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Abstruct

Strict requirements on the tolerances of the amplitude
and phasc of the radio frequency (RF) cavity field are neces-
sary to advance the field of accelerator technology. Due to
these stringent requirements upon modern accelerators, a
new approach of modeling and simulating is essential in de-
veloping and understanding their characteristics. This paper
describes the implementation of a general, linear model of
an RF cavity which is used to develop a real-time signal pro-
cessor. Thisdevice fully emulates the response of an RF cav-
ity upon receiving characteristic parameters (Qqp, wg, Aw,
Rg. Zy).

Simulating an RF cavity with a real-time signal procces-
sor is beneficial 10 an accelerator designer because the de-
vice allows one to answer fundamental questions on the re-
sponse ol the cavity 10 a particular stimulus without operat-
ing the accelerator. In particular, the complex interactions
between the RE power and the control systems, the beam
and cavity ficlds can simply be observed in a real-time do-
main. The signal processor can also be used upon initializa-
tion of the aceelerator as a diagnostic device and as a dummy
load for determining the closed-loop error of the control sys-
tem. In essence, the signal processor is capable of providing
information that allows an operator to determine whether
the control systems and peripheral devices are operating
properly without going through the tedious procedure of
running the beam through a cavity.

1. INTRODUCTION

Utilizing a bascband complex envelope analogy of an
RF cavity system |1-3], a hardware realization (i.c., rcal-
time signal processor) is developed. This processor has the
ability to simulate the etfect of cavity detuning, beam loading
and finite Q. A briel overview of the relevant theory is pres-
ented. This paper focuses on the implementation of a theo-
retical mode! to create a real-time signal processor and con-
cludes with adireet comparison of the resalts from the math-
ematical simulations and the hardware simulations.,

II. MATHEMATICAL REALIZATION OF AN RE
CAVITY

‘I'his section outlines the procedure used to develop a
model for an RF cavity which implements the complex enve-
lope isomorphism, initially developed in reference [ 1. This
approach ol modcling 4 REF cavity deviates from the standard
approach ol using amplitude and phase analysis by encoding
the relevant information into two linear, general low-piss
functions: in-phase (1) and quadrature (Q). In cssence, the
complex envelope analogy reduces a band-pass system into
low-pass functions | 2.
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A single-mode resonant cavity system is composed of
four components (sce figure 1): an RF source, a transport
component, an RF cavily and a beam loading component.
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Figure 1. Simplified equivalent circuit of an RF cavity
system.

Applying fundamental principles of circuit theory to
figure 1, a set of characteristic equations that describe the
microwave junctions of the RF cavity system (i.c., forward
voltage and reflected voltage) are derived and are graphical-
ly illustrated in ligure 2. The resonant cavity system block
diagram also describes the effects of beam coupling and in-
put coupling. Note that all of the inputs and outputs consist
of an in-phasc and a quadrature component; hence, the
block diagram is more complex than illustrated in figure 2.
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Figure 2. Block diagram of an RF cavity system.

The cavity dynamics arc the mathematical realization
of the complex convolution integral between a narrow-band
RF signal and an RF cavity realized as a bandpass device | 3].
From the principles of convolution, a block diagram ol cavity
dynamics is illustrated in figure 3.
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i{t) = in—-phase component of cavity currenl
i(1) = quadrature component of cavity current
v(1) = in-phase component of cavity voltage

v, (1) = quadrature component of cavity voltage
Figure 3. Butiertly realization of the baseband complex
envelope model.
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The impulse transimpedance response with wp detuned from
the drive frequency is defined in equation (1).
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where.
r = cavity damping time constant {(sec)
R, = cavity shunt resistance (ohms)
Q, = cavity unloaded quality factor
Aw = w,-w, = Ccavity detuning frequency (rad/sec)
w, = cavity drive frequency (rad/sec)
w, = cavity resonant frequency (rad/sec).

The impulse transimpedance response in the Laplace do-
main is
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The complex bascband cavity model requires that the
input signals are linear, time-invariant equations and the ex-
istence of their Laplace transforms. Thus, the model can ac-
curately simulate the cffects of cavity detuning and finite Q
without being limited to a small signal regime.

