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Stability analysis of Cartesian feedback linearisation

for amplifiers with weak nonlinearities

M.A.Briffa
M.Faulkner

Indexing terms. Linearisation, RF amplification, Cartesian feedback, Intermodulation

Abstract: RF amplifier linearisation by Cartesian
feedback 1s analysed using a multiple mmput
multiple output (MIMO) model. The effects of
RF amplifier distortion, namely AM/AM and
AM/PM distortion, are shown to degrade the
stability of the Cartesian feedback loop. A
versatile technique 1s presented that allows the
amount of stability degradation to be determined
for RF amplifiers provided distortion 1s not too
large (1.e class A to class AB amplifiers). Loops
with low stability margins are shown to exhibit
out-of-band noise peaking. It 1s concluded from
the noise analysis undertaken, that the highest
proportion of gain possible should be placed
ahead of the loop compensation to minimise out-
of-band noise.

1 Introduction

The combined use of amplitude and phase modulation
delivers the improved spectral efficiency of so-called
linear modulation schemes. Such schemes however, can
undergo significant distortion when amplified by effi-
cient yet nonlinear amphfiers. This distortion 1s caused
by the amplitude variations of the signal and i1s com-
posed of AM/AM and AM/PM components. As a
result, the previously compact spectrum 1s broadened
into adjacent channels and the signal 1s made harder to
detect thus degrading the BER.

The traditional Class A/back-off approach of linear
amplification has poor efficiency and 1s therefore
impractical for portable wireless transmitting applica-
tions and less attractive for use 1n power conscious bas-
estations. Consequently, various  linearisation
strategies have been devised which exploit the efficiency
of nonlinear amplifiers by reducing their distortion to
acceptable levels. These linearisation strategies can be
summarised as embracing predistortion (fixed or adap-
tive) [1], constant envelope vector summation (e.g.
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LINC and CALLUM |[2]), feedforward [3] or feedback
techniques [4].

Feedback has long been used to linearise nonlinear
systems. Cartesian feedback linearisation, as illustrated
in Fig. 1, compares the baseband Cartesian inputs with
the baseband Cartesian signals demodulated from the
output and presents the RF amplifier with the predis-
torted drive necessary to achieve linearisation.
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Fig.1 Cartesian feedback transmitter

The loop control characteristics are established by
the gain and the compensation filters. The level of
intermodulation distortion reduction is essentially gov-
erned by the loop gain, and the compensation allows

the stability and behaviour of the system to be control-
led.

Synchronism between the modulator and demodula-
tor 1s obtained by splitting a common RF carrier. Due
to RF path differences 1n the forward and feedback
paths, a phase adjuster (0,,) 1s necessary to maintain
the correct relationship between the mmput signals and
feedback signals. The setting of this adjuster and how
the RF amplifier nonlinearities influence this setting is
discussed in this paper. Further aspects of Cartesian
feedback are also covered 1n [5-7].

In common with other closed feedback loops, how-
ever, this technique i1s only conditionally stable. Prior
to instability, the noise floor of the Cartesian feedback
loop tends to rise at the least stable frequencies. So, in
addition to stability constraints, out-of-band noise per-
formance of the Cartesian feedback loop 1s also exam-
ined 1n this paper.

2 MIMO modelling of Cartesian feedback

Stability will be assessed by considering the amplifier’s
response to a small perturbation signal AV, about an
operating point set by the input vector V.. The model is
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first ssmplified by moving the bulk RF phase rotation
which exists between the forward and feedback paths,
into a separate block as shown in Fig. 2. This allows
the input and output vectors to be shown in phase with
each other (Figs. 3a—d). Using the mput vector V,; as
the reterence for the co-ordinate system defines:

Av;, = Aa + 7Ab (1)
where Aa 1s 1n phase with V and Ab 1s orthogonal to V,

(Fig. 3a).
AV,
o8
V0

Fig.2 RF amplifier representation with bulk RF rotation separated

Flg 3 Szgnals and perturbatzons as they pass through RF amplzf ier

a Input signal and corresponding applied input perturbation

b Output signal with perturbation caused by phase change on input vector

¢ Output signal with perturbations caused by amplitude change on input vec-
tor

d Output signal with total output perturbation

The eftect ot Ab 1s to produce a phase change in the
input vector (no amplitude change), and a correspond-
ing phase change in the output vector only, hence, the
resulting output perturbation Av, (Fig. 3b) 1S

