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A Simulated Annealing Algorithm for
Optimizing RF Power Efficiency in
Coupled-Cavity Traveling-Wave Tubes

Jeffrey D. Wilson,Member, IEEE

Abstract—Decreasing the radio frequency (RF) phase velocity solution to be determined, while other optimization techniques
in the output section of a traveling-wave tube (TWT) is a converge on the closest local extremum. The algorithm is
technique commonly used to increase RF power efficiency. In gagerined and computational results from its implementation

order to optimize the profile of the phase velocity, a simulated . - . . .
annealing algorithm has been developed and implemented into into the NASA multidimensional large-signal coupled-cavity

the NASA multidimensional large-signal coupled-cavity TWT TWT computer model are presented.
computer model. This algorithm allows the determination of the
lengths of the individual cavities at the end of the output section
necessary to provide the optimized phase velocity profile. The Il. BACKGROUND

resulting nonlinear computer-generated phase velocity profile | . | L d bati
provides a design with optimized RF efficiency. In this paper, n conventional optimization procedures, perturbations are

the optimization algorithm will be described and computational Mmade to the input design variables. If the perturbations improve
results will be shown. These results indicate an increase in the output parameter to be optimized, more perturbations are

center-frequency RF efficiency from 7.1 to 13.5% for a V-band made in the same direction. This continues until the output
coupled-cavity TWT. parameter no longer improves. These procedures can cause

the solution to be easily trapped in a local extremum, that is,

|. INTRODUCTION one that is optimal with respect to a small neighborhood of

T HE mechanism for RF power amplification in a traveling'—npUt variables, but is not necessarily the global optimum over

wave tube (TWT) involves the transfer of kinetic energ)tﬁe enltllre fa”Q; C;L,poss'glle m;;ut Var'?t::e vlrlytlue_s. St;]mulated
from electrons in an electron beam to the electromagne gnealing avoids this probiem Dy caretully aflowing the con-

field of the traveling radio-frequency (RF) wave. In order t guration of input variables to temporarily make the output

maximize this energy transfer, the majority of electrons ifarameter worse, ef‘ab"”g ihe solution t_o Jump out of a local
the beam must travel at near synchronous velocities with t%tremum.and fall into a mare praductive path toward the
phase velocity of the RF wave. This is generally accomplish(%Obal optimum. . . S .

by decreasing the circuit period in the last part of the TWT The concept _Of combma_ltorlal opt|m|zat|or,1 by S|mula_ted
circuit, so that the phase velocity decreases in step with tﬁgnea_lmg was introduced n the early 1.9805 [6]. The idea
decelerating electrons in what is referred to as a phase veloéfhpe_r'ved from the annealing Process in condensed matter
taper. physics, a thermal procedure for obtaining the lowest energy

Early phase velocity tapers for coupled-cavity TWT's useg;round) state for a solid. In this procedure, the solid is first

linearly decreasing period tapers with up to three constem?ated to just below its melting temperature and is then slowly

period sections [1]-[3] to increase RF power efficiency. Mor%ooled. This causes the randomly arranged atoms to gradually

recently, the phase-adjusted taper (PAT) design procedure ange into the highly structured lattice of the ground state in
was developed. A PAT was used to more than double t ich the energy of the system is minimized. The essence of
peak RF efficiency of a ferruleless coupled-cavity TWT [5(];_ e prqcedure is that the slow transformation from a random
Although successful, the PAT desigh methodology was limit g a h'gT)lly ordered state alllﬁvlvs t?e gtoms to escape IIrOhm
to producing phase velocity profiles that maintained a constéﬂfﬁ’sm € energy statei_wg oca lrz]e e_fnehrgy m'?'ma' the
relationship between the circuit phase velocity and the electrw{u_a temperatu_re IS m.)t 'gh enough or | the cooling is too
bunch velocity in the taper. rapid, the resulting solid will be at a higher energy than the
This paper describes an improved and more generalized gbc#]nd s_tatel. d i f lati is based h
proach to TWT phase velocity taper design optimization base e simulated annealing formulation is based on the

on a simulated annealing algorithm. The major advantage ]etropolis algorithm [7]. From the starting configuration of

simulated annealing is that it enables a globally optimizet € heated ?Ohd' a rand_om atom is moved to a new Io_catlo_n.
If the resulting energy is reduced, the new configuration is
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The probability of acceptancé’(AFE) is modeled with a 1.05
Boltzmann distribution r
1.00 Fooooao0, Baseline (7.1%)

