collector . 1 o 6

P 1V -V

out __ max min

I:)DC B 2 Vmax + Vmin

Where ﬂdrain/collector —

What factors determine PAE ?

Can G approach the maximum small-signal gain ?

max

VCE or VDS

ny fingers

S IEEE BB



mIMS Invariance Of PAE & added power Alizadeh, IEEE Trans. MTT, 2025

Connecting Minds. Exchanging ldeas.

<—P] P_‘,'—D-
et I
PAE and (P, -P,,) are network invariant: Zen [ 1V =
no change given lossless passive embedding. 65 V o L v, ZLiopr
Given correct Z,
All (lossless) PAs the same PAE and same (P, -P.,)- Py <P P 2,
[ -'—]1 12—'- —1,
" gen + + + + l
PAE and (P, -P,,) are that of the transistor itself. @5 Vs Vi LI; 7 Ve |£ Lon
]
Things that do not change PAE:
CE/CS emitter/source inductance QNB
CB/CG base/gate capacitance = =
Neutralization Q
Unconditionally stable positive feedback '*g
(Singhakowinta 1966) 9:/
1
For highest PAE pick circuit with smallest loss. )
= 2

added power = (P

out in)

S IEEE BB



m'MS Maximum transistor PAE

Classic expression: PAE = | Yo "V |[1_ L} W is go999999
2 v. +V G

2\V_. +V_.

. 2
Can show: PAE = [V Vi ](1— ff ] *IF* transistor | is sufficient

max

lf (BJTS) Imax 2 | peak ,opt =2r fTCCbI ( max _Vmin )’
Af (FETS) I peak opt =2r fz'ng (Vmax _Vmin )’

. 2
Can show: PAE:l Vi = Vo 1- f *IF* | 1s insufficient
2\V,, +V f

2 fmax

power

where f

pmMH - 1/2
peak/lpeak,opt) +(Ipeak/|peak,opt)

max ( /8”Rbb cbi )1/2
FET cutoff frequencies f, =g, / 271' C, +ng) f (f / SﬂRgng )1/2 ;

BIT cutoff frequencies: f, =g, /27(C,,+Cy); f

All parameters are large-signal: g,, = Al , / AV, not dl , / 9V, et

S IEEE BB
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Current Drive capabilities

200 nm InP HBT; Rode 2015 IEEE TED Cogm 0.98 fF
I{
f. =480 GHz, f__=1.07 THz Rey=26.5 kO
AA—
Vmax =4 V’ Vmin =0.7V Rb""c\vao Q [ Cei= ﬂ,ﬂ fF ;.:— 7a7 0]
Baseo ° Col.
= 3 mA/um-2.9um=8.7 mA By l =
=271,C (Vo —Viin) T 0.2058S V,, ewmovs og=281F
Cpo + Cyy=951F + 495 fF| 7 =461S _
= Whax mln) gm cbi / (Cbe + C A - - Ry=7.002 )
— 80 mA =02 ym-2.9 ym 1
Emitter
Iopt =8.0 mAiImax =8.7 mA
45 nm GaN HEMT; Shinohara 2011 IEEE EDL Model parameters
g, (mS) 9.4
Vmax = 13 V’ Vmin = 15 V Cgs (fF) 39.9
| .= 23 mA/,um-SO,um =184 mA Cea (F) 7.9
—chf C, (V. ) R©@ | o.21
max m1n Rﬂ (n) 5'5
= Vinaw =Voin) O / (Cgs + Cog) R(Q) | 26
=161 mA R, (Q) 26
Iopt =161 mA<|_, =184 mA f e (GHZ) | 257
s mosa (GHZ) | 396
W, =2x40 ym

S \ e
B\ M |||’

48 nm GaN HEMT;

Asko 2023 IEEE Microwave & Wireless Tech. Lett.
f =114 GHz, f_, =241 GHz

V. =34V,V. =6V

.= 2mA/um-100¢m =200 mA

= Zﬂ-f C (Vmax rmn)
= Winax rmn) gm od /(CgS+C )
=281 mA
loe =281 mA > 1 =200 mA...but not far off

