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Multi-stage PAs: I__., Z,.., transistor size problems

notes, M. Rodwell, copyrighted 2012-2024

Consider this 2-stage amplifier:
P =1000 mW; P, =100 mW;

outl > ~inl

P, =100 mW; P, =10 mW

out?2

50 Q

tune

Assume (V___—V_. )=4 Volts and recollect that @/\r

_I/Y R +‘]OQ ( max mm)/l
Ine =1, /2
PRF,max = (Vmax - me )]max /8 (Vmax mln) /8R

Assume BJTs or FETs withJ__ = 2 mA/um current density

Then

Stage 1:/,. =1A; R, =2 Q; NW_. or N.L. =1000 ym

Stage 2:1,. =100 mA; R, =20 Q; N.W, or N.L, =100 yum

Extremely low load impedances, extremely high currents,extremely large transistor sizes.

This 1s the microwave power-combining problem

(DC)

L, ext

2
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Low impedances, high currents, big transistors

The impedance problem:
PRF,max — (Vmax - Vmin )Imax /8 — (Vmax _ Vmin
Z,=(V._ -V

max min)/lmax tune
—Z, =V, 0. —Viin) /8P, ... Very low load impedance. !

)* /8R,

The current problem:
PRF,maX = (Vmax _ Vmin )Imax /8 = (Vmax _ Vmin)2 /SRL
=L =8P v ! Vo =V,

max max min

) Very high current; many transistor fingers



Transistor maximum finger length (1)
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FET:

Gate resistance per finger R, ;.. = kW,

Gate resistance, N, parallel fingers R, =W, / N,
To avoid degrading f .., need R; <(R, +R)

But (R, +R )=k, / N W,
kW,/ N, <k,/NW,
Maximum finger length W, . <\/k,/k,

Bipolar:
Base metal resistance per finger R =k,L,
Base metal resistance, NV, parallel fingers R, ..,

need R <(R,+R))

bb,metal

BB, metalfinger

To avoid degrading f.__,
But (Rbb + Rex) = k2 /NELE’
kL,/N,<k,/N.L,

Maximum finger length L, . <./k, /k,

=kL,/N,

gate metal resistance

base metal resistance

\

e

o
m

3
3

A

itter collector

o [=] [=] [=] [8] [E] [a]
H B B X H ©E H B H B
K H H K K K
WG& K X K B H X
B & B ® B & H X B B
H H X K H H X

)

Rgng nggde
g
i

| =] =] =]
L X 2
E I I
Ry eiar By Co Cop By € v 8V e
h V" vV I\
T T N Vbc




Transistor maximum finger length (2)
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*If* we can allow f__ to be degraded by the metal finger resistance
Wlth f = k3 signal (k3 > 1')

max

with_metal finger resistance

then we can design the transistor multi-finger layout differently

FET: gate metal resistance charging time =R, (C,,+C,,) o< (finger length)’

BJT: base metal resistance charging time =R, (C, +C,, ) (finger length)’

fmax
fmax

ax ?

= k3 f,qna 1plies that R, (C, +C, ) o<1/ £

with metal finger resistance

= ks [ jona 10Plies that R (C, +C ) o<1/ fi.

with_metal finger resistance

Given this assumption

Maximum finger length o< 1//f, .
Current per finger o< 1// ...

gate

T T T T T 7T

gate metal resistance
. S oy v ey B

| drain
source

base

Lo L L. L L L
P ik il el Rl kel B

base metal resistance

I emitter
collector

X X X KX

X ¥ X K

5
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High Power: Many transistor fingers

PRF ,max = ( max mm) max /8 — ]m = 8PRF ,max /( max mm) FET # gate ﬁngers =NG
But/ . =N.L,J, . (Bipolars)or N;W.J, . (FET)
m ® & ® o m & &
N L — 8PRF ,max E max( max rmn) BlpOIarS B o H ES e [
N W - 8})RF max s, max( max mln) FETS W o o o E o S
(IR X X B K B X B X
K X 24 K K & K
Given that there is also a maximum finger length (L, ..., ...) > 2 = 2 ® 5 5 = 5 =
high-power transistors must have many fingers. ' ' ' “ ' '
The multi-finger feed network then degrades Bipolar

the transistor (f,, f. . ). | . ;
] IZI — ]
JEE - Bl

# emitter fingers = NV

&J
==
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Multi-finger transistor feed network parasitics

The finger-finger interconnects can be modelled as either

transmission-lines or lumped RLC networks.

max

Transistor (f, f.... ) will be degraded T

Can we avoid this ?

The answer: only in part.
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Multi-finger transistor feed network parasitics

Can we avoid degrading (1, /. .. ) by using impedance-matched lines ?

max

Transistor with N, (or NV,) fingers. Load impedance at end of each line: Z, , =N_Z, .,

Transistor cell with internal matched-impedance interconnects: Z, =Z,, whichrequires Z, =7 =Z2,,=N;Z,, .

, finger ine L, finger end

But note: ZL, finger
1) realizable on-chip transmission-lines have Z, =~ 80—-90 Q |_>

2)Z . ( max mm)/‘]S maxW FETS —_ Z
PIE A Ve = Vain) ! J g L Bipolars line

3) 240 nm InP HBT: (V. -V . )=3.5V;

JE,max = 3 mA/ﬂm, LE,max = 6 ﬂm @]psignal
57 e =194 Q

3) W-band GaN HEMT : (V__ -V _.
J

Z
E,max =1.67 mA/Ium’ WG,max ~30 Hm @jrsignal =94 GHz —| -
—Z =500 Q

L, finger

Individual transistor fingers cannot be connected with impedance-matched interconnects

Zend :NGZO

>

=250 GHz ]

p y=2sv: . N fingers
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Transistor layouts: 7, V, Z and P. 9

P —ZV-ImaX7§

out

R, =AV/I__

R, below 25 Q or above 75 Q 1s hard to realize.

