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Class A power amplifier: what do we mean ?

PA has input, output tuning
I l é nL

T, T

loadline would be as so
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Transistor Output Characteristics: Real

250nm InP HBT 4.02.5mw|/um2 ‘5mW/umz
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Transistor Output Characteristics: Idealized

Vi 0TV
N
° |
\'\ ] V.. : breakdown
'

Minimum voltage :V_, VpsO" Ve

Maximum voltage:V,,

Maximum current: | __

FETs: I, «<W,,#gate fingers
bipolars: | oc L, #emitter fingers
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Transistor Output Characteristics: Real

Vi 0TV
N
° |
\'\ ] V.. : breakdown
'

VDSor VCE

V,, varies with current
V. varies with current

sat

Subsequent lecture notes are therefore somewhat idealized
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Transistor Output Characteristics: Power

2 2
4 02.5mW‘/um ‘5mW/um

Transistor power =V 1 orVl, — 3_0} i ]
Constant power : hyperbolaon I ,,V,, plane & VN
< 20r)/ % \ .
E T . >
—" - =~ ~
1.01 : -
OO L | [ | T T T T T T
o 1 2 3 4 5 6 7
vV, V)
Case 1:low - frequency power amp ce

frequency << (thermal time constant)™
— loadline must lie below maximum power density curve

Case 2 : high - frequency power amp

frequency >> (thermal time constant)™
— *bias point* must lie below maximum power density curve
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Device Bandwidth vs Operating Point

bipolar transistors: 800 £ 1.0 smarum’ 2. Griffth, 2012 PRV 10
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Common-emitter 250nm InP HBT Voe I::V)

Low voltage, high current :
"Kirk effect"=space - charge - limited current
reduction in ft, increase in Ccb — reduced bandwidth

High voltage :

all semiconductors : push - out of collector depletion region

[11-V semiconductors : reduction of electron velocity in collectror
reduction in ft, *de*crease in Ccb — reduced bandwidth



Device Bandwidth vs Operating Point: FETs
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Variations of g,,, Cys f., over loadline.
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Device Bandwidth vs Operating Point: FETs

G G
S D S D
=== e I
channel <.} channel 4.
barrier ! ' barrier !

Increased drain bias — increased drain depletion

—> Increased transit time, decreased C , , decreased G,
. . . Al.O T T T 2.8
Also : variation of g_ with current. E pyimm e Aoa
m 3 0.8} b S00MAR A

. @1 =100 nA/um, V_=0.5 V)A'A...‘. 420
Low at both low currents and high currents ioe rar Lo
§ 0.4} ' 12
= w1 0.8

o 0.2} O
g éf 0.4
O 0,0 bes LI 0

PN Vg 1 1 1 1 0
-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 05
Gate Bias (V)

g, (MS/um)
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Operating areas

Safe operating area
standard terminology
region bounded by power,V, , |

Y

max

fast operating area
not standard terminology
region with adequately high f,, f

max

Y

Loadline must lie within both

=
>

VCE or VDS

safe operating area [__|fast operating area
loadline
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Oversimplified SOA/FOA; for class

Maximum, minimum voltages
Maximum currentoc W, or L

]D orIC

max

y

Vo |74 VDSor VCE

min max



Simple class A power analysis
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ﬂ\

max

ID or ]C

Vmin Vmax VDS or VCE
Bias point in center of rectangle.
L_oadline reaches corners of rectangle

ZL — (Vmax mm)/I
I:)DC :VDC I DC — (Vmax +Vm|n) I max
I:)RF,max — (Vmax _Vmin) | max /8

maximum drain/collector efficiency = 77, conector =

/P, =1/2



Power-added efficiency
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P.AE.= (Pout o Pln)/ I:)DC

POU I:)in 1
B P t {1_ P :|: T]drain/collector '|:1_—_:|
DC gain

out

>

Noting that Pout for one stage is Pin for the next,
If we have a chain of PAs with identical PAE,
**at that specific operating RF power **, then

the PAE of the cascade will be that of the individual PAs.
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Power Amplifier Design

tune

— tune _|(_—‘—$ l

1

T
o
M-

For highest efficiency, each stage should be loaded with
ZL,opt — (Vmax _Vmin)/ Imax

The interstage networks are tuning networks,
not matching networks.

