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ABSTRACT — Power amplifiers for COMA and WCDMA
applications must provide competitive power efficiacy at low
power levels as well as at full power. This paperrpsents a
novel approach that utilizes a modified Doherty arhitecture
as a solution to this problem. PA ICs in both celliar and PCS
bands are presented. Typical performance is -50dB&CPR at
PAE levels of 40% in high power mode (+28 dBm) an@1%
in low power mode (+16.5 dBm). Desigh methodologyew
cell geometry and manifold are also discussed.

Index Terms — Doherty, HBT, Heterojunction bipolar
transistors, Linear integrated circuits, MMIC power
amplifiers, Power amplifiers. HIGH POWER MODE LOW POWER MODE

Fig.1 Load sharing in a periphery switched stage
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[. INTRODUCTION
For efficient low power operation, the increasealdiog

Power ampllfle_rs for CDMA and WCDMA must ¢ Q1, when Q2 is not contributing substantial omtp
operate over a wide range of output power. For @@&m o ent js a problem. Fig.2 illustrates the esabnt
much of the operating time of a CDMA PA is spenéme  5qition of an impedance inverter (as a quartarevime)
+0 dBm. The low power DC to RF power conversionj the load path of Q1. This output network loaditsp
efficiency is an important factor in talk-time pbattery  5ne of the defining characteristics of a Dohertygbjver
charge. _ _ amplifier. In a conventional Doherty amplifier, tees no

Efficient PA operation can be achieved when the RFaxplicit switching of the bias. This is one of tiéferences
peak collector (or drain) voltage approximates thep our switched Doherty approach.
available DC supply voltageA PA loaded for high power
performance will suffer a loss in efficiency as thatput M-ZLoan M- Z Loan
power is reduced.Two choices are available to raise low ?
power efficiency: 1.) adjust the DC voltage (to omathe
RF voltage), or 2.) adjust the load impedance aedeby
the RF voltage. Load impedance modification avdlus
additional cost, size and performance challengest th
accompany a DC-DC converter. This is the choice we
have made in this work.

Load impedance can be sekplicitly through the
“matching” network, and can be detplicitly by changing
the relative degree of load sharing. Transistolsdal the
final stage of a well designed power amplifier gh#re
load uniformly. If some of the cells are not openaal in a
low power mode, the remaining active cells will wia
lower impedance load. Clearly, switching off sonighe
final stage cells saves quiescent current in a power
mode; but, the resulting decrease in load impedépee

cell) causes a decrease in power efficiency. This loe - : 2
S ; to Z oap, the loading of Q1 shifts upward to“N oap.
seen in Fig. 1. Q1 represents a 1/M fraction oftiital This upward shift in low power loading is respotsifor

final stage periphery. This remains active in loawpr the improved efficiency provided by Doherty amygi§ at
mode. Q2 is the remaining (M-1)/M fraction of thetal |, | ad-off power levels.

periphery.

HIGH POWER MODE LOW POWER MODE
Fig.2 Load sharing in a switched Doherty stage

If the characteristic impedance of this line is chad to
the optimum high power mode load for Q1, My, then
no additional impedance transformation results hat t
mode (only a 90phase shift). However in the low power
mode, when the loading of the Z inverter shifts daard



In recent years the Doherty amplifier has enjoyed
renewed interest at microwave frequencies. Injtjaiblid
state Doherty amplifiers were realized with FET[3]
devices and later with HBTs[2,4].

Q1 and Q2 are of equal size when M=2. This is the
classic form that W. H. Doherty investigated in €93he
parameter M is also sometimes callgdCases in which
M>2 are sometimes calleBixtended Doherty Amplifiers
[2]. As M is increased, the transition point froom power

partitioned by impedance scaling according to the Q
and Q2 sizes. The delay-line impedance is desigmed
match the impedance provided by the transformed
high power side (Q2) input.
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to high power is reduced. This transition point is
approximately 20-log(M) below the full power levé&lor
CDMA handset PAs, M is usually in the range of 3-4.