A’Ub Ab = qub (2)

where g, 1s the large signal gain.
The foremost effect of Aa 1s to increase the amplitude
of V, by the differential gain, g;

AV,
Ay = Aa = g; A\
U AV a = g;Aa (3)

The change 1in the mput and hence output amplitude

also causes a change in the phase (AM to PM effect)

and hence an orthogonal component Av, 1s also gener-
ated (Fig. 3c¢)

Vo, |A LV,

AlVi
where g, 1s the slope of the phase curve. The resulting
output perturbation 1s then defined as (Fig. 3d)

Av, = Au + 7(Av, + Avy) = Au + A (5)
The tull model for the perturbation gain of the ampli-
fier 1s summarised in Fig. 4.

Ay
oo
ejo
AV IVolgq
oo 5
Av

Fig.4  Full perturbation model of RF amplifier with bulk RF rotation
separated

Av, = Aa = |V,|gq4Aa (4)

Simplifications to the model can be justified for cer-
tain types of amplifiers. The cross-coupling term |V,|g;
~can be neglected 1f this is appreciably lower than the g
and g, gains. Also, 1f the difference between gi and g, 1S
small, they can be replaced by a single gain term g.
These conditions apply to amplifiers with low turn-on
distortion (class A and AB) and operating below com-
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pression. Fig. 11 shows g;, g, and |V,|g, plotted against
V; tfor the class AB amplifier in this paper (Figs. 9
and 10). The above conditions hold for input levels up
to just below the 1dB compression point (solid lines).
Finally, Fig. 12 combines the plots of Figs. 10 and 11
to show the amplifier phase shift as a function of
amplifier gain. This plot will be used later in this paper.

O D

N out
Q; Oout

—0 {7}

Fig.5 MIMO representation of Cartesian loop with simplified linear RF
amplifier model

Once this simplified RF amplifier model 1s defined, it
1s possible to investigate stability by using a multiple
input multiple output (MIMO) model of the Cartesian
feedback loop (Fig. 5). The RF amplifier 1s represented
as a general block with a gain (g) and an RF phase dif-
ference (0). In a perfectly linear amplifier these parame-
ters would be constant with changes in power levels,
carrier frequency, temperature, and time. In most
power efficient amplifiers however, the gain and the
RF phase difference are usually level dependent and
variable. A piecewise stability analysis 1s used in this
paper to accommodate the changes in the amplifier
characteristics (g and 0) which do exist. It has also been
assumed 1n this paper that the amplifier 1s wide-band
compared to the loop filtering and modulation and so
frequency dependence of the RF amplifier parameters
has been neglected. The modulator and demodulator
were assumed to be i1deal and the controller function
G(s) replaces the gain and filter blocks of Fig. 1.

Sy

Fig.6 Stability model when 6 = 0

When the phase difference 0 = 0, the model of Fig. 5
can be simplified to that shown 1n Fig. 6. The stability
of this system can be described using traditional con-
trol theory through the gain and phase margin of the

gG(s) function.

The analysis 1n this paper holds for amplifiers whose
absolute gain (output voltage/input voltage) 1s approxi-
mately equal to the differential gain (change in output
voltage/change 1n mput voltage), and whose rate of
change of RF phase difference 1s small over the operat-
ing range as discussed above. This includes most ampli-
fiers operating between class A to class AB, but
excludes amplifiers with significant turn-on distortion
such as class C. The linearisation of amplifiers with
weak nonlinearities 1s necessary 1n systems where the
intermodulation distortion performance is strict (e.g.
PMR; -70dB 1n adjacent channel). This is because the
cost-effective improvement that linearisation techniques
can provide 1s generally limited, which implies that the
raw unlinearised amplifier must be reasonably linear to
start with.
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2.1 Effects of amplifier characteristics on
stability |

In matrix form the open loop transter function
described by the model 1s given by

cosd —sind 0| |G(s) O
{siné COS 0 } [g g] [ 0 G(s)l
_ [gG(s) coso —gG(s) siné}
gG(s)sind gG(s)cosd

Instability results whenever the following condition (the
characteristic equation of the closed loop system) 1s sat-

1stied:

(6)

— 0 (7)

I+ I’QG(S) cosd —gG(s) Siﬂé}

gG(s)sind ¢gG(s)cosd

where the absolute symbolises the determinant of a
matrix, and 7 is the identity matrix.