IH1. DESIGN OF A REAL-TIME SIGNAL
PROCESSOR

A, Implementing the Cuvity Model

Implementation of the resonant cavity model is ob-
tained through the use of control theory. Control theory
provides a practical realization of the model from a set of
cquations that describe the response of a system.

Figure 4. Block diagram of a modificd controllable
cononical realization.
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From basic principles in control theory, equation (2) is real-
ized in a modified controllable cononical form (see figure 4).
The transfer function of tigure 4 is

y(5) _ o’ aKs + asKK, (3)
us) 57+ BKys + B.K K,

The primary reason for using a modified controllable
cononical realization is to utilize the zero offset adjustment
circuitry which exists with the multiplication circuitry (i.e.,
a’s and B’s coelficients). Zero offset adjustment circuitry is
needed because of the inherent offsct problem associated
with transimpedance amplifiers. Another advantage of im-
plementing a modificd controllable cononical realization is
to increase the bandwidth of the realization by having a gain
cocfficient (i.c., Ky and K») associated with each integrator
(i.e.. s7h.

Note that this realization only represents one transfer
function (i.c., Z¢(s) or Zg(s)). Thus, four realizations are
nceded to create the baseband complex envelope model in
figure 3. The controllable cononical form provides the foun-
dation for the hardware realization (i.e.. the real-time signal
processor).

H(s) =

B. Circuit Description of the Real-time Signal Processor

The packaging format for the real-time signal proces-
sor utilizes the VXTbus standard [4]. The specific benefits of
conforming to the VXlbus architecture include a concise,
standardized, modular format with the accessibility of a par-
allel processing bus, broadband analog bus, precision clocks
and integrated power supplics with a cooling system as stan-
dard features of the system architecture. The real-time sig-
nal processor is limited to a single-wide module illustrated in
figure 5.

Figure 5. Single-wide real-time signal processor VX
modulc.

A modular circuit layout minimizes the amount of
drafting such that, the VXI processor interface circuitry is
created on a separate daughter board with the dimensions off
two inches by five inches. The real-time signal processor cir-
cuitry isconstructed on an cight layer mother board. T'he lay-
out of the circuitry is in five distinct parts: VXI processor in-
terface. signal conditioning circuitry. digital registers, the
multiplying digital to analog circuitry and the analog circuit-
ry. ‘Theinterface circuitry uses Frasable Programmable Log-
ic Devices (EPLDS) that provide the addressing, timing, data
acquisitioning, status and control of the real-time signal pro-
cessor. Digital multiplication coelficients are down-loaded
into separate registers by implementing EPLDs. This allows
the ability to remotely control the poles and the zeros ol the
realization. FFor example, the data from the output registers
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of the EPLDsarce the digital inputs for the digital-analog (ID/
A) multipliers which corresponds to the o and g coefficients
shown in figure 4. The analog circuitry consists of the sum-
mers (i.c., £) and the integrators (i.e., s71).

IV. RESULTS

In the previous sections, a mathematical realization and
a practical realization (i.e., real-time signal processor) of a
resonant cavity system were developed. This section illus-
trates the simulations of both the mathematical realization
and the hardware realization in a manner which allows direct
comparison of the results.

Numerical simulations of the mode! were achieved by
using a control system software package, MAT'RIXx . The
following results simulate an RF cavity with the following as-

sumptions:  Q=10k, Ry=500., wyg=425MHz and
wy = 425.04MHz:.
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Figure 6. Computer simulations of a cavity operating off
resonance with the effects of a beam
The hardware simulations were achieved by loading the
appropriate coctficients into the multiplying 13/As and simu-
lating the inputs with function generators. The results of the
hardware simulations are illustrated in figure 7.
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Figure 7. Hardware simulations of a cavity operating off
resonance with the effects of a beam

V. CONCLUSION

The development of a real-time signal processor to
simulate a resonant cavity system which included the effecis
ol’beam coupling and input coupling was successful. The re-
sults clearly illustrate that there are direct similarities be-
tween computer generated responses and hardware gener-
atced responses. This accomplishes a primary goal; however,
Turther analysis needs to be proformed that will provide data
on the comparison between the response of an actual accel-
crator and the response of the real-time signal processor.
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