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Abstract

We discuss two control problems that arise in con-
nection with Cartesian feedback radio-frequencypower
ampli¯ers. New solutions to both problems are de-
scribed, and the results of a working protot ype are
presented. The protot ype, a integrated circuit (IC)
fabricated in National Semiconductor's0.25¹ m CMOS
process,represents the ¯rst known fully integrated im-
plementation of the Cartesian feedback concept.

1 In tro duction

Designers of radio-frequency (RF) power ampli¯ers
(PA's) for modern wireless systems are faced with a
di±cult tradeo®. On one hand, the PA consumesthe
lion's share of the power budget in most transceivers.
It follows that in a cellular phone, for example,battery
lifetime is largely determined by the power e±ciency
of the PA. On the other hand, it may be desirable to
have high spectral e±ciency|the abilit y to transmit
data at the highest possible rate for a given channel
bandwidth. The design con°ict is that while spectral
e±ciency demandsa highly linear PA, power e±ciency
is maximized when a PA is run asa constant-envelope,
nonlinear element. The current state of the art is to
design a moderately linear PA and employ some lin-
earization technique. The ampli¯er operatesascloseto
saturation as possible,maximizing its power e±ciency,
and the linearization systemmaximizesthe spectral ef-
¯ciency in this near-saturated region.

There are many di®erent linearization techniques. Our
work focuseson Cartesian feedback systems for two
main reasons.First, becausethey employ analog feed-
back, the requirement for a detailed nonlinear model of
the PA is greatly relaxed. This is an extremely com-
pelling advantage, as RF PA's are poorly understood
and notoriously di±cult to model. Second,Cartesian
feedback systemsautomatically and elegantly compen-
sate for processvariations, temperature °uctuations,
and aging. Nevertheless, historically the technique
hassu®eredthe shortcoming of relying on synchronous
downconversion, which has been di±cult to realize
without manual trimming. This problem, combined
with the recent trend toward fully monolithic systems,

has causedCartesian feedback to languish for yearsas
little more than an academiccuriosity.

We approach the synchronous downconversion, or
phase alignment, problem from two directions. De-
tailed analysis of a Cartesian feedback system is per-
formed, and it is shown to suggesta means of com-
pensating the systemfor robustnessto phasemisalign-
ment. Alternativ ely, we describe and analyze a non-
linear, analog phase alignment regulator[1]. Test re-
sults for a fabricated IC, designedasa testbed for these
ideas,are then presented and analyzed.

2 Cartesian Feedback

The idea of using Cartesian feedback to linearize power
ampli¯ers has been discussedat least as early as the
1970's[2, 3]. It is called Cartesian feedback because
the feedback is basedon the Cartesian coordinates of
the basebandsymbol, I and Q, as opposedto the po-
lar coordinates. The a typical system is illustrated in
¯gure 1. [2]. Fundamentally , the concept behind this
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Figure 1: Typical Cartesian feedback system. Ideally,
Á = 0.

system is negative feedback. A couple of factors com-
plicate its expressionin the context of an RF transmit-
ter, however. The ¯rst is the extremely high frequency
of many RF carriers, with modern standards calling
for frequencieson the order of a few gigahertz. At this
time, it is virtually impossibleto build a high-gain, sta-
ble analog feedback loop with a crossover frequency in
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that range. The secondfactor is the recognition that in
modulating an RF carrier, we are not shapinga voltage
waveform in its entiret y. Instead, we are shaping two
independent characteristics of that carrier.

Cartesian feedback's way of dealingwith the ¯rst factor
is the inclusion of a frequency translation step in the
feedback path, shown as a downconversion mixer in
¯gure 1. The loop is then closedat baseband,rather
than at the carrier frequency. The systemconsequence
is to linearize only in a narrow band of the spectrum
centered about the carrier, rather than from DC to
the carrier. This is an ingenious way to exploit the
narrowband nature of most RF signals.

