Chapter 6: Tuned Power Amplifiers
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Characteristics of PAs (L. Larson 2007)

Handset

Power : 0.T mW -2 W
Linearity Requirement: Moderate-Severe

Cost: Very Low (<$3)
Efficiency Requirement:PAE>30%

Worldwide Market: >800M/yr(!).

o DD))) ((((@ o

Power : 50W - 200W

Linearity Requirement: Severe(!)
Cost: High (>$100)

Efficiency Requirement:PAE>T10%
Worldwide Market > TOOOK/yr.



Tuned PA Fundamentals
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oG is the power gain of the PA

P IS the output power of the PA
| L
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Classes of tuned PAs

Drain current

1 Idealized FET characteristics
-| IMAX B

Class A
V-1 72
Converter SwitchT - Class C
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@Controlled current source: A (100% conduction), B (50% conduction),
AB (50%<conduction angle<100%), C (<50% conduction)

aSwitching PAs (high efficiency > 50%): Class D, E, F, F



PA Design Fundamentals: R
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Load pull contours

Boundary for Popi/p

Shunt jB
. OPT
Z, =R+ jX
Boundary for Pgpt/p
Series jX

Courtesy of Stephen Long
UCSB



Output matching network design

sPerforms several functions:

« transforms the load impedance Z to R,

e provides a short-circuit at all harmonics so that only the power of
the fundamental is transferred to the load, and

e maintains the impedance transformation over the entire transmit

bandwidth.
Z 50
Q:\/ T — 1=y =—-1=4.9~5
RLOPT 2

Use one (or two cascaded) lossless matching L networks




Class A voltage and current waveforms

Z, (f,)=R,;Z, (nf,)=0 T —_— T
For n>1 _w"Cw Voo " Vo 3
VINI\;III LI% lc %R A% 4E1C1%RL
(VDS_VMIN)<IDS_IMIN) = 1 i M _1: =
P2 V2
Ndrain— p_ AVbs
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Class B voltage and current waveforms

Lo Pour @nd R - similar to class A, but Z (f,)=R ;Z (nf,)=0
v

conducts only for %50 of T: n>1 pD

MAX?

- g_and G lower than class A.

* Highly nonlinear to increases PAE " Vour

e Maximum PAE= 78%.
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Push-pull class B voltage and current

waveforms
. A VD S1
VD D /T )
Vour - »’[
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/-\ ﬂ t
S S S
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Class AB PA

sWorkhorse (still) of the PA industry

*Reaches a compromise between the linearity of the class A
and the efficiency of the class B power amplifiers.

sCurrent waveforms are a train of “chopped” sinusoids

. . 0,
ip(t)=lpe+1 sin(wt) for wts32"— u
. 31 O 311 O

=0 f — <wt< +
i,(t)=0 for 5> "5 wt 5t
3'IT Goff

in(t)=Ipc+1,sin(wt) for wt= p + >
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Class AB equations

ol _. = drain bias current when P_ =0, et sin 7T+7T_290ﬁ):0
ol | Is amplitude of sinusoid
[
-1| 'DC
Angle of cutoff conduction 6_ 0o =2 COS ]
P
| Qoff 1 Goff Qoff Qoff |
sDC component of current /pc=1,|C0S 5 +7T sin|—- 5 5 COS|—- 5
P
*Fundamental component of current  /,=/ T—Z[HOﬁ—sin(Goﬁ)”
\
1
Vos= Vi _1 1_% Oary=SiN 0o Voo =V
RLOPT_ l1 ndrain_z 0 ¢ 05| Oorf 0,1 Voo
COS 5 +Fsm 5 _ZCOS 5
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Switching-mode PAs

Switching mode PAs minimize power In the transistor by
avoiding overlap between current and voltage waveforms

Examples: Class D, E, F, F

But require special linearization techniques

[ i

F C

Odd harmonic impedance

C @
Courtesy of Stephen Long ° Even harmonic impedance
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Class D concept (T-P Hung et al. MTT Dec 2007)

Switches provide square wave voltage source
Nominally open circuit at all harmonics Vo
(In reality, need to optimize for given transistor)

|

IL Problem:
Energy wasted in switch
E=12(C_ V)
time .
lsw Power loss is high: Ex f
But gaining popularity.
lave AN\ time Asbeck 2004 1
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Class D CMOS INV implementation

/2
Z,(fo)=R.;Z,(nf,)=00 Vlzlf VDD‘COS<9)d9:2VDD:2VMAX
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LOPT = 7 = 7 7 PL: — —
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L
- Il 0 ~0
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Class E concept

oc B--L
0 »
i (t) VOUT \/
©
iy *
Tiax “'/‘ ________ -
o]

1(t)
| ]
\ I

_l 1(0 T!

