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Abstract—Extensive experimental measurements were carried ~ With the projected growth of the telecommunications market
out to test the accuracy of the parametric helix traveling-wave tube and the push toward increased bandwidths to accommodate
(TWT) code, CHRISTINE [1]. The model is one-dimensional, with - hinher data rates, there is a renewed interest in developing

beam electrons represented as rigid disks. Multifrequency inter- ) . . . . .
actions are supported and the RF circuit can be optionally repre- TWT's that can operate at high efficiency with low distortion.

sented with cold-test data, a sheath helix model, or a recently im- Many techniques have been developed to minimize the impact
plemented tape helix model [2]. Simulations using the tape helix of unwanted distortion. A simple method is to operate the
model are shown to be in good agreement with experimental mea- amplifier in its linear regime, backing off from saturation by
surements of an L-band TWT over a broad (250-MHz) frequency g 4B or more. This method is effective, provided that efficiency

range. In the intermediate and saturated power regimes, the mod- . t K f iteri Oth |
eled and measured TWT gain versus frequency agree to better than IS not a key performance criterion. €r more compiex

0.4 dB, with deviations explained by strong reflections atthe output t€chniques have been developed, such as RF predistortion and
window that are not accounted for in the code. Single-tone exper- feedforward compensation [4]. However, these methods have
imental and simulated drive curves agree to better than 1 dB in the disadvantage of adding to system complexity, size, and

the small- and large-signal regimes; relative phase shift simula- \yeight may have bandwidth limitations, and can adversely
tions agree to within eXpenmental measurement accuracy In the . ..
impact the overall system efficiency.

small-signal regime and to within 75% in the large-signal regime. X .
Two-tone experimental and modeled data exhibit similarly good ~ As an alternative to external compensation schemes, the RF

agreement, with CHRISTINE accurately predicting the effect of ~ circuit of the TWT itself may be optimized to meet specified
frequency-dependent gain variations on the TWT output response criteria. The optimization process can be complex, with trade-

and third- and fifth-order intermodulation products. offs made, for example, among output power, linearity, and effi-
Index Terms—Helix, large-signal one-dimensional (1-D) model, ciency. Optimization algorithms have been successfully imple-
tape helix model, traveling-wave tube. mented in coupled-cavity TWT design codes [5]; CHRISTINE
was created as a tool to perform similar optimizations of helix

|. INTRODUCTION TWT circuits under the conditions of multiple input signals and

ELECOMMUNICATIONS, radar, and electronic warfarehlgher orde_r hgrmomcs. . .
o . o The motivation for the present work is to establish the ac-
applications of traveling-wave tube (TWT) amplifiers

often require the simultaneous amplification of multiple-frec— o> of the CHRISTINE model through an extensive com-
qt _amprticat P aparison of model simulations with experimental measurements

guency signals. However, nonlinearities in the amplifier ¢ . . . .
ain, power, phase, amplitude-modulation/phase-modulation

lead to the creation of unwanted interaction products such0
b ' ?(% /PM) conversion, and intermodulation in a Hughes 8537H
e

amplitude and phase cross modulation and intermodulati lix TWT. The observed good agreement between the simu-

These interaction products reduce the power available to tlh? . »
driven sianals and can potentially distort driven sianal am fa ed and measured responses establishes the utility of the code
9 P! y Ven sig Plsa design tool. With its circuit optimization features, the code
tudes and phases, leading to a degradation in performance
. . . L can be used to perform complex tradeoff analyzes to produce
e.g., increased bit-error rates in communications syste

. ; . L T designs with high efficiency and low distortion. The code
As operating bandwidths and channel densities within banhjs gns v 9 ey )
. . as the potential to favorably impact the development time and
increase, the problem is exacerbated. . .
costs for new TWT designs by reducing the number of hardware
iterations required to prove out the designs.
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quantities, such as dispersion and coupling impedance ( 0.40 12

ternatively, measured cold-test dispersion data can be inj o
from a FORTRAN namelist). Axially dependent RF losses ar %% | :
included in the model.

The sheath helix model has been validated with experimen
data taken on a narrowband, 60% efficient vacuum pow
booster (VPB) used in a C-band microwave power modu.— 925
(MPM) [11]. Experimental results with a 170-W vacuum powe 6
booster (VPB) agreed to within 1% of simulations. Using thi= 020 |
circuit as a starting point, the model was subsequently usedg
develop an even higher efficiency circuit design; measuremer 015
on a prototype TWT built according to this design were in goo

0.30 -

(syun -gqJe) uonenuay

correlation with the predicted performance [12]. 0.10 |- :