Thus far, we have neglected transistor parasitics.
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Loadline: inclusive of transistor parasitics

ID or IC

I
- A

il

Transistors have resistive, capactive parasitics.
Itis the *internal* (1.,V.z)or (I5,Vys) which must follow the above loadline.

)

\
/1
©

{f\
<y

V,i V Ko OF B

L_oadline current must be electron current, not C - dV / dt displacement current.
Current meters must be placed inside the capactive parastics.
How do we do this ?
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Loadline: inclusive of transistor parasitics

o _|( +Cy —|(
@
K o — (M N o — — O
C. (_ E E ng|—‘Fo—_L E
o E i | I T é;: =
cnomos | ] oome | G Co G

Read the CAD device model — determine transistor capacitances.
Add external negative capacitances to cancel these.

Add voltmeter and current meter.
These correctly measure the loadline

Then add external positive capacitances.
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Example of ammeter, voltmeter placement

el

Here | took the CAD model and

1) created a variant with zeroC, zeroC_ .,
2) used this for the active transistor model.
3) created a second variant with C_; only
4) created a third variant with C_ only.
In this manner, voltage variation of the | paasue Csana Xs repesented

by external elements...

BJT4_NPN
BJT4
Model=ccs_only
Area=area

BJT3

capacitances is correctly accounted for.

Area=area

. BJT4 NPN ammeter monitors intrinsic
R=Rbb BT junction current
hm=1 Model=no_c¢_no_r . . .
Area=area without |nC|Ud|ng

capacitive currents

vee (Vcollector'Vemitter )
measures voltage

internal to series parasitic
resistances...
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Power Amplifier Methodology

The above technique, direct loadline method
known as the Cripps technigque
requires that you know, add, subtract capacitances.

Alternate techniuque : load pull contours
Empirical, not analytical
will cover in a few slides
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Power Amplifier Design (Cripps Method)

Design steps are
1) input stabilization (in-band)

2) output tuning for correct load-line

3) input tuning (match)
4) out-of-band stabilization

Collector Current, A

0.040

0.035 —

0.030 —
0.025
0.020 —
0.015 -
0.010 —
0.005
0.000

0.75

Example: 60 GHz, 30 mW PA, 130 nm BICMOS

Cutput power, dBm

100 125 1.

I I
50 175 2.00

| o)
225 250 275

ts(X 15 Vcollector)-ts(X 15 Vemitter)

me m3
p=9.000 p=9.000
Upout-p=5.956pout=14.956 | 0.20
m -
15 -
015
10 C
mér ;. EE
- — XL m;
m5 :_n_ns
o /:
_5 T | 1 | I | T | T | T T | T | T L D-DD
0 8 6 4 2 0 6 8 10

mb5
p=9.000
pout_w=0.031




Power Amplifier Design Example
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Power amplifier *cell*. 20 micron emitter finger.
bias:lc =10mA, Vcb =1.86 Volts »> V. =2.5V.

:\; HBT_PA_5 [2014_array_ADC _study_lib:HBT_PA_5:schematic] * (Schematic):2@boxx2.ece.ucsb.edu

File Edit Select View Insert Options Tools Layout Simulate Window Dynamiclink DesignGuide Help

