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Who,Is KOLAZw

ISlIGENSEANNOCLORERIOGHLaSWINOAVI
— S ected KOILA in 1977

EN) y prepadation, DX, contests, antennas, vintage rigs

.?de5|gn engineer by profession (mostly RF power amplifiers)
—"BSEE 1969 and MSEE 1972 from Purdue University

= [Vetorola Land Mobile 1974 to 1988 (Schaumburg and Fort Worth)
e EM Power Amplifiers from 30 MHz to 512 MHz at 30 W to 100 W

® Patent us4251784 Apparatus for Parallel Combining An Odd Number of Semiconductor Devices
— Raytheon (formerly Magnavox) 1988 to Oct 2013 (Fort Wayne)
e Power Amplifiers from 30 MHz to 2 GHz and from 10 W to 1 KW

® Constant envelope waveforms (for example, FM) and non-constant
envelope waveforms (for example, OFDM)

® Patent 20040100341 MEMS-Tuned High-Power High-Efficiency Wide-Bandwidth Power Amplifier
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Introduction

\JJr4 PREpoWer amplifier (PA) takes a'little
SI6 aI and makes it bigger without losing fidelity

theoretically!

= ‘7“ hls presentation discusses several design issues
~ for a very broadband 50 Watt power amplifier

- -

~ & This presentation is not a construction project
~® [his presentation does not discuss all the issues
tied to RF power amplifier design

— There are books that do this
® Cripps, Kenington, Dye & Granberg, etc
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My Work With: Transistors

IOyZS086: Bl (bipolarjunction; transisters)
=RVyaearly days at Motorela— Wow, 6 dB gain at 450 MHz!
I988=2000: Vertical MOS (metal oxide semiconductors)
200 0=2010; Lateral MOS (LDMOS) Putpyour

settle this once

—2 Jere gain than Vertical MOS, better thermal mterface and for al
> »About $1/watt when I retired in October 2013

$79010-2013: GaN (gallium nitride)

= 1{_’-? — [less dispersion of output parameters vs freq

- e Easier to match over wide range of frequencies

— Depletion mode — need negative gate voltage
® \/oltage sequencing required

— About $4/watt when I retired in October 2013

¢ Summary for my designs
— LDMOS in PAs below 1 GHz and narrow band PAs up to 2 GHz
— GaN for wideband PAs from 30 MHz to 2 GHz
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Broadband Desiga®

SNICiRsH 0 ekeatsans ONVVARAeomlew VHEthru high
JrJ 0K a multitude of waveforms

—;s W means 50 W PEP (Peak Envelope Power) capability

_._.l" 50" W continuous (slow CW) if heat sink and power supply
* are adequate

=« 50 W PEP for SSB
~ ® 12.5 W carrier for AM (AM peak-to-carrier ratio = 6 dB)

~  Use a BLF645 push-pull LDMOS transistor
— From NXP (formerly Philips)

® Suitable for 6m, 2m, 1.25m, 70cm and 33cm
amateur bands (50 — 928 MHz)
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Design. Decisions™

J lefe ;

=Nelass AB'for decent linearity (fornon -constant
| nvelope waveforms) with reasonable efficiency
5:‘ ow. far into Class AB?
® @ther classes (A, B, C, D, E, F, F1, S, etc) — not addressed
_ Drain-to- -gate feedback
— — Reduce gain at low-frequencies for improved stability

— Reduce dispersion of Z,
— Flatten gain across operating bandwidth

® Desired load impedance
— To meet output power, efficiency and linearity goals
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SEVAGIlentiSiADS
AuVanced Design
System) tor simulate

|_drain.i

Options
Options1

Temp=25

Tnom=25
DC_ConvMode=0
V_RelTol=

V_AbsTol=

I_RelTol=

1_AbsTol=
GiveAllWarnings=yes
MaxWarnings=10

DC
bDC1
SweepVar=
SweepPlan=
Start=0
Stop=50
Step=1
Center=
Lin=

Dec=

Pt=

|w PARAMETER SWEEP I

ParamSweep
S weepl

SweepVar="V_gate”
SiminstanceName[1]="DC 1"
siminstanceNamel2]=

siminstanceNamel3]=
SiminstanceN amel4]=
simlnstanceNamelS]=
siminstanceNamels]=
Start=1.8

Stop=2.5

Step=0.01

VAR
VAR
V_gate=.00

v_p¢
SRC2
vde=V_gate V

!