The secondfactor manifestsasthe \double loop" struc-
ture of the system. There are two degreesof freedomin
shaping, or modulating, an otherwise free-running RF
carrier, and at least two choicesof coordinate systems
that fully describe the modulation. For polar feedback
the choice made is to consideran RF carrier as having
an amplitude and a phase. The structure of a polar
feedback systemre°ects this choice,having onecontrol
loop for the amplitude, and another for the phase. An
equivalent choice of coordinates is the Cartesian com-
ponents, in which we considerthe modulated carrier as
the sum

A(t) sin(! 0t + Á(t)) = I (t) sin ! 0t + Q(t) cos! 0t;

where

I (t) = A(t) cosÁ(t)

and

Q(t) = A(t) sinÁ(t):

It is seenthat Cartesian feedback treats the two degrees
of freedomin a symmetrical way, allowing the structure
of the system to take the form of two identical loops.
This is in direct contrast to polar feedback, where the
two degreesof freedommust be treated very di®erently .

3 Consequences of phase misalignmen t in
Cartesian feedbac k systems

Figure 1 shows a typical Cartesian feedback system.
The system block H (s) represents the loop driver am-
pli¯ers, which provide the loop gain as well as the dy-
namics intro duced by the compensation strategy. The
loop drivers feedthe basebandinputs of the upconver-
sion mixer, which in turn drives the power ampli¯er.
Somemeansof coupling the output of the power am-
pli¯er to the downconversion mixer is employed, and
the output of this mixer is used to closethe feedback
system.

3.1 Impact of phase misalignmen t on stabilit y
Ideally, a Cartesian feedback system functions as two
identical, decoupledfeedback loops: onefor the I com-
ponent, and one for the Q component. This corre-
sponds to the caseof Á = 0 in ¯gure 1. In practice,
however, this state of a®airsmust be actively enforced.
Delay through the power ampli¯er, phaseshifts of the
RF carrier due to the reactive load of the antenna, and
mismatched interconnect lengths betweenthe local os-
cillator (LO) source and the two mixers all manifest
as an e®ective nonzero Á. Worse, the exact value of
Á varies with temperature, processvariations, output
power, and carrier frequency. A Cartesian feedback
systemin which Á is nonzerois said to have phasemis-
alignment. In this state the two feedback loopsarecou-
pled, and the stabilit y of the system is compromised.

The impact of phase misalignment on system stabil-
it y can be seenmathematically. We start by observing
that the demodulated symbol S0 is rotated relative to
S by an amount equal to the phasemisalignment Á. To
seethis, we write Cartesian components of the demod-
ulated symbol

I 0 = (I sin ! t + Q cos! t) sin(! t + Á)

Q0 = (I sin ! t + Q cos! t) cos(! t + Á);

where ! is the carrier frequency. Using trigonometric
identities and assuming frequency components at 2!
are ¯ltered out, we arrive at S0

I 0 =
1
2

(I cosÁ + Q sinÁ) (1)

Q0 =
1
2

(¡ I sinÁ + Q cosÁ): (2)

We seethat for Á 6= 0, an excitation on the I input of
the modulator results in a signal on the Q0 downcon-
verter output (and similarly for Q and I 0). Accordingly,
we say that the two loops are coupled.1

Onemethod of stabilit y analysisis to considerthe error
signalseI (s) and eQ (s) shown in Figure 1. Recall that
for a single feedback loop, the error signal is written

e(s) =
X (s)

1 + L(s)
;

whereX (s) is the command input and L(s) is the loop
transmission. In the present case, let the phase mis-
alignment be Á. Furthermore, we set Qd = 0 without
lossof generality.2 The error expressions,asa function
of the single input I d(s), are written

eI (s) = I d(s) ¡ L (s)eI (s) cosÁ ¡ L(s)eQ (s) sinÁ

eQ (s) = L(s)eI (s) sinÁ ¡ eQ (s)L (s) cosÁ;
1Technically , Á = ¼is also an uncoupled case. However, there

is now an inversion in both loops, resulting in positiv e feedback
instead of the desired negative feedback.