The tape helix model is a recent addition to CHRISTINE ; K 15
[2]. Previous tape helix model implementations have alwaysii 0050 ! N
cluded some simplifying assumptions about the distribution & ‘*+\\
surface current densities on the tape, or they have made appt 0.0 L=l ‘ ‘ e i)
imations regarding the manner in which the boundary conc o 5 10 15 20 25 30 35 40 45

tions on the electric field at the tape are enforced. The “narrc.. z (cm)

.tape" approximation seems to be the most common, in WhICfHB_ 1. Helix circuit pitch (solid line) and attenuation (dashed line) as a
is assumed that 1) the current flows only along, not across, #i&ction of axial position for the Hughes 8537H TWT.
tape; 2) the current density along the tape is constant across the
width of the tape; and 3F) = 0 along the centerline of the information; a series of hot-test experiments was subsequently
tape. The present tape helix model implementation in CHRI8esigned and executed. The manufacturer’s beam parameter and
TINE makes none of these assumptions; the power flow, iold-dispersion data were incomplete, necessitating the normal-
teraction impedance, and dispersion for electromagnetic waygstion of some CHRISTINE model parameters with experi-
propagating on a thin metallic tape helix of arbitrary width argnental measurements, as described below.
computed exactly, eliminating the need for geometry-correctionThe 8537H is a periodic permanent magnet (PPM)-focused,
approximations, such as impedance reduction factors. In thelix TWT designed to produce a nominal 80-W of saturated
present study, computational models of the 8537H TWT usedtput power over a frequency range of 1.530 to 1.548 GHz.
the tape helix model exclusively as the most accurate modelwith a guiding magnetic field that is approximately 1.5 times the
The rest of this paper is organized as follows. Section Brillouin field strength, the electron motion is largely confined
describes the mechanical and electrical characteristics t6fone dimension, making the device a good test vehicle for
the 8537H TWT and the implementation of a correspondingsmparison with one-dimensional (1-D) computer simulations.
CHRISTINE model. Section Ill compares the results of Detailed mechanical design information and loss data were
single-frequency TWT gain, phase, frequency response, afdde available from the manufacturer. The helix pitch and the
AM/PM conversion measurements with simulations. In Segircuit attenuation are plotted as a function of axial position in
tion 1V, the results of two-tone TWT experiments are presentgtlg. 1. The slow-wave circuit comprises two constant-pitch he-
and compared with computer simulations and a simple, empieal sections separated by a sever, with a modest circuit taper
ically derived multifrequency model. Overall conclusions argt the output. As indicated in the figure, three pull-turns are at
summarized in Section V. Appendix A discusses the sensitivifife input and output of the circuit. The input and output helices
of the 8537H to small£5%) variations in the beam voltage,are fabricated from circular cross-section tungsten wire that is
beam radius, and the relative dielectric constant of the helxbsequently ground to a final radial dimension, leaving the
support rods. The empirical multifrequency model is developggre cross section with a roughly half-moon shape. The circuit
in Appendix B. is supported within the vacuum envelope by three rectangular
cross-section anisotropic pyrolytic boron nitride (APBN) rods.
No vanes exist. To control oscillations, the rods are coated with
an RF lossy material; the attenuation profile plotted in Fig. 1
is based on empirical measurements of the individual rods. The
Effective comparisions between the TWT code and expeeixial loss and helix dimensions were incorporated into the nu-
mental data require detailed information regarding device deerical model without modification; the sever was modeled as
sign and cold- and hot-test performance. Such informationds area of very high loss.
typically unavailable for commercial devices, in which data are The exact electron gun operating voltage and current were not
either proprietary or not collected in sufficient detail for mearavailable. The 8537H is a sealed TWTA system intended for use
ingful model comparisons. In order to generate the necessargpace and consists of an electronic power conditioning (EPC)
data for the present study, a commercial TWT (Hughes modebdule and TWT, with no accessible cathode diagnostics. Nom-
8537H) was found where the manufacturer was willing to praaal values were available from the manufacturer, but the final
vide access to all of the available design and acceptance tgsimized test-stand values for a given TWT can vary by as

Il. HUGHESMODEL 8537H TWT—RYSICAL DESCRIPTION
AND CHRISTINE MoDEL
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TABLE | 70 s B 12
HUGHES 8537H—NOMINAL AND MODELED ELECTRICAL AND i 4 P =-30dBm
MECHANICAL PARAMETERS 68 | e P --200Bm ]
I , P
- i ¢ P =-10dBm - ]
Parameter Nominal Value | Model Value I in e
66 i L .- 115 <
Helix mean radius 0.2353 ¢cm 0.2353 cm L /A(A:..'.‘.- %
Helix wire width | 0.0305 cm | 0.0305 cm 64 |- . ke T
—_— s o —_
Cathode voltage -3.37kV -31kV % L /A::r 1 9
~ 62 | /.8 411 =
Beam current 70 mA 65.5 mA % H A H | <
®, —
Min. beam radius 0.09652 cm 0.0962 cm O] L 73,4 =
60 /- <
3 [ ‘ 3
BN support rods 1.34 (est’d) 1.21 i A/ JeeRseorves v 2
(e, = 5.4) 58 |- Ve AN 105 5
F ® \og/e 1
56 B ‘."’0. ,’ — VSWR
. . L *
much ast10% from the nominal design values [13]. To ascer: I *
tain the gun parameters for the CHRISTINE modelusedinthi 54 L. . . . ¢ ... ™ /™ ... /\’ 1
study, the mechanical dimensions of the TWT were fixed an 1.3 14 1.5 1.6 1.7 1.8