J
max
Q
~
T— AV _ Jmax - (number fingers)(finger length); S RL
R, ~’
AV
— (number fingers)(finger length) = P
max” "L

# gate fingers = N

Large AV, small J_

long fingers or many fingers — layout parasitics — lower f.

max *

or small R, :

ax ?

[=] [=] [=] = ]
H X B X K H = H X
. . ., I [ K X XI B}
Higher frequencies need smaller layout parasitics AR . . I :
-1/2 -1 = =
— shorter fingers (length o f777), fewer fingers (#__ o< f ) e e . e i 5
& & & H X &3

Technologies with high AV and low J

max

are problematic.



Hierarchy: multi-finger transistors & power-combiner
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We separate the overall power-combining structure into 3 regions

1) A single transistor finger of the maximum allowable length

ZL,ﬁnger = (Vmax o len) / E max E ,max (blpOIarS) or (Vmax o Vrmn) / S, max G max (FETS)
for these, Z L finger > Z e max
2) multi-finger transistor cells with N, or N fingers.
f th Y N JE maxLE max (b 1 ) N Js max Wg max (FET )
or tnese = : : 1polars) or ’ - S
e ‘ Vmax o Vmin Out p Vmax _ Vmin Out

Thecellhas Z, ,, < Z,

ine,max

3) The power-combiner.
With overall load Z,__,, each cell is loaded in Z,

,cell

s N fingers

— Iy
YL! finger
—?
|_> QIE, cell

—L
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Power Combiners: with and without inductive pre-tuning

<~

)
o

S
I Y. .
in,combiner

L.opt

combiner : combiner

Y,

L,opt

=G, .+JjB

L opt L,opt?

given transistor capacitances, jB, ,, is usually inductive -

i

Without inductive pre-tuning: —

power combiner provides ¥, |, =G, , + JB, ,,

-

With inductive pre-tuning:

——4+ L+ T

-

=G

L,opt

power combiner provides Y +j0 S

in,combiner

il Al
I
2 I B I [ O

Y

L,opt in,combiner
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Wilkinson Power-Combiner

- Py
. ) o l
Line lengths: 4, / 4 ?1009 | 500972 = 70 70
Line impedances: Z,, = Z, N2 ° SN O% - m— 5002
o— | m— 500).2-1/2 =35 40
$1OOQ —0
o 0% 500 — 500/2 = 250
+S—oo o—AA~> 1000
500
Even-mode (in-phase) inputs odd-mode (out-of-phase) inputs §509 l
+@roo o—AN~> 1000
Zin = ZO Zi” - ZO
. ) . +S—oo 1000
Power from each input goes to the output 100% of P, goes to bridge resistor gon l"
fo AN > 500
© $1OOQ 1' e +®oo 100Q
o o—AN~> 1000 +oo 50 1000
+Qoo0 1000 208
Xwoe * If we are confident that 500
4—(:)—0 100 . 4—@—0 o 100Q
© . there will be no odd-mode, EX
50 : :
[5g we can remove the bridge resistor.
+@oo 0 o—AA> 1000 +@o
5002
+Q—oo 0 o—AA> 1000 ?50 Q
ESQ +©—o



Corporate Wilkinson Power-combiner
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Requires inductive pre-tuning

Assume: all these lines are +/2 X500 impedance
Assume: all these lines are quarter-wavelength.

Then: these are Wilkinson power-combiners

Provide 2":1 power-combining

Corporate Wilkinson combiners are *rare™ in ICs. Why ?
Signal passes through several 71Q2, A/4 lines.

A/4 lines are very long.

71Q lines are narrow and hence high loss per unit length.

Structure 1s large and uses much IC die area.

SLFE-E
i

7070 = 16:1 D |_| LI L

500 -

A4

|

{b_

15

hold

==

v
et
nnd
nnd

s

— 500:212=70.702
m— 5002

m— 500)-271/2 =35 40
m— 500)/2 = 250



Losses of on-wafer microstrip line

class notes, M. Rodwell, copyrighted 2012-2024

Keysight/ADS/Linecalc formula-based calculations of line skin-effect loss

Recollect line loss analysis from ECE145A/218A

Assumed geometry (lines on InP HBT IC)
insulator: benzocyclobutene (BCB)

6,um thick

£ =2.65
conductors: gold, 200 nm thick

Line losses on S1 CMOS IC will be similar:

similar insulator thickness, slightly higher €.

slightly more conductive (Cu) conductors

*H*Simulations neglect radiation losses™**

(so actual losses are somewhat greater)

o LineCalc/untitled

DEH&

File Simulation Option

s Help

Component
Type [MUN | b [mMun: TL20 =]
Substrate Parameters
2
Physical
D [MsubL =] w 42.024300 um -
L 233318000  |um -
H 6.000 um = o’
A
Er 2,650 !
Mun 1.000
Cond IS Synthesize Analyze Calculated Results
Hu Ter36 um — [4] | k| ‘ ke =233
T 0.200 um - Elite] skinDepth = 0.006
an i
s nann ] 25.000 [orm -]
Component Paramel ters E & [so000  [deg
Freq 210.000 GHz -
Walll LOE+30 um -
Wall2 10E+30 um -
|Values are consistent
= =
Substrate Parameters
2
Physical
b [MSub1 =] w 26.687200 um -
L 237.242000  [um -
H 6.000 um L= ("
Er 2650 (N N
Mur 1.000
cond 41T Synthesize Analyze Calculated Results
m e r— & | | ez
T 0.200 um - Electrical SkinDepth = 0.006
anl i
T nnnn Al | 2 35.350 [ohm  ~|
Component Parame ters E Eff 50.000 deg -
Freq 210.000 GHz -
WwallL LOE+30 um hd
wall2 10E+30 um -
[Values are consistent
- L
o [MsubL =] w 16111300 um
L 241766000  [um - (1
H 6.000 um -|= =
A
Er 2,650 oA
Mu 1.000
Cond 1T Synthesize Analyze Calculated Results
T 0.200 um 2 Hectical skinDepth = 0.006
anl -
i nann Al | 2 50000 [ohm =]
Component Paramef ters E Eff 90.000 deg -
Freq 210.000 GHz -
Walll LOE+30 urm 2
Wall2 10E+30 um -

|Values are consistent

14
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On-Wafer Interconnect Losses