2We do not lose generalit y as long as we stay with linear
analysis.
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where L(s) includes the dynamics of the loop compen-
sation scheme H (s) and the (linearized) dynamics in-
tro duced by the modulator, power ampli¯er, and de-
modulator. From here, it is straightforward to show
that

eI (s) =
X (s)

1 + L(s) cosÁ + [L (s) sin Á]2

1+ L (s) cos Á

:

This reduction of the systemto a single-input problem
now yields considerableinsight. We identify an e®ec-
tiv e loop transmission, L e®(s;Á), as follows:

L e®(s;Á) = L(s) cosÁ +
[L (s) sinÁ]2

1 + L(s) cosÁ
: (3)

For perfect alignment, Á = 0 and L e® is simply L(s).
The worst alignment is Á = ¼

2 , for which L e® = [L (s)]2

and sothe loop dynamicsare a cascadeof the dynamics
in the uncoupled case. Unlessdesignedwith this pos-
sibilit y in mind, most choices of H (s) yield unstable
behavior in this secondcase. Equation 3 shows that
traditional measuresof stabilit y degradecontinuously
as Á sweepsfrom 0 to ¼

2 , a fact demonstrated experi-
mentally by Bri®a and Faulkner [4].

3.2 Comp ensating the system for robustness to
phase misalignmen t
Equation 3 o®ersa great deal of insight into what hap-
pensin a phase-misalignedCartesian feedback system.
Physically, the fully coupled (Á = ¼

2 ) casebehaves as
depicted in ¯gure 2, whereP(s) represents the dynam-
ics that the upconversion mixer, power ampli¯er, and
downconversionmixer contribute to the loop transmis-
sion. In the literature, all e®orts with regards to the
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Figure 2: Cartesian feedback under 90-degreemisalign-
ment.

phase alignment problem have focused, naturally , on
ensuring phase alignment. But there is at least one
other approach that deservesconsideration: is it possi-
ble to chooseH (s) such that it is stable for large phase
misalignments?

The answer depends in part on what one means by
\large." Considering a misalignment of Á = ¼, for
instance, is discouraging. In this caseL e® = ¡ L(s),
and there is simply no compensation strategy that is
indi®erent to the sign of the loop transmission. Carte-
sian feedback in fact does becomea positive feedback
system for misalignments in the open interval ( ¼

2 ; 3¼
2 ),

where the exact point of transition from negative to
positive feedback depends on the details of L (s). To
avoid considering positive feedback cases,then, it is
sensibleto restrict the range of misalignments to the
closedinterval [¡ ¼

2 ; ¼
2 ].

That stabilit y margins degrade continuously with Á
suggests that ¯nding a compensation strategy that
works in the limiting casesof Á = 0 and Á = ¼

2 will
solve the problem for the whole interval. Assuming the
dynamics of the loop are dominated by H (s), a com-
pensation strategy that emergesis

H (s) =
k
sx ;

where 0 < x < 1. Such \slow-rollo®" functions, while
not truly realizable with a lumped-element network,
can be approximated by alternating poles and zeros
such that the averageslope of H(s) is the appropriate
dB-per-decade[5]. In the caseof x = 0:5, for instance,
stabilit y as measuredby phasemargin would be excel-
lent: 135degreesin the aligned case,and 90 degreesin
the ¼

2 misaligned case.

Root locus analysis con¯rms that slow-rollo® com-
pensation is a viable approach to designing for large
misalignments. Figure 3 shows the root loci for the
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dominant-pole and kp
s compensation strategies. It can

be seenthat even in the caseof the dominant-pole, 90-
degreemisalignment doesn't necessarilylead to right-
half-plane poles. At best, however, the result is a
lightly damped, complex pair of poles. At worst, high-
frequencypolesnot shown here (or not modeled) push
this complex pair into the right-half plane. By con-
trast, the slow-rollo® compensation is seento lead to
heavily-damped complex pole pairs, and one expects
a corresponding reduction in overshoot and ringing in
responseto an input step. One also expects the low-
frequency, zero-pole doublets of the root loci to man-
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ifest themselves as slow-settling \tails" in the step re-
sponse[5].

Experiments carried out on the ¯nal IC in accordance
with this compensationdiscussionvalidate theseexpec-
tations. As seenin section 5.2, the slow-rollo® tech-
nique stabilizes the systemfor all misalignments up to
90 degrees. In addition to shedding light on compen-
sation strategies for Cartesian feedback systems, the
importance of these experiments is that they con¯rm
the understanding developed in section 3.1.