the voltage and current were varied withiri 0% until there was Frequency (GHz)
agreement with data at selected frequencies. The empirically > Simulated and _ | cai . . o

H H H 0. 2. imulated an experlmenta gain versus frequency Tor various |nput
norm_a?llze_d gun parameters dld_ not vary far from the NOMINGLL ers with the output window VSWR superimposed (CHRISTINE predictions
specifications; as summarized in Table |, the modified voltagg: plotted as dashed/dotted lines).
and current are within 92% and 93.6% of the nominal values,

respectively. i resulting from the inclusion of second harmonics were observed
The 1-D model approximates the effect that the three APBN ihe present study.

support rods have on the dispersive characteristics of the helixl-he simulated interaction region of the 8537H was broken
circuit by reducing the dielectric permittivity of the rods to Mhto 600 axial zones. The beam was assumed to be cold, and the
effective “smeared’.’ relative permittivitythat completelyfillsthenumber of entrance phases was typically set at 137. To reach
area between the inner radius of the vacuum envelope and (3G ergence, single-frequency simulations required 10 space
outer_radlus of trle hellx. The valug of this smgareq relative harge harmonics and multifrequency simulations required 15
electric constang,, is computed using area weighting space charge harmonics. Typically, run times ranged from less

~ NeodAroa(er — 1) than a minute for single-frequency runs to several hours for mul-
& =1+ Ao () tifrequency runs.
where l1l. SINGLE-FREQUENCY EXPERIMENTS AND SIMULATIONS
N;oa number of rods; ) ) . .
A,oq  Cross-sectional area of an individual rod: In this section, the results of CHRISTINE simulations are
e corresponding rod relative dielectric constant; compared with experimental measurements of TWT perfor-

Aioial total cross-sectional area between the vacuum enyBance under single-tone excitation.

lope and the outer surface of the helix.

The nominal relative permittivity of the APBN rods ds =
5.4. From (1), the calculated equivalent relative permittivity is The usable amplification band of the 8537H TWT far exceeds
€ = 1.34. However, comparison with measured phase dati@e 18-MHz (1.53 GHxX f < 1.548 GHz) civil communica-
indicates that,. = 1.21 yields better agreement with data. Thdions frequency band for which the device was designed. To
principle reason for this discrepancy is the inaccuracy of theetter study the capabilities of the code, experimental measure-
1-D approximation and the implicit assumption of a constaments were made over a 350-MHz wide band, ranging from 1.40
radial electric field between the helix and the vacuum envelope 1.75 GHz.
wall. Although (1) can yield a good first-order approximation, Fig. 2 compares gain versus frequency simulations using
realistically, the effective relative permittivity must be treated a¢be TWT model of Table | with experimental measure-
a “fit" parameter to fine-tune the TWT model. ments taken at three different drive leveld; = —10 dBm

The nominal and “as-modeled” mechanical and electrical pgcorresponding to a point near the saturated output of the
rameters for the 8537H TWT are summarized in Table |. THBNT); P, = —30 dBm (in the small-signal regime); and
sensitivity of the predicted gain and phase to the beam voltagg, = —20 dBm (in an intermediate regime). The VSWR
minimum radius, and, is examined in Appendix A. of the 8537H output window as a function of frequency is

Both single-frequency and multifrequency simulationsuperimposed on the gain plots of Fig. 2. As can be seen in
included the effect of second harmonic interaction. Ithe figure, the output window begins to exhibit strong reflec-
single-frequency tests, the inclusion of second harmonics timms below a frequency 0f1.52 GHz. Correspondingly, the
been shown to markedly improve the agreement of the mo@dgreement between the model and experiment falls off below
with experimental data [11]. Similar accuracy enhancemeritb2 GHz, as CHRISTINE does not account for reflections