P(AE) = e~ AE/T (1) Eﬂ 0.95 E E&Dﬂﬂ%g@;ﬂi\%ﬂwuu
where AF is the change in energy aridl’ is a base energy § 0.90 }
with k£ as Boltzmann’s constant arifl as temperature. This © r ;@w®4a
probability is then compared to a random number between 0 0.851 SAT (8.2%)
and 1. If the random number selected is less tRAAF), the 080 Loy
new configuration is saved; if not, the previous configuration 40 45 50 55 60 65
is used to start the next step. This basic step is repeated Cavity

many times until equilibrium is reached at temperatlife _ . . .

. . . Fig. 1. The cavity length profiles for the phase velocity tapers at the
This step continues to be repeated at a succession of IOW&F of the output sections for the baseline Hughes 961HA TWT and a
temperatures until final equilibrium is attained. The beginnirgmulated annealing taper (SAT). The baseline TWT, which was designed
temperature is high enough to allow most uphill moves. A M RAAY peTeTITE, T 8 Seereeny (B15 Crd R
the temperature cools, fewer uphill moves are allowed, until a
the coldest temperature the solution freezes into its final form
with virtually no chance of an uphill move being accepted. In Step 2: A typical taper for this TWT is on the order of
applying simulated annealing to general problems, the ene@fy—40 cavities long. To optimize the length of each of these
in the Metropolis algorithm can be replaced by any quanti§avities would require extensive computational time with the
to be optimized. Simulated annealing has been used to sopfecessor that is currently available. Therefore, the taper was
optimization problems in a wide variety of areas includingivided into segments of five equal-length cavities each. At
operations research, very large-scale integrated (VLSI) circ@®ch pass, a segment was selected by a random number
design, code design, image processing, and molecular phygegerator. The first time that a segment was selected, the
[8]. length of each cavity in the segment was increased by 1%. On

succeeding alternate selections of a segment, the lengths were
decreased and increased by 1%. With each change in cavity
ll. ANALYSIS length, the impedance, phase shift per cavity, and gap length

The NASA multidimensional large-signal coupled-cavityvere adjusted. From calculations with the three-dimensional
TWT model [9]-[12] determines the interaction between a tw@Jectromagnetic simulation code MAFIA [14], [15], it is a very
dimensional slow-wave RF circuit field and an electron bea@®0d approximation for this TWT at the center frequency of
with disks or rings of electrical charge which have axial, radia®1.5 GHz to assume that the impedance decreases 1.97% and
and azimuthal velocity components. The amplitude and phd§at the phase shift per cavity decreases 0.179% for every 1%
of the RF circuit electromagnetic field and the trajectories §fecrease in cavity length. The gap/cavity length ratio was kept
the electron disks or rings are determined from the calculaté@nstant. The attenuation per cavity has a weak dependence
axial and radial space-charge, circuit and magnetic forces@%length and was assumed to be constant.
the disks or rings pass through the individual cavities of the Step 3: With the new taper cavity parameters, the NASA
circuit. Independent geometrical and electrical parameters &ltidimensional large-signal coupled-cavity TWT model was
input for each cavity. used to evaluate the new RF power efficiency.