M T ' i i.(6) \ I\
. . 0

-V_.=0 and dV__/dt=0 when switch closes,avoids \J
Viax |
4 (CV?) loss /\ v(e)/\
N
-dV__/dt=0 when switch closes makes operation
Insensitive to rise time of input signal 0 / \ / \

Vv =36V_, 1 =17V_/R
DD DD L

MAX MAX
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Class F voltage and current waveforms

v A VD
- 2V

DD

v b 4 |- L _ .

AWAN

Drain Waveforms

Al
8VDD/7tRL R D

Z (fy)=R;Z (2kXTf()=0;Z [(2k+1)Xf|=00
V.= 4V o _ 2V yax Vl(t}.

1 I
I pe= A.I{FAX I,= ];AX [ — - max]

n Vi 4V 8V Voo
LOPT [1 'ITIMAX 1T2[DC y

«Suffers from V2 (CV?f) loss
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Inverse class F (F') staae

Vbs
Z,(fo)=R,;Z,(2kf))=0;Z |(2k+1)f,|=0

V4@,

._|
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Comparison of PA classes

Ry oPT VMAX/ v VMAX/ [ 2Viyax 1075Vya 4Vmax!  mVyax/
myax X'™MaX  Hyax  4vax
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Linear modulation of PAs

°Class A, B, AB: directly in the input signal

°Class C,D, E, F: separately from the carrier, typically through
the supply node

_XDDZ VDD f ”

UL %ﬁé

-_—
-_—
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. OP, . current swing

fuayx (GHZ)

Class A FET PA Design Fundamentals

Linear voltage swing at input/output decreases in each new node

J

swing,pp

(VD_ Vdsat)

IS constant across nodes at about 0.4 mA/um

( VMAX o Vdsat)

OP. ,=W-J =W-J

swing, pp 4 swing, pp 8
200 ey 200 .
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10x0.18x2m ] £ x = == —
s R R =12V Ny ==
M W
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swing,pp
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Class A PA Design Fundamentals (ii)
. P currentswing J_ is about 0.6 mA_ /um for n-FETs and
ZJMr for HBTs

. P_ voltage swingV__ is 2V <=V
sa satpp DD MAX

W-J vV W-J ot op V max

P — sat,pp © DD __

sat™ 4 8
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Typical Class A PA Power Densities and R

Lopt

*90/65nm CMOS
Wy =15V, J, =0.6mA/um; P_=0.11TmW/pm; R =2.5kQx pum,

20.15um GaN FET
W40V, J =1 mA/um; P =5 mW/pm; R =40 KQx um

*50 GHz GaAs HBT
WVia=0V, J . ,,=0.5 mA/um; P_ =0.375 mW/um; R =12 KQX um

2230 GHz SiGe HBT
W= 3V, Jd .= 3.9 mAum; P = 1.5 mW/pm; R =770 Qxum
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Example of 1W PA design (through 40 GHz)

«90/65nm n-MOS: W=9.09mm; R _ =0.27 Q (impossible to
match from 50Q)

»150nm GaN FET: W=0.2mm; R =200 Q (easy to match
from 50Q)

»50GHz GaAs HBT: |_= 2.66mm; R = 4.5 Q (possible to
match from 50Q)

+230GHz SiGe HBT: |_= 0.67mm; Ry =1.16 Q (possible but
difficult to match from 50Q)

Conclusion: Need high voltage device for >1W
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mm-Wave Class-A PA Design Methodology

Start with output stage iy
oVoltage Swing: V_ . =V .-V X %E% L
VDD = Vdsat/ 2 + VMAX/ 2 D —VoOUT
sBias Current Density: set J = 0.3 mA/pum for linearity VIN‘||:

sDevice Size: find W from OP, _, V

1dB’ ~ swing’ "swing

= 0.4 mA/um ?L

ol : If Voungd MAG >V, add degeneration

win

«Output matching network (L, C)from V_ /I to 50 Q

swing "swing

°Repeat steps for 2nd. last stage and scale W by 0.66 to 0.5

*Design input stage to match to 50 Q and to maximize gain.
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Ex: Output Stage with P__=10dBm at 60 GHz

Given: V_ =1.2V, Vpg sat = 0.3 V at 0.3mA/um OP___=10dBm =10 mW
V,=VDD - VDS,sat = 0.9V (1.8Vpp)

FromOP _=10mW =V x| /2=> 1 =22mA

W =1_/0.28mA/um = 78um

R =V /I =900/22=41Q

Since MAG @ 60 GHz is only 6 dB (voltage gain of 2), the swing at input
of last stage is 1.8Vpp/2 = O.9Vpp > O.45Vpp. We need degeneration, hence

L

s’
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2-stage cascode + 1 CS stage PA in 90nm
CMOS (M. Khanpour et al, CSICS-2007)