A. Frequency Dependence
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0F , — — CHRISTINE ] Fig. 4. Experimental layout for phase shift measurements.
s 430
o5 L L L L L The quality of agreement seen in Fig. 3 is typical of the agree-
35 30 -2 20 -15 -0 -5 0 5 ment seen across the entire 250-MHz passband under study.
P_ (dBm)
(@) C. Relative Phase Shift and AM/PM Conversion
00 - 17 Fig. 4 is a simplified block diagram of the experimental setup
LoPgEeemh BT T used to measure the phase shift through the 8537H TWT as a
— — CHRISTINE ‘/" N function of input power (at fixed frequencies). A double-bal-
4 / 170 anced mixer with a DC-coupled IF port was used as the phase
atetr e, Z . detector. At a given frequency, the phase delays in the measure-
;7 Tee, ment system are the result of constant delays caused by fixed at-
€ Or ‘ e 16 @ tenuators and cabling, phase delays dependent on variable atten-
1] K “-‘ 5" uator dial settings, and the phase delay introduced by the TWT.
5 . \ = The constant phase delays in the measurement system were can-
o 35r ‘.\ 160 =~  celled out by referencing the measured phase shifts as a function
. \ of drive power to a constant small-signal phase. The phase de-
A . lays through the phase shifter and the variable attenuators were
* > . . . .
30 | R Gain (expm't) -{ 55 calibrated as a function of the dial setting at a number of fre-
'_" CHR'S_T'NE guencies using a vector network analyzer.
: ‘-\ ] To measure the relative phase shift through the TWT, a fixed-
25 ‘ ‘ ‘ L 50 amplitude, synthesized RF input signal was split at directional
-0 40 30 20 10 0 10 coupler DC1, with part of the signal applied to the RF port of the
P (dBm) double-balanced mixer through a phase shifter and fixed atten-

Fig. 3. Simulated and experimental drive and gain curves fof (&) 1.538

GHz and (b)f = 1.75 GHz.

(b)

uator (ATT2) and part applied to the input of the TWT through
a variable attenuator (ATT1). As the input power to the TWT
was swept using variable attentuator ATT1, the power at the LO
port of the mixer was held constant using variable attenuator
ATTA4. In the limit of small-signal input drive, the phase delay

from the output window. Above 1.52 GHz, the VSWR dropghrough a TWT is a constant. For the 8537H, this input power
below 1.02 and the agreement improves markedly. In thgs typicallyP, < —30 dBm. UsingPy, ~ —30 dBm, an ini-

small-signal regimef,, = —30 dBm), model simulations and ja| phase reference point was established using the phase shifter
experimental measurements above 1.54 GHz agree to bef¢gflace the LO and RF ports of the mixer in quadrature. As the
than 84%. In the intermediate and near-saturation regimﬁ'ﬁ)ut drive power to the TWT was increased, the phase de|ay
predicted and measured TWT gain agree to better than 92%ough the TWT increased and the phase at the LO port (rela-

and 98%, respectively.

B. Drive and Gain Curves

tive to the initial small-signal phase) had to be adjusted with the
phase shifter to maintain quadrature. When combined with the
phase calibrations of the phase shifter and variable attenuators,
the phase difference read on the phase shifter is a measure of

TWT gain and output power are plotted as a function of inptite phase shift relative to the small-signal phase constant in the
power in Fig. 3 for two extremes in frequency: A)= 1.538 TWT.
GHz and b)f = 1.75 GHz. The agreement between the CHRIS- Fig. 5 is a plot of the simulated and measured relative phase
TINE simulations and the measured data is very good, with dghift through the TWT as a function of drive power at a fre-
crepancies oK1 dB in both the small- and large-signal regimesguency of 1.56 GHz. The predicted phase shift exhibits the same



580 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 28, NO. 3, JUNE 2000

9P94———7——T—T T 3 L T T L
L / i :
/ I ~ -
L R !\ 7 |
/ o 25 | 4o Experiment ]
T ol / 1 Q= — — CHRISTINE AN
30 % . 2 - [ ]
Q / & i ]
o i / 1 ] H A
3 / 2 2r ! ]
A Experiment o [ A b
2 — — CHRISTINE % / s | 444,
t 20 I / — S - A
E r / c 15 ) ]
n % / R I 4 /
@ % 2] S
@ ’ e 1F / .
S w0t { / ] 2 .
o L / [} /
@ L s | (©] [ A
2 1 %j/ ] s 05} / .
© F - ] o r . /
D 0f ; ? e ' a s
o 3 ; ] = I _ - ]
< 0} AKALRLL, A B
L 1 F LYYV 7
_107;HL".‘1‘.“1..‘@.”‘\.‘..1‘.‘m... 05 L el e ]
35 30 25 -20 -15 -10 -5 0 5 -40 -30 -20 -10 0 10
P (dBm) P Relative to Saturation (dB)

Fig. 5. Simulated and experimental phase shift versus drive power curvesffig- 6. Simulated and experimental AM/PM conversion versus drive power
f = 1.56 GHz. relative to saturation fof = 1.56 GHz.