I_Probe
I_gate

VAR

== LF645_v0pl0

Zth_Enable=1

|_drain.i
freq=0.000

V_gate

m1
indep(m1)=2.190

freq=0.0000000Hz

plot_vs(l_drain.i, V_gate)=0.50 Iigh

each side of
the push-pull
transistor
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medium

21.34 mA
24.14 mA
27.23 mA
30.61 mA
34130 mA
38.30 mA
42.62 mA
47.27 mA
52.28 mA
57.65 mA
63.40 mA
69.57 mA
76.17 mA
83.24 mA
50,

98.87 mA
TE0————+07.5mA |
1.970 116.7 mA
1.980 126.5 mA
1.990 136.9 mA
2.000 148.0 mA
2.010 159.8 mA
2.020 172.2 mA
2.030 185.4 mA
2.040 199.4 mA
2.050 214.0 mA
2.060 229.5 mA
2.070 245.7 mA

1100 299.4 mA
110 319.0 mA

2.290 818.3 mA
2.300 853.9 mA
2.310 890.2 mA
2.320 927.4 mA
2.330 965.2 mA
2.340 1.004
2.350 1.043
2.360 1.083
2.370 1.124
2.380 1.165




Feedbacks

—

SRAVERIWaysThelieved it s a good idea to tse
SEIHEfEedback to improve low frequency
,»|I|ty

suaIIy U

L1 is usually parasitic
inductance from
layout and parts
themselves

® Sometimes need additional series R at gate or
shunt R at gate for stability
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gle tImpedance fromrADS

Go}r grterbe low |
igRenuseedback play

ground is from

A
],r.r] £)c 'ta nt rOIe resistor package
"
- ‘ SNP29
File="C:\d'ads \C06BL851X-5UN-X0B - PORT EXTENSIONS S1P"

Woenldilike small dispersion of
Jrlc impedance vs frequency

»tlght IMpedance arc

-’;-

. : ook at combinations of

" Feedback R

® none (infinite ), 800 &, 200
Q

— Idqg (each side)

e |ight AB (100 mA), medium AB includes both sides of
(500 mA), heavy AB (1.5 A) transistor and ideal 1:1 xfmrs

-
==

-
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gaVeat onrlnput Impedances™

2 [raV zrs -agam,e;egs__—__,,-. —
0 &dLES drVEn with small'signal

. _45 l0ad Impedance set to 50 @ each side
=100'®@ drain-to-drain
BESACtUall desired load ~ V2/(2 x Pout) = 13 Q each side = 26 ©

— = = drain-te-drain (at low frequencies)

- —-‘

G_utput load impedance affects input impedance

= o \When bias BLF645 to ~ 3 A drain current (emulating
large signal) and terminate BLF645 with 26 Q drain-to-
drain, ‘large signal’ input impedances are very similar to
‘small signal” input impedances
— Sometimes two “wrongs” make a “right” !
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nput-Network Design

SIEOIR2 00" feedback and 500" mA Idq each
5]r S
=75 Frequency centered around 10
*1 transformer is a good starting point

-

é-.— Pon" t put right at the body of the transistor

® Use a little bit of series L (in conjunction with
shunt C) to step up the BLF645 input impedance at
the higher frequencies

— BLF645 Z,, decreases with increasing frequency
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“Output-Network-[design

J Wrur Oadimpedancerdoestthe BItE645 Want to
SEEH0 meet output power, efficiency and

Jm~ dlity, goals?

2 Pe load-pull in ADS with 200 Q feedback and
= 1dg = 500 mA (each side)

4 Def|n|t|ons

— Pdel is power delivered to load (in dBm)

— PAE is power added efficiency (in %)

e PAE = Pdel — Pin x 100
Vd x Id

——
—
— o
—
’
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1 ok

v_nC
-] SRCY
Wode= Viow

I_Probe

Cne Tone Load Pull S imulation;

cutputpawerand PAE found at

each fundamental load impedance

I_Probe
]

W higgh
v_DC

SRC1
Ydc=vHigh

S pecify desired Fundamental Load Tunercovemge:

511_rho is the radius of the circle of reflection coefficients s imulated.
However, the mdius of the circle will be reduced ifitwould othenvise
go outs ide the Smith chart. [fyou wantto overide this and allow
reflection coefficients outs ide the Smith chan, edit the $ weepEquations
WAR Black, and setmax_rho=mag{s11_rha)

s11_centeris the centerafthe cicle of s imulated reflection coefficients

pts is w@l numberof reflection coefficients simulated

20 is the system reference impedance

YAR

Sweeph qua licns

s11_rhe =0./3
s11_cenler =-0.0 1 1.1
pls= 100

£0=10.0

P_Tlcne

P=dbmlow{Pavs]
FregeRETrey

oy

R FESS prolminary 187w amg

I@il PARAME | FR SWEED I

S weepd

|$I HARMO MIC BATARNCE I
AMmGnic falence

HB1
Freq[1]= Rt Treq
Order[1]=2

Fund v ers amgle= 16
O wersample[1]=
O ther= UseOpiDamps 0 NemCheck=1

ic; I AN
Pre | M T

Bl S1F_tgn
‘ 51 ’
[ } S1,1]= 1oad] uney
\/[l]:/l] 7’
~ -

Setloadand Source
impedances at
harmanic frequencies

W AR
global Impedancet gualions

Refer to the P owerP gint {T M) pres entation
“LoadP ullP res .ppt" within this example
pajectdirectory for o detailed explanation
of these load pull simulation setups .