¢

SMALL SIGNAL MODEL PARAMETERS OF THE 4 x 25 pm DEVICE

M Ces Cep Cps IDs IGs IGD tau
(mS)  (fF) (fF)  (fF) (ohm) (ohm) (ohm) (fsec)
56.9 65.5 14 27 268 2.65 18 311

I I'n I's Lg Lp Ls outer inner

(ohm) (ohm) (ohm) (pH) (pH) (pH) finger finger

1.2 3.2 1.6 155 6.1 ~0 3.2

Eryh MTT—

Ifwlh-'lﬂi

& IEEE



BLIMS Theory vs. simulation...and vs. measurement

Connecting Minds. Exchanging ldeas.

Teledyne 250 nm InP HBT, 220 GHz Teledyne 130 nm InP HBT, 220 GHz Teledyne 130 nm InP HBT, 280 GHz

V. =42V,V._ =08V, f =580*GHz V_ =4V,V. =08V,f =115THz V,, =4V,V, =08V,f =1.15THz
— - 1 V. =V

lu =34% lu =33.3% —E T 1=33.3%

2\, +V. . 2\, +V.. 2 V. +V

(l—fz/frjax) 86% (1- fz/fnfax) 96% (1- fz/fnfax) 94%

PAE 0, = 29.1% PAE e~ 32.1% PAE,,,= 31.4%

PAE_,, =30% (4-finger, @P,,) PAE.,, =35% (4-finger, @P.,) PAE_,, =32.6% (4-finger, @P,,)
~33% (1-finger, @P.,) ~38% (1-finger, @P.,) ~35% (1-finger, @F,,)

*long finger; reduces f__

Theory works reasonably for InP HBT,; less well for Ga-polar GaN. Why ? UCSB N-polar GaN, 132 GHz

V. =34V,V_ =6V, f =241GHz

Should use large-signal, not small-signal f_... (s.s. is optimistic) (V. —V.

CAD and measurements: heavily saturated; enhances PAE ZKW) 35%

Harmonic tuning, when feasible, further enhances PAE *

4-finger HBTs are ~3% less efficient that 1-finger HBTs (1— f?/ ffwx) 70%

|15|30|__|3|;)T0|SAHZ PAs are ~10% less efficien:;lthaln 4-finger H|BT-S (InP) PAE,,,, = 24.5%

n measurements are reasonably close to simulation. PAE. . =25% (load-pull

$&IEEE EBYs



f‘
: n!’

SAN FRANCISCO - 2025

O2IMS Max PAE analysis: Caveats

Connecting Minds. Exchanging ldeas.

Model assumes constant values for (g,,,C,C )

Reality: these vary very strongly across loadline

So: use large-signal quantities:
O = Al / AV, Cye = AQ e / AVs, C oy = AQ e / AV,

gate
As these vary over the (1 _,,V,, ) plane, there will be further optimization beyond the above analysis

Even given this correction, analysis remains very approximate.

The goal of this analysis is to provide 1" understanding of current drive requirements:
Specifically, what load current is required for the optimum loadline impedance
to be the same as the optimum impedance for small-signal gain ?

And, if the transistor cannot deliver this, how much gain is sacrificed ?

For GaN, trapping behavior plays critical role in setting large-signal gain near peak PAE
(thanks to Keisuke Shinohara, Teledyne, for this and other guidance)

S IEEE BB
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B2IMS 100-300 GHz Power combining: what is best ?

Connecting Minds. Exchanging ldeas.

. . . V4 . .
Corporate T-line Direct series- 4 Cascade combinin
ZAV 2AI
connected A. Ahmed 2018 EuMIC, 2021 RFIC (UCSB)
M. Shifrin: 1992 IEEE Piy Faddedl
UWave/mmWave Monolithic — P(ﬂtjpin
Circuits Symp. (Raytheon) W +Padded1
g +P
/ 2n, W, > Pln added2
~AY ) P dded2
Py, Paddedt 5
'QU'\“ - Pout:Pin
; ; P dded1
2n W 3 +Padded2
—q,g & > Py dded3
P ddeds

Distributed Active Transformer Balun series-connected
A/4 baluns: Y. Yoshihara, 2008 |IEEE Asian Solid-State Circuits Conference (Toshiba)

I. Aoki, IEEE Trans MTT, Jan. 2002 (CalTech)
sub-A/4 baluns: H. Park, et al., IEEE JSSC, Oct. 2014 (UCSB) AV QAT

an_ﬂzg - IA] 2AV 2AT
I v
—_ %

Zy

MTT.S
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OLIMS Example: 4:1 Balun Series-Connected @ 81 GHz

Connecting Minds. Exchanging ldeas.