trends as the measured phase shift, beginning with a constanfy,
phase in the small-signal regime Bf, < —30 dBm, and in-
creasing to a phase shift of approximately® 2& saturation  |n this section, CHRISTINE simulations of intermodulation
(Pin = —6 dBm); in comparison, the measured phase shift gfstortion are compared with experimental data. In addition, re-
saturation was approximately 29The accuracy of the exper-sults from a simple multifrequency model based on a nonlinear
imentally measured phase (indicated by #2° of error bars fit to an experimental single-carrier gain-frequency curve are
on the experimental data) is limited by the reproducibility ofompared with CHRISTINE and experiment.
the dial settings on the variable attenuators used in the measure-
ment setup of Fig. 4. Th_e rem_ainin_g discre_pancy between the CHRISTINE Two-Tone Simulations
measured data and the simulations is most likely from factors af-
fecting the CHRISTINE computation of dispersion in the TWT, To evaluate the multifrequency performance of the code, a
including the limitations of a 1-D model and inhomogeneitieseries of two-tone experiments was carried out with the 8537H
in the permittivity of the APBN support rods. TWT. In the experiments, two signals of equal power amplitudes
AM/PM conversion is a measure of the change in phase nd dissimilar frequencies were combined in a hybrid junction
tween the input and output of an amplifier as a function of drivend applied to the input of the TWT. One tone was kept at a
power and is computed as the derivative the phase versus ddvestant frequency ofy = 1.54 GHz, whereas the other tone
power curve. Physically, as the drive level is increased, the asaried in frequency from 1 MHz up to 50 MHz frofy. The
erage electron beam velocity decreases as the particles intesatput power as a function of the input drive power of the am-
with the applied electromagnetic wave and give up kinetic eplified tones and the resulting intermodulation products were
ergy to the propagating wave; subsequently, the phase delay en&hsured with a spectrum analyzer.
AM/PM conversion increases. The TWT model used in the intermodulation studies was
Fig. 6 is a plot of the simulated and experimentally deriveidentical to the basic TWT model developed in the single-fre-
AM/PM conversion as a function of input power relative to saguency studies (cf. Fig. 1 and Table 1). As in the intermodula-
uration for the 8537H TWT driven at a frequency of 1.56 GHzion experiments, two equal-amplitude driven tones were input
The measured and predicted AM/PM response shown in timo the model and a sufficient numberwf frequency compo-
figure is typical for a TWT: the AM/PM conversion is negliblenents were defined to span a fundamental frequency range that
in the small-signal regime, slowly increases as the drive powemcompassed the driven tones plus the third- and fifth-order in-
is increased, and finally, sharply increases as the device nearsnodulation products.
saturation. To obtain the experimental AM/PM curve of Fig. 6, Fig. 7 is a plot of the experimentally measured output of
a cubic spline was fit to the relative phase shift data of Fig.the TWT (amplified driven tones, third- and fifth-order inter-
and the first derivative of this fit was plotted as a function of thmodulation products) along with CHRISTINE model simula-
drive power relative to saturation. The analysis is sensitive tions for the case of two equal-amplitude driven tones sepa-
small fluctuations in the original phase data; the structure seeted by 30 MHz. For the amplified driven tones, the agreement
in the experimental AM/PM curve is in part caused by uncebetween the model and the data is quite good, with less than
tainties in the experimental phase measurement. 1 dB of discrepancy between simulation and experiment. In the

M ULTIFREQUENCY EXPERIMENTS AND SIMULATIONS
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SO TWT. The output response (amplified driven tones, and third-
40 i '::,ﬁzf;«*ﬁ: and fifth-order intermodulation products) was computed from
L P M (B.6) and (B.7) and compared with measured data and CHRIS-
sor & " s TINE simulations.
i et Fig. 8 compares the predictions of the simple multifrequency
20 - Ly . model with the measured outputresponse ofthe TWT for the case
~ 10l L e of two equal-amplitude input tones separated\yy = 1 MHz
c% L Tt .;A{ in frequency o = 1.54 GHz, f; = 1.539 GHz). The ampli-
T ot oo ,%D 0= 154 GH fied driven tone response, third-order intermodulation products,
3 B 2 /n T z and fifth-order intermodulation products versus RF drive power
a -opF v ;/ e ¢ M=157GHz are plotted in Fig. 8(a)—(c), respectively. With a frequency sep-
20 . . " /é & IM3=151GHz aration of only 1 MHz, the gain of the TWT is nearly constant
L AR v M3 =160GHz and the output responses resulting from the two input frequen-
80| o D;/ O M5 < 1.48 GHz cies are identical to within experimental accuracy. For this case,
i / o the assumptions regarding gain invariance with bandwidth in-
40 - . = IM5=1.63GHz herent in (B.2) are valid, and unsurprisingly, the simple model
50 T simulation—based on afitto single frequency complex gain data
35 30 25 20 15 10 5 at fo = 1.54 GHz—is in excellent agreement with the experi-