The Hughes Aircraft Company 961HA TWT, a 59-64 GHz, Step 4: With a random number generator, a valifewas
75-W coupled-cavity TWT developed under NASA Contrac®btained between 0 and 1. This value was compared to the
no. NAS3-25090 [13], was used as a baseline for this studfobability of acceptance defined as
Previously, this TWT was simulated with the NASA model P = o -n)/T )
and very good agreement with experimental results for the
output RF power from 60 to 64 GHz [14] was achievedvherer’ andn were the new and old values of efficiency,
The end of the output section has a mild two-step phasespectively. The control parameter, is a dimensionless
velocity taper (Fig. 1). This taper was designed to providguantity that corresponds to temperature in the physical anal-
75 W of RF power over the 5-GHz bandwidth. In this studygy. If R < P, the new cavity length of Step 2 was accepted; if
the taper design will be optimized for RF power efficiency ak > P, the new length was rejected. Note that if the efficiency
the center frequency of 61.5 GHz, without consideration dficreases, acceptance of the new length was insured. If the
the performance over the bandwidth range. Further work wéfficiency decreased, acceptance could occur but became less
be required to optimize the design over a wide bandwidth. probable asl” decreased.

The following simulated annealing algorithm was developed Step 5: Steps 2—4 were repeated for a total 8f passes.
and implemented into the NASA model to determine alf there was at least one acceptance affepasses, the value
optimized phase velocity taper: of T" was decreased by a reduction factor designated-by

Step 1: The initial conditions for the taper were selectedand Steps 2-5 were repeated. Convergence to a final solution
These included the starting and ending cavities of the tapeas assumed after there were no acceptances Miffasses
and the initial length of each cavity. at a value ofT.
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. L . Fig. 3. Th AT i ined with an output circuit length of 80 cavities
Fig. .2- The compu‘ted RF efﬁmengles for SA.T’S. as a function of qugth: Ti—gngd f\as a (e;obnﬁ;tuizd Rsl‘zogf?cieendcy éf 13.5%? For comparigson, a monotonic
maximum occurs with an end cavity .Of 80, indicating an output circuit 1 AT (MSAT) was determined, in which the generating algorithm was modified
cavities longer than that of the baseline TWT. to prevent a cavity from being longer than the previous cavity. The MSAT

achieves an RF efficiency of only 12.6%.
IV. RESULTS AND DISCUSSION

. . : 15 100
The phase velocity tapers calculated with the simulated o 00— o 0]
annealing algorithm described above will be compared to that Efficiency 180 &
of the baseline TWT. The output section of this TWT contains £ |, | =
65 cavities, of which 47 are a standard length of 0.096 77 cm, & 760
11 are reduced in length by 2%, and 7 are reduced 4%. The é i ‘§\ —:40 §
cavity lengths at the end of the output section are shown in = 5 g AAccept Rate 1 <
Fig. 1. 20
Before beginning the simulated annealing algorithm, the _H‘s;\'\mﬁ@ﬁwiw?w .