Interconnects in packages and on PCBs:

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

loss (dB/mm) < (frequency)y2

loss (dB/wavelength) o< \/ frequency

Interconnects in ICs:

H is independent of frequency

loss (dB/mm) o< \/ frequency

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



Losses on a quarter-wave impedance transformer
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On a transmission-line:
V (2) =V () 4V () =V (0P e 17 (2)e e e

Note: e * voltage attenuation, e °** power attenuation

On a quarter-wave line:

Zlme = Z Zload > 1_‘:((Zload /Zline)_l)/((zload /Zline)+1)

Forward and reverse waves: quarter-wave line losses are larger than single-pass (e >*) loss
We can show that:
\/Zload /Zin _1

2\2 2\?
e—zal e—Zal
Zload /Zin +1

2\? 2\?
\/Zload /Zin _1 1 =20l Zload /Zin _1

—e

\/Zload /Zin +1 \/Zload /Zin +1

Quarter-wave line losses increase with increased impedance transformation ratio

. \/Zload /Zin -1

Zload /Zin +1

p. (=ITE) e

out

B, (1= TPy

2ol

l-e
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Low-Loss Corporate Combiners (Inductively-pretuned)

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

Each design uses a single effective A/4 section.

Shorter lines, low-Z_ lines - lower loss
But, low loss only if transistor cells fit.

...if they don't fit, then the non- A/4 lines must be

made longer, and losses will increase.

— 500212 =70.70
m— 5002
50022712 =35.40)
m— 50()/2 = 25Q

any length

50Q

{—any length

gt

any length 1 6 1

500

IVVVVVVVY

any length
any length

70.7QQ=———

35.4() mm—
25¢)
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Low-Loss Corporate Combiners: Analysis

Z;,=(35.40)%/100Q
=12.50 hgl4

12.50
# |_’ 4 *
100Q

Z;,=(35.40)%/100Q

250

£

250}

WY

=1250 250
—\\—
250
250) 500
5002
250 O L,
208 w ¢@% —_— 500212 = 70.70
£a6) 4@'-'_,\/\,_,, +—W—
r— -1/2 =
250 4@4_/\’\’_" @% 50Q-212 =35.4Q
o0 500) m—50()/2 = 250)
250 <,@'-I—'\/\—» SN
250 @_FW“’ 500
500 HS—W—>



Low-Loss Corporate Combiners: Analysis
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Insertion loss, dB

] | |
g 200GHz, 6 microns BCB, 2.7E7 S/m conductivity :

-7 | Wilkinson binary tree combiner
d single quarter-wave section; }-.9112 cell pitch
15 i single quarter-wave section; }Lq/24 cell pitch I
= | T I |

1 2 ‘ 8 16
Power combining ratio
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Design example (200 GHz PA) z

The *first pass™ of the IC power-combining network inductive pre-tuning lines (also DC bias feed)

was designed using the idealized 4:1 network shown.

Line parameters were subsequently adjusted to accommodate

probe parasitics, etc.

Note the uncontrolled-impedance lines within the

multi-finger transistor cells (these almost too small to see)

any length
NS gl

i 50Q

capacitors<

Ahmed et al, 2020 IMS: 200 GHz PA in 250 nm InP HBT



PAs with corporate & cascade combining
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Teledyne 250nm InP HBT technology

140GHz, 20.5dBm, 20.8% PAE

130GHz, 200mW, 17.8% PAE
Vccplpq @
8:1

VBBPA

[z ]2 ][1:2][1:2]

v CDrlMalch”Match”Match"Malchl ADrive,

W DC pad
VeBDr O RF pad

b)

Ha
o

in ont
5 L o

Vecor e =

©

VBBDr APAceII = g

E

Ahmed et al., 2020 IMS, 2020 EuMIC, 2021 IMS, 2021 RFIC

194GHz, 17.4dBm, 8.5% PAE

ouT

Stage 1
1:2 split|[1:2 split

Stage 2

APA cell
A Driver
IN

1:2 split
Stage 3
Stage 4

Vccdriver

ouT

B
VBBdriver

Stage4, 96um
Stage3, 96um

Stage1, 241Lm

HBTperiphery
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Design of Non-Wilkinson Combiners

Zo1 Ly
Z, Ly R
The equivalent circuit: L — S S —
a multi-section transmission-line tuning network 1 : A 3 o —
R,oz'a
Shunt elements (inductive lines, capacitors) 2
| H

can also be added.

Line parameters are adjusted to reach Z, .

pS :}z
CAD approach: .:_zgxé —H
\A{’

all similar lines defined by shared variables,

simultaneously adjusted

Even-mode equivalent circuit

Zoq s 25342, 502"2& 25178,

Ly Ly 2 Ly (8 in paraliel)

—— 1

{3

Ji
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Design: Multi-Finger Amplifiers: spatial mode instabilities

If each transistor finger is individually stabilized,

high-order modes are stable.

Amplifier layout does not always allow

sufficient space for this.

All spatial modes must then be stabilized.

Stabilization method: bridging resistors
parallel loading of higher-order modes selected
such that (Z, Z,) presented to device

lie in the stable regions

»

Zozoba 7z 21

AL

(2 in parallel)

S

1 &
pr /2

23
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Combiner without inductive pre-tuning.