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
00— —0
DC - O

TEF MR

(©) g f .

x ry A

R A i E L mo Py P " Z023=25Q, 01§+~ Z7325=25Q. 6, P, P > %5700 04 227,
= B 3 SR N : LA N i

mfe ¥ Zora 6; Zons 1 Zont ¥ Zora O ){ s Zora 6; Zons l Zooss » Ly 0; 9 ./

-

81GHz, 17 dB Gain

5 I L =P
470 mW P, , 23% PAE S ——————— ——— %Z:’
Teledyne 250 nm InP HBT 2 iz 4o 15 v Py >~ 20247250, 6) f » %25=250,6; Py 15 »— Z023=300, 6,
2 stages, 1.0 mm?2(incl pads) stub=) £0,1-224002 l (d)
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O IMS  on-Wafer Interconnect Losses

Connecting Minds. Exchanging ldeas.

Interconnects in packages and on PCBs:

H o l/frequency (to control radiation loss)

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

loss (dB/wavelength) o< \/ frequency

Interconnects 1in ICs:

H 1s independent of frequency

loss (dB/mm) o< \/ frequency

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

$&IEEE EBYs



G2 IMS  100-300 GHz: corporate power-combining often best

AV AT

Connecting Minds. Exchanging ldeas.

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

Big problem @ 10-100 GHz

No problem @ 100-300 GHz

Small # transistor fingers per cell
Not an advantage at (@ 10-100 GHz
Big advantage at (@ 100-300 GHz

g fingers

& IEEE Y%=



G2 IMS  100-300 GHz: series combining often inferior

Connecting Minds. Exchanging ldeas.

Compact power-combining networks
Big advantage at (@ 10-100 GHz }_E
Limited advantage at (@ 100-300 GHz ~gg/

\
-y AV
2n W V&
AV | 2401 n
AU—\ {vﬂ \ 2AV 2A!

Large # transistor fingers per cell +Le, Vo Lo erJF
No problem at @ 10-100 GHz _. 2, N Y 2,

Significant disadvantage at (@ 100-300 GHz

[
[
SwlH A
3
___‘!(:z —

& IEEE Y%=



G2 IMS  100-300 GHz: series combining often inferior

Connecting Minds. Exchanging ldeas.

Transformer shown: same issues with stacking & baluns: = Interconnect

Many fingers per cell: big transistor footprint

Low impedances at combiner port

power

. . . combiner
Impedance shift between transistor and combiner

Gets worse as combining ratio 1s increased 7. b
1N COMmMDOoINer

No problem at 10-100 GHz; big problem at 100-300 GHz

e e e e e

YA oad.transistor

& IEEE Y%=



oD IMS Coupled Lines vs. Transformers

Connecting Minds. Exchanging ldeas.

Balun: balun e, transformer
ports connected in series ] = 7012
shunt loading by shorted stubs. . ! v
A
1:1 transformer: B

ports connected in series
shunt loading by shorted stubs.
series loading by shorted stub

'4

Zotup, 1-271Z 0, 1-2tan(pl)

Zotup, 2-374Z0,2-3tan(pl)

’r
Z ———————————————— "—-.—1\ F
Hl"? 2-3 02 j :l'- ’.F 1.‘ P_' ‘f:”..-?"j

--------------

]
|
I : """"" bl LWV N £
e tSticbat £ Jth N 48 1D G : G
—m. 4
!( :) V'V ~m ‘!,
!
gen, [-2 ”fé’ 4 . Y . f : X 1

Zotub, 2-3

Q'EEE B



G2 IMS  Cascade combining

Connecting Minds. Exchanging ldeas.

