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Abstract—We present a theoretically comprehensive treatment
of outphasing systems that utilize radio-frequency high-efÞciency

PAs. We separately analyze encoding and clipping distortions and

how they accounts for most of the nonlinearities in outphasing
systems. With that insight, we have designed an inherently linear

outphasing system at high efÞciency. We have implemented these

techniques in a 90-nm Class-B prototype that uses signal-depen-
dent time-varying circuits under close digital control to achieve

56%, 44%, and 30% efÞciency for GSM, EDGE, and WCDMA

modulations, while demonstrating linearity commensurate with
demanding speciÞcations on adjacent channel leakage.

Index Terms—Chireix combiner, Class B, CMOS, efÞciency,

LINC, linearization, outphasing, power ampliÞer (PA), power
combiner, transmitter.

I. BACKGROUND AND INTRODUCTION

T HE power ampliÞer (PA) modulates, as efÞciently as

possible, energy it takes from a power supply and delivers

it into the load. The widely-used Class B PA [1, Ch. 2] produces

an output drain current that is half-wave rectiÞed and distorted

by FET input–output nonlinearity. Since distortion leads to

half cycles whose shape changes with the amplitude of the

input sinewave voltage, there is a nonlinear relation between

the amplitude of the fundamental frequency in the spectrum

of the output current and the amplitude of the input sinewave.

Therefore, to demonstrate an acceptably linear input–output

characteristic, the PA must operate well away from compres-

sion,1 where it can translate input amplitude faithfully into the

output. This is also where the efÞciency falls off; all Class-B

PAs in widespread use in mobile RF transmitters pay this

penalty. On the other hand, the Class-B PA is able to operate

well into compression at its peak efÞciency when it carries a

waveform modulated only in phase, whose envelope is con-
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1Compression corresponds to the operation mode where an FET goes into
triode or a BJT goes into saturation. While saturation is an accepted term to
describe PA compression, we do not use it in this paper to avoid confusion with
the FET active region, also called saturation.

stant. This arrangement was used in mobile GSM transmitters.

However, as constant envelope GSM is retired from service

to be replaced with variable envelope modulations, the simple

saturated PA operating at constant supply voltage will also fade

away.

New methods are being sought to encode arbitrary amplitude

and phase modulations on a carrier wave into purely phase-mod-

ulated waveforms. This, precisely, is the basis for outphasing,

a method for encoding with pure phase modulation. While the

idea behind outphasing is easily understood, conceptual difÞ-

culties arise in circuit realization of an efÞcient outphasing am-

pliÞer. Identifying these difÞculties, analyzing the associated

forms of distortion and resolving them is the main thrust of this

paper, which will conclude with the experimental demonstra-

tion of a correctly formulated outphasing ampliÞer circuit.

II. OUTPHASING MODULATION

The waveform of a carrier wave at radian frequency

with arbitrary amplitude and phase modulation can always be

expressed as [2], [3]

(1)

where is a complex phasor waveform that captures the

baseband modulation. If this modulation is taken from a Þnite

codebook of symbols, then the instantaneous magnitude of

has a well-deÞned maximum , i.e. . In

polar coordinates, the instantaneous magnitude of may be ex-

pressed as a fraction of , encoded by the of an angle as

(2)

is called the outphasing angle and belongs to . Sub-

stituting (2) into (1), we see how outphasing modulation recon-

structs from the difference between two constant envelope

phase-modulated waveforms (Fig. 1):2

(3)

(4)

III. POWER COMBINING

The case for the outphasing principle rests on a PA’s ability to

operate at the peak efÞciencywhen it carries a constant envelope

2Another common but slightly different arrangement reconstructs from
the sum of two constant envelope waveforms.
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Fig. 1. Arbitrary modulation and its outphasing components.

but phase-modulated waveform. In theory, therefore, arbitrary

modulations encoded by two such waveforms can be ampliÞed

by two PAs, each PA operating at its maximum efÞciency.

is reconstructed in the eventual load according to (4) by sum-

ming the ampliÞed output powers from the two PAs into the

load without reßections in a three-port attached to the PAs and

the load. Therefore, we need a lossless, reciprocal (for practical

realization at RF) three-port, which is matched at two of its ports

to the impedance of an antenna that attaches to the third port.

A three-port with these features is physically unrealizable [4,

p. 277], [5, p. 309] since a lossless three-port must always re-

ßect some of the power incident on any one port and distribute

portions of the power entering that port to the other two ports.

This is why the ports cannot all be impedance-matched simul-

taneously, except for the trivial case when two ports are driven

by identical voltages. At the heart of these considerations is the

principle of conservation of energy: if the power into two ports

driven by outphased sinewaves combines without loss into a

load attached to the third port, then, as the outphasing angle ap-

proaches zero, the “destructive interference” at the third port

means that no energy is delivered to the load. This implies that

each source must perceive a nonabsorbing impedance across its

terminals, which can only be a pure reactance. Therefore, the

port impedance changes from a resistance at large to a re-

actance at small . Impedance matching does not hold across

phase.

However, simultaneous matching of ports is possible in a

four-port, with sources connected at two of the ports and equal

load resistances at the other two ports. When the two sources

generate in-phase sinewaves of equal amplitude, they may add

at one of the load resistors to deliver a maximum of power, but

subtract at the other load resistor, which will act as a dummy.