=
=
§=2
-

4,
=—
==
=

Alizadeh et al, 2023 BCICTS
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Combiner without inductive pre-tuning.

NEAZr] Z. T

E 0’ 04774
Again: 5.,.1_—_ :
The equivalent circuit: 5.,.1 5
a multi-section transmission-line tuning network LI_Z__.__:'I'Z i—
Shunt elements (inductive lines, capacitors) X/ _5
can also be added. 5—.—Z | °
Line parameters are adjusted to reach Z, . S,,_Z_—_

l 70
/1,

T 1 &3 Ty

0 ZOJ/16 20,2/8 20'3/4 Z0,4/2

Alizadeh et al, 2023 BCICTS



Combiner without inductive pre-tuning.
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Computer-aided design (CAD) approach:
all similar lines defined by shared variables,
simultaneously adjusted, and loadline of one

transistor cell monitored in simulation.

Alizadeh et al, 2023 BCICTS

Z,, iy

Z T

0,272
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Examples: PAs with corporate combining !

34 GHz InP HBT power amplfiers

Design: Jonathan Hacker, Teledyne
(at the time, Rockwell Scientific)

Power combiners without inductive pre-tuning

Bridging resistors for odd mode stabilization.
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Transformers for impedance transformation

Here the transformer changes
(decreases) the real part

of the load admittance.

Additional tuning elements used
to adjust Im(Y,)

Transformers have extensive parastics
and require careful electromagnetic

modeling

25

I: N
|{

Ry2 L2 I\ L/2 Ry2 .
o— - NN—0 70 AN —9—o
p— Lm CBE::::
o— - AN—0 0 AN —¢—o

Ry2 L2 L/2 Ry2

| (
I

28
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Transformers for power combining

With ideal transformers: N - WG I - Vo /R .
V=V, / :

+
I,=1 =V /R =2V,/R, _| R, >V,
—>V,/I,=R, /2 -

1) Each PA 1s loaded in R, /2, not R,

Can use 2:1 larger N W, or 2:1 larger N L, G / G ]p ]0:]p
— 2:1 larger output power for *each™* element T + + * VO =2 VP
LY
2) Total output power from 2 PA cells CB ED"’ + 4‘% EDI 5 l 1,=V,/R,
‘ AR
— 4:1 net increase in P, & - v \4

even with 1:1 transformer turns ratio 2N o WG I
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Transformers for power combining

The transformer primary is segmented into 8 separate sub-windings.

|. Aoki et al. IEEE JSSC,March 2002

N W, 1,=V,IR

/ —_—

—| K, I;o
With 1deal transformers: "‘L _
v, =V,8 J’

I,=1 =V, /R, =8V, /R,
—V,/1,=R, /8 | |

. . Tu V}) +1 Vp+
1) Each PA is loaded in R, /8, not R, \3/
: : SN.W. 1
Can use 8:1 larger N W, or 8:1 larger N, L, ¢'jc 7, 'V ’}5,“ e

— 8:1 larger output power for *each* element —

2) Total output power from 8 PA cells —

L o
o™ +1 S+
O
£)

I":;w + 1 ’Eﬁ'l'

: . 'y
— 64:1 net increase in P, fgx l

even with 1:1 transformer turns ratio T ¥ V?.J L}Vp '

Limits to technique: real vs. 1deal transformers. Very low (R, /8) — interconnect parasitics | |
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3-conductor transmission Lines: series-connected lines

Coaxial transmission-line between m, and m, Veen23 20,2-3 3

characteristic impedance Z,, , ,

Coaxial transmission-line between m, and m,

characteristic impedance 7, ,

V

gen, -2 Z

0,1-2

Both ! 1%
gen,2-3

V e, launches input voltage wave on (m,,m,) transmission-line

Vgenn-3 launches input voltage wave on (m,,m;) transmission-line

Z

R T
These transmission-lines are in *series gen1-2 20,12
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Other 3-conductor transmission Line Geometries ;

These more suitable for IC implementations

air

—
dielectric ——
substrate metal 3
air
| —~
dielectric ——— 14(z)
Substrate ' metal 2
Va(z)
air — = = ) _~ Ip(z)-14(z)
dielectric &——%,
substrate
metal 1
air A
dielectric ———%,
substrate

metal 17)] metal 2| | metal 3[_]
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3-Conductor Line Circuit Symbol

We need a circuit symbol that is easier to draw.

...but 1f you are having trouble visualizing 3-conductor-line operation

...20 back to drawing them as coaxial cables.




Balun Power Combiner
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As with the transformer design,
each transistor is loaded in 25CQ
— 2:1 greater N W, than FET that would drive 50€2

— 2:1 greater P, than FET that would drive 502

2 such FETs.
— 4:1 greater P, than FET that would drive 5002

——l

stub

0

A

stub

91, I
b

| Zstub\

2501 250
jsog* J\/\;:—’\/\r
L A

v

—>

A

_|_
_1<
virtual ground

N
O,

34
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Amplifier with 2:1 balun combiners

As with the transformer design, output
each transistor is loaded in 25€Q

, Vee 50 O
— 2:1 greater N, L, than BJT that would drive 50€2 o—eol _ —  Jo o oo VCC
— 2:1 greater P, than BJT that would drive 50€2 T [<<\/4 [<<\/4 —1—\

2 such BITs.
— 4:1 greater P, , than BJT that would drive 502
match B> < match

Note that baluns also provide DC bias feeds VB B ' ' VB B
%i [<<A/A4 [<<N4 i%
o Jo o o
input 50 O




Amplifier with 2:1 balun combiners
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l
|
|
&

Park, IEEE JSSC 2018

lllllll (ARKY XX X) l

—— |

llllllg‘ Fhssanb e

: AR
. “
( [

Sessssseflesisssns

ﬂ_*l-

(EXZAEXN) (EXX X NN

‘/“

air -
dielectric —
substrate
air -
dielectric —————
substrate
air N
dielectric E
substrate
air =
dielectric E
| i |
substrate

metal 1 metal 2 | metal 3[_]

input

[<<A/4

50 Q)




Amplifier with 2:1 balun combiners
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1) M, asa GND

2) Slot-type transmission lines
(M;-M,), AC shorts (2 pF MIM) at
line ends.