The phase shift that the impedance inverter inttedu
between Q1 and the current summing node must loe a's . . .
applied to the drive signal into Q2. In this walye thigh Fig.3 Lumped equwalgnt Fig.4 .Lum_ped equwalgnt
power mode output currents will add in-phase. In constant-k impedance inverter mda|I¥jed |mpe<jance inverter
conventional Doherty amplifier this input phasefatiénce with 2% harmonic short circuit.
is accomplished with a quadrature hybrid or anhage
hybrid (such as a Wilkinson) and a 90° delay line.
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This approach offers several distinct advantages ov
other load line shift methods. Firstly, the entineailable
periphery is being utilized in the high power modsile
in the low power mode, some of periphery is simphyed
off. This is in contrast to other methods that ofteve

1.Both Q1 and Q2 are operated in class AB mode. Thi hused periphery_in both modes, consequently, |riegui
is necessary for linearity performance required fo ow loss RF switches. The second advantage is the

CDMA operation. A conventional Doherty with the improvement of load insensitivity. This is a resoftthe
class C peaking amplifier will not support this. quadrature operation that naturally occurs from the

2.The impedance inverter is defined based on the lo\Ampt)sdance |nvetr_ter ar]:dt delay .“n?' Yeththe t?;}rdaaﬂlage
power requirement. Since the high power load for QlIs € preservation of transmission phase througiep

is the same as the inverter impedance, the sizglof mode changes.
is implied as a fraction of the total stage traosis
(Q1+Q2). Q1 and Q2 are usually not equal.

3.Part of Q1 periphery is also switched off duringvlo
power mode. This is for optimum sizing of the aetiv
transistor. Recall, Q1 was set consistent with th
impedance requirements the target low power outp
level. This is usually larger than required. Esisdigt
this modification provides 2 degrees of design
freedom allowing both the low power mode periphery
and load Z to be set independently. This is sigaift.

4.The impedance inverter and delay line are realgsed

Il. APPROACH

Our approach uses a modified Doherty architecture:

lll. FEATURES

The first generation switched Doherty PA was design
éor the PCS band and completed in 2004 (our pdiieat

2002). These chips have successful in a numbkey
sockets. A second generation to this PA was dpeeldn
2006. Both of these chips are shown in Fig.5.

Some of the innovations contained in these chigs ar
absorption of harmonic tuning into the inverter looth
sides; use of low Zo Au/BCB/Au transmission lines t
lumped equivalent circuits. The relationship A¢4 redyc;e inducta.nce in the base mqnifold; overlgyplmh
line parameters is shown in Fig.3 and Figuh is the split 'T‘duc“’rs improve the Q-L/A figure of mernand a
90° frequency. Delay lines use the constant-k formNeW fishbone bqse HBT geometry to substgr}uallwmed
Second harmonic shorts are provided by the mCecand .thereby improve the linear power (_affluency.
derived form, as seen in Fig.4. The .|nterstag(_e matchlng networks in the seconq

generation designs consider the second harmonic

5.A 4-port hybrid is not used in the interstage drive: q interf to the b f th tout sia
splitter, primarily due to area considerations. Impedance inerface fo the base of he outpul sfage

6.The interstage match design is obtained by firgiglo addition to the fundamental frequency. This is an

a match for a conventional PA with the same numbeimport"’mt factor. in Iingarity performance. .Fig.ﬁljsiitrates
of driver and final cells. The first step in the two of the viable interstage topologies in second

transformation (starting at the base side of thalfiis



generation chips. They are both bandpass in cantits ~ each plane. This inductor was used in the second
the highpass approach in first generation chips. generation PCS PA. It provides both layout arewieficy

= and Q improvement over conventional broadside emlipl
inductors.

RF drive and loading should be uniform across ellisc
in a common block (Q1 or Q2). The Triquint HBT pess
provides several layers of gold and BCB~R.6) for
interconnect. We use the BCB interlayer dielectiac
provide a low Zo transmission line for the basedfee
manifold to minimize the interconnect path inducen
More significantly, differences in interconnect path
inductance across the array of HBT cells are redlude

(1120 x 1200 um?) (1170 x 1230 um?) (1120 x 1470 um?) example of this is shown in Fig.8. A finite grounddth

15T GEN PCS 2"’ GEN PCS 2"° GEN CELL microstrip is formed between metal-2 and metal-1
Fig.5 First and second generation switched DoHe#ty. (separated by BCB). Substrate vias are placed bgiew

metal-1 ground-plane. This approach allows nearly a

Significantly, the delay-line, Z-inverter, and hamic  order of magnitude reduction in manifold inductanée
tuning inductors have been integrated into theutzllPA  small penalty in shunt capacitance is the tradeoff.
chips. Clearly, these elements can consume comasilder
module area if placed externally. A more importeegult
is: these fully integrated solutions can be usethadules
that were designed for conventional PAs, since the i
external matching circuit is the same as for a eatignal '
PA.