» n * 5 i a o 52 N .
IDET &G X[9C e PPPLL L LR ER \|H|Lumped-Components =l Jot@mxE\2~
=
Deactivate or Activate n
{Components
Deactivates or reactivates individual
components by toggling items from [Sub
MSub
one state to the other
metal_1 A |
H=0.6 um top_meta
Er=27 H=4 um
Mur=1 Er=2_7
Cond=4.1e7 e
Hu=1.0e+036 um Cond=4.1e7
E ||| T=05um Hu=1.0e+036 um
TanD=0.0016 Er?g_‘é’gmﬁ
Rough=0 o=
C4 ougr=0 um Rough=0 um
C=100 nF
TLS
Subst="top_metal” 2310 .
W=10 um {t} u
L=220 um {t} } : < >
1 c7 L3
L=0335 nH {t}
Num=1  C1 C=55 fF (t} 0000
C=100 nF L L F
TF1 =
— T=X
VAR1
X=128 (1}
X10
Emitter_length=10
-
Kl [ | d

The biasing technique used is just for CAD experimentation; not practical
The inactivated output LC network is a bandpass filter
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Power Amplifier Design Example

First, simulate the transistor vs frequency at the bias point,
determine fmax, MAG/MSG at the design frequency.
determine the stability factor at the design frequency

If unstable, stablize (input network) at the design frequency
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PA example: output network

L1
L=1H
R=
C2
C=10 uF
Jcollector 31
. P |
L3
emitter L=0335 nH ()
R=0.00001
R22
R=1 mOhm
VAR1
. ) X=18 {1}
D
itter_length=10

Note the output network : ideal transformer plus parallel inductance.

This is not the final ouput network : it is used to quickly findY,_ ..
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PA example: measuring the loadline

:\Z THzIC1_ADS_Model DCMod_Oct2011 [2014_array_ADC _study lib:THzIC1_ADS_Model DCMod_Oct2011:schematic] (Schematic):2@boxx2.ece.ucsb.edu — X
File Edit Select View Insert Options Tools Layout Simulate Window Dynamiclink DesignGuide Help
ID T W& LM X9 ™ TP RS é.;lﬁi*z:?rl‘\‘Hltumped-components =l MR T hAY 1
=
Num=1
3N
— |
C5 L Probe
C=1092 fF i fg lc_electron
31
7 ) [
C AgilentHB T_Mode
C4 HBTM1
C=-10.92 fF Tnom=25.0 Nrh=736m Gkdc=0.0 J
Re=(Rex*Area_physical) Ohm Isc=66.8 pA k=1.0A
Rci=0 Ohm Nc=1.772 Cje=(Cje/Area_pt
AgilentHBT NPN Rex=(Rc*Area_physical) Ohm  Abel=0.0 Vie=4 V
HBT1 - Rbi=(Rbb*Area_physical) Ohm Vaf=32 V Mje=0.0001
Model=HBTM1 Rbx=0 Ohm Var=20 V Cemax=10*(Cje/A
ey (e ls=369a Isa=1.0e+10 A Vpte=10V
e sl Nf=1016 Na=1.0 Mjer=005
base Trisep= Isr=369a Isb=1.0e+10 A Abex=0.0
Num=3 S Nr=1016 Nb=1.0 Cjc=(1.64*Ceb/Arc
g":ﬁ mr;f’;';”ear Ish=135a lkdc1=10A  Vjc=05V
Nh=1.104 lkde2Inv=0.0 Mjc=9
Ise=.736 pA lkdc3=10.0A  Ccmax=50fF
O Ne=1834 Vkdclnv=0.1 Vptc=0.85 V
lsrh=98% Nkdc=3.0 Mjcr=0.01
emitter
Num=2
A | LlJ

Dropping down in the heirarchy into the device model,
we see the monitoring ammeter plus negative and positive Ccb.
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PA example: finding the optimum load