VDD
70pH Q 1. V. =15V Lo,
N 110pH
C. 156fF
I —
v v y V=15V
VDD o-l 2 30x1000nm DD o-I 4 oU
40x1000nm .
L 115pH
L, 95pH L, 105pH D3
200pH 105pH 80fF
30x1000 —
IN M, X nm _I M3 1\/[5 Cs3
L 40x1000nm 40x1000nm
¢ omA 12mA 12mA ¢4
pa
" T o b b Ly ot
1: 65pH 25pH 75pH
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7 _

v

08

L 0-4 1

|0-2|

P,4=1.6dBm

OP ., PAE and P_,. measurements

Pin (dBm)

1
|
|
1
| -
IIIIII T-—-——-
1
|
|
1
|
|
1
]

10
N

o
-

(wgp) inod

4f---

0.3
Last Stage Bias (mA/um)
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77GHz SiGe HBT PA (s. Nicolson et al. IMS-2007)

V. __ 25V

cC2

D2
120pH
40fF

V. of Q2x625um

cc2

N\

v 70pH j [=13mA
IN
Q
L. 2x6.25Um
ad I 30fF L,
= 32pH

IIZZSmA

70pH

LB2

_JocVeei _44mA-1.5v

Vi, 15V Ve 1.5V
L L
D1 D1
60pH 30pH
Cs160fF 12:50mA
H
90fF
CSZ O
Q1 Q2 _l V
4x6.25Um 8x6.25Um >

pad
= 30fF

1

=33mW =15.2dBm

2
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PA Layout ?
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Other CS mm-wave CMOS PAs (ISSCC-2008)

Short stub

L s77GHz CS PA (Fuijitsu)
wepoe  +G=12dB, P_=7 dBm

*50-60GHz CS PA (Berkeley)
+» G=5.5dB, PSat =12dBm

Ry i 3 é
1:1 transformer 141 transfarmer 11 n-angf_c-rmet
di TI'H-‘I:H = 30um diamater = 40um digmeter = 42um

trace width = Sum trace width = Sum trace width = Bum
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Efficiency Enhancement Techniques



Dynamic biasing techniques (L. Larson, 2007)

Dynamic Current Biasing Amplifier

Strategy: Vary |,
as signal level changes Tout

‘Used by most amplifiers for
wireless systems (to some extent)
*Significant benefit obtained Ibias |
automatically with Class AB
operation

Vout

Class AB operation
loyt asymmetric output waveform
has dc component
lout

= ANA WA
g

7 7 - \
: time
In Class B. Idc~ K Imax ~ sart (Pout)

Asbeck 2004
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PA subranging

*Optimally biased for
efficiency (binary-
weighted) PA sections
are switched in and out
as needed by the
transmitter

sBut R ___changes with

LOPT

number of switched on
stages

P
IN

—

_/o—-‘ > /o
1X
ya I\ ya
L x
P
ouT
ya \ ya
%
ya \ ya
A
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HBT example: (L. Larson, 2007)

Maintaining Constant Gain
Over Wide Range of DC Bias

SirSiGe HBT BiCMOS WCDMA Power Amplifiers
With Dynamic Biasing and Reconfiguration Via MOSFET Switches

Cormpartzon ofGein betessn constant bigs and dmemir bies

U]
[ PN TN SN R N SR—
were o e | e I I I I I
Wesa L J'imi [ lllll
- -I_'F e Wam -JT % ) P JU Cirsieni bas- i eee - ....... __\_\- .......
AF F’J L B
- B ) ) ) - | AN SIS U S NN S——
o L= TIT.J"'FTIH o ”.I: batwaen '.":n'gleﬂ:".l-ili A .".l'lc'm".ll'ha; N
: ' P ; i 10 i i 0 :
A0 J Pt in dEm
) IR (S N S - . .
N SN W S Y By selecting number of HBT fingers,
S I — N T — Fo] the input and output load capacitance
) I S ...................... i N— can be varied with power level, keeping
|f|:._.-.. .................................... gain nearly CﬂnStant
. constegibies G ot ]
R Deng, 2004 30
ni':l 0 : -0 EI 10 o )
Poitin oEm
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5GHz digitally-controlled class A WLAN PAs
(Atheros, ISSCC-2008)

3.3V
————————————— {L1
|
- %
Vref
—\ = : I._ b l; lu
:/ LT F Mi3a ¥Hh M3b M3c M3d
: X lisak lieak linak laak
I
A 1= | 1= - 1= - = . | =
Bias oWy 3= : L= M2a B M2b i 2 M2e ]E M2d
|
I
I
| S1a S1b S1e S1d
i S TR o Hi et
|
.—?— | -?- - b -~
Replica Circuit ' I