4 A nonlinear regulator for main taining phase
alignmen t

Occasionally continuous regulation of the phasealign-
ment is not needed,and it su±ces to intro ducea manu-
ally adjustable delay betweenthe LO source,and, say,
the demodulator. This approach is only feasible,how-
ever, if the system is not subject to variations in tem-
perature, carrier frequency, processparameters, or, in
somecases,output power. For casesin which the align-
ment must be regulated, various methods have been
proposedin the literature; see,for example [6].

Wepresent our control conceptasa compact, truly con-
tinuoussolution to the problem of LO phasealignment.
It is truly continuous becauseit doesnot, for example,
rely on the appearanceof a speci¯c symbol or pattern
in the outgoing data stream. It is compact becauseit
is easily implemented without digital signal processing,
aspresented here. This is a particularly compelling ad-
vantage, as the signals in a Cartesian feedback system
are necessarilyin analogform. And we emphasizethat,
becausethe concept is basedon the processingof base-
band symbols, its realization is independent of carrier
frequency.

4.1 Nonlinear dynamical system
Figure 4 represents a basebandsymbol at the inputs
of the modulator and at the outputs of the demodu-
lator of a Cartesian feedback system. Mathematically
the vectors are described in both Cartesian and po-
lar coordinates, with primed coordinates denoting the
demodulated power ampli¯er output and unprimed co-
ordinates denoting the modulator input. In addition
to undergoing a distortion in magnitude, the demodu-
lated symbol is rotated by an amount exactly equal to
the phasemisalignment (seeequations1 and 2).

A start to the designof a phasealignment regulator is
to observe that the signals I , Q, I 0, and Q0, taken to-
gether, represent enoughinformation to determine the
phasemisalignment. Further, they are easilyaccessible
within the system. We seekto combine thesevariables
such that, over a suitable range, the derived signal is
monotonic in the phasemisalignment.
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Figure 4: Rotation of the basebandsymbol due to phase
misalignment.

One such combining of the variablesis the sum of prod-
ucts I Q0 ¡ QI 0. Recognizing that I = r sinµ and
Q = r cosµ, and using trigonometric identities, we
write the key relation

I Q0 ¡ QI 0 = r r 0sin(µ ¡ µ0): (4)

We seethat using two multipliers and a subtractor, op-
erations easily realizable in circuit form, onecan derive
a control signal that is indeed monotonic in the phase
misalignment over the range ¡ ¼

2 < µ ¡ µ0 < ¼
2 .

Figure 5 details a nonlinear dynamical controller built
around equation 4. Using the notation ¢ µ = µ¡ µ0, an
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implementation can be understood as mechanizing the
equation

dµ
dt

= ¡ · [r (t)]2G sin(¢ µ); (5)

where · is a constant of proportionalit y and gain G is
associated with the integrator.

Equation 5 presupposesthe abilit y to correct the phase
shift by changing µ. The original protot ype described
in[7] realizes the required rotation by directly phase
shifting the modulator LO. However, substantial power
savings result from doing symbol rotation at baseband
as shown in ¯gure 5. Regardless,rotation should be
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performed in the forward path of the Cartesian feed-
back system,where the unavoidable artifacts of imper-
fect rotation are suppressed.

4.2 Stabilit y concerns
Our control solution for the phasealignment problem
is the simplest of nonlinear dynamical systems. It is
seenfrom equation 5 to have two equilibrium points.
The ¯rst, for which the symbols are aligned, is stable.
The second,for which the symbols are misalignedby ¼
radians, is unstable. For the ideal system represented
by equation 5, this is the extent of a rigorous stabilit y
analysis.

The real-world situation canbecomplicatedby dynam-
ics associated with the phase shifter (and, possibly,
the subtractor). If we provisionally consider a mod-
ulation schemein which the magnitude of transmitted
symbols is held constant, 3 r (t) in equation 5 losesits
time dependence.Linearizing for small phasemisalign-
ments, and including the dynamics of the phaseshifter
as P(s), we can represent the system as shown in ¯g-
ure 6. Drawing the systemthis way requiressomema-
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nipulation. The output of the phaseshifter is not really
µ, but rather an additiv e part of µ that gets combined
with the polar angle of the symbol being transmitted.
However, in the absenceof phasedistortion and drift,
the symbol-by-symbol changesof the polar angle µ are
tracked by identical changesin µ0. These symbol-rate
changesare thus invisible to an alignment system,and
it is appropriate to label the output of P(s) as µ. We
can then include the e®ectsof phase distortion and
phase alignment drift as the additiv e disturbances of
¯gure 6.