:\7 poweramp_sim [2014_array ADC_study_lib:poweramp_sim:schematic] * (Schematic):2@boxx2.ece.ucsb.edu - X
File Edit Select View Insert Options Tools Layout Simulate Window Dynamiclink DesignGuide Help
DT H& LX) s PP & R B \|H|Lumped-C0mp0nents =l Jot@mxE\2~
=
‘ A ‘ HARMONIC BALANCE I
HarmonicBalance 5
r | VAR
JLEL VAR3
Freq[1]=94 GHz p=10
Order[1]=5 '
Start=-20
Stop=0 y ) . vout
- + ’
Step=2.5 + Term [
HBT PA 5 Term2
X3 Num=2
P 1Tone
PORT1 — Z=50 Ohm
Num=1 _L l
Z=50 Ohm = N 1
P=polar(dbmtow(p),0) —{ >+ =
Freq=94 GHz e -

1

The input is not yet matched, and the load is not yet tuned.
We drive the transistor with a large drive signal
and observe the loadline
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Power Amplifier Design Example

With no inductive tuning, and with a1:1transformer ratio,
The loadline initially looks like this:

c2
C=10 uF
Veollector 31 X
- T o
} M fi)
Num=2
1y
— 4 F1 =
=
VAR1

=1 , X=1 )

0.030

0.025—
0.020—
0.015—
0.010—
0.005—

Collector Current, A

-0.000—

-0.005

IIII|IIII|I]IIIIIIIlIIIIIIIII|IIII

0.5 1.0 1.5 20 25 3.0 3.5 40

ts(Vce)
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Power Amplifier Design Example

First add the inductive tuning, adjusting the shunt L
to eliminate loadline looping

]R
| _Vcollector

1
, =1 {t)
length=
< 0025
T 0.020—
@
—
5  0015—
O
5 0010
©
D 0.005—
(@]
O _0.000—
'0005 IllllllllllllIIIIIIlIIIIIIIIIlIIII
05 1.0 15 2.0 25 3.0 35 4.0

ts(Vce)
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Power Amplifier Design Example

Then adjust the tnansformer ratio to obtain a loadline passing
through the target endpoints (V .., 1 .. )and (V.. 1., =0A)

Xv‘nomer length=10 i 0025
0.020—
0.015—

0.010—

0.005—

Collector Current, A

0.000 L L L L O
05 1.0 1.5 2.0 25 3.0 35 4.0

ts(Vce)

We had expected a straight line.
The looping (3 per cycle) is 3rd harmonic generation
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Power Amplifier Design Example

We have now determined Y. Yop

We then (not shown), in a separate

|".._¢.J'~rv'~._.1
EE:—L—».—H;E
==

circuit simulation file, design a
practical output network
which providesY .

We then add this to the PA.

g
¥ s
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Power Amplifier Design Example

Remaining steps::

Input matching network

Out - of - band stabilization
(eceldb5a)

Often : filters

to suppress 2nd, 3rd harmonics.
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Power Amplifier Design Example

Here is our final simulated performance

i poweramp_plot* [PAE_with_delivered_source_power]:1 (on box?.ece.ucsb.edu) E@
File Edit View Insert Marker History Options Tools Page Window Help
=l
: 156 05
........ o0 m8 |
c 107 04
- — m [ V.
& 5 i
£ B 03
g ° B
g -5— 02
o) |
a -10— "
=] —0.1
£ 15+
= -
@]
_20 I | T T | T 1T | T T | T T 1T | T T 1T | T T 1T 0.0
-30 -25 -20 -15 -10 -5 0 5
Pin, dBm (delivered)
m6
indep(m6)=-0.394 . -
plot_vs(pout-Pin_deliv_dBm, Pin_deliv_dBm)=10.379
m7 m3
indep(m7)=-0.394 . indep(m3)=-0.394
plot_vs(PAE1, Pin_deliv_dBm)=0.342 |plot_vs(pout, Pin_deliv_dBm)=9.985
4 _ | | o
| small_signal f\ PAE_with_delivered source_power j‘\_ PAE_with_Available source_power [ equations A
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Load pull method

We can also empirically determine (in CAD, or with instruments) the load impedance
giving the largest saturated Pout. We then use this impedance for our PA design

p cki

_p_bah

ontours

Pdal contours

Pdel ¢

Mag rho U128 to 0,900)
Mag_rho (0100 to 0.900)