LoadTuner varies impedances over desired range while recording Pdel and PAE
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PAE/Pdel Datap

Ereguency.is; 50 MEz

Pin = 235 dBir
(ot N e Z, of Smith chart is 10 @
e ) a7 e o Max Pdel is +48.09 dBm
Max PAE is 62.69%
— Max Pdel and PAE usually

don’t occur at the same
Masimun Yoy load impedance

max Pdel Power-Added Delivered,
Efficiency, % dBm

e R Decision — design for max
Pdel
L desired load = 21.5-])6.8 Q

PAE at max Pdel ~ 50%
Pdel at max PAE ~ 45 dBm

_p
_p
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HDESIred Z5.q VS Freguency: ™

SO Oad=pulliat otherfrequencies
= 50MHz 21.5-j6.8Q
SNI45IMHz 19.2 —j 5.6 ©
EN20IVHz 16.8—j4.4 Q
ESA40/MHz  16.5 4+ j 6.0 @
= J50MHz 11.8 +j3.2 Q

NORMALIZED IMPEDANCE AND ADMITTANCE COORDINATES

& O MHz 5.0+i8.0Q

=== Plotted on 12.5 Q@ Smith chart —

® Desired load mostly around 12.5 Q
— Suggests 4:1 xfmr

e Using simple formula, we estimated
26 Q at low frequencies
— That” s about where 50 MHz is
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simulated

m1

freq=50.00MHz
S(1,1)=0.114 /135.564
impedance = 41.946 + j6.8(

measured

m3

freq=50.00MHz
S(2,2)=0.096 /133.946
impedance = 43.340 + j6.04

m2
freq=910.0MHz
S(1,1)=0.269 /-19.655

m4
freq=910.0MHz
S(2,2)=0.269 /-21.559

impedance = 81.926 - j15.94

impedance = 81.097 -j17.2§

freq (20.00MHz to 950.0MHz)

Looking into input RF connector with 12.4Q
gate-to-gate chip resistor substituted for BLF645

excellent correlation
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simulated

m1l
freq=50.00MHz
S (1,1)=0.098 /97.392

impedance = 47.839 + j9.43

m2

freq=910.0MHz
S(1,1)=0.328 /-157.381
impedance = 26.045 -j7.34

‘ Q@/
freq (20.00MHz to 950.0MH z)

Looking into output RF connector with 12.4Q
drain-to-drain chip resistor substituted for BLF645

measured

m3

freq=50.00MHz
S(2,2)=0.110 /91.642
impedance = 48.493 +j10.83

m4
freq=910.0MHz
S(2,2)=0.312 /-158.779

impedance = 26.902 - j6.72

excellent correlation
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Ty

2Small-Signal Comparison: ...
& Simulatedvs Measured

- —
-

S21 S11

Small-Signal Input Return Loss

Small-Signal Gain
Vdd =24V, Idq = 500 mA each side

—4—PA CCAPWB  ——Fig 3 App Note = =#—simulation

—4—PA CCAPWB ——Fig 3 App Note == simulation

'
i

AN

W
S21indB
S11indB

1110

-15 \*
20 n—.—//

-25

T T T T T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000
frequency in MHz

T T T T T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000
frequency in MHz

good correlation overall decent correlation between
‘PA CCA PWB’ and 'Simulation’

‘PA CCA PWB' is measured breadboard

‘Fig 3 App Note’ is data from NXP app note
‘Simulation” is from ADS model
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wllarge-Signal Comparisen: ..
& Simulatedvs Measured

—

at 28V

Gain vs Freq Current Drain vs Freq
+47.5 dBm output +47.5 dBm output

—t+=—=measured =—#=—simulated —4— measured —fli—simulated

1 /“
%%7/ —a

T T T T T T T T T 1 T T T T T T T T T 1
0O 100 200 300 400 500 600 700 800 900 1000 0O 100 200 300 400 500 600 700 800 900 1000
frequency in MHz frequency in MHz