3) Microstrip line (M,-M,), E-field
shielding

4) Side shields to prevent M;-M;
coupling

Park, IEEE JSSC 2018

'My-Ms gap: 5 um
M; thickness: 3 um

M;-M» Capacitors Mi-M> Line

R (]
M-M5 gap: 1 jum
Mo thickness: 1 um

M>-M; Sidewalls




class notes, M. Rodwell, copyrighted 2012-2024

Amplifier with balun combiners h

2V/ = 250 4/l = 500
Ms 4 7 Py
M:4 4 P, 1/2Z,, 6; / 1/2Z,, 6, P P> Zo, 0 4 =z
<3 Vg | Var> 1 Vo | Vi [
Mi/fe 2y, 82 Zsup * Zstub 2o’ 6 }( Zy), 6, Zstub l Zstup 2, 8, [ [ /
2V/l = 2500 4/l = 500
: Mz 7 Py
. I
. ) =7
Ps ()PP 1/2Z,, 6 ” 1/2Zy, 6, Ps {0 4) Zs, 6; /
V4 V3 1 v2 V1
- !
ZuwiZ0'tan6,

DC _'ﬁ'_' 5OQ_H5‘!'7_5§¢2H25Q DC 250 m
T8 HTDCTm% HTTH

TV T T { HTTH¥
1 R it
I?_‘f UIDCIU t 4 t 4

DC 500 | 50 Q) 3759 250 DC 250 125s1

Park, IEEE JSSC 2018



Linear and circular baluns
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analysis: Park, IEEE JSSC 2018

The two linear baluns are clearly electrically identical

...as 1s the round balun

The round balun seems to be similar

to a transformer.

This deserves further consideration

T

Zstub, 1-273Z0,1.2tan(Bl)

20,1-2

2 balun
o
A C
@ X
5 X
B
A
O
O
B
X ¢
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Circular balun

Daneshgar 2014 |IEEE IMS symposium

This round balun seems to be very similar

to a transformer....

Matching
Netwark

Matching
Netwark

Fig. 2. Ring-shaped sub-A/4 2-way balun.

Fig. 3. Schematic diagram of the single-stage PA.
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Transformers analyzed as multi-conductor lines (1)
analysis: Park, IEEE JSSC 2018

Analyze both using modes on balun transformer
3-conductor transmission-lines . i" 3

H 0,1-2

8
Balun: =
two shunt stubs '_\_/
Transformer Zyup,2-571Z 0, 2.5tan(B) .
two shunt stubs, 2 7
one series stub ﬁ Bé}g |TH v 4—‘% é\g |TH
Here, we have precisely defined Zstup,1-27920,1-21an(B)) Zstub, 1-27120,1-2ta0(B))
a constant m,-to-m, separation distance, Zy 12 . Zyrs .
i.e. the ground plane opening dimensions, S A __Iz
N’ L

to precisely define Z, ,




Transformers analyzed as multi-conductor lines (2)
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analysis: Park, IEEE JSSC 2018

Analyze both using modes on

3-conductor transmission-lines

Balun:

two shunt stubs

Transformer
two shunt stubs,

one series stub

Here, as 1s more typical for transformers
we do not have constant m, -to-m, separation,

S0 Z,,_, 18 less to precisely defined.

This transformer equivalent circuit model

1s nevertheless informative.

balun

Ao
Bo

Zstup, 1-27320,1-2tan(B)

B
QY
N
N:a

ZO, 1-2

- transformer

—H?: Zo1-2

C

X

—<0,2-3

Ao
B o

Ztub,2-371Z, 2-stan(Bl) o
—

Zstup, 1-27120,1-2tan(pl)

Zstub,2-3
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Transformers analyzed as multi-conductor lines (3) 43

analysis: Park, IEEE JSSC 2018

c Ao oC

Analyze transformer / balun using - tran SfO rmer
3-conductor transmission-line models 5
Transformer: A ¢ l

© X
two shunt stubs, X

. o

one series stub B Z b, 2-355Z0,2-5taN(B)

(@]

o ©

Zstub, 1-27420,1-21an(Bl)

o Zp1.2 c

—

o Z
B—

= -
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Differential Transformers as multi-conductor lines

analysis: Park, IEEE JSSC 2018

Transformer operation can be X
visualized, and analyzed,

using multi-conductor line models

O O x

transformer; Ao oC
differential out Bc«?é’ .
Zstub, 2-37120,2-3tan(Bl) &
y V4
| R

Zstup, 1-27920,1-2t@n(Bl)

20 1-2 C

differential
half-circuit

44
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Other Transmission-line impedance transformers )

Many such structures.
Widely used in 1970-1980's discrete-transistor RF PAs

See Motorola RF Device Data Handbook (1980's)
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Other Transmission-line impedance transformers h

Many such structures.
Widely used in 1970-1980's discrete-transistor RF PAs

See Motorola RF Device Data Handbook (1980's)
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Transistor Series-Connections ("Stacking")

N parallel-connected transistors

I/out PP = ( max mln)
Iout ,PP — N]max

R =V )/ NI

out pp ( max mm

: l]'“v

R V/[Z R =V/MI=Z /M
— L 0
])out I/out ,PD out pp ( max mln)/lout , DD / o S P=IlV —I —| W V‘f‘v gp_MV

v

N series-connected transistors

I/out,pp — N( max mm)
Lo o = Lia M, “MfﬂVLZ,O/M MW, J:—M]ﬂv Mw, erﬂU
Pout = I/oul , PP out , PP /8 N( max mln)/lout , PP 4[}% seooe _L’“NE Z-M-I)Vﬂv _L’_\S i ;\-JVAV §RL_ZO
Rload out ,PD /[ _N( max mln)/] ) _T_§ T B Ti T - P=M2]V
]
e v

High power obtained with higher external load impedances. Internal node impedances are lower
Capactive volage dividers provide appropriate voltage distribution. Inductors tune capacitors.