Load pull method
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We can also empirically determine (in CAD, or with instruments) the load impedance
giving the largest saturated Pout. We then use this impedance for our PA design

o Tone Losd Pull Simuaticn;
Srd- and Sth-Orcker rtcrmoo'.l'qm Cistortion
levels found ot each furdamentsl load impadance

CUtpt paner, PAE,

Freq(l]= RF freq-fspacing/d

= Freqfi]= RF freqedrpacing
PlijsdomtomPavey
PlijdbmtomPavs-X)

Paws=1l0 _dbm
FiF{reqeits MHz

fepacings30 kiz
iokre_ia0_orders¥
Whighe§ 8

A

DL

(=

(=L N T
HPSA0S1
Medal=bpmas
‘ot =T e S calle
Hei"oaly

el

(@A oo vt

HEB1

Dot Drchere D)o
Freg[1]=RF e spaeite2
Frig[E]sRF freqets pacng
Cedar(ijs?

Cedar[2ja?

UsaErylow=yas

Oebrare |
st okl
cellgei

BT
FilesTaonoeota_mosten_ b

Spatify daditsd Fundamantsl Laad Tundl sovarags

#1_cho is uz of B circle of eeflackion coufficients simulated

Aiuz of the sircle vl be reduced i itwould obhemize

go oulside the Smith ohart. If youwant to swenide thes and allosw
fillaction couiciants culbide the Semith chard, adit e SwedpEquaticns
WAR blodk, and set mae_shommapsii_rho)

#11_cender is the center of Foe oircle of simulated reflection coeffislents

pts T botal numbeer of taflaction coatficiens simulsted

20 i tha spibem eefatencs impadancs

211 eanter w008 o103
paseie
=t

E
S 1jLoadTunr
Zipzn

Eet Loawd ond Source
impedances at baseband
and harmonic
Tréquencies

Fie|_cowtan,
ievtan

System
[
Imgadance

PAE ik} and Daivared
Pom (1) Ceet

g PAE oAt g 0
PR abIE 3 B

St Dl Pomee
cerfour Flep wion ()

T

mn);ng-nsow 151 005
bevalad0 7301
frossance =

SsE ‘ﬂlﬂ

prdapérdz12

[ ma fyoo
1 kb 100 +70

=) M Impedance Equmtions

Reter to the PowerPoind (Thi) presentation
“LondPulPres ppt” within this exnmpse
dreciory for a gataled explanstion
of s hoyd pul simulation setups,

3 e D

mal s

Keysight ADS has pre - configured test benches to do this.

| suspect that other CAD packages do, too.

| prefer the Cripps method.

Ria-Mormalined PAE (hick) a0l
Delivered Pomer dihing Contours

Sat v raference
mpadancy

a1 -0 550 0 20

conRnr St
i (1), 30 tuemat of
cerdur Enet m Zhrw 10
dal_mapa0 § g
E_meped o
Ham PAE_lresed R
'y
[t el _res=d ==
M
MawkTasm
- Pombt
Etficiancy, & Oefvered,
E @ URERRLEATIENE BT LR
1
(5?‘5 Iﬂi}g-o VA 31 0
T e 0.234]
Simulated Load Wive Marker mil 10 sebect
Reflection Coefficients i Pt ar
debeered posar
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The power-combiner problem

OUtPUt POWET . Pout - (Vmax _me) | max
Necessary load impedance: R, = (V

max mln) / I max

So, output power P, =(V__. -V _. )’ /8R,

High - frequency transistors have lowV,,,

High P
or
High P

requires very low R, ,

out

requires * power - combining*

out



Minimum load impedance
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Transmission lines have some minimum Z
See ECE145A notes:

line,min"*

width, lateral modes, junction parasitics, high skin loss.