Reduced stage gain ~[>_)

local negative feedback
reactive, no loss in PAE
reduces P_,./P...
does not change (P
- P_,. increases

out |n)

Requires higher-power driver stages

Driver power contributes to output power

= 1—I ol 2 " e
-0 - - -]
—| +— ' -
v v v v
Pl Laddedd
—> £ out_P 1n
_D'I?' TP added1
+P
Padded? Bielee
Pﬁfdedz
15 L odded] >
— P out:P n
P, dded]
3 P dded?
g P dded3
added3
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o0 IMS Cascade combining as stacking plus matching

Connecting Minds. Exchanging ldeas.
A.S. H. Ahmed et al,,

added] 01 it I added. 0 2 added 3 0 53
’ I! I! Ii 2018 EuMIC (UCSB)

m f om' 14 m i om‘ t m t our s S ————
—_ R —— S —— —_—

l

I
o —0 |
+ + + + + + |
T r ) 4 r r l
I int out,t I int I oul,1 T int I out.t :
——————————— e — < | - - < | - - < |- - £
| I I ] O O O O |
| int out.t + + + + e e s
| > > ll g common, t g common,t g comimon,t E
' |
| || VBias3
|
| | / z z 1 || ., T - .
| contmonl conmon?2 common3 z |
I | common3 |
| | :
| 'l tune !
|
1

- s

S L i

- ===--simulated =
15 + measured

10

Rpias2
VBias2

m

,dB , Gain, dB

% 3vd

Also: A. S. H. Ahmed, "8.6-13.6 mW Series-Connected
Power Amplifiers Designed at 325 GHz Using 130 nm
— InP HBT Technology," 2018 IEEE BCICTS

MTT-S
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O IMS Capacitively degenerated common-base = cascade combining

Connecting Minds. Exchanging ldeas.

Lower gain, same peak PAE, higher PAE at P ;. This is the same as a stack with internal matching
P wddedt P addedz P, Poiets P
- 5 p_Ruivs - |->W—> |-> -> |->1,—>
% § (Jm_o | 4 —
S S £
[ IE{:
voove, v
20 I B I I [0 0 0 50 T
] —— PAE 140 GHz
1 — =Gain
. 40 L ﬁ el —
: ) I
0 1l - - — _ _ . .
] - - = 303
£ o] = = _ 5 I L
o - T TT-== X

N
o
».U

added?

5
I
|
I
|
I
I
I
IIII|IIII|'III'I|IIII|IIII

5—_ CE 10 P Paddedl Pm Paddedl 5
] CB w grounded base L P =P. = I_, P out:P in
- CB w 600fF base cap > gug = n ——.4p
0 0 +P, ddedl added]
T [T T T T [T T T T I_» +Pa c 3 +Padded2
-10 -5 0 5 10 15 )
Pin dB_ Padded2 . ~ Padded3

MTT-S

mmml
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B2IMS Capacitive degeneration: optimum gain

Connecting Minds. Exchanging ldeas.

Capacitive degeneration: B 2 2 ] 2 2
no effect on peak PAE N = - s |
No capacitive degeneration: l l ‘L 1 ‘L
: : 20 S | | L |50
more gain compression @P o X | AR 0 Grat
more gain @ P,z v | — -Gain »
input matching losses have less effect on PAE v/ 15- 5
. - . % T T T T T - - B 30 ©
With capacitive degeneration: £ 0 =
' i O lgumnnTon oA - R
less gain compression @ Py v ] 0 ®
less gain @ Py X ] ;
input matching losses have more effect on PAE X : CB w grounded base ™~ [ 10
. i CB w 600fF base cap i
Design for greatest PAE @ P, 0-= 1 0
balances these two considerations. -10 -5 0 s’ 10 15
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m'MS PAs with corporate & cascade combining

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

Stage4, 961Lm
Stage3, 96um

[ Match |[Match |[Match |[Match | - & priver
o me g e TPy e
4

Stage1, 24pum
HBTperiphery
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B2IMS (lass-B biasing of HBT power amplifiers

Connecting Minds. Exchanging ldeas.