Design considerably more complex given transistor with parasitic R's and C'S. . shirin et al, 1992 1EEE Microwave and Millimeter-Wave Monolithic Circuits Symp
S. Pornpromlikit et al, 2011 IEEE Compound Semiconductor Integrated Circuit Symp
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Series amplifier design by 2-port techniques (1)

First measure or simulate the transistor at desired output power.

Load pull simulation in common-base
Adjust Z, for optimum P, or optimum PAE.

Record *vector® (amplitude and phase)
values for (V. V. I I )

out,t?” in,t> ~out,t’ “in,t

Equations use RMS quantities throughout (V,, .V, s L,..» 1;,)

out,t?

and, given large-signal operation, are vector amplitudes at /.,
Define: P, =Re(V, 1I,,,) . P, =Re(V,,.I....)

in,t”in,t >~ out,t out,t” out,t
Define: P, .., =F, ., — F,

in,t

Optimum load impedance: Z,,,, =V, /1

out,t out,t

Transistor input impedance: Z,, , =V, /1, ,

in,t

Ahmed S. H. Ahmed, 2018 EUMIC

48

tune

<}

P|n t Padded Pout,t
Iin t Iou'c t Z
—_— 4 L,ext
+ : ‘ +
Vin t vV |_) v §
’ =
- — outt S
ZIoad,t +—
l Icommon
\'4 $ v
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Series amplifier design by 2-port techniques (2)

Ahmed S. H. Ahmed, 2018 EUMIC

For some stage, select some P,, > P, ,

out

+V , V

common out

we then have: V. =V

m in,t

=V, +V

out,t

Required common-lead 1mpedance JX cormon

+V

common

P

out = Re( out out t) Re( out,t autt

out t )

common

Re(V.

Re( in~in t)

+ jX

out ,t out t ]

*

I I

out = Re(

out out t)

common™ common outt)

P =Re(V,, o =Vi Lo + JX commond commonTouts FVini L) = Re(PddedJerJmﬂr
P =P =REGX o L = L ot ) = REUX common Lt L = L Lous.))
Pom Do Pom Do

o = Re (1 out.iLours = Lins om)) (L, Lo e = Lo L)

Required transistor load impedance:

Z oad =Vour Mous ™Vourd ' owsa ¥ Veommon ' Lows = Vours ! 10W+Jmemon common | Lou.s

=Voud Mowrs + TX common Uins = LoD Lowss =Vours M Louss + TX common L T Loua =

=Z1uast common(lmt/ Los =)

Resulting input impedance:

Zi =V iy =Vt N i TV common / Lint = mt/lmﬂrchommon L—r
=Vt ' Ly + JX common Lins =L ) L =Vt /iyt X oo A= Lo 1 1)

= Zin,t + -]X

common (1

/Il}’lt)

out N3

jX 1

*
common™ common outt)

)

Padded =

I:’in,t added

—>L>—>

P Pout,t

tune

<

int out,t
+ +
GCJ I Vin t Vout t I
3 Zin,t ZIoad,t
lcommon
I:’in Padded I:,out
in Iin,t Ic>ut,t Vout
& -
+ +
GCJ Vin,t Vout t
3 Zin ZIoad
|c:cvmmon
é Vcommon
chommon

!

tune

<

49

L,ext

L,ext
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Series amplifier design by 2-port techniques (3)

Ahmed S. H. Ahmed, 2018 EUMIC

Stack synthesis: # emitter fingers: N, N, N.,, N,,. Emitter length per finger: L.,L,,,L.,, L.,

As long as DC currents are 1solated between stages, N L. can differ between stages

This gives:
]out3 /NE3LE3 — ]ouIZ /NEZLEZ — ]outl /NEILEI = Iout /NELE
L, /NE3LE3 =1,, [ Ng,Ly, =1, / Ny Ly, =1, / NgLy

P, e /NEsLEs =P tdear /NEzLEz =P idear /NEILEI =P tdea /NELE

Stages can be designed to add power in any desired progression £, P, \.F, ., F, ;,...aslongas P, /P . <P /P,

Pir\,t Padded Pout,t:pin,t"'l:’added P'ln Pih1:Pih F’addedl |:,outIZP'm1+Padded1 Pin2:Pout1 |:’addedz PoutZZPin2+Padded2 Pin3:Pout2 Padded3 IDout3:Pir13"'PaddedEL Pout:PoutS
|in,'c Iout,'c Z \/ 1 Iin,tl Iou'c,'cl Voutl V. 9 int2 Iout,tz Vout3 V. 3 Iin,‘cS Iout,t3 Vout3 brd
——> Nelg  —— Lext " —— Nggbyp —— "2 ——»Nelgy N ——>Nesles —— Lext
o — < — .
+ + + + \ / + + +
I Ving v |2 I Ving v [ I Ving v | I Ving v e =
5 - _ outt 7 5 5 - _ outt 7 5 - _ outt 7 5 - — outt 7 5
+— Zin,t “load,t | + +—~ z|n1 “load1 +— ZinZ “load2 +— Zin3 load3 +—
Icommcm Icommonl Icommonz lcommon3
é & * Vcommonl $ T Vcommonz $ Vcommon3 $
jXcommonl jXcommonz chommonS
l A4 l



class notes, M. Rodwell, copyrighted 2012-2024

Cascade combining as stacking plus matching :