If mstability occurs in the system, it will occur at
some frequency which implies the frequency dependent
function of G(s) will be equivalent to some complex
number. Combining G(s) and g and setting this product
to some complex number G reduces eqn. 7 to

G?+2Gcosd+1=0 (8)
The solution to eqn. 8 for G 1s given by

—2cosd £ V4 cosd? —4
2

G = (9)

This solution 1s complex since the expression within the
square root i1s negative or zero. G 1s theretfore given by:

~ —2cosd N V4 — 4 cosd?
-T2 / > (10)
= — C0S0 % 7sino

Since the magnitude of gG(s) 1s one at the frequency
where 1ts phase margin 1s measured (Fig. 6), it ftollows
that the angle of eqn. 10 1s related to the phase margin

of gG(s) by

£(9G(s)) = L(—cosd £ jsind)

= +(phase margin of [¢G(s)| — 7) = £(|é] — 7) (11)
.. phase margin of [gG(s)| = pmg = |9]

The amount of RF phase rotation (0) which can be tol-
erated before instability results will be termed om; and
1S

dmg = pmg — |0} (12)
Stability 1s insured provided Oom; remains positive.

Instability occurs (0m; < 0) whenever the amount of

RF phase rotation completely consumes the phase mar-
gin of gG(s). Note, however, that this does not indicate
that RF phase rotation and baseband phase shift are
equivalent.

2.2 The difference between RF phase

rotation and baseband phase shift
RF phase rotation causes cross-coupling whereas base-

band phase shift results 1s a phase shift in a time sense.
The difference 1s best demonstrated in Fig. 7. The sohd
line represents the phase shift as a function of positive
and negative frequency for a first order transfer func-
tion given by G(s) which 1s equated to a transfer func-
tion consisting of a single pole p at a pole location
frequency given i1n radians per second, a DC gain term
K and a time delay T given in seconds:

K
G(S) - S +pp

e "° (13)
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The use of a delay allows phase shift introduced by
high frequency poles and zeros to be modelled along
with actual transmissive delay. The graphs were
obtained by taking the double-sided FFT (tast Fourier
transform) of the impulse response of the transter func-
tion.
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}I;_ilg .1 Demonstration of difference between baseband phase shift and
phase rotation

——— orngimal phase response
- — —— modified phase response as a result of baseband phase shift
— - — - modified phase response as a result of RF phase rotation

Adding more delay in the transfer function etfectively
increases the slope of the linear phase component and
hence symmetrically pushes both sides of the phase
response closer to x180°, respectively (dashed line).
Delay or baseband phase shift hence directly reduces
the stability of the system by subtracting away from the
original phase margin of the system (pmg).

RF phase rotation also reduces stability but in the
manner shown by the dot-dashed traces. Only one side
of the phase response suffers a degradation in stability
(closer to +180° 1n this case). This degradation 1s equiv-
alent to the amount of RF phase rotation imposed.
Therefore, when the amount of RF phase rotation
equals the original phase margin pmg, one side of the
response will have a zero phase margin, and instability
will result (on that side of the spectrum).

The Figure can also explain how only a complex tone
experiences the same phase shift whether it experiences
an RF phase rotation or a baseband phase shift.

It is possible to have two systems with the same omi;
each having a different combination of pm; and |o]|.
Both will be able to tolerate the same amount of RF
phase variation since both have the same om; but the
closed loop responses of the two systems will not be
exactly the same despite the fact both have the same
stability margin.