If they are anti-phase, the situation at the two load resistors will

reverse. For intermediate phase differences between these two

extremes, nonzero voltages will appear across both load resis-

tors and apportion power between them. Now, energy conser-

vation can no longer rule out that the driving point resistance at

the ports remains constant under all cases.

Previous outphasing ampliÞers have used a four-port lossy

power combiner as described above [4, p. 281], [5, p. 313] and,

in doing so, have sacriÞced power conversion efÞciency by up

to 50% because of dissipation in the dummy load. It has been

proposed [6] that the power dissipated in the dummy resistor

may be recovered and recycled, and improvements in efÞciency

and linearity of this scheme has been recently demonstrated [7].

Fig. 2. Ideal outphasing circuit.

However, the reported performance depends signiÞcantly on the

choice of rectiÞer used in the energy recycling module and it is

hard to Þnd rectiÞers that perform well under high-power and

high-frequency conditions. These rectiÞers and the considerable

number of passive components involved limit the use of this ap-

proach in an integrated context. Alternatively, we can pursue

combining power in a lossless three-port and Þnd a remedy

for the changing impedances. While in the original outphasing

paper Chireix [8] himself explores this line of thinking at some

length, the literature on outphasing ampliÞers since then has

not sufÞciently addressed the problems of lossless power com-

bining in practical implementations.

A. Outphasing as a Circuits Concept

Consider the two terminals of a resistor (Fig. 2) driven

at some frequency by two sinusoidal voltage sources of equal

amplitude3 expressed, respectively, by phasors and

. The voltage across the resistor is equal to .

Therefore, as the phase angle changes, it regulates the load

voltage and thereby the power that dissipates in from con-

stant amplitude voltage sources. This is outphasing as deÞned

in (4) reduced to the simplest possible circuit.

Let us rediagram Fig. 2 as a three-port (Fig. 3), where

is an independent voltage source that controls4 the

voltage source . The driving point admittance across

the terminals of the independent source can be derived

as

(5)

By reversing the argument, it follows that the admittance

across the terminals of the source is

(6)

As changes, the real part of the admittance across each

source also changes to extract equal amounts of real power from

each source, amounting to a total real power dissipated in the

load of

(7)

3[9] and [10, Fig. 2.21] were among the Þrst to describe outphasing in this
essential format, shorn of unnecessary appendages.

4This is best understood by composing as two phasor sources in
series and , which control two other dependent sources with
gains 1 and 1, respectively.
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Fig. 3. Ideal outphasing circuit, redrawn as a three-port.

However, this equivalent circuit also reveals that there is a

ßow of imaginary, or reactive power [11], out of one source and

into the other. This is a circulating power of magnitude

(8)

It is customary to measure real power as a fraction of the

total complex power by the power factor . The closer the

is to 1, the more the driving point admittance appears as

a pure resistor. Expressed in terms of driving point admittance

[11] , we have

(9)

When , we see in the simple circuit of Fig. 2 that both

ends of the load are driven by almost the same voltage, so it

dissipates nearly zero power. When the same circuit is viewed

as a three port, each source is driving a load with ,

that is, a load that appears almost purely imaginary with a very

small susceptance. As , the which means

that the load across each voltage source appears almost purely

resistive, as it should be. For outphasing angles in the middle,

each source perceives a load that is mixed resistive and reactive,

speciÞed by the . By regulating the of the “apparent

load” across each of two voltage sources with equal and constant

amplitude, the outphasing angle changes the real power that

ßows from them or outphasing modulates the load voltage by

changing the power factor across the terminals of two voltage

sources energizing the load.

B. Power Factor Correction and Some Consequences

A lossless load like a capacitor or inductor will absorb an av-

erage of zero power from a sinusoidal voltage or current. How-

ever, if this sinewave is supplied by an ampliÞer, the ampliÞer’s

transistors will dissipate some real power even when the load

does not. For example, each of the complementary pair of tran-

sistors in a push-pull Class B ampliÞer supplies a half cycle of

sinewave current to a resistor load. This is also true when the re-

sistor is replaced by a capacitor . If the two supplies are labeled

and the load voltage is , each transistor will

draw an average current from its supply of , and together

Fig. 4. Chireix compensation to improve average power factor.

the two transistors will dissipate a power . This re-

sult can be checked readily.5

This has clear repercussions for an outphasing PA. When,

during outphasing, the of the apparent load falls substan-

tially below 1, the transistors that realize the voltage sources

may dissipate increasing amounts of real power to service the

growing reactive portion of load current. This is bad for efÞ-

ciency. Chireix [8] proposed as a remedy the use of correc-

tion, an idea well known at the time in connection with ac power

distribution. Over the range the apparent suscep-

tance across one voltage source will appear increasingly posi-

tive (that is, relatively more capacitive) while across the other

voltage source it will appear increasingly negative (that is, rela-

tively inductive). The ideal solution is to insert a tracking induc-

tance across the Þrst source and a tracking capacitance across

the other source to cancel the apparent reactances at the car-

rier frequency of operation. But it is not easy to realize contin-

uously variable reactances, at least in Chireix’s time. Instead,

he showed that on the balance there would be an improvement

in efÞciency if by inserting Þxed susceptances the was ex-

actly corrected at only one outphasing angle (Fig. 4). If the

correction is realized close to when the load cur-

rent is highest, then, far away towards 0 , the will be off,

but since the load currents are small, the error will not matter

as much. As an example, he showed that exact correction at
6 keeps across much of the remaining range

of outphasing angles. This method of improving an outphasing

ampliÞer’s , and, thus, its efÞciency goes by the name of

Chireix compensation.