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

(.rdd'e dl a”” (,'da’ed. out > (’dd"f“ OHi'T Vout VCC
3 Vﬂg — > * b b b ————————————

v

14} 3:2 . :

I_ m t our I3 m t ouH mf ouf t > 1

o —o0 |

+ + + + + + |

Ly 5 - - r 7 |

2"“% I(__I( ’ 7 int ’ out,t ! int I out,t I int I outt |
14) 2:1 ’-“Tr-"-j-r-r"—ﬂ ,,'Ej - - -§ - = -§ = = § B s e i e

in, ol
I_ — _— @© commont | © coininoi,t © commoit © Vv
VA € S S £ Bias3
+ X [+ I
Vo J

————— -
Z ! ‘ b |
Z(‘ummon] anrmon." anmmni common3 I
I
tune
load-pull J b Jr : J: ’ l -

Rpias2
VBias2

----- e |
|
T DTS ST [T OS] S [ S e e e 10 |
== ==simulated S21 i 20 : [ . 8 I
+ measured ) 15 - =-=-=simulated P 2zace=f 7 ( b i
Eseme Pl bl - i + measured I
10 - w 3 3 | tune!
- e 109 =10
- V, rmre——————
o e . S . » I
R ©C 5 -U
=5 -20 3 m-E \ 2 l
W A 2 i |
30 = o 3 ] T
0 il | tune Q=2X4X5um
5 b
i -40
----------‘-- i = =10 VBias1
----"'---
R T e N St 15

190 200 210 220 230 240 250 260
Freq, GHz
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Generalized cascade combining A5 b Abmed etal 2018 EWIC(UCSS)

A.S. H. Ahmed, et al, 2021 RFIC Symposium

adjustable power =stacking + matching nonuniform with spittling or combining
summation 2
2 = 2 = - = 3
P £ E . . g = : = EO S
added O O O O D D
P, P, % 0 % L E © E % O % '™ £ =0 % & @3
o Q o o o £ o g
ol F= [ ™ R i - ™ = - S =
5 et e
— | & ; E e
£ |~ £
W, i L. L, L, L, 2L, o L g
Vecpa YT e 266GHz, 16.8dBm, 4.0% PAE
v 4:1 combiner | 7S S R P P - L e —
BBPA Staged, 96{Lm " Gain SR B o T s
Stage3, 96pLm < ] _ % 0] __e=T
& 15 ] P r 3 e 2 3T
Vecedriver | | [1:2 split][1:2 split ] £ ] out L w5 03 -
0 Stage2, 48um =, 10 . R PTE cen SEEEELEEEE
VBBdriver =S 0l : i =]

Al 5] 1w e
Stage1, 241um 0 ] E o o
HBTperiphery UL 220 240 260 280 300 320

-15 -10 -5 0 5

Pin dBm Freq, GHz
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Capacitively degenerated common-base = cascade comblnlng

Lower gain, same peak PAE, higher PAE at P ;. This is the same as cascade combining.

dded

*‘o

<+— match

_4[ A k
+—match
!

=~

ol

<4t— fune
<4— fune

20 oo by by 50
17— PAE 140 GHz [
— —Gain C
154 — 40 ﬁ j—L :-E-.
] B |
% _____ i . .
T = — 30 T
3 ] - >
S0 o= === — _ - m b k) _
O ] - i R 2
] — 20 £
. - = = = T 283
i CE N 10 % % < % = %
i CB w grounded base . & e o
] CB w 600fF base cap [ N = o
O ] T T T T { T T T T { T T T T { T T T T { T T T T O
-10 5 0 5 10 15 ik i

by
i

Pin dB
m
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Capacitive degeneration: optimum gain ’

Capacitive degeneration: e A S
P 5 © . g S S S
no effect on peak PAE....given lossless embedding ——
No capacitive degeneration: ‘l' l l l l
more gain CompreSSion @ PldB- x 20 AN T T N T N T TN N SO N SO SO NN SO N B 50
more gain @ P,z v 1 —— PAE 140 GHz |
. . v |/ = =Gain : : i
input matching losses have |ess effect on PAE ] L " 40
15_ <] »
With capacitive degeneration: @ - ____ -
less gain compression @ P,g. v/ e - ~30 2
less gain @ P, . X S04 - — —— - _ -
1€558 1dB CHE ; 2
input matching losses have more effect on PAE X ] 5 — 20
5 y
| CB w grounded base ~ | 10
Design for greatest PAE @ P, ] CB w 600fF base cap |
balances these two considerations. 77771 0
-10 -5 0 5 10 15

Pin dB
m



Other cascade combining forms: useful & not.

Pin Padded Pom Pin Padded Pc)m
Series reactance: voltages add, Z,__4 increases. ; >
H H out Added
output powers add if V,; amo & Vaggeq are in phase. [:| {5} g
out, Amp

Shunt reactance: currents add, Z,_, decreases.
output powers add if /,; amp & log4eq @re in phase.

\
T
+

_out,added

_out, Amp

Even simple C,/C,, feed-forward sums powers...

cered B Loyt Amp & ladgeq @re Not exactly in quadrature
B 1
PAE _ncollector/drain 1 1= E

Lossless embedding: PAE is fixed, but G and 77 vary.
— 1 is not a useful measure of transistor peformance
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Power combining methods

Corporate T-line Direct series-connected Cascaded combining

M. Shifrin: 1992 IEEE uWave/mmWave A. Ahmed 2018 EuMIC, 2021 RFIC
Monolithic Circuits Symp.

addc dl m P [ addc d2 ourZ addc o3 0 " r 3
) 3:2
m t

out { m t ()ua‘ ! m ¢ ()uf t

(e, —0
+ + + + + +
e
L‘h Viﬂ, t Vout, 4 Vr’n, 2 Vout, t Vin,r I/om’. t
. < |- - < |- - c |- - e
! 21 O O v] O
I =] ] ] =
© common,l © common,l © common,t ©
V 2 £ £ € £
IS 7
—l commonl common2 common3

I e i D

AJ4 baluns: Y. Yoshihara, 2008 IEEE Asian Solid-State Circuits Conference
sub-A/4 baluns: H. Park, et al., IEEE JSSC, Oct. 2014

R A A
TSR T

Distributed Active Transformer Balun series-connected
I. Aoki, IEEE Trans MTT, Jan. 2002

o output




Invariance of PAE vs.
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added power

57

Given the correct source and load impedances,
all (lossless) power amplifier circuits have the same
maximum efficiency vs. added power curve.