2.3 Effects of amplifier characteristics on
stability Il
In addition to amplifier phase variations discussed pre-
viously, the RF amplifier introduces gain variations.
This directly modifies the loop gain parameter g of the
MIMO model. To account for this gain change, the
phase margin of gG(s) must be able to be calculated as
a function of g. This can be accomplished by again
equating G(s) to some numeric transfer function such
as that given by eqn. 13.
The phase margin of gG(s) 1s hence given by
WodB

—P
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— wogBT (radians) (14)

pmg = T + atan



where:
wodB = pV K?2¢g? — 1 (rad/s) (15)

0oy 1S the gain crossover frequency for controller
transfer functions of the type given by eqn. 13. The
gain margin can also be found by finding how much
loop gain (¢K) in eqn. 15 will force egn. 14 to reduce
to 0.

It 1s evident from the preceding therefore, that cross-
coupling, as 1s introduced by the AM/PM distortion of
the RF amplifier and error in the adjustment of o, (see
Fig. 1) will degrade the system stability. Increases 1n
gain as introduced by amplifier AM/AM distortion will
also degrade system stability since egns. 14 and 15
show that increases 1n gain reduce the phase margin
and hence stability. '

200
stability boundary

RF phase 0,deg

0 10 20 30 40 o0
loop gain gK,dB

FI9.8 Graphical conditions for linear amplifier stability
Stability 1s ensured provided amplifier operation 1s within the stability
boundary

3 Graphical stability analysis suitable for
amplifiers with weak nonlinearities

A graphical interpretation of eqn. 12 was used to form
the conditions for stability as shown 1n Fig. 8. The sta-
bility boundary (om; = 0) was generated by combining
eqns. 12 and 14 to give

5| =7 + atan“"";B
with wy,5 given by egqn. 15. The delay was set to 50ns
and the pole frequency was set to 126krad/s (20kHz) 1n
eqns. 13 and 14, respectively. Within the stability
boundary shown the Cartesian feedback loop 1s stable.

To demonstrate the use and significance of the graph
the amplifier gain and phase responses of this amplifier
Figs. 9-12 can be directly superimposed upon the
curves of Fig. 8.

Setting the RF phase adjuster of Fig. 1 and eqn. 13,
0,, to —135°, and the DC gain (K) to 3.4dB places
the amplifier traces in the position shown in Fig. 13
(a blown-up version of Fig. 8). An asterisk placed on
approximately the worst stability point highlights how
specific stability factors can be determined. The gain
margin can be found by measuring the horizontal dis-
tance from the asterisk to the stability boundary. In
other words, this distance gives the amount of addi-
‘tional gain the system can tolerate before instability
occurs and 1s 2.9dB 1n this example. The vertical dis-
tance to the stability boundary gives the amount of RF
phase rotation, which can be accommodated betore
instability results. This distance, 1s the 0 margin or

— WodBT (radians) (16)
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om., and indicates 22° of RF phase rotation can be
accommodated before the system becomes unstable.
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FIg.9 RF amplifier output voltage against input voltage
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Fig.13 Close-up view of graphical conditions for linear amplifier stabil-

ity with amplifier characteristics superimposed
Gain and 0 margins are indicated by numbered arrows
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The technique 1s quite versatile and allows the place-
ment of amplifier characteristics operating under differ-
ent system conditions, so as o0, 1s varied, the
characteristics are moved 1n a vertical direction, and as
K 1s varied, the characteristics are moved 1n a horizon-
tal direction.
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Fi .11 4 Universally applicable graphical conditions for linear amplifier
staoility

Additional axis allows selection of gain, pole frequency and delay for first-
order loops

RF amplifier

FIg.15 Complex noise model of Cartesian feedback loop showing distri-
bution of loop gain and appropriate noise sources

RF amplifier

K> (D> 5>
%

. -dB
Fig.16 Rearranged complex noise model with noise referred to the input

3.1 Universally applicable technique
Eqn. 12, plotted 1n 1ts essential form with the amplifier

characteristics superimposed 1s shown 1n Fig. 14. The
graph 1s universally applicable because the phase mar-
gin of any transfer function (pm;) can be applied 1rre-
spective of the nature of this transfer function (i.e.
whether 1t contains various combinations of multiple
poles and zeros, different delay and gain).