Impedance transformation permits Z
ButhighZ,,:Z
— increased line losses.

g <Z

loa line,min

ratios increase the line's VSWR

line,min

Z,..4 much below 10Q will incur high losses

loa

1% [|I% NI

LA -
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Parallel Power-Combining

L

1%

T Output power: Py, = NxVx |
4||% Nxl Parallel connection increases Py ¢

Load Impedance: Z,pr = V/ (N x 1)
Parallel connection decreases Z,,, %

V ] N2Z High POUTe LOW ZOpt
% }"2" Needs impedance transformation:
Vv V227 V2 | : I
lumped lines, Wilkinson, ...

_l _l High insertion loss X
Small bandwidth X
Large die area e
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Wilkinson Power-Combiner

Lines are one quarter - wavelength
Does provide 2 :1combining, 50 Ohm ports.

But:
Lines are long : large die area
Lines are long, hence lossy : loss in power, efficiency

from J Buckwalter's 145c notes
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Corporate Wilkinson Power-combiner

Zyq oLy
Zoe s Ly
Zog i Lg Fpta

51
D

=l
| Tl T
Eﬂgﬁg

— [ N S =

g
&

Assume : all these lines are +/2 x 50Q Impedance
Assume : all these lines are quarter - wavelenght.
Then : thisisa 3-stage Wilkinson power - combiner
Then : we have 8:1power -combining
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Corporate Wilkinson Power-combiner

ZG‘.1 LT
Zoo o Lo R
p1b
I oy L1
o3 3 el
28
g

——H : ~, p L —
.| FElorbide=
g=iian

—H ~y G

H
v

Corporate Wilkinson combiners are common in textbooks.
Corporate Wilkinson combiners are *rare*in ICs.

Why ?

Very long lines. Large die area. High losses
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Corporate Power-combiners: Non-Wilkinson

AN |:|%
EJﬂJEJE EZE

A
oF
AN

AN
+
AN

K
.

Real IC power - combiners look like this.
The structure Is corporate.
But, the lines are not 710hms

And, the lines are much shorter than 4,

/4.

Shorter lines: less loss, smaller IC.
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Design of Non-Wilkinson Combiners

Z,4/8,
Ly (8 in parallel)

o4 031 o !
U O N S B E——
B I S —

™~
-
™
D r~-
N
(=]
2
-
1?_)ZI‘.I
&
E;\'.l
[=}
5 |:|
M
[s3
-
N
Lo
=~
—
o ]
Fa
®

——+ i ~y S Rozp L H
S— Z % ay % —H
s o p Even-mode equivalent circuit
——H Z % ~y % —H

—+ ~ S —

g
&

The equivalent circuit : a multi - section transmission - line transformer.
Shunt elements (inductors, capacitors) can also be added.

Line parameters are adjusted to reach Z, . and to match input.

CAD approach:

all similar lines defined by shared variables, simultaneously adjusted
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Design: Multi-Finger Amplifiers: spatial mode instabilities

JdL

(2 in parallel)

Z ,,L
02°%2 7 ./2,L, |
R, o /2
Rp23/2 p2b

— —H  If each transistor finger is individually stabilized, high-order modes are stable.
- : S = Amplifier layout usually does not allow sufficient space for this.
—] — All spatial modes must then be stabilized.
Stabilization method: bridging resistors — parallel loading to higher-order modes

Select so that (Zg, Z,) presented to device lie in the stable regions

v

etc...
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Examples: PAs with corporate combining

W-band InP HBT power amplifier - UCSB

34 GH InP HBT power amplifier - Rockwell

mm-wave InP HBT power amplifier - Rockwell
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220 GHz 180mW Power Amplifier (330 mW design)

T rTrTTmTri wErTEr TTET AT

TEFTEYTE 200 .
s 32-Cascode, 3-stage PA, Location R2C1 ]
o Pm= 12.9W 180mW
" 4 o

Z

cmmmie===E @3 AGHZ

157TmW
/ @220GHz

145mW
@208GHz

%
|

Pout (mW)
3

<)