While Chireix compensation makes the apparent load across

each voltage source look resistive over most of the angular

range, that resistance is not constant but changes with output

amplitude, following the real part of (5) and (6). This means

that, if the voltage sources are replaced with PA circuits, those

circuits must operate with changing load. Simple Class-A and

Class-B ampliÞers can handle variable load resistance up to a

certain limit without waveform distortion but with changing ef-

Þciency. Eventually, an extreme load resistance will push them

into compression with untoward consequences on distortion, as

we will discuss later in Section III-C.

Class-D ampliÞers are the closest to ideal voltage sources.

Successful implementations of outphasing ampliÞers with

Class-D PAs have been reported, most notably in [12]. Class-D

5When , this power becomes . This is the classic expres-
sion for the power dissipated by the FETs in a CMOS inverter as they switch a
load at frequency between . The power dissipated is actually equal,
whether the capacitor is switched by a square wave, or, as in our case, driven by
a Class-B PA to a sinewave voltage of peak-to-peak.

6His paper shows because he used the convention of
adding outphasing vectors to construct .
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Fig. 5. Chireix compensation, including source resistance.

ampliÞers in a given technology will always be limited to

operation at frequencies well below , otherwise losses

arising from capacitive currents that worsen with frequency

will signiÞcantly erode efÞciency. Even if the loss in efÞciency

were tolerable, as the switching time of the ampliÞer FETs

approaches a few percent of the period of the carrier, the mod-

ulated spectrum shows distortion. This is explained in [12].

More sophisticated arrangements like Class E and F achieve

high efÞciency through careful waveshaping. In Class-E PAs,

the average dissipation is minimized through a lossless single-

terminated two-port that absorbs the transistor capacitance

[13]. However, when the apparent load changes substantially

with outphasing angle, the optimumwave shaping is lost. There-

fore, it is difÞcult to see how a Class-E ampliÞer that uses a

Þxed, time-invariant waveshaping network can yield its full ef-

Þciency in an outphasing architecture with lossless combining

[14]. The resonance tank in a Class-F ampliÞer has a driving

point impedance with nulls and singularities at harmonics [15].

While the number of passive components needed to accom-

plish this can make discrete implementations expensive and in-

tegrated realizations suboptimal (due to the lossy nature of in-

tegrated passive elements) it can still be a candidate for an out-

phasing PA. An extensive analysis can be found in [14].

In [16], Birafane and Kouki report an unexpected outcome of

Chireix compensation. They have simulated a realistic equiva-

lent circuit of a Chireix-compensated outphasing ampliÞer, rep-

resented by a simple circuit in which a non-zero source resis-

tance is added in series with each voltage source (Fig. 5).

Chireix compensation in the form of two susceptances is

introduced. Clearly, as , the compensation disappears.

The reported simulations show that with stronger compensation

(larger ), an increasing nonlinearity appears in the ampliÞer

output, leading to the incorrect suggestion that the outphasing

ampliÞer trades off efÞciency against linearity.

To properly explain this nonlinearity, we note that the Chireix

compensation susceptances destroy the bilateral symmetry of

the circuit, so the drive across the load resistor no longer

resolves into a simple expression in . Instead, the load

voltage is now governed by a modiÞed outphasing relation

(10)

where . This has been also noted in [17]. If,

unaware of the offset in the argument of the nonlinear func-

tion one continues to encode the output amplitude as ,

a distortion must appear associated simply with the nonlinearity

of a trigonometric function. On the other hand when the ampli-

tude is correctly encoded as the distortion will

disappear. This encoding distortionmay be removed by a simple

Fig. 6. Equivalent circuit with Class-B PAs modeled as current sources, with
voltage limiting nonlinear shunt elements.

rotation of the outphasing angle, and a scaling of the output am-

plitude.

C. PA Compression

Even the fastest CMOS FETs available today cannot imple-

ment, at, say, 6 GHz, a true switching ampliÞer that operates

in Class D mode. The FET would have to transition from the

OFF state to deep triode in a fraction of the RF cycle. It is more

likely that over most of the cycle the load and parasitic reac-

tances will force the FET to traverse different regions of its

characteristic as it continues to operate away from the triode re-

gion. Over this transition it is more accurately modeled by a

large-signal voltage-controlled current source [13, Sec. II-A].

If, in the absence of a signal the FET is biased close to threshold

for high efÞciency, then a large RF input signal will force it into

Class-B operation. In other words, when true Class-D operation

fails at very high switching frequencies, the transistor reverts to

Class B.

To model this Class-B PA we use a linear large-signal

transconductor (Fig. 6) with some output impedance

that is generally much larger than the load . As the instanta-

neous voltage across the ideal current source approaches either

0 or the supply , the nonlinear voltage limiter connected

across the terminals will model clipping. and have now

replaced the voltage sources of Fig. 2. However, replacing a

voltage source with a current source without also changing the

topology of the circuit into its dual [11] creates a fundamentally

different circuit with unforeseen aspects to its behavior.