“cooling schedule” must be selected. This is defined by the
values for the following parameters which were described in
the previous sectionry, N, and the initial value ofT' (7). , - _
In order for a globally optimized solution to b_e qbtainedggéfminzggnpg‘ﬁrﬁsss'%sgff l'fig_esf_f'c'ency and algorithm accept rate for the
Ty should be large enough so that at the beginning of the
optimization a decided majority of the proposed cavity length To test the validity of dividing the taper into five-cavity
changes is accepted. It is also necessary thatlecrease segments, two very computationally intensive runs, which
sufficiently slowly. allowed each cavity in the taper to vary, were submitted.
The algorithm was used with a variety of cooling schedutehe cooling schedule parameters for the first run were the
parameters to calculate simulated annealing tapers (SATs3me as for the SAT of Fig. 3. In the second run, the value
from cavity 46 to 65, starting with all cavity lengths equal tef & was increased from 10 to 15. Neither run resulting in
that of a standard cavity. The parameter values which providegd improvement in efficiency, suggesting that dividing the
a sufficient cooling schedule to obtain an optimized solutic@per into five-cavity segments does not sacrifice the design
were Ty = 0.002,r7 = 0.5, and N = 10n, wheren is the efficiency.
number of cavity segments in the taper. The resulting SAT, asThe profile of the SAT in Fig. 3, is interesting in that instead
shown in Fig. 1, was obtained after 270 passes. Although itdgsdecreasing smoothly and monotonically, it decreases sharply
a much stronger taper than that of the baseline TWT, it ondit cavity 60 and then reverses to increase cavity lengths and
increased the RF power efficiency from 7.1 to 8.2%. HoweveRF phase velocity in the last part of the taper. In order to
by applying the algorithm to longer output sections, signifunderstand this behavior, a comparison taper was determined
cantly higher values of efficiency were obtained. Fig. 2 showgith the algorithm modified to force a monotonic decrease
the resulting efficiencies for SAT's as a function of end cavityn cavity length. The resulting monotonic simulated annealing
A clear maximum of 13.4% occurs with an end cavity of 8Gtaper (MSAT) is also shown in Fig. 3, and achieves an RF
The cooling schedule was reexamined with SAT’s frorpower efficiency of only 12.6%. The kinetic energies of the
cavity 46 to 80 and it was found that increasing from electronic disks in the SAT and MSAT were examined for each
0.5 to 0.7 resulted in an SAT with a slightly higher efficiencyaper at every five cavities. The 24 electron disks of the model
of 13.5%, which is shown in Fig. 3. (Further increases-in were divided into two groups: the fast disks and the slow
and N did not increase the efficiency.) The progressions dlisks, with kinetic energies greater and lesser than the median,
efficiency and accept rate for this taper are shown in Fig. fespectively. The average normalized kinetic energies for each
The efficiency increases very rapidly during the first 200 passg®up are shown in Fig. 5. For both tapers, the kinetic energy
while the majority of the proposed length changes are bein§ the disk groups decrease as the electrons give up energy
accepted. As the taper profile converges to its final forrtg the RF signal. Also for both tapers, the spread between the
the efficiency increase slows down and the accept rate drdast and slow disks increase as the electron bunch deteriorates.
rapidly, reaching zero after 770 passes. The energies are quite similar for the two tapers except at
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Fig. 5. The average normalized kinetic energies of the slow and fast electron . -
disks of the modeled electron beam for both the SAT and MSAT of Fig. 519- 6. The phase of the electron bunch with respect to the RF circuit wave

This indicates that the SAT is more effective in decelerating the more energefl the SAT of Fig. 3. In the region of cavity 60, the small value of phase is

electrons at the end of the taper. The kinetic energy is normalized to the ini¢Qnducive to strong bunch formation. The phase rapidly increases toward the
value at the beginning of the input circuit. domain of strong bunch deceleration (betweef 8dd 90') where it remains

for an extended length at the end of the taper.

the end. It can be seen that the SAT achieves its superior

efficiency by more effectively decreasing the energies of tfi@r the baseline TWT. The taper provides a sharp decrease
fast electrons at the end of the taper. (The MSAT is mol@ RF phase velocity and then a reversal to increase phase
effective in extracting energy from the slow electrons, but thielocity at the end. This profile allows the taper to capture
difference is not as large as that for the fast electrons.) TRWre of the energy of the fast electrons than is possible with
smaller energy spread between the slow and fast electron@ gfonotonic taper. It also allows the phase of the electron
the end of the circuit for the SAT should also be an advantagdnch with respect to the RF circuit wave to increase rapidly
in optimizing for overall efficiency, where it is desirable td"om the domain of strong bunch formation to the domain of