*4-bit control, digitally-programmable output power level 1T0mW

eThick gate oxide common-gate device for reliability

sReplica bias and | _ to avoid overstress of the thin-oxide CS device
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Envelope tracking technique (L.Larson 2007)

Tout;

Maximizes PA efficiency by
keeping RF transistor closer to

saturation for all envelope

K\Bq— - amplitudes
\ J +  Envelope Amplifier provides
Vi vz V3

Vout dynamic drain voltage
DC Drain voltage  pypamic Drain Voltage
Supply tracks envelope
of CDMA signal o
o
18]
.| Envelope »Envelope G
Detector Amplifie =
Time
RF
CDMA [ CDMA
» Class AB Signal Out

Signal
In

Amplifier

Kimball, 2001

In Envelope Tracking, PA is Class AB.
Input signal contains envelope and phase information.
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2GHz PA with pulse-width modulation and ER
(Tl -2005, Univ. of Washington ISSCC-2008)

+ - g1 Thisch Gt (VO]
To Antenna -—_—— Parvices
-|ll|-r lllllllllllllll [ 3 I 4_ él':
1. ¥ : ] I - | I : I J—I r =
. LA A oy B kit £ & il
: Ve 28] 1L = T
Switching : o I i-" - ' '.’ |
/ FA 25 % Duty Cycle 50 % Duty Cycle = | L2 E | | -
0 Ch
l.ltFl'l.lt Lt I I IST.::: I+ |;_.-‘ I E.-.:
0 5 s
d i a2
PA Driver - a
S | N
................. [ O M | |
25 % Duty Cycle 50 % Duty Gycle [
Input Input | I s T -
PWFM Genarator | =
IPWEEHEWE . _J_?' 1 ab Inducior
Figure 31.5.1: Generalized PWPM PA. Figure 31.5.2: Schematic of the Class-E PWPM PA.

sEnvelope restoration => Amplitude information is coded in the pulse width
*Pure digital signal applied at PA gate => sinusoidal output

»Qutput power is controlled by 4 bits
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Doherty amplifier (L.Larson 2007)

Uses two coupled amplifiers
Peaking amplifier acts as "active load"” for main amplifier

Main ZC, /4

70 1/4 \Peaking

—:I-/

"Main” PA

High power operation

0 0.2 0.4 0.6 0.8 1
Pow (normalized)

/]
> Asbeck 2004 49

out
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LINC amplifier (L. Larson 2007)

sLinear Amplification with Nonlinear Components

DSP generates signals with constant envelope to encode complex signals

NN |Ihll |ﬁ| Ilhll 52

Velf0 ‘> T | > p

1"'?in(t)

Signal Component Separator

(DSP) Switching mode
Class E amplifier

Problems Mismatch between parallel branches

Power combining losses Asbeck 2004 »
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Digital predistortion (L. Larson 2007)

g™

| Upconversion
5 Predistortion +E|:: S gg [T RFoLt
' Reconstruction 4 SiGe
filters PA
2 MHZz @ LO
Anti-aliasing
filters Y
o
| AD [ 2| pemodulator [e—
] e PaA o oy

108VIHz

Downconversion
Digital predistortion creates an "inverse” PA

nonlinearity in the DSP.

Issues: bandwidth expansion; DSP memory table
Size and updating.
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Power combining techniques

°Critical in nanoscale CMOS where voltage swing is low

 Two-way: balanced, push-pull, in-phase power combining
using Wilkinson couplers

« multi-way power combining
 series connection of transistor output voltage
 half-wavelength paralleling
e simple
« Bagley polygon

« spatial (through the air) lambda/2 power combining
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Power combining examples

0 >

0
PA

N
U

—

P

- Y Y Y Y

YYYY

Chip -
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[ 111
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2-GHz Class B, 3W PA (Axmm, |55CC‘°8)

*Two (wide) concentric coils for the primary

*One thin (high voltage) coil for the secondan

8 differential stages are serially combined

2.8mm
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Series stacking of transistors

*M.Shifrin, et al. 1991 with GaAs MESFET
*S. Prompromlikit et al, 2010, SOI n-MOSFET
o], Sarkas et al., ISSCC 2012 SOI CMOS

L

7 ~

source,1
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Summary

« ' he most important parameter affecting PAE and P_ 1SV

*Design of class A, AB PA is scalable through 200 GHz.

°|n class A MOSFET PAs, biasing at 0.3-0.4mA/um ensures maximum
linearity and PAE

»Q of matching network is critical (>10. i.e. 1dB loss = 21% power loss)

aSwitching PAs (D, E, F) used primarily at GHz frequencies for efficiency
but making inroads into mm-waves

oFor >1W PAs, special devices are employed: GaAs HBT, LDMOS, GaN
HEMTSs or stacked SOl MOSFETSs
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