If the voltage inputs to the transconductors are ,

straightforward derivations yield

(11)

(12)

At , the PAs drive the combiner differentially and

each one sees a Þxed resistance of . For the sake of efÞ-

ciency, the ampliÞers are designed to operate at or near compres-

sion for this value of . As decreases, the PA output swings

will increase according to (11) because means that

the real part is much larger than the imaginary part. Although

and do not remain at constant amplitude, the load voltage

still follows the outphasing form:

(13)

The implication is that, although Class-B ampliÞers do not

act as ideal voltage sources, they can still generate the right
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Fig. 7. Clipping distortion simulation setup.

waveform across the load if their transconductances remain

constant. However, this is only the case when the Class B is

not pushed into compression, at which point the transconduc-

tance collapses. As goes from 90 to zero, the magnitude

of the voltage swing across each Class-B PA changes from

to , which will almost certainly com-

press the ampliÞer. In other words, so that the load carries zero

current at low , the current sources must force all of their

current into their own output resistances. Since a good current

source’s output resistance is large, the voltage swing across

each source will rise to the point that it pushes the FETs making

up that current source into compression. Therefore in (13)

will vary, the outphasing relationship at the load will break, and

distortion will appear. Unlike the encoding distortion which

can be Þxed by a linear transformation, the clipping distortion

cannot be corrected.

We simulated an outphasing PA comprising two FETs oper-

ating in Class B with their outputs coupled directly to a load

(Fig. 7). An ideal low-pass Þlter at the output removes the har-

monics of the carrier. Distortion is seen (Fig. 8) when the sim-

ulated load voltage is compared with the ideal modulation. The

output of one core PA is also plotted in this Þgure. Since each PA

is connected to a supply of 2.5 V through an inductively tuned

load, the output voltage will swing form above 0 to slightly

below 5 V while the FET is in active region. A closer inspec-

tion of this waveform shows that the swing varies with the out-

phasing angle as predicted by (11). At point A, where the output

is at its peak, i.e., is close to 90 , the core PA swings to just

below 5 V. When decreases, the core PA is pushed into deep

triode and the swing pushes up to about 5.7 V (point B). Now,

drops and distortion becomes visible.

It is therefore expected that, when lossless combining is used

without Chireix compensation, clipping distortion will almost

certainly appear. [18] presents a simulated output spectrum of

a CDMA waveform after lossless combining in a Class-E out-

phasing PA, where the simulated spectral density in adjacent

channels is down by only 50 dB, when it should theoretically

be lower than 80 dB. FETs in an outphasing arrangement with

lossless combining cannot remain in Class E operation when

they face a changing apparent load; therefore, it is likely that

encoding and clipping distortions described above are at work

in this circuit and account for the nonideal spectrum. [19] re-

ports on an experimental CMOS realization of this Class-E PA

at 8 GHz with measured spectrum almost identical to what was

simulated in [18].

Chireix compensation will not make clipping distortion go

away. With the compensating susceptances, (11) is modiÞed to

(14)

with deÞned in (10). The problem again arises from the real

term, which despite the mitigating factor

can still become sufÞciently large for small

to push the PAs into deep compression. This is also conÞrmed

by our simulations.

In [17], the authors, aware of encoding distortion, compensate

for in their Class B outphasing ampliÞer. Nonetheless, with

lossless combining they continue to observe an unexplained

residual distortion, which disappears when a lossy Wilkinson

power combiner [5, p. 318] is used. Since a lossy combiner

isolates the two Class-B ampliÞers, we now show that the re-

maining distortion is due to clipping in the Class-B PAs.

The exact nature of the compression in a PA depends largely

on the inherent nonlinearities of the underlying devices. To emu-

late the pHEMT ampliÞer used in [17], we turn to Rapp’s model

[20], which has been widely used to capture the gradual com-

pression in high-power microwave PAs. It describes a saturating

voltage at the output of the controlled sources in Fig. 6 with

the expression

(15)

where would be the voltage with no clipping. A simple nu-

merical simulation of the voltage across the terminals of each

transistor can reproduce a nonlinear characteristic (Fig. 9) that

closely matches the reported measurements in [17, Fig. 16].

D. Spectral Leakage From Path Mismatch

Outphasing is vulnerable to errors arising from mismatch be-

tween the signal paths. Suppose the amplitude of one outphasing

voltage is times as large as the other, and that the out-

phasing drive to it is delayed by a constant phase over a narrow

band around the carrier frequency . Then, the reconstructed

waveform is given by

Therefore

(16)
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Fig. 8. Simulated output waveform (top), ideal modulation (middle), and core PA output swing (bottom) in Class-B outphasing ampliÞer with lossless combining.
The core PA output swing (shown in the enlarged chart on the right) is not constant. When is large (point A) the PA is at the edge of compression. For small
(point B) the PA goes into deep compression and the swing becomes larger.

Fig. 9. Clipping distortion in Class-B outphasing ampliÞer.

Transforming this into the spectral domain,

(17)

where the function denotes the Fourier transform. The Þrst

term in (17) is the undistorted spectrum . Well-conceived

modulation schemes [3] will produce a spectral density that

decays quickly outside its allocated channel, leaving adjacent

channels open for use by others. The second term in (17) is asso-

ciated with an error spectrum that arises from time-shifted ver-

sions of a pure phase modulated (PM) waveform. This spectrum

decays gradually over an inÞnite bandwidth. Depending on the

size of the mismatch coefÞcients and , the gradually decaying

spectral density of the error may exceed the residue of the ideal

in adjacent channels. We must Þnd the largest tolerable

mismatch before the error spectrum violates speciÞcations on

adjacent channel leakage.