- " RF,peak S 4\
Class-B bias: |y = - o< /P, 55 -
B
RS
| 35
Constant | . or |; bias: A T A A A a
class B only at one RF power level time - =
Constant-V,, bias: 5 — -
. 3 | class AB
electrothermally unstable — destruction ¢ !
g !
8 class B
Need adaptive bias circuit S :
. . . ] ) output voltage, output current F
| . bias increasing in proportion to /P, . —]

& IEEE Y%=



B2 IMS Ccommon-base adaptive bias circuit

Connecting Minds. Exchanging ldeas.

Q1: RF gain & adaptive bias
Q2: adaptive bias

Q1-4: current mirror; sets [ 4

o
out, RFF
RF drive:
Vierr Ve, decrease o
[, iIncreases in,RF

Why use Q2 for adaptive bias ?
More RF-> DC rectification

R, can be larger for given d/_,/dPg;
— greater electrothermal stability

& IEEE Y%=



o2 IMS (5

Connecting Minds. Exchanging ldeas.

WW S TXwwy

A
Output power, PAE, and Gain

30...I...I...I...I...I...I|||
1150 GHz

% ‘3Avd

output power (dBm), Gain (dB)

simulated
i measured
10+ 70
10

input power (dBm)

MTT-S

IR WRCRINAYE THEDET &

Peak PAE with associated output power & gain vs. frequency

Output power at peak PAE, dBm,
Gain at peak PAE, dB

W, 150 GHz Power Amplifier: 250 nm InP HBT

adaptive class-AB bias

IRF’ ]DC'
DC
RE bias
gain 1\
O—
)|
A v

30 11 1 | I 11 1 1 I 11 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 | 20
B 155
@
- )
=~
i o
3 >
_ L m
20— < - 10 R
15 LU I L I T 1T 1T I LI I LI ] I LI I LI | 5
125 130 135 140 145 150 155 160

Frequency, GHz

)
o

R EEn|
s

T ¢
-

2 -~

—— -

Alizadeh, 2023 IEEE BCICT

Adaptive class-AB bias currents vs. output power

600 PR S T SR N T TR SR TR NN T TR TR T N SO TR TR T [ SR S S
] 138 GHz F
< ] [
€ 500 C
) 41 stage5 C
5 4007 n
8 : Stageé]./E
_8 300 -
e ] C
) ] C
g 200 -
n ] g
1004 stage 3 -
o+——r—v——7———+7r——+—r—r7rr—r—+—r 71—+
0.1 0.2 0.3 0.4 0.5 0.6

output power, W

€ IEEE LQ

ITEAROCT SOCA T




G2 IMS 1np HBT Amplifier: 78 mW, 18.4% PAE, 220 GHz

Jeletyme taminP HET (revncesbassipoat) Thermally ballasted 4-finger common-base cell: Alizadeh, 2023 IEEE MTT Trans

increases maximum V..

o
~ RF
co T ot
g %
X V,, Ry R, R, R,
. p 1 -t
= B CB CB C B
: T 7T T[T
3
(transmission line for DC return} RF o
- b ity
Veer T ‘l'omT . TV::(:::
For all transistors: aH
) Je=1.5 mAlpm Ves
: N Poco=50 mW aH out, ing
5 g rep V
= el outy ing nH
3 £ sto Ve STD
w i nH outy in
E_ E RFi, ! : rEp ¥ E RF o
T - =——lin out in aH out s
g j"- y 124%5 pm stp Ve
R Re=150 0 uH outy = ing
Cg=63 IF I RBP
MM outy ing nH
2%4%5 pm s s
150
50 : i 4x4x5 ym
190 200 210 220 230 240 250 260 270 280 SMN1Z Smnza Re=1300 Tomd
P _ (dBm) Cy=T0 F
" Frequency (GHz)

Key record result: Z. Griffith, 2024 IMS: 25% PAE, 16.7 dBm @ 220 GHz, 130 nm InP HBT
€ IEEE L= = i b




G2 IMS 379, 29%, 24% PAE is feasible @ 150, 220, 280 GHz

Connecting Minds. Exchanging ldeas.