The secondary axis shown below the main graph of

Fig. 14 demonstrates a simple technique by which the
universal graph can be utilised. If the gain 1s suffi-
ciently large for the single pole example given, eqn. 14
can be expressed by:

WodB = PgK (17)
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Also, if ®y,;5 1s much greater than p, the pole will con-
tribute —m/2 at Wy, 5. Eqn. 14 can thus be reduced to

o
pmqag = 5 — pgKT (18)

It 1s this expression which allows the additional axis to
be drawn. Note gK 1n the expression and shown on the
axis 1s not in dB.

4 Noise considerations

Although stability 1s an important consideration, it has
been found experimentally that systems with low stabil-
ity margins exhibit increased levels of out-of-band
noise.

The block diagram of Fig. 15 represents a complex
noise model of a Cartesian feedback system. The loop
gain has been split into three components with appro-
priate noise sources. K, normalises the closed loop gain
to unity. K; represents gain prior to the loop compen-
sation G(s) and the RF amplifier gain is represented by
K,. L; models the attenuation required to reduce RF
feedback signals to levels appropriate for demodulation
with the subsequent gain necessary represented by Kj.

This block diagram can be rearranged so that the
noise can be referred back to the mput (Fig. 16). At
some stage, all noise sources pass through the closed
loop transfer function of the Cartesian feedback loop.
Setting the RF phase 0 to zero, ¢ = 1 and G(s) with

pm; = 30° (DC gamn, K = 167.7 (44.5dB), pole fre-

quency = 126krad/s (20kHz), and delay, T = 50ns)

gives the magnitude response and phase response of
Figs. 17 and 18. This response clearly demonstrates a
peaking effect in the closed loop response for systems
with low stability margins (pm; = 30°).
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Fi19.17 Open loop and closed loop gain responses of single pole system

with delay
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Amplitude peaking is evident 1n closed loop response
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Fig.18 Open loop and closed loop phase responses of single pole system

with delay

open loop

closed loop

Amplitude peaking 1s evident 1in closed loop response

Fig. 19 shows two measured spectra of the experi-
mental Cartesian feedback system using the class AB
amplifier discussed previously. The increase in out-of-
band noise 1s visible as peaks 1n the noise floor (these
peaks appear broader than the solid magnitude
response of Fig. 17 because a linear frequency scale 1s
used in Fig. 19). Cartesian feedback systems should be
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designed to be more than just stable. There must be
sufficient stability margin to limit the peaking in the
out-of-band noise spectrum to a reasonable level.

atten 20dB  VAVG 2
RL 10.0dBm 10 dB/

-----------------------------

- W W oW W W W W W W W mle S W @ W% ¥ ® W ®w = 4w = = e

-----------------------------------------------------------

centre 550.000 MHz span 20.00MHz

RBW 30kHz VBW 300Hz SWP 60s

FI9.19  Measured wideband spectrum of Cartesian feedback transmitter
Lighter trace (top) indicates filtering placed close to subtraction point

Darker trace (bottom) shows improved out-of-band noise performance with
loop filter further up amplifier chain

Some peaking 1s also evident

As the stability margins of a Cartesian feedback loop
are reduced either by changing o or g, or through poor
design, the out-of-band noise steadily increases. And,
once the stability margins are completely consumed,
high frequency oscillations will break out at a baseband
frequency where the peaking 1n the closed loop
response exists, since this frequency represents the least
stable frequency of operation.

It 1s difficult to analyse how the noise peaking 1s
affected exactly by changes 1n 0 and g but it 1s possible
to determine how the peaking is affected by the selec-
tion of G(s), with 0 = 0° and g = 1. Under these condi-
tions the closed loop transfer function 1s given by

T(5)| 5200 = GG _____{(_Ef______:_____ (19)

g=1 1+G(s) s+p+ Kpe7s
Now the peak of eqn. 19 occurs when the magnitude of
the denominator approaches its minimum. Substituting
s = jo 1n the denominator gives

(den.)|* = (p+ Kpcos(wT))* + (w — Kpsin(wt))* (20)