2s

A &‘.IE' ‘ L — -'-{. :
TR iz

== Paul 220G H2 (m)
e (PR 2 1EG HE (M)

ol 208GHE (M)

-
=1

i
&
a

I
|
}
|
\
\ | r1|:||||r|||||||1||:||||r]|r|||||||
(R |
e 45 4 35 3 25 2 15 1
1 o sl | e enar L Attenuator Voltage (V)
Qe e, || e B
ALy — LR R - {
ng < B ekl 5 ?’g [ 30
9.:.'1:_ ol |- = HI e =~ f - . So1 21461, = 22.00B
ot Al | e e S ]
izl 2k 3
a ":n I:.I.A.-l_ | [J= _'® Q U'szz
i a :u - . l-' E Toete,,
I 5 101s, e
2.3mm x 2.5 mm o I Pl
& 20 { ¥
o g o 1 8C1eC32Cx 3-5tage PA Poc=12.9W
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Transformers for impedance transformation

Here the transformer changes
(decreases) the real part

of the load admittance. D_? %_Q
Additional tuning elements used %7 i %

to adjust Im(Y,)

L/N2

| (
I

Transformers have extensive parastics Ry2 L2 Ly2 Ry2

and require careful electromagnetic o— - N—0 0V —8—o

modeling = Ly J =
— - MN—0——0 AN —9—o

Ry2 Ly2 y L/2 RY2
I
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Transformers for power combining

R
Here the transformers I~ |_>
combine power from 2 cells. L~

Each cell sees1/2 the
load impedance

The transformer primary
can be segmented to extend
to N - way combining

I. Aoki et al. IEEE JSSC,March 2002
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Parallel Power-Combining

L

1%

T Output power: Py, = NxVx |
4||% Nxl Parallel connection increases Py ¢

Load Impedance: Z,pr = V/ (N x 1)
Parallel connection decreases Z,,, %

V ] N2Z High POUTe LOW ZOpt
% }"2" Needs impedance transformation:
Vv V227 V2 | : I
lumped lines, Wilkinson, ...

_l _l High insertion loss X
Small bandwidth X
Large die area e
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Series Power-Combining & Stacks

|1 l/Av |14 <—NIAV _
- Parallel connections: | =N x |
_l —l Series connections: V,_ =N x V
1/% +NV
’?_l ¥ _l - Output power: P ,=N? x V x |
1/Av Load impedance: Z, ,=V/I
_I . _I Small or zero power-combining losses

Small die area
How do we drive the gates ?
avl

“v/l:IItl_{f; Local voltage feedback:

drives gates, sets voltage distribution

2V
AVAV I jﬂ‘(H Design challenge:

a need uniform RF voltage distribution

L need ~unity RF current gain per element
o | . .
l ...needed for simultaneous compression of all FETs.
.Av
—II; M. Shifrin, Y. Ayasli, and P. Katzin, 1992 IEEE Microwave and Millimeter-Wave Monolithic Circuits Symp.

M. Rodwell and S. Jaganathan, U.S. Patent 5,945,879, Aug. 31, 1999.
S. Pornpromlikit, H.-T. Dabag, B. Hanafi, J. Kim, L. Larson, J. Buckwalter, and P. Asbeck, 2011 IEEE CSIC Symp.
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3-conductor transmission Lines

Two separate transmission lines (m;-m,, m,-m,)
- E, H fields between m, and m, perfectly shielded

TU3B-1 IMS2014, Tampa, 1-6 June, 2014
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Standard A/4 Baluns: Series Combining

7‘»/ 4 - Vl

N4 <_|
Z

stub

Balun combiner:

voltages add

2:1 series connection

each source sees 25 Q)

—> double |__ for each source

max
4:1 increased P,

Standard A/4 balun :
A\/4 stub—> open circuit
long lines—> high losses
long lines - large die



Copyright Mark Rodwell, 2016

Sub-A/4 Baluns for Series Combining

V,V, 500 500
y Yaad’ ¢
[<<\/4 <— — [<<)\/4
3 50Q
Zstub '
30 Q /550 Q
| g m——
50 O output
! <A — — <4 S
£ l Zsrubq Q ZS’ “bg ;
C C

HBTT

g What if balun length is <<\ /4 ?