130 nm InP HBT technology Design: Amirreza Alizadeh
Transistors, IC technology: Miguel Urteaga

150 GHz 225 GHz 280 GHz

.
glout_dBm=15.152 m7 ggut dBm=15.066
plot_vs(PAE1, Pout_dBm)=49.915 indep=15.498 plot_vs(PAE1, Pout_dBm)=32.565
plot_vs(Gain_sat, Pout_dBm)=5.052 - plot_vs(PAE_calc, Pout_dBm)=39.409 plot_vs(Gain_sat, Pout_dBm)=4.566
- m . plot_vs(Gain,Pout_dBm)=5.998 m7 m7
. 7 o 1o 597 8 - B
= ] [ g§ ] - 2 2
& 404 L6 < 40 - ud E 301 ~6 13
gu 1| simulated F 3 1 | simulated [s B 25| simulated L5 3
1 Fe 2 } ~ 2 E
< %1 49.9% - § © |39.4% o E o 32.6% o
oo, 1 - w ] ™ & U 15 ™8
£ 204 HBT cell g £ 204 | HBT cell [y £ 7| HBT cell (4 3
[ ] C ] B B
2 1] s i w! | PAE iy 2 5
N t 3 ] i a © g
0: LI B B L B T T 17T h2 0—_ T LI A I I B B Y L 2 LI B I T TT 1
-10 10 15 20 8 6 4 -2 4 6 8 10 12 14 16 18 5 10 15 20
Pout_dBm Pout_dBm Pout_dBm
estimated simulated estimated
Same passive 9.9% PAE drop Same passive
HBT cell> lifi
element losses ? ceT power ampTner element losses ?
37.5 % amplifier PAE ? 29.5% amplifier PAE 24.5% amplifier PAE ?
(19 dBm design, estimated) (19 dBm design, simulated) (19 dBm design, estimated)
$IEEE GRY "= 52




Cﬁﬂﬂﬂlﬁ%ﬂﬁ' 200 GHZ LNA13O nm InP HBT Alizadeh, 2024 IEEE BCICTS

F =6.3-5.5 dB over 180-217 GHz; record for bipolar transistor
Fcascade,LNA= 6.4'5.6 dB, 7 mW DC power .

20

o
()]
T

15
10 -

o
3
T

Noise Figure (dB)
[=2]

S-parameters (dB)
o

5
5 140 150 160 170 180 190 200 210 220 230 240
o/ Frequency (GHz)
-10
e 4.9-5.2 dB minimum transistor F_....4.
5 T T T
-20 ";
140 58+ t‘
o 56\
38 Y N |
Is2f
w -
5F \--..._______..---"'" Veg=0V
48" ———V =02V
4-6 i i i i i i i L i
01 02 03 04 05 06 07 08 09 1 1.1
JE (mA/m)

I:LNA, cascadeN I:LNA +0.15 dB=5.6-6.1 dB
given that G, ,=15 dB

MRS
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B2IMS 100-300 GHz Power Amplifiers

Connecting Minds. Exchanging ldeas.

Power amplifier performance limited by transistor: PAE invariance
Design: pick topologies to minimize passive element loss.

Corporate combining is compact and low-loss

Series techniques at best moderately helpful (may be more compact)

Transistors: more mA/um-> fewer fingers
less parasitics, better transistor performance.

smaller footprint, better circuit performance

Transistors need high V, . and high mA/um
if not, layout problems
if not, either can't use full V. or can't benefit from f__,.

Better transistors make better power amplifiers

& IEEE Y%=
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B0IMS R R, can't be part of power transistor model

Connecting Minds. Exchanging ldeas.

Ri ng gngs Gds CDS
Transistor output characteristics (

G O—’V\/— C (D)
look like the upper plot, Cos 1= Vs —
not like the lower plot. T

S
CC[bX
— model cannot include or \
RDS R:E Rbb chi gmee Gce
(
B C g

Che T~ = Voe
S
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