To find the condition for no peaking, the derivative
with frequency of egn. 20 must be found and made
greater than or equal to zero. Note, a rising closed loop
response corresponds to a falling denominator

d|(den.)|?
- SIN WT (21)
2W (1 — 7Kpcos(wT) — (’rszp2 + TKp) — )
Since the equation in the brackets has 1ts minimum at
® = 0:
d|(den.)|*
dw (22)

+ (TKPQ + Kp) sin(w'r)))

By 1nspection, the derivative 1s positive for all values of
o 1f 1t 1s positive as ® tends to 0, 1.e.

d|(den.)|?
dw

2 (w — (wrKpcos(wr)

>0 (23)

w—0
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When peaking occurs in the closed loop magnitude
response (1.€. |7(s)|) for a single pole system with delay,
the response will always rise as the frequency 1s
increased from zero 1.e. there will never be a dip
between DC and the crest of the peak.

By setting eqn. 22 to be greater than or equal to zero
for small ®, the no peaking condition will be satisfied:

W — (wTKp—I- (’TKp2 —I—Kp) 'w’r) > 0

= 7Kp(tp+2) <1

Now, since Tp 1s usually much less than 2, the no-
peaking condition can be satisfied by

2Kpr <1 x (25)
For a system with a pole location of 126krad/s
(20kHz) and a delay of 50ns, the nonpeaking condition
would exist if the loop gain 1s kept below 80 (38dB)
giving an open loop phase margin pm of 61.9° and a
gain margin of 9.92dB. This 1s a limitation on the max-
imum possible distortion reduction of a Cartesian feed-
back system. A small degree of peaking can, however,
be tolerated in which case the frequency at which the
peak occurs can be found by setting the derivative ot
the denominator, as given by eqn. 22, to zero. The
approximation ® = 0 1s no longer valid so the
Newton—-Raphson numerical method for equation solv-
ing 1s applied giving
Wn41 —

rKp®sinw,7 4+ Kpsinw,7 + wrKpcosw,T — wp,

(24)

Wn— /7 T T
T2 Kp? cosw,7+27Kpcosw,T+w,T* Kpsinw, 7—1

(26)
To find the position of the peak, the initial selection of
®, must be 1n the vicinity of the peak. This 1s easily
achieved since i1t 1s known that the peak will be at the
least stable frequency (1.e. somewhere between the fre-
quency at which the phase margin of G(s) 1s calculated
and the frequency at which the gain margin of G(s) 1s
calculated, as shown 1n Figs. 17 and 18). The frequency
at which the phase margin of G(s) 1s calculated wy 5 1s
given 1n egn. 15 and 1s approximately equal to Kp (with
g = 1). Substituting Kp for ® i1n egn. 26 gives a good
first approximation and, following a few iterations, the
frequency at which the peak occurs m,; 1s obtamed
Back substitution into eqn. 19 Wllf give the magni-
tude of the closed loop response at the peaking fre-
quency. The peaking with respect to the closed loop
DC gain 1s given by

1'(w)||w=u
Mpk — | ( )H vk
T (w)||w=0
B p+ Kp
(p+ KpcoswprT)? + (wpr — Kpsinw,,T)?

(27)

For the system 1llustrated by Figs. 17 and 18, the peak
frequency occurs at w, = 26.95Mrad/s (4.29MHz),
giving a relative peaking ot M, = 2.65 (8.46dB).

It 1s possible to avoid the above computational effort
1f a rough estimate of the degree of peaking 1s accepta-
ble. By definition, the phase margin 1s obtained when
the magnitude of the open loop response 1s equal to
one. From egn. 19 the amount of peaking at the phase
margin frequency when the loop is closed 1s then:

Vo 1/(pmg — 7)
1+ 1/(pmg — 7)
- 2 sin £5<

217



At the gain margin frequency, the phase of the open
loop transfer function 1s —m. The amount of relative
peaking at the gain margin frequency is then:

—1/(gmg)
1 -1/(gmg)

where g,,; (the gain margin) 1s not in dB but in linear
form.

The peaking can thus be approximately determined

for the system described by Figs. 15 and 16 (p,, = 30°)
giving, M, = 1.93 (5.72dB) and M,,, = 2.02 (6.09dB).
The peaking will be greater than these factors (in this
case 2-3dB), but the method still provides a reasonable
qualitative estimate. Since the margins are naturally
small when peaking occurs, the degree of peaking can
also be qualitatively assessed by how close the amplifier
characteristics are operating to the stability boundary
given 1n Figs. 17 and 18.