The usual approach is to simulate the PM spectrum in each

of the two outphasing paths [6]. Using Carson’s rule [3],

we can estimate the error spectral bandwidth for QAM (see

Appendix A). This allows direct calculation of upper bounds

on and , which may be quite stringent depending on the

adjacent channel leakage that can be tolerated: for example,

to meet the mask requirements of a GSM/EDGE transmitter

for 60-dBc ACPR the two amplitudes must match to within

0.1 dB (1%). Balancing the two half circuits to this accuracy

requires careful layout and, if errors still remain, some form

of Þnal calibration. However, if the ampliÞer is otherwise

distortion-free by construction, a one-time calibration should

be sufÞcient to balance the two paths.

IV. CONSTRUCTING THE OUTPHASING AMPLIFIER

The original circuit of Fig. 2 comprising two outphased

voltage sources that drive the terminals of a resistor load is

without shortcomings that arise when RF PAs are close to

current sources (Fig. 6). The limiter in that Þgure is a reminder

that compression sets in when the apparent load increases and

causes the voltage swing to rise. To eliminate this compression,

the circuit must be modiÞed to generate constant amplitude

sinusoids at each terminal of the load for all outphasing angles.

To make a current source masquerade a voltage source, we

could use voltage-sensing feedback that regulates the controlled

current source to hold the output voltage to a desired value.

Feedback applied around RF circuits, though, runs into prob-

lems of stability. The other method is predictive, and this is what

we use.When the load is known or changes predictably, then the

current source circuit can be regulated, open-loop, to produce a

constant load voltage.

Since the outphasing waveforms are, by deÞnition, periodic at

the carrier frequency, and of constant amplitude but variable

phase, the power ampliÞer must be adjusted in two different

ways to regulate the output voltage in response to the changing

load admittance (see Section III-A).

1) In response to a changing load conductance , the

transconductance must change to maintain constant
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Fig. 10. Class-B outphasing equivalent circuit. Signal-dependent elements substitute voltage sources in Fig. 2.

Fig. 11. Chip micrograph.

voltage amplitude . When the load

conductance is small and dissipates little signal power,

the transconductance also shrinks, drawing lower bias and

signal power from the supply voltage.

2) In response to a changing load susceptance , a vari-

able susceptance across the transconductor’s terminals

changes by an equal amount but with opposite sign. This

maintains a constant power factor close to 1 and efÞciency

close to peak (see Section III-A).

Fig. 10 shows the equivalent circuit of an ampliÞer with these

properties. The phasor voltage at the terminals is proportional to

. It follows from the substitution theorem of basic cir-

cuit theory [21] that when each half-circuit made up of a vari-

able transconductance and susceptance is replaced by an ideal

voltage source carrying the terminal voltage waveform, the load

cannot tell the difference. The variable transconductance and

susceptance are nonlinear elements in the sense that their instan-

taneous magnitude depends on a signal, the outphasing angle.

This arrangement is an instance of an internally nonlinear cir-

cuit that appears externally as linear.7

V. OUTPHASING AMPLIFIER PROTOTYPE

We have realized a prototype circuit in 90 nm CMOS with

the properties described above (Fig. 11) to reconstruct GMSK,

EDGE, and WCDMA. This implementation shows feasibility

of the concepts developed in this paper at output levels up to

about 20 dBm peak [22].

A. Circuit Description

A slightly overdriven Class-B PA provides a high efÞciency

with moderate insensitivity to small load variations. In this pro-

totype, two such PAs, each with a stand-alone sinewave drain

7The transistor current mirror is the most common example of this.

Fig. 12. Outphasing PA with admittance compensation.

efÞciency of 57%, are used with an off-chip lossless combiner.

The variable admittance seen by the PAs requires an adaptive

circuit, controlled by DSP, to correct the signal-dependent im-

pedances. To cancel the variable susceptance we should add or

subtract a shunt reactive element at each PA output. Ideally, this

would be a shunt capacitor attached to one side and a shunt in-

ductor to the other, but for practical reasons we add some capac-

itance to a Þxed capacitance on one side and subtract it form the

other (Fig. 12). The value of this capacitance as found

by noting that its admittance should cancel the susceptance in

(5) and (6):

(18)

This compensating capacitance depends only on the carrier

frequency, the outphasing angle, and value of the load resistance

seen across the combiner input ports. After the susceptance is

compensated, the remaining apparent resistance, which is the

reciprocal of the conductance term in (5) and (6), is a function

of the outphasing angle

(19)

To keep the signal swing constant at the output of the PAs,

i.e. to counteract dependency to , the transconductance of the

core transistors is scaled by to keep the device at the

same overdrive level. This eliminates clipping distortion and

also saves power at high outphasing angles.

The outphasing inputs applied to the Class-B PAs are in form

of two RF square waves at CMOS logic levels. If the square
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Fig. 13. Circuit diagram of prototype that realizes Fig. 10.

wave is perfect, the drain efÞciency will be about 64%. How-

ever, if the transition edges of the square-wave are slowed down,

the efÞciency can be improved up to a maximum of 88%. This

also helps to avoid switching spurs in the spectrum. To drive the

PAs, we use an all-digital outphasing modulator [23] that syn-

thesizes the two outphasing waveforms and .