The fishbone base HBT geometry shown in Fig.6 was
used in both generations of these PAs. Low coltelotse
capacitance is the key device parameter in achgevin
highly linear and power efficient amplifier perfoamce.
As a relative Gz figure of merit, the ratio of emitter area
to base (mesa) area is important, and should kerges as
possible (always <1). Thigshbone base cell used in these Fig.8 Low inductance base manifold provided by Zo
PAs has &/Bx = 0.42. This represents less than 500transmission line (~ microstrip on thin BCB).
fF/mm at 3.4V (20% improvement over our standaitj.ce

V. RESULTS ANDSUMMARY

The switched Doherty amplifiers have been tested in
both PCS and cellular bands with 1S-98 CDMA, 3GPP
rel.99, and HSDPA WCDMA modulations.

IS-98 CDMA performance in PCS band is 40 % PAE, -
51 dBc ACPR, and -59 dBc AItCPR all at 28 dBm, as
shown in Fig.9. In the low power mode, the PAE (s%

" " . . at 16 dBm with ACPR of -57 dBc and AItCPR of -60adB
Fig.6 Fishbone-Base Fig. 7 Multilayer When driven up to 16.5 dBm, the amplifier operages
geometry with low ¢ (overlay) splitinductor 59 59, pAE, -52.5 dBc ACPR and -58 dBc AItCPR.
In the cellular band, the amplifier delivers 28 dBith

Another figure of merit related togRconsiders the 40 % PAE, -50 dBc ACPR and -58 dBc AItCPR. In the
amount of emitter periphery in the base area.fisheone  low power mode, 19.5 % PAE is obtained at 16 dBrin wi
base cell has E/(BA)/2 = 9.2 Again, a significant gain of -52 dBc ACPR and -68 dBc AItCPR. At 16.5 dBm,
8% over our standard geometry is observed. ACPR and AItCPR can still uphold -50 dBc and -67cdB

The second generation designs each have substantigith 20.5 % PAE.
inductive content in the interstage networks. Fighbws Gains are quite flat at +27 dB / +19 dB in PCS a4
an innovative 2 layer coupled inductor with spiitels in  dB / +23.5 dB in cellular.



The PA chips were also characterized with WCDMA
modulations, both 3GPP rel.99 and HSDPA. Fig.10msho

the 3GPP rel.99 PCS performance to be 43 % PAB at 2

dBm with ACPR of -41 dBc and AItCPR of -56 dBc. In
the low power mode the PAE is 24 % at 18 dBm with -
dBc ACPR and -56 dBc AItCPR. For HSDPA, the

amplifier can demonstrate 39 % PAE, -41.5 dBc ACPR

and -58 dBc AItCPR at 28 dBm in high power, and922
PAE, -41 dBc ACPR and -58 AItCPR at 16.5 dBm.
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Fig. 9 Measured PAE and ACPR@1250KHz offset with
IS-98 CDMA, Freq=1880 MHz and 836.5 MHz.
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Fig. 10 Measured PAE and ACPR@5MHz offset with
WCDMA 3GPP rel.99 and HSDPA, Freq=1880 MHz.
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Fig. 11 Measured PAE and ACPR@5MHz offset with

WCDMA 3GPP rel.99 and HSDPA, Freq =836.5 MHz.

The WCDMA performance in the cellular band is shown
in Fig.11. With 3GPP rel.99, the PA can achieve 44%
PAE at 29 dBm with -40.5 dBc ACPR and -55 dBc
AItCPR, and 25 % PAE, -41 dBc ACPR and -63 dBc
AItCPR at 18 dBm. The HSDPA performance is 40 %
PAE, -40.5 dBc ACPR and -57.5 dBc AItCPR at 27.5
dBm, and 22.5 % PAE, -42.5 dBc ACPR and -62 AItCPR
at 17 dBm.
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