P_(dBm)

ment, as seen in the dotted line plots of Fig. 8. The agreement be-

tweenthe CHRISTINE simulations and the measuredresponseis
Fig. 7. Experimental driven tonegy = 1.54 GHz, f; = 1.57 GHz) and @ISO good, with maximum discrepancies between the model and
third-(IM3) and fifth-(IM5) order intermodulation products (CHRISTINE the data occurring in the small-signal regime. These discrepan-
simulations shown as dashed lines). cies are on the order of 1 dB for the amplified driven tones and
up to 5 dB for the third- and fifth-order intermodulation prod-
intermediate-to-near-saturation regime, the predicted and meaets. As was seen in Fig. 7, there is a nonlinearity in the empirical
sured third- and fifth-order intermodulation responses are alsmall-signal intermodulation response that is not accounted for
in good agreement, with discrepancies of less than 1.5 dB.dy either model.
the small-signal regimef’,, < —20 dBm, there is an anoma- The TWT output response from a larger two-tone separation
lous nonlinearity in the measured intermodulation waveformsf A f = 50 MHz (f, = 1.54 GHz, f; = 1.59 GHz) s plotted in
where the third- and fifth-order responses approach asymptdtig. 9. In this case, as seenin Fig. 2, the TWT gain is not constant
values for decreasing input power amplitudes instead of lineadyer the driven bandwidth but instead varies by several decibels
decreasing, as indicated by the code. The experimental measirréae small-signal and intermediate-signal regimes. As a result,
ment system was rigorously calibrated; this behavior was alg® amplified responses of the driven tones and the resulting pairs
observed by an independent researcher using a different mgfathird- and fifth-order intermodulation products have distinct
surement setup [14]; it is unlikely that this effect is an artifagiower amplitudes. For example, referring to Fig. 9(a), the two
of the measurement. experimental amplified drive curves (indicated by symbols) cor-
responding to the drive frequencies of 1.54 and 1.59 GHz can be
B. Comparison of a Simple Multifrequency Model with seentodifferby 2to4 dBminoutput power overthe range of swept
Experimental Measurements and CHRISTINE drive power. Under these conditions, the simple multifrequency

The single-carrier amplitude response versus input power ai@del of Appendix B, which assumed that the gain was indepen-
phase response versus input power are two of the most funglgnt of frequency, breaks down. Although the simple model does
mental characteristics of a nonlinear amplifier. Because of tfélow the 1.54 GHz and lower frequency branch intermodula-
relative simplicity of these measurements, it is attractive to 4ton data, itfails to predict the two distinct, frequency-dependent
tempt to develop a multifrequency TWT theory based the me@Utput responses and overpredicts the saturated responses.
sured amplifier response at a only a single frequency [15], [16].In contrast, the multifrequency model of CHRISTINE pre-

A simple multifrequency model based on an expansion aboufligts the distinct, frequency-dependent output responses. The
single-frequency complex gain curve is developed in detail f£curacy of the simulations is best near saturation, where the
Appendix B. In this section, the predictions made by this modeépde and the measured data agree to within 1 dB for the am-
are compared to experiment and CHRISTINE simulations. Nplfied driven tones and to within 2 to 3 dB for the intermod-
unexpectedly, the simple multifrequency model is seen to B&tion products. In the intermediate/small-signal regime, the
most accurate when the average carrier frequency is closeagseement is within 3 dB for the amplified driven tones and in-
the single-carrier (fit) frequency and the frequency separatié@fmodulation products.

between carriers is small; the CHRISTINE model is more accu-
rate for arbitrary frequencies and greater carrier separations.

Following the development of Appendix B, a complex gain
function of the form described by (B.3a) was created by fitting a Simulation results from the 1-D, parametric, helix TWT
fourth-order polynomial to the measured single-frequency gainde, CHRISTINE, have been compared with the experiment.
and phase responsé,(= 1.54 GHz) of the Hughes 8537H Using a newly implemented tape helix model, the code has

V. CONCLUSION
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Fig. 8. Comparison of the simple multifrequency model of Section V with experimental intermodulation measurements for driven tone freqfigrcieSdf
GHz andf, = 1.539 GHz: (a) amplified driven tones; (b) third-order intermodulation products; and (c) fifth-order intermodulation products.

been shown to accurately simulate the performance of a Huglhégh efficiency and low distortion products are essential, such
Model 8537H L-band TWT, with both single- and multiple-tones ground- and space-based telecommunications and electronic
excitation. Over a 250-MHz evaluation passband, predicteduntermeasures.