The core transistor in each PA is made up of 255 units in par-

allel, each unit comprising a small FET with 280-nm channel

length chosen to withstand the relatively large output voltage

swing (Fig. 13). The drains of all FETs are tied together to sum

their currents. The outphasing voltage is applied to the gates

of all FETs, but only those enabled by the control logic will

respond. Thus, the output current can be swept under digital

control from 0 to 255 times a small unit outphasing current to

make a digitally variable transconductance. The gates can easily

toggle at up to 6 GHz in our 90-nm technology. The duty cycle

of the driving signal can change its operation from Class C to

A/B, which adds another degree of programmability to this pro-

totype. The bias voltage on and sets this duty cycle. The

digital supply , nominally at 1.2 V, sets the drive amplitude.

What is shown in Fig. 13 is only half of the complete circuit.

A ßoating resistor load appears in series with the two halves (at

the primary terminals of an ideally lossless transformer balun).

Each half is driven by one of the outphasing square waves. At-

tached from the output terminal to ground is an array of switched

capacitors, also binary weighted for susceptance control. The

output port is tuned to a high impedance at the carrier frequency

by resonance between the bondwire inductance and the switch-

able banks of capacitors. For the reactive compensation a Þne

8-bit binary weighted array of 12.5-fF capacitors is used in each

PA’s tuning tank and set to mid-scale. Then, to maintain a con-

stant power factor with the changing susceptance in the apparent

load across each half circuit, the Þne capacitance is raised on one

side and lowered on the other. In addition, a 6-b array of larger

capacitors tunes the load to the desired band of operation.

Transistors and capacitors are controlled by a thermometer code

and are laid out as 255 intermeshed cells for good matching and

monotonic switching.

This is a digital compensation based on the repeated

switching of many small PA units and capacitors. Therefore,

the resulting spectrum contains quantization noise that be-

comes smaller as the number of bits in the switchable banks

increases. The spectral density of this noise can be simulated.

We found the circuit meets the mask requirements for EDGE,

WCDMA, and GSM at a reasonable margin with least 8 b for

the compensation capacitors and 8 b for the transistor array.

Fig. 14 shows the result of the transistor-level simulation and

comparison with the ideal modulation for EDGE. In a practical

implementation, the quantization noise is not the dominant

factor. What limits the noise ßoor is the phase and amplitude

mismatch of the two paths, which we address in Section III-D.

Bondwires are used as inductors at the FET drains. We found

that these bondwires, the parasitic capacitance, and the trace in-

ductance on the PCB limited the tuning range of the ampliÞer’s

resonance load in this prototype PA to below 1.4 GHz. With

more advanced packaging technologies such as ßip-chip, which

shrinks the parasitics signiÞcantly, the circuit can operate at 3

to 6 GHz. The layout of the capacitors was optimized for high

Q. Switching of capacitors and transistors with a thermometer

code suppresses large glitches arising from differential nonlin-

earity (Fig. 15) and minimizes the capacitance switching in or

out of the tank at each update, thus lowering the disturbance due

to charge redistribution after each switching.
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Fig. 14. Ideal modulation and transistor-level simulated outphasing PA output
for EDGE modulation (with a symbol rate of 1 Ms/s and 8-b control words).

Fig. 15. Thermometer-coded drive of switched elements.

Fig. 16. Test setup.

The test setup for the chip is shown in Fig. 16. A PC precal-

culates the switching scheme and sends the results to an FPGA

which generates data at 68 MHz for different circuit blocks.

A high-speed on-chip digital front-end generates the control

words that switch FETs and capacitors. A careful timing anal-

ysis was necessary to guarantee that the switching of the tran-

sistors is synchronized to the capacitors. The edges of the ca-

pacitor switching commands are intentionally slowed down to

lower the leakage of the 68-MHz clock to the output. Separate

grounds were used for digital and RF circuits.

Fig. 17. Transmitter board.

Fig. 18. Lossless combining with an LC network.

The compact transmitter test board is shown in Fig. 17. The

outphasing signals are combined in an off-chip (ideally) loss-

less combiner. There are two choices of combiner. An RF trans-

former (balun) can provide wideband combining at the price of

about 1-dB insertion loss arising from resistance of its windings.

An combiner (Fig. 18) is almost lossless but it is narrow-

band around . Since the combiner in effect

adds the two outphasing signals, one of the outphasing signals

is inverted in baseband. We used both methods to Þnd the max-

imum efÞciency that can be obtained.

We did not implement an explicit means of power control in

this prototype, but within the scope of the outphasing ampliÞer

there are certain options. One possibility that we successfully

veriÞed in simulations is to use a subrange of the unit cell array

to capture the modulated waveform as power is lowered. For

this to provide accurate results the number of bits controlling

the switching arrays must increase by one for every 6 dB of gain

control. However, only a bit or twomay be sufÞcient for this pur-

pose because at lower power levels the peak amplitude is scaled

down, which means the core PAs can operate away from com-

pression. Therefore they revert to normal Class-B mode without

compensation, where they can reconstruct the signal in the out-

phasing form speciÞed by (13).