recover as much energy as possible from the spent electf$fPnd bunch deceleration. The phase remains in this strong
beam with a multistage-depressed collector. bunch deceleration domain for an extended length at the end
In order to compare the phase behavior of the SAT wifPf the taper, permitting optimal power transfer from the beam
that of phase-adjusted tapers (PAT's) [4], Fig. 6 shows tfi¢ the RF wave. _ o _
computed phase of the electron bunch with respect to the® Primary advantage of this algorithm is that the simulated
RF circuit wave for the SAT of Fig. 3. (The electron bunciinnealing allows a global optimum solution to be obtained
phase was determined by calculating the fundamental FouNgiereas most optimization algorithms converge on a local
component of the axial charge distribution at the gap cenf@ptimum. Another major advantage is that the algorithm
of each cavity). In a PAT, the phase of the electron bun@@n be readily adapted to optimize any calculable TWT
with respect to the RF circuit wave has a value between §UtPUL characteristic in terms of any combination of the
and 45 in the beginning of the taper in order to enable th_gmdel’s cavity, beam, and focusing parameters. Further work

formation of a strong bunch [4]. Then throughout the taper, t Planned to optimize the efficiency over a wide bandwidth.

phase is adjusted linearly upward toward 9here maximum
bunch deceleration and energy extraction occur [4]. As in a
PAT, the SAT has a low value of phase in the beginning, withj1] J. R. M. Vaughan, “Calculation of coupled-cavity TWT performance,”

a minimum value of 25 at cavity 60. However, instead of _IEEE Trans. Electron Devicesol. ED-22, pp. 880-890, Oct. 1975.
. . l v th h first i idly f th[ez] C. L. Jones, “A 200 watt traveling-wave tube for the communications
InCreasing linearly, the pnase Tirst increases rapialy rrom technology satellite,” NASA, CR-135029, 1976.

minimum value to just over 80at cavity 71 and then levels [3] W. R. Ayers and F. R. Walker, “Efficiency improvement in coupled

off over the last part of the taper. It maintains a value between cavity traveling wave tubes,” Rome Air Development Center, Griffiss
P P AFB, NY, Tech. Rep. TR-79-264, 1979.

80° and 90 from cavity 71 through the end cavity 80. Thus it [4] 3. b. wilson, “Computationally generated velocity taper for efficiency
remains in a domain of high bunch deceleration [4] throughout enhancement in a coupled-cavity traveling-wave tul&EE Trans.

an extended length at the end of the taper, enabling maximupy Electron Devicesyo. i?;ngﬁ'rgm}‘i‘mbge{s‘ 8 e and 3. P

power transfer from the beam to the RF wave. Vaszari, “A high-efficiency ferruleless coupled-cavity traveling-wave
tube with phase-adjusted tapelZEE Trans. Electron Devicespl. 37,
pp. 2638-2643, Dec. 1990.
V. CONCLUSIONS [6] S. Kirkpatrick, C. D. Gelatt Jr., and M. P. Vecchi, “Optimization by

A simulated annealing optimization algorithm has beerl simulated annealing,Scienceyol. 220, pp. 671-680, May 1983.

. . L . N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and
developed and implemented into the NASA multidimensional * g Teller, “Equation of state calculations by fast computing machines,”

large-signal coupled-cavity TWT computer model. The aI—8] é ihem- Pf&yg-v?(I- Zlé_pp-|10%7;1092,|.$lune C119I;33|. Mach
: : : H - . Aarts an . KorstSimulate nnealing an oltzmann Machines.
gorithm was tested by using it to determine the profile of New York: Wiley, 1989, pp. 88-91.

cavity lengths at the end of the output section in order t@9] D. J. Connolly and T. A. O'Malley, “Computer program for analysis of
optimize center-frequency RF efficiency for a V-band coupleg-  coupled-cavity traveling-wave tubes,” NASA, TN D-8492, 1977.

ity TWT. Th It desi h d 1__0] T. A. O'Malley and D. J. Connolly, “User's manual for computer
Cayle : e resuiting taper design shows a compute program for one-dimensional analysis of coupled-cavity traveling-wave
efficiency at center frequency of 13.5% compared to 7.1% tubes,” NASA, TM X-3565, 1977.
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