Things that don't change PAE:
Source/emitter inductance in common-source/emitter
Base/gate capacitance in common base/gate.
Capacitive neutralization

Singhakowinta's unconditionally stable positive feedback.

Design goal:
amplifier PAE close to transistor PAE
minimize tuning and power combining losses

D Py,
7 - IF I? —
gen + +

B

H

N~

(V;91/27]17]23Hjj) - (1/331/47137]4322’

XY
KRS

i

1

P,
1 — e
Z; 3 ]
gen + + +
T

lossless 4-port [HU.]

1 —
B+P =-(A+h)
£
i _[2 i
opt? Pin,Zin )
ﬁ Poc
a'o Pln_&l:) t
h ou
D.'E
9—_-3
I
w
&
added power = (P_ -P, )
Pin Padded Pout
Q ol
S|z % 5
+ n +
7 T 7
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Transistor stacking. Why ? Why not ? :

1a, 28
+

”g V &

— x | =K # 1L T~ *
_| N Vay T | Z ek TC = mﬂus
: == T2
I $ T = T v
y R.=Z7
_| AN .
i P=M~-IV
w.o Y Ri=2,
E V& P=MIV
Lower frequencies Higher frequencies
Corporate combining | length < 1/f - large die area X length < 1/f—> small die area v
dB loss « 1/\/79 high loss X dB loss « 1/\/79 low loss v
Series-connected more transistor fingers per cell > ok v/ more transistor fingers per cell> parasitics X




Sub-A/4 Balun Combiners. Why ? Why not ?
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Lower frequencies

F]AVEQ

e 1B ¢ ’*{l EIH‘ 44 A{l EIH‘ 4
e El S I ) B I I B
—ja *f_' 20, 2w, |_v“ tl 2w, 2w, |_v“

Higher frequencies

Corporate combining

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

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

Sub-A/4 Balun

more transistor fingers per cell &> ok v/

more transistor fingers per cell> parasitics X
impedance shift of transistor-balun interconnect X
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Cascade Combining: Why ? Why not ? ’

Mlﬂv

d
-

)
&
H}—g
() (1-m0)

Lower frequencies

Higher frequencies

Corporate combining

length < 1/f-> large die area X
dB loss 1/\/7% high loss X

length < 1/f-=> small die area v
dB loss o« 1/\/7% low loss v/

Series-connected

more transistor fingers per cell = ok v/

more transistor fingers per cell> parasitics X

Cascade combining

large interstage matching networks X

small interstage matching networks v/
small # transistor fingers per cell > ok v
cascade cell pass-though losses X



PAs with corporate & cascade combining
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Teledyne 250nm InP HBT technology

140GHz, 20.5dBm, 20.8% PAE

130GHz, 200mW, 17.8% PAE
Vccplpq @
8:1

VBBPA

[z ]2 ][1:2][1:2]

v CDrlMalch”Match”Match"Malchl ADrive,

W DC pad
VeBDr O RF pad

b)

Ha
o

in ont
5 L o

Vecor e =

©

VBBDr APAceII = g

E

Ahmed et al., 2020 IMS, 2020 EuMIC, 2021 IMS, 2021 RFIC

194GHz, 17.4dBm, 8.5% PAE

ouT

Stage 1
1:2 split|[1:2 split

Stage 2

APA cell
A Driver
IN

1:2 split
Stage 3
Stage 4

Vccdriver

ouT

B
VBBdriver

Stage4, 96um
Stage3, 96um

Stage1, 241Lm

HBTperiphery



Current density, finger pitch limit cell output power
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gate

Electrode RC charging time o (finger length)”

Maximum finger length o< 1/ \/frequency

Current per finger o< 1/ \/ frequency

— LI L L L1
TT T T T T

gate metal resistance

source

Maximum cell width o< 1/frequency

Maximum number fingers o< 1/frequency

Maximum current per cell o 1/frequency””

drain

base

L L L].L L L
A i T T

base metal resistance

collector

Bipolar

Maximum RF power per cell o< (maximum load resistance) - (maximum current)2 oc 1/ (fre:que:ncy)3 ™~

Compare to Johnson F.0.M.: maximum power per cell o (maximum Voltage)2 / (minimum load resistance) o< 1/ (frequency)2 Y
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Current density, finger pitch limit cell output power )

K. Shinohara, Teledyne: GaN HEMT thermal analysis

50Q2 GaN PA cell @ 140GHz (1.6W)
25V swing, 1.67mA/um,

tes: 30 U idth, 15 um pitch
gates: 30 um width, 15 lim pitc B Fedl Eed o [othed:e
£ : :
(e ] B B B B B B B B & B B B E B & B B E
il B B B B B B B B8 & B 8 & B B8 & B B B
B B B B2 B B B B2 &2 B &8 &2 B B8 & B B B
B B B B B B B B &8 B & & B @ & B B &

=
135 pm:O,lG*Xg @ 140GHz [796: ¢, 065

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

emitters: 6 um length, 6 wm pitch —_— | -
17 um=0.023*\g @ 280GHz [Fe27 522

High V,, low I . ? Device sized to drive 50€2 might approach A /4 width.
Small finger pitch is critical; limited by thermal design
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