single-frequency drive and phase curves agreed to within 1 dB

of experimental measurements; multifrequency simulations APPENDIX A
using two tones separated by as much as 50 MHz were igENSITIVITY OF THE 8537H NUMERICAL MODEL TO SMALL
similar good agreement to experimental data, including third- CHANGES IN KEY PARAMETERS

and fifth-order intermodulation products. With its demonstrated

accuracy and efficient run-times, CHRISTINE is a valuable tool The sensitivity of the 8537H TWT to smalt6%) changesin

for the future development of high-performance helix TWT’she cathode voltage, beam radius, and effective dielectric con-
With its flexible optimization and multifrequency capabilitiesstant was studied with the CHRISTINE numerical model using
the code is particularly useful in design applications in whictihe parameters described by Fig. 1 and Table I. The effects of
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products.

these variations on the small- and large-signal gain and relatp@rtional to the product of the Pierce gain parame&teand

phase shift responses are summarized in Figs. 10-12.

length of the helix in wavelengths

Figs. 10 and 11 are plots of the simulated 8537H gain versus

frequency and the relative phase shift versus input power for
+5% variations in beam voltage and radius. Both small-signal

(P, = —30 dBm) and large-signalK, = —10 dBm) re-
sponses are plotted. As expected, the relative phase shift artre

the small-signal gain were sensitive to the input parametersyw

whereas the large-signal gain was relatively insensitive.

Small-signal analysis can help to develop some physical in-u
sight on the effect that variations in voltage and radius can have.
on TWT performance. From [17], the small-signal gain is pro- Z,

(A.1)

1/3
ON — Z Iy wlL
4V, 27ug

radian frequency;

L helix length;

V2neVa;

electron charge-to-mass ratie/m. );
interaction impedance.



584 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 28, NO. 3, JUNE 2000

707‘ L B B S B 70 ——
+Pin=-10dBm g
—C—Pm=-30dBm

65; | 65 |- 0.95!’b |
a —_—
S S
£ c
] T
O] S

60? q 60 T

55 L L 557\\\\\\\\\\\\\ | L L L L | L L

1.3 1.9 1.3 1.4 1.5 1.6 1.7 1.8 1.9
f (GHz)
(@)

507H~ ] Lo o e e o
@ 0T ] @ 400 ]
[4b) o))
) [})
S —
[@)] L o L
S 30| 1 3 30 .
5 I ] ﬁ i
P 20_— N © 20 ]
w 2]
[1y] 1]
L L
o r o L
» 10 b o 10 B
= I 2 I ]
© © ]
[«}) r [«F) 5 1
o 0 r 1 o 0 *

_10_.”m".\H"l‘.Hiwuiw.mu.m;u.- _107;“‘\H‘.\H‘,\‘.leH!H.m.”m.u,—

-35 -30 -25 -20 -15 -10 -5 0 5 -35 -30 -25 -20 -15 -10 -5 0 5
P _(dBm) P _(dBm)
(b) (b)

Fig. 10. The effect o&:5% variations in beam voltage on (a) gain versugig. 11. The effect o=5% variations in beam radius on (a) gain versus
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in the small-signal £, = —30 dBm) and near-saturatio®(, = —10 dBm) in the small-signal 5, = —30 dBm) and near-saturatio®’(, = —10 dBm)
regimes. The solid lines are the responses for the nominal modeling parametegémes. The solid lines are the responses for the nominal modeling parameters
of Table I, and the dot-dash and dashed lines represéal’, and1.05V,, of Table I, and the dot-dash and dashed lines repre&ént, and1.057;,
respectively. respectively.

With a cathode potential oF, = 3100 V, the electron ve- Wherea is the helixradiusy = /3% — 5, B = w/vpn, fo =
locity in the 8537H TWT is much smaller than is the speed ¢}/ @nd we have assumed synchronism between the beam and

light (1o ~ 0.11¢), and the interaction impedancg can be the wave on the Ihe|l>:180_ thagy, ~ uo. Thedlmpedanche fun_ct|ofnh
approximated by F is proportional to the interaction impedance on the axis of the

helix. The interaction impedance at the beam radjugquires
L'to be modified by the impedance reduction fadggrr, ). For
solid beamsR is given by [17]
D s e PaoP (a2) 2 o
CT282P T 2uy b ' R(yry) = [Io(’W’b) - 11(’77’1;)] . (A.3)
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[A ) T ‘ D] creasing frequency, which is consistent with the CHRISTINE

. 1 simulations of Figs. 10(a)-12(a), where there isroughly a 10 dB
] ] increase in gain over a 400-MHz frequency span. The analysis
also predicts an inversely proportional dependence of the gain
on beam voltage, which is reflected in Fig. 10(a), where a 5%
.- ] increase in voltage results in as much as a 5 dB decrease in
/ 1 small-signal gain. The impact of voltage variations on the rela-

P /\ ] tive phase shift, as seen in Fig. 10(b), can be understood as the
y . ability of the beam voltage to match the electron velocities to the
1.05€, ] phase velocity of the propagating electromagnetic wave on the
] helix—the closer the match, the more electron kinetic energy
will be given up to the wave, slowing the beam and increasing
the phase delay through the helix.