One can ensurestabilit y by choosing G such that, for
the largestsymbol magnitude, loop crossover occursbe-
fore non-dominant polesbecomean issue. Fortunately,
the drift disturbance will normally occur on time scales
associated with temperature drift and aging [2]. Sup-
pression of the phase distortion is the domain of the
Cartesian feedback itself. It follows that for many sys-
tems, little of the designe®ort needbe focusedon fast

3Unlik ely when using Cartesian feedback, of course. Tem-
porarily making this assumption, however, yields insight that is
broadly relevant to the stabilit y analysis.

phasealignment.

5 Exp erimen tal results

What the new phasealignment regulator enablesis the
building of highly integrated Cartesian feedback sys-
tems. This is a compelling design goal, as it may al-
low this linearization technique to be usedfor modern,
handheld wirelessdevices.As a demonstration, a fully
monolithic protot ype, fabricated in National Semicon-
ductor's 0.25¹ m CMOS technology, was designedand
tested. To our knowledge, this is the ¯rst successful
integration of a power ampli¯er, phasealignment sys-
tem, and Cartesian feedback linearization circuitry all
on the samedie.

5.1 Phase alignmen t system
Figure 7 is a trace capture of the type of experiment
usedto characterizethe performanceof the phasealign-
ment system. The Cartesian feedback loop is open,
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Figure 7: Trace capture of a phasealignment experiment.
The Cartesian feedback loop is open.

a 500mV amplitude, 10kHz square wave drives the I
channel, and the Q channel is grounded.4 The top two
traces show that, initially , the misalignment is manu-
ally set to 45 degrees. The bottom two traces show
the result of turning on the phase alignment system
(releasing it from the a \reset" mode). Over the full,
§ 90 degreerange that the symbol rotator permitted,
the regulator kept the phasemisalignment below 9 de-
grees.

Figure 8 serves to illustrate the impact of phasemis-
alignment on the stabilit y margins of the closed-loop

4The voltage droop on what is normally the °at part of the
square waves is due to the fact that, at the board-level, the pre-
distortion inputs have been AC-coupled.
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Figure 8: Illustration of phase alignment stabilizing the
closed-loop CFB system.

CFB system. Dominant-pole compensation is used in
the CFB loop, and for the upper two traces the mis-
alignment is manually set to 74degrees.Overshoot and
ringing is evident on thesewaveforms,and further mis-
alignment causesoutright oscillation. For the bottom
two traces the phase alignment system is turned on,
and one seesthe classic¯rst-order step responsesthat
are expectedwhen using dominant-pole compensation.

5.2 Comp ensation exp erimen ts
The protot ype was designedsuch that the loop trans-
missioncould bevaried. Among possiblechoicesof loop
compensation, the slow-rollo® network is of particular
interest as a demonstration of the ideas developed in
section 3. Our slow-rollo® network realized three poles
and two zeros.

Figure 9 provides a dramatic comparisonof the system
under dominant-pole versusslow-rollo® compensation.
For this experiment, the phasemisalignment of the sys-
tem is manually set to 90 degrees.The top two traces
show the dominant-polecompensatedsystemunder 90-
degreemisalignment. Substantial overshoot and ring-
ing is visible, indicativ e of a lightly damped, complex
pole pair. The bottom two traces show the system
under slow-rollo® compensation. The step responseis
remarkably similar to that of a single pole system.

6 Conclusion

The problem of phasealignment has stood as the pri-
mary barrier to the widespreaduseCartesian feedback.
In this paper we describe a new analysis, and use the
resulting insight to designa system that is tolerant to
§ 90 degreesof misalignment. A new phasealignment
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Figure 9: Step response comparison between dominant-
pole and slow-rollo® compensated systems for
90-degreemisalignment.

regulator is also reviewed. Taken together, these re-
sults considerably lower the barrier to implementing
Cartesian feedback in modern wirelesstransceivers.
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