B. Switch-Induced Distortion

Loss in the nonzero resistance of the FET switches in se-

ries with the unit capacitors (Fig. 19) accounts for a small ero-

sion in efÞciency, but less obviously the resistance can also

be a source of distortion. To simplify the analysis that shows

this, we transform the series circuit branches into shunt
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Fig. 19. Switch-induced distortion.

branches. If the switch resistance is small com-

pared with the capacitor’s reactance at the carrier frequency, i.e.,

, then it is easily seen that the series

branch is equivalent at its terminals to a shunt branch

through the relation

(20)

Now the capacitor array in our prototype appears as

across one half circuit, and across

the other, where the Þxed component in parallel with the

Þxed output inductance is designed to resonate at , while

the variable component compensates the apparent

susceptance across the half-circuit terminals

(21)

From (20), we see that, for unit capacitors turned on by

series FET switches, the effective shunt conductance will be

. This will add, or subtract, from the apparent conductance

across each half circuit due to the load resistor , to give a net

apparent conductance of

(22)

(23)

The second term in the product leads to encoding dis-

tortion that, although small because , cannot

be undone by a simple Þxed rotation of the encoding angle.

The recourse is to remove the undesired dependence of on

with a compensating resistance. This compensation is effected

by a parallel array of switched resistors whose conductance

changes inversely with as follows:

(24)

Due to the high quality factor of the switched capacitors in

this prototype , simulations did not indicate notice-

ably better signal quality after this compensation, and therefore

we decided not to include the scheme. For low- capacitors,

however, the compensation will become necessary. This anal-

ysis illustrates an outphasing tradeoff where to remove a small

distortion, we must pay the price of a small loss in efÞciency

due to the additional power lost in .

Fig. 20. Output spectra of synchronous switching compared with level-depen-
dent asynchronous switching.

Fig. 21. AM–PM distortion in outphasing ampliÞer.

VI. EXPERIMENTAL RESULTS AND DISCUSSION

A. Accuracy of Waveform Reconstruction

FETs and capacitors in this circuit are clock-driven. The pe-

riodic switching may create unwanted tones and spurs in the

reconstructed spectrum at the clock frequency and its multiples.

Wemeasured acceptably small levels for those spurs at 60 dBc

or better, which do not violate the standards that we have inves-

tigated. This may not be true for other standards with more de-

manding spectral purity levels. By randomizing the switching,

the energy concentrated in these spectral tones may be dispersed

over a wide band. Therefore, when the out-of-band emission

is a problem, we can change from clock-driven switching to

level-driven switching of elements. In the latter case, capaci-

tors and FETs are switched only when the target amplitude of

crosses certain preset values that resemble thresholds in

an A/D converter. The random distribution of amplitudes in a

data-bearing modulation will spread the energy of switching

over a wide band (Fig. 20).

The outphasing ampliÞer in our prototype suffers from a de-

terministic AM-PM distortion. This arises because the effective

capacitance at the drain of each unit FET changes when the tran-

sistor switches from off to on and vice versa. Therefore, if the

resonant tank is tuned to , say, for (maximum ampli-

tude), then as the outphasing anglemoves towards zero a smaller

number of transconductor FET cells are turned on and the res-

onance shifts away from . This amplitude-dependent phase

shift at the output is AM–PM distortion.
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Fig. 22. Measured output spectra. (a) GSM. (b) EDGE. (c) WCDMA.

This effect is apparent in schematic simulations (plot A in

Fig. 21) where an excess phase shift as large as 50 is observed

across the range of output amplitudes. However, if in the same

simulation a small capacitance of 28 fF is switched into the tank

for every transconductor that gets switched out the AM-PM con-

version can be almost completely removed (Fig. 21, plot B). We

decided not to include this auxiliary set of capacitors in hard-

ware. Rather, we incorporated this as an offset into the formula

used in the baseband to calculate .When themodiÞed for-

mula was used during the measurement, the measured AM-PM

conversion was reduced to around 8 (Fig. 21, plot C).

Fig. 22 shows measured spectra of GSM, EDGE, and

WCDMA modulations, all at 900 MHz. Table I summarizes

the measured EVM. Output power levels are in the range of

13 to 16 dBm, with the output stage supplied at 2.5 V.

All spectra lie within the masks set by the standards. Good

matching between simulated and measured spectra is clearly

seen, for example, by comparing Figs. 14 and 22 (in case

of EDGE modulation). A one-time Þne adjust is needed to

balance the amplitudes at the two half circuits and remove

residual AM–PM distortion. Consistent with the analysis in

Section III-D, owing to a carefully planned symmetrical signal

distribution on-chip, the delays between the signal paths need

no adjustment.

B. EfÞciency

The PA output voltage reconstructed after combining was

measured across the 50- input of a spectrum analyzer. Table II

lists the power consumption and efÞciency for two different

conÞgurations. In one, the chip’s two output terminals connect

through a lossless combiner to the load. In the other, they

connect through an external RF transformer with impedance

transformation ratio of 2 (100 differentially across the chip

output). When producing GSM modulation, the lossless com-

bining leads to a drain efÞciency very close to the maximum

57% (stand-alone efÞciency of the core PAs) because the mod-

ulation is with constant envelope. When a balun is used, its 1 dB

insertion loss accounts for the lower 49% efÞciency.

