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Abstract

Because of aging, and product discontinuity, LANSCE
is investigating the replacement of high power RF ampli-
fiers. A promising candidate is the GaN solid-state power
amplifier (SSPA). The outphasing technique provides high
efficiency operation of the SSPA. A key element of the out-
phasing technique is the signal component separator(SCS),
which converts an Amplitude Modulation-Phase Modula-
tion(AM-PM) signal to two PM only signals. In this paper,
a design of a digital signal component separator (DSCS) in
In-phase/Quadrature(I/Q) coordinate is addressed. In addi-
tion, the feedback linearizers are proposed to suppress the
input disturbances to the SSPA. The DSCS is imple-
mented on the present Field Programmable Gate Ar-
ray(FPGA) based LANSCE digital low level RF (DLLRF)
control system. The performance of the DSCS on the cav-
ity field control system is verified on a low power teststand
and the results are reported.

INTRODUCTION

The high power RF amplifiers, klystrons, of ANSCE
805 MHz CCLs have been operating for more than 5 dec-
ades. Because of aging, and product .discontinuity
LANSCE is investigating the replacemént of high power
RF amplifiers. One of the highly promising amplifiers are
the GaN amplifiers[1]. Currently, an available GaN am-
plifier can produce 5kW pulsed RF power. Hence, in or3
der to produce the equivalent/or better performance than a
LANSCE klystron of which peak power is,1.25 MW,
multitude of Selid=StatePower Amplifiers are toybe.com-
bined together. For a high drain voltage, the drain‘power
dissipation 1s increased as the operating efficiency be-
comes$ low[ 1]. In order to operate.a SSPA at high efficiency,
the' amplifier is operated as close as possible to the 1 dB
compression zone oxfeven at the saturation region. The
outphasingitechnigue can provide this requirement of the
SSPA operation{2]. In the outphasing amplifier, the Am-
plitude Modulation-Phase Modulation(AM-PM) input sig-
nal is converted to eonstant envelope PM signals, so that
each amplifier of the forward signal path linearly amplifies
constant envelope PM input signals[3,4]. The combiner
sums the amplified PMsignals, yielding the signal of linear
amplification of the outphasing amplifier input signal.

The core part of the outphasing amplifier is the signal
component separator(SCS), which converts the AM-PM
input signal to constant envelope PM signals. Most SCS
techniques are implemented on the analog circuits[3]. In
this paper, a digital signal component separator (DSCS)
design in the In-phase/Quadrature(I/Q) coordinate is ad-
dressed.
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In addition to the DSCS, compensators for the slowly
varying amplitude and phase disturbances that may exist
on the RF forward paths are addressed« The sources of
these disturbances may be the parameter drifts of the am-
plifiers themselves, droops of DC power source, or tem-
perature variation of the component. In this eutphasing
amplifier design, digital feedback linearizers arey imple-
mented to compensate for these disturbances.

The proposed techniques of DSCS, feedback linearizers
are to provide the stable RF power to a plant, accelerator
cavity.‘In this paper, they are \designed, implemented and
their performances are verifiedon the low power cavity
field control System testbench “experiment.

OUTPHASING AMPLIFIER AND DIGITAL
SIGNAL COMPONENT SEPARATOR

The phase modulated components are generated using
vector decomposition of the baseband signal in I/Q coor-
dinate.

Consider the phasor diagram shown in Figure 1. The in-
put vector 8§ can be expressed as the complex form in I/Q
coordinate as

S=rel*=1+jQ (1)
s
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Wihen the vector § is projected to the circle of the radius
of Thax the projecting vector is defined by
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and the two signals of two-port SCS are given by
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Figure 1: Two-port DSCS outphasing amplifier schematic
and vector diagram.



The two-port SCS and the IF modulators are imple-
mented on the LANSCE DLLRF control system. For the
IF modulators, the Intel FPGA NCO (numerically con-
trolled oscillator) IP is used to generate 25.15625MHz IF
signal. For the RF modulators, an analog front end of the
LANSCE Ilow level RF system is used with a
776.84375MHz Lo generator[5]. CORDICs(COordinate
Rotation Digital Computer) are implemented on the FPGA
to convert the amplitude/phase to the I/Q vector and vise
versa, and calculate the square root.

=

Figure 2: Oscilloscope captured RF waveforms of two-port
DSCS outphasing amplifier. (top left) AM-PM DSCS input
signal; (bottom left) Combiner output signal; (top right,
bottom right) two RF modulation signals of the DSCS out-
puts.
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Figure 3¢ Baseband Signals captured by Quartus II Signal-
Tap M Logic Analyzer, (left) DSCS, input/output ampli-
tudes. (right) DSCS input/output phases.

Figure 2 showsdthe oscilloscope captured RF signals
of the two-port DSCS outphasing amplifier. The combiner
constructs'the AM-PM RF signal that has the same shape
of the AM-PM REssignal of the DSCS input. The RF mod-
ulation signals of thexbaseband DSCS outputs are constant
envelope PM signals, which drive the power amplifiers of
each signal forward path. Figure 3 shows the baseband sig-
nals of DSCS inputs and outputs, which show that the var-
ying DSCS input amplitude(red line of left figure) yields
the constant amplitude outputs of DSCS and varying
phase DSCS outputs(green/blue lines of right figure).