Stub becomes inductive

Sub-A/4 balun :

stub— inductive

tunes transistor C_,
short lines—> low losses
short lines - small die

C._Z ,25Q

HBT " stub

TS
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Sub-A/4 Baluns for Series Combining

output 2:1 baluns:
2:1 series connection

Each device loaded by 25€2
— HBTs are 2:1 larger
than needed for 50Q2 load.
—> 4:1 increased P_,.

%i t 1<<x/4? t Ty f i__% Sub A/4 balun: inductive stub

balun inductive stub
tunes HBT C_,.

Similar network on input.
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Sub-A/4 Balun Series-Combiner: Design

output Each HBT loaded by 25€2

Vee 200 HBT junction area selected
S E— e B E— o ) so thatl__=V__ /250

max

— Y. <<\
T$ <<)\/A4 ! I_J: s ‘LT Each HBT has some C_, -

Con | (B Stub length picked so that
Z...n=-1/joC, , = tunes HBT
match B> <H match
VBB V 2
(e N :L o —as| Vi
— [<<\N4 J<<)\/4 out 8 . SOQ
input 50

4:1 more power
than without combiner.



Baluns in Real ICs
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1 thickness: 1 um

M>-M3 Line

AAA

- ‘!‘ h
— I My-M; gap: 5 um
Mjs thickness: 3 yum

1) M, as a GND

M;1-M, Capacitors M;-M, Line

'M1-M, gap: 1 pym
2 thickness: 1 um

M>-M3 Sidewalls

2) Slot-type transmission lines (M,-M,), AC short (2 pF MIM)
3) Microstrip line (M,-M,), E-field shielding NOT negligible
4) Sidewalls between M,-M, (Faraday cages), 1./16 length

TU3B-1

IMS2014, Tampa, 1-6 June, 2014
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PA Designs Using 2:1 Balun
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Veer

Zy’,0;

==
V|

v

R —

20,0

v

= 3 ut

RF out

H—o
=1
.

Vee:

Matching * * Matching
Network Network
4 4 4 4 T
I l ; Zy’,0, Zy’,6; _II_ T
Act. ]
s 5 g — e P
VBB1 N— Zo 91 — VBB?
o —
RF in a

54



16:1 PA Using 4:1 Baluns
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4:1 series-connected power-combining

2/l = 25Q) 4V/ = 500
f P1
M: 4 1/2Z,, 6, I 1/2Z5, 6, Zy, 01 { 27
Mi/e Zy, 6; Zy, 6, ){ 2y, 8; 2y, 62 l l/
. 2V/I = 250 4V/l = 500
5 f §
- } 1/2Z,, 64 f 1/2Z, 684 Zo, 64 %ZO
ZsfuszZO’ taneg l
Each HBT loaded by 12.5Q V2
: : max
HBT junction area selected P . =16x
. 8500
sothat/ =V, ./12.50 T

Each HBT has some C,;
Stub length picked so that
Z.,.,=-1/jaC, . > tunes HBT

16:1 more power
than without combiner.

TU3B-1 IMS2014, Tampa, 1-6 June, 2014



PA IC Schematic (2-stages)

2-stage PA using 2:1 and 4:1 baluns

) RFout
VEB

EE BN EERAEN
RFin g

ZIoad Zload

Long lead lines

)
l, *tL
I hole in load load
4 /oad—T Lz load metal 1

ground

v

plane
I metal 2

metal 3

TU3B-1 IMS2014, Tampa, 1-6 June, 2014 56
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PA IC Die Image (2-stages)
IC Size: 1.0_8LO.98 mm?

IMS2014, Tampa, 1-6 June, 2014