Measured efÞciency for the variable-amplitude modulations,

on the other hand, is not as high, even after accounting for the

balun loss. ForWCDMAmodulation the measured average efÞ-

ciency is only 27%, considerably lower than reasonable values

TABLE I
MEASURED PHASE ERROR AND SPECIFICATIONS

TABLE II
POWER, EFFICIENCY, AND CURRENT CONSUMPTION

of ,8 the baseline efÞciency of this Class B. To understand

why this is so, we recognize that across the drain and source of

the FET current sources there is a nonzero conductance

modeling the loss in the tuning circuit and the transformer at

the output. The power dissipated in the apparent load is

the useful component because it ßows to the intended destina-

tion, while power dissipated in is wasted. The apparent

load’s susceptance has been tuned out by parallel resonance with

the switched capacitor array. As the outphasing angle decreases,

the efÞciency will also decrease because absorbs an in-

creasing fraction of the power delivered by the ampliÞer. Ex-

pressed in terms of the normalized output amplitude ,

the efÞciency is

(25)

where is the resistance across the combiner input ports.

We have measured the sinewave efÞciency of the prototype

circuit by sweeping from 0 to 1 (Fig. 23). The data suggest

that this ampliÞer can reach an at peak amplitude.

In our outphasing system and based on a quality

factor of about 40 for capacitors (10 pF) and bondwire inductors

8 is the efÞciency of the PA if all losses of the passive elements could be
nulled. It is close but below the theoretical maximum because the transistor has
internal losses.
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TABLE III
COMPARISON WITH OTHER OUTPHASING PAS

Fig. 23. Sinewave efÞciency: measured, calculated, and predicted.

(3 nH), and other trace losses we estimated

at 900 MHz. With a baseline efÞciency of , the mea-

surement Þts the prediction in (25) remarkably well (Fig. 23).

This means that a single, constant source of dissipation

across the Class-B FET in each half circuit can model the fall in

efÞciency as the output amplitude drops below the peak value.

Knowing the amplitude probability density function (PDF)

of a complicated waveform such as WCDMA,

the plot of sinewave efÞciency may be used to predict the av-

erage efÞciency. Since the RF waveform is slowly modulated

in amplitude,9 it follows by deÞnition of the average that for a

WCDMA waveform

(26)

Fig. 24 shows the characteristic PDF of EDGE andWCDMA.

Using this and the measured sinewave data in Fig. 23 to nu-

merically evaluate the integral in (26) gives an average efÞ-

ciency of 26.7% for WCDMA, in close agreement with the

measurements.

VII. CONCLUSION

We have presented a theoretically comprehensive treatment

of outphasing systems that use RF high-efÞciency Class-B PAs.

Our analysis shows that the nonlinearity and distortion com-

monly reported in the outphasing literature can be explained and

accounted for by applying the principles of basic circuit theory.

9“Slowly modulated” means that many hundreds or thousands of cycles of
the RF carrier frequency will elapse before the WCDMA modulation changes
its amplitude measurably. The power ampliÞer responds quasi-statically over
this time scale by delivering many cycles of the carrier frequency at a nearly
constant amplitude at the associated efÞciency.

Fig. 24. PDFs of amplitude for EDGE and WCDMA carrying random data.

We have isolated forms of distortion that are unique to out-

phasing, and the insights gained from that analysis have led us to

criteria for highly efÞcient and distortion-free outphasing PAs.

We have realized these techniques in a 90-nm Class-B prototype

that uses signal-dependent time-varying circuits under intimate

digital control with lossless combiners to achieve 56%, 44%,

and 30% efÞciency, for GSM, EDGE, and WCDMA modula-

tions, meeting the mask and linearity requirements and accom-

plishing ACPR of up to 50 dBc. Using distortion forWCDMA

modulation as a Þgure of merit, Table III shows that this real-

ization demonstrates a very good outphasing ACPR, where the

only calibration involved is the gain balancing and a Þxed pre-

determined AM/PM correction. Problems arising from package

parasitics or the ON resistance of compensation switches have

been identiÞed and solutions to them proposed.

APPENDIX A

PM BANDWIDTH OF QAM

Carson’s rule states [3] that the effective ( 40 dB) bandwidth

of the pure PM waveform is

(27)

where the information waveform itself occupies the

bandwidth and is of mean value zero. Consider -ary

QAM occupying 1-Hz bandwidth synthesized by an out-

phasing modulator. This means that, every second, the phase

jumps by some amount uniformly distributed in the interval

. The QAM waveform amplitude also jumps by

some other amount that is uniformly distributed in the interval

, where is the peak of the QAM envelope.

Since the outphasing angle determines amplitude, it must be

distributed non-uniformly (because ) in the interval

. Since Carson’s rule as stated applies to a zero-cen-

tered waveform, we shift this interval to . Then

to make the analysis simple, we assume that the outphasing
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angle is distributed uniformly in this interval. Now, applying

(27), the effective bandwidth of the phase-modulated wave-

form that will be present in each of the two

outphasing paths is

(28)

This expression does not depend on , which is the number

of points in the QAM constellation, so whatever the spectral

density of the outphasing waveform stretches across 6.5 channel

widths on each side of its own carrier until it has decayed by 40

dB relative to its peak. Equation (28) predicts that the power

spectral density for both 16-QAM and QPSK (4-QAM) mod-

ulations drops by about 35 dB and levels off at a distance of

6 channel widths from the carrier. [6, p. 66] shows simulated

spectra of outphasing waveforms for four different modulations,

which agrees with these Þndings.
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