FEEDBACK LINEARIZER

By the DSCS, the AM-PM signal is converted to con-
stant envelope PM signals, which is amplified by the inter-
mediate amplifiers to operate the power amplifiers in their
compression zone for high efficiency. This operation leads
to nonlinear distortions at the outputs. This issue can be
corrected by a linearizer. On the other hand, there exist
the both amplitude and phase drifts on the forward path of
signals, due to the temperature drift{ powensupply droop,
high power supply ripples, etc. These ifiput disturbances
can be suppressed by feedback control. Then, a feedback
linearizer provides both the linearization and the input dis-
turbance suppression.
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Figure 4: Functional block diagram of the cavity field con-
trohsystem with two-w DSCS based outphasing amplifier
and feedback linearizers.

Consider\the functional block diagram shown in Fig. 4.
In Figure 4, 1,, r; are 2-dimensional I/Q vector outputs of
DSCS, uy, u; are 2-dimensional I/Q vector outputs of the
feedback/linearizers, d;,g, din1 are 2-dimensional 1/Q
veeton©f unknown input disturbances, and G,, G, are 2-
by-2 diagonal transfer matrices of the power amplifiers in
I/Q coordinate. Also, Cp; is a PI feedback cavity field con-
troller and Cgppc is a beam feedforward controller. The
possible eross-couplings in the I/Q coordinate power am-
plifiers are lumped to the input disturbances d;y,g, din1-

The output u, of the feedback linearizer C,, is expressed
as

Uy = (I + CoGo) ™ Coro — (I + CoGo) ™ CoGodino

which is approximated as
Uy = Go 1o — dino (5)
by tuning the feedback controller to satisfy |Co(w)| > 1.
Similarly, the output u, of the feedback linearizer C; is
expressed as

u; = + ClGl)_1C17'1 -+ ClGl)_lchldinl

U = Gy —dygy (6)
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Figure 5: Baseband Signals captured by Intel Quartus II SignalTap IT Logic Analyzer.

The feedback linearizers implemented in this paper are
of Proportional-Integral(PI) type. Since the input disturb-
ances are slowly varying, by a proper tuning of the PI con-
troller gains, |Cy(w)| > 1and |C;(w)| > 1 are achieved
at low frequency and so (5), (6) are archived. Nate that in
(5) and (6), uy and u; include unknown disturbances
dinos din1- Applying (5) and (6), for, the@pproximations
of the amplifier inputs ug,, ug, are obtained.

Ugo ~ Gg''1y (7)
Uy ~ Gi'ry ©)

Since 1y, 1; are baseband DSCS output I/Q signals and
their amplitudes.are constants, the amplitudes of the driv-
ing RF signals of the amplifiers are constant.

FiguredS shows the DSCS and, feedback linearizer per-
formance experimental results forythe amplitude droop
comipensation tested on'the low pewercavity field control
system'testbench. Figure 5.1.(1-5) are the,case when feed-
back Linearizers aré Disabled and Fig.'5.2.(1-5) are the
case when feedback Linearizers are Enabled. The power
droop measured at the SSA testbench is 14% when the RF
pulse width 1s1.0 msec[6]. For the linearizer performance
test with 700usee RE pulse, the droops of each branch am-
plifiers as 10% and 8%, espectively. Figure 5.1.1 shows
that the cavity field feedback controller(DSCS input) com-
pensates for the amplitude when the feedback linearizers
are OFF. In contrast, when the feedback linearizers are ON,
as shown in Fig. 5.2.2, the feedback linearizers locally
compensate for the decreasing amplitude droops on the
SSPAs and the effects of the droops are not observed on the
cavity field feedback controller output(Fig. 5.2.1). In both
cases, the DSCSs work well. When the feedback lineariz-
ers are OFF, the SSPAs are driven by the constant DSCS
outputs(Fig. 5.1.2) and the effects of the amplitude droops
in SSPAs are observed at the SSPA outputs(Fig. 5.1.3).

These droops are fedback to'the cavity field controller and
compensated(Eig. 5.1.1). When the feedback linearizers
are. ON) the feedback linearizers implicitly estimate the
amplitude droops on,SSPAs and the estimates are summed
to the DSCS outputs yielding the SSPA drive inputs (Fig.
5.2.2) making the SSPA operating at the constant ampli-
tudes close to the saturation region(Fig. 5.2.3), where the
operating point of SSPAs can be set by the variable gain
Pre-Amplifiers. Whether the feedback linearizers are Dis-
abled) (Fig. 5.1.(1-5)) or Enabled (Fig. 5.2.(1-5)), or,
whetherithe amplitude droops in SSPAs are compensated
by the'cavity field feedback controller or by the local feed-
back linearizers, the effects of the amplitude droops on
SSPAs are not observed in the Combiner output(Fig. 5.1.4
and Fig. 5.2.4) and the cavity field output (Fig. 5.1.5 and
Fig. 5.2.5).

SUMMARY

In this paper, a FPGA implementation of the two-port
signal component separator (SCS) which can be easily ex-
tended to four-port, eight-port DSCS is addressed. On the
other hand, the digital PI feedback linearizers are imple-
mented to suppress the amplitude and phase droops and
possible slowly varying external disturbance inputs to a
SSPA. The performances of the DSCSs and the feedback
linearizers are verified by integrating them to the low
power cavity field control system testbench.
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