~

o2}

gainin dB

B V)

current in Amps

w

N

excellent correlation decent correlation

‘Measured’ is the breadboard
‘Simulation’ is from ADS model
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llarge-Signal Performancer ...
Measured Data

at 28V

freq Pout Pin Gain Current Eff 2f 3f Input RL

50 MHz 47.5dBm 23.3dBm 24.2dB 5.45A 36.8% -43dBc -13dBc 12.2dB

;5._’ 145 47.5 24.6 22.9 5.21 38.5 -64 -14 7.5
.:‘- 225 47.5 224 25.1 4.05 49.6 -36 -17 9.0
= 440 47.5 23.7 23.8 3.46 58.0 -54 -26 8.2

915 47.5 29.5 18.0 6.12 32.8 -38 -45 14.4

this is the breadboard
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.s.‘s
BIEE645 Design, Implementation™

BLF645

28V @10A GND
™1 TP2

input 1:1 input4:1 output1:4 outputil:l
balun balun

schematic and breadboard photo from NXP App Note AN10953

23
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aveat:On Simulation

>
o

m, auentrestitstareronly asigoeod as themodels used
shiiprcapacitor example — 300 pF ATC 100B (100 mil cube)

B SVery simple model — series C
B ¢ Better model — series RLC m T o

® Best model — from network analyzer measurement of cap

complicated
but accurate
R to very high
- N both images from FroeT o frequencies
blue is measured g " Mark Walker KBITAF :
33 presentation at an

red is simulated = inter-company RF
symposium

fr2a (50.00MH:

multiple resonances
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1er Components;=and" IMD™

Y :\{E-.‘:) Of'S
SRL
Serjies R-
o ‘ 15 USLEUl/ aurricisy 25;';_4%,“ 0805 chip resistor
- nera||y not In the RE path L=1.07 nH X, about 6 ohms at 900 MHz

rth LOKS
,.lght be'some inter-winding capacitance at the higher frequencies

"—transformers
Used transmission-line transformers (TLT)

~Modeled with a length of coax

— Impact of ferrite modeled as inductance of outer conductor
® S-parameter measurement — we called it ‘magnetizing inductance’ '

e Simulating IMD 1:1 balun
— Areas of concern: transistor model, impact of ferrite on xfmrs

— Use results cautiously - rule of thumb for medium Class AB — if PEP of
waveform is at P1dB, 2-tone IMD ~ -25 dBc or AM distortion ~ 5%
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ofe Simulation Comments ™

SV heiyeudenitshavessimulation capabilities?.
=NYESIgN the old-fashioned way.

; Start with data sheet impedances
IeiPlay around on the bench a lot — as Ed Paragi WBORMA and I

= did in our early PA design days

’lmulatlon allows you to look at many “what if”
~— Scenarios in a short amount of time

¢ The model can be used for trends, and if it’ s
good enough it can be used for absolute results

(usually the model of the transistor is the
limiting factor)
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Ple Characterizatieonsof a PA™

g v
a

-

S)

eI OVEMbERZO15@STphadiaPreducReview ofia omiamplifier —showed
cipIOWOTPOUT VS Pin

SIREELEIAWAY 10 characterize a PA — plot Gain vs Pout

. design at 50 i design at 50
MHz MHz
45 2
35 —0—1dg=1 mA ea side 25 —— 1 —0—Idg=1 mA ea side
25 .
s é < /./ —0—1dg=50 mA ea side 220 /&% —8—1dg=50 mA ea side
—] . c o—o—o—0—19 o |
== £ . / ~0—1dg=98 mA ea side z 15 P P e — /., —0—1dg=98 mA ea side
[ 5 < = L 4 L 4 @
= ~ § . / Idg=503 mA ea side 8 10 1dg=503 mA ea side
; -15 —8—Idq=3.0 Aeaside 5 —8—1dg=3.0 A ea side
‘ ; 0
— r . L~

5

10 15 20 25 30 35 40 45 50
Poutin dBm

Pinin dBm

Gain vs Pout tells class of operation (flat gain is A or medium/high AB), tells gain
(from plot), shows compression, and indicates efficiency (A is least efficient)

Gain vs Pout indicates linearity (flat gain best, gain expansion not good)
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SuUummaryss s

SRDISCUSSEd design issuesifora breadband VHE/UHE PA

PRVOrERWorK nEeded for complete design

- ‘;;Trom 0.2'= 1.0 W: could'add gain compensation

= Wer supply: 28V at 7 A

—“5 SinK: max dissipation = 120 W' need to get the heat out!
ol ~ 5tharmonic filters: push-pull eases 2f rejection (see slide 22)

B /R Switch: relays easiest, could use PIN diodes

*— — Directional coupler on output: Py and P,.;, use Py, for ALC

~Harmonic filters, T/R Sw and dir cplr add loss

¢ Simulation is a big help, but bench performance determines

success or failure
— Accurate models give accurate simulations

e Thanks to WB9RMA and KB9TAF for comments to these slides
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