On the other hand, the gain should be largely independent of
beam radius, as the impedance reduction factor—the only factor
dependent om,—is approximately unity for this analysis. As
o LA L L seeninFig. 11, the codeis consistentwith small-signaltheory; the
13 1.4 15 16 1.7 18 1.9  0ainvaries only an approximatety0.5 dB for +5% variations

f (GHz) in r,, and the relative phase shift displays a similar insensitivity.

Equation (A.4) does not describe the contribution of the di-
electric helix support rods. However, their effect can be un-
derstood qualitatively; dielectric support rods have the effect
of capacitively loading the helix, reducing the impedance and
phase velocity on the circuit; in general, higher effective dielec-
tric constants will result in increased phase delay through the
TWT. Similar to variations in beam voltage, variations in the
4 effective dielectric constant affect the the beam-wave coupling
1  efficiency, this time by altering the phase velocity of the propa-

] gating electromagnetic wave relative to the velocity of the beam
-+ electrons. As expected, the gain and phase sensitivities of the
| dielectric variation case, plotted in Fig. 12, are similar to the
voltage variation case of Fig. 10.

——P_=-10dBm 0.95
—— Pin =-30 dBm

/

8!
7/
-

65

v
e

Gain (dB)

60
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APPENDIX B
4 DEVELOPMENT OF ASIMPLE MULTIFREQUENCY MODEL

To further evaluate the utility of the CHRISTINE multi-
L frequency model, it is instructive to compare its results with
35 30 25 20 -15 -0 5 0 5 those_ of a S|m_pler, gam—mvanal_ﬂt, multifrequency model.

P (4B The simple multifrequency model is developed below; model

in (dBm) predictions are compared with CHRISTINE and experiment in
(b) Section IV-B.

Fig. 12. The effect of+5% variations in the effective relative dielectric For smgle-fre_quency TWT operation, the normal_lzed' time-
constantz, on (a) gain versus frequency and (b) relative phase shift versd€pendent RF input and output voltages can be written as
input power (atf = 1.56 GHz) in the small-signal®, = —30 dBm) and
near-saturationff,,, = —10 dBm) regimes. The solid lines are the responses o
for the nominal modeling parameters of Table I, and the dot-dash and dashed ain(t) = dime™ ™" +C.C. (B.1a)
lines represer.95r, and1.05r,, respectively. Gout(t) = Goure "t + C.C. (B.1b)

Relative Phase Shift (degrees)

In the case of the 8537Hg ~ 1 over a+5% variation in beam where the normalized input amplitudg, is related to the RF
radius. Combining (A.1) and (A.2), the proportional gain factdifive power byP;, = |aiy|*, and the normalized output ampli-

C'N can be approximated as tuded,,; is related to the TWT output powét,,; = |a0ut|2.
The magnitude of the amplified output voltage is related to the
2 e L LIt? magnitude of the input voltage by a complex transfer function
CON =~ (£ Y2 Plya). (A.4)
102414 27V, X -
Aout — g(|ain| )ain (BZ)

The trends observed in the small-signal gain versus frequency
curves of Figs. 10—12 can be readily understood from (A.4). Timhere g, the complex nonlinear gain, is a function of the RF
small-signal analysis predicts a strong increase in gain with idrive power. The magnitudly| and phasep of the complex
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gain function can be approximated by a polynomial fit to the

empirically measured gain of the TWT BN

(B.3a)
(B.3b)

lg| = go + g1laial® + g2|aim|* + - --
¢ =00+ 01 |aim|* + Polai|? + - -.

[2

—

Equation (B.2) strictly applies to a single-frequency signal. [3]
However, it can also be applied to a multifrequency signal with
a sufficiently narrow bandwidth centered @$. In this case,
a;n, andag, are time-dependent, slowly varying envelopes. The
signal bandwidth must be small enough so that the fungtion
does not vary appreciably over the bandwidth. For a discrete seL(S]
of for frequency inputsy,, = wp+nAw, (B.1a) can be rewritten
as

[4]

(6]
(71

ain(t) = e7*0t Z&in,ne_m&”t +c.c.

n

(B.4a)
(8]

[9]

Aout (t) — ot Z &Outme—'mAwt +c.c. (B4b)
! [10]

Following (B.2), the output amplitudes corresponding to the11]
wy, frequency components are expressed by the complex gain
transfer function, where is a polynomial derived from a fit to

data a single frequency
[12]

[13]
[14]
[15]

2
~ —mAwt ~ —mAwt
Qout,nC =g § Qin n€

n
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