From a stability point of view, the positioning of the
filtering function G(s) 1s irrelevant. From the noise
point of view, however, the position of the filter can
have a significant effect. When the noise sources are
referred to the input as in Fig. 16 it is easy to compare
the relative contribution of each noise source. At low
frequencies, noise from the demodulator chain n; dom-
inates since 1/G(s) = 1. At higher frequencies 1/G(s)
rises and consequently n, becomes the dominant noise
source. For low in-band noise K; must be kept small
(and hence L, 1s small), and for low out-of band noise
K, must be large (1.e. the compensation must be

applied as far up the amplifier chain as possible). There

(29)

gm —

are practical limitations which govern how small K;

and K, can be made. K, represents the gain of the RF
sections of the Cartesian feedback loop. There must be
some gain 1n these circuits to enable RF power amplifi-
cation. As K, 1s lowered the drive signal into the up-
converting quadrature modulator 1s increased leading
to the increased generation of intermodulation distor-
tion. K, 1s therefore constrained by distortion consider-
ations. Similar constraints exist on K;. If the
demodulated signals are too large, the down-converting
quadrature demodulator will generate unacceptable lev-
els of intermodulation distortion. Therefore, K; and
hence L; are also constrained by distortion considera-
tions.

atten 10dB VAVG 10 MKR -66.00dB
RL O0dBm 10 dB/ 10.0kHz
MKP T A R LT ]
ot -10.0 kHZ --i1-----t--qb-t--qb-d-enn-: R R 1
S 66.00 dB : : :
R SAESRPEEL R EE | & D R e CRE
. : T I
"""""" AT N ) I
..... L--_.--...,.-i-----?--.. | N -J"-;;E;“E"ﬁ”":”-:-”“’
---',---..--.--:--:-,---E--::-&-:l- - - - - ;.-;?-1&--.:-.}--..-1 ----- -1!
----- Aocinme e --1;_?..;-} g S N A -}.;L..-__-:-ﬁ:-----r--:;;------;
centre 350.0000 MHz span  100.0 kHz
RBW 300 Hz VBW  300Hz SWP 3.0s
F19.20 Measured narrowband spectrum of Cartesian feedback trans-
mitter

Lighter trace indicates unlinearised open-loop two-tone test
Darker trace shows linearised closed-loop response with worst case intermod-
ulation component 66 dB down from fundamental
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The darker trace of Fig. 19 shows the improvement
which can be achieved by moving the filtering away
from the summation point whilst under the practical
constraints described above. The lighter trace of Fig. 19
was a measurement taken with the filtering placed right
after the summation point. These experimental results
demonstrate the advantage of placing the filter as far
away as possible from the summation point. The
darker trace of Fig. 20 is a zoomed-in plot of the
darker trace of Fig. 19 showing the narrowband closed-
loop performance of the linearised transmitter.

5 Conclusions

The MIMO analysis presented demonstrates how RF
amplifier nonlinearity, the RF phase adjuster setting,
and loop gain affect the stability of the Cartesian feed-
back loop. It was shown that, when the amount of RF
phase difference introduced by AM/PM distortion and
by RF phase adjuster error equalled the system phase
margin, instability resulted. The graphical technique
developed from this fact demonstrates the important
mechanisms which influence stability and can be uti-
lised at the design stage, or in the practical assessment
of an experimental Cartesian loop.

By basing the graph on the phase margin of the com-
pensator, the technique can be made universally appli-
cable irrespective of the compensation method.

Loops with low stability margins were demonstrated
to exhibit closed-loop peaking. The condition of no-
peaking was derived along with the degree of peaking
resulting from closing a loop around a single pole with
a delay. It was shown how the degree of peaking could
be universally approximated by utilising the system
gain and phase margins and hence determined under
the influence of RF amplifier nonlinearities.

It was also concluded and demonstrated that the
loop compensation should be placed as far away from
the subtraction point as possible to minimise the out-
of-band noise floor.
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