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REFERENCES An examination of the peak power distribution computed for ten equal
[1] C.L. Kory and J. A. Dayton, Jr., “Accurate cold-test model of helicaf@rTiers shows that the instantaneous power covers a rangemfiB
TWT slow-wave circuits,"IEEE Trans. Electron Devicesol. 45, pp. t0 410 dB relative to the mean power. There is a high probability that
966-971, Apr. 1998. the instantaneous power level is 3 dB or more above the mean. If an
[2] R.T.Longo,|IEDM Tech. Dig, 1984. idealized amplifier, whose am/am curve is linear up to saturation and
constant thereafter, were supplied with ten equal phase-modulated car-
riers it would be necessary to set the mean input power 10 dB below
saturation to avoid all nonlinear effects. The result would be that the
mean output power would be 10 dB below the saturated output power,
. ) . . o and the efficiency would be reduced to 10% of the saturated efficiency.
Computer Simulation of Intermodulation Distortion in This loss of efficiency is unacceptable in amplifiers for space applica-
Traveling Wave Tube Amplifiers tions because it leads to increases in the size and weight of the amplifier
and of the waste energy that must be dissipated as heat. The challenge
for the TWT designer is, therefore, to design a tube that can be oper-
ated as close as possible to saturation whilst achieving specified levels
of inter-modulation distortion. This task requires the ability to predict
Abstract—The intermodulation performance of a helix TWT was com- the .inter-modulation performance of each design using computer sim-
puted using a large-signal disc model with two, three and eight correlated ulations.

carriers and also using the program IMAL which models a generalized non-
linearity described by its single carrier transfer characteristics. The results
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obtained by both methods showed good agreement. The inter-modulation II. M ODELING THE MULTICARRIER PERFORMANCE OF ATWT
performance of a TWT for both correlated and uncorrelated carriers can
therefore be predicted from its single-carrier transfer characteristics if they It is well known that the performance of a TWT under large-signal

do not change significantly over the frequency range of interest. conditions can be modeled by a Lagrangian analysis in which the elec-

tron beam is represented by an assembly of discs, or rings, of charge
I. INTRODUCTION whose motion is tracked under the influence of the RF field of the

Contemporary communications satellites use an array of chanRglix. These models assume a sinusoidal input signal. The computer
amplifiers whose frequency bands are set by the system hardwareff@9ram LSM, developed jointly by CEERI and Lancaster University
fore the satellite is launched. This has the disadvantage that the systeffides multiple input signals, signal harmonics and intermodulation
cannot subsequently be reconfigured to meet changing needs duRfflucts provided that a base frequency can be defined which is the
the lifetime of the satellite. A possible solution to this problem is t§ighest common factor of all the signal frequencies present [2], [3].
use broad-band traveling wave tube amplifiers (TWTAs) in a Butigi"€ model includes details of the electron beam, and the propagation
matrix [1] to provide a single broadband amplifier capable of handlirfgPnStant and interaction impedance of the helix slow-wave structure
all the downlink traffic. A system using such an amplifier could be redt €ach frequency as a function of axial position in the tube. It can
configured to carry a variety of carriers having different powers arfgérefore be_usgd to investigate the effects of c_hanges in the design of
bandwidths in frequency domain multiplex. The amplifier would neldt® TWT on its intermodulation performance with correlated, unmod-
to have a dc to RF conversion efficiency exceeding 50% without thiated, carriers. I.t is also possible to §tudy the effects of. changing the
generation of unacceptable levels of intermodulation distortion to b§ase relationships between the carriers by varying the input data. Al-

viable alternative to existing narrow band amplifiers with efficiencie§0ugh itwould be possible, in principle, to simulate TWT performance
of up to 70%. with multiple, uncorrelated, carriers using this method, the computer

The individual carriers used in space communication systems &8€ required is generally too great. _ o
normally phase modulated using a scheme such as QPSK. If it is agAn alternative approach, which is much less time consuming, is to

sumed that the modulating signals are random, it follows that all pd8°de! the TWT as a generalized nonlinearity described by its single-
sible phase relationships between the carriers occur with equal préBLTier transfer characteristics. The program IMAL was developed at
ability. Thus, the instantaneous carrier power can be greater thanE&TEC for this purpose [4]. Basically, IMAL utilizes an input signal
less than, the mean power according as the carriers combine constfgined in the frequency domain. An initial random phase value is as-
tively or destructively. For two carriers, this situation can be modelét@ned to each spectral line and the spectrum is converted into the time
using unmodulated signals since all possible phase combinations o@P@in using the inverse fast Fourier transform (IFFT). As we are in-
with equal probability during one complete cycle of the difference frd€rested in the intermodulation falling in the amplifier band, the band-
quency of the carriers. For three, or more, carriers, however, it is né@ss Input signal is then converted to a complex lowpass equivalent

essary to employ Monte-Carlo methods to achieve the results requir@@€ (complex envelope) and this is distorted using the nonlinear char-
acteristics of the microwave amplifier. A linear interpolation routine

is used to distort the signal and it is then transformed back to the fre-
quency domain (FFT) to obtain the desired characteristics. In general
e phases of the spectral lines in a multicarrier signal are statistically

. ) . .t
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. ) . - Fig. 2. Comparison between LSM and IMAL results for two carriers.
Fig. 1. Single carrier transfer characteristics (a) AM/AM and (b) AM/PM.

two carriers and the two third-order intermodulation products because
of the frequency variation in the transfer characteristics.

Detailed analysis of the nonlinearity of a TWT reveals complex
behavior in which the trajectories of individual electrons may crods Three Carriers

over each other so that their positions and velocities are no longealculations were carried out using LSM with three equal carriers at
single-valued functions of the RF phase at which they entered hgquencies of 11.4, 11.6, and 12.0 GHz and intermodulation products
tube. Such crossovers normally begin to occur at approximately the11 2, 11.8, and 12.2 GHz. The relative phases of the carriers were
input signal level for which the transfer characteristics are perceptil}¥ried in steps of 60to make a total of 36 cases. It was found that
nonlinear. It is not self-evident, therefore, that the nonlinear perfafye total carrier power varied between 49.3 dB and 49.6 dB over the
mance of a TWT can be represented adequately by an analysis baggge of relative phases investigated. The variation of the total power
on its single-carrier transfer characteristics. A comparison was magéne intermodulation products was between 34.0 dB and 37.0 dB.
between results obtained using IMAL and LSM for three cases:  Results were obtained using IMAL for the same phase relationships and

Ill. CoMPARISONBETWEEN IMAL AND LSM

* two equal carriers; Fig. 3(a) and (b) shows the comparison between the two sets of results
» three equal carriers with phases varied ifi 6@ps; for correlated carriers and for the average of the 36 phase combinations.
* eight equal carriers. It can be seen that there is a close correspondence in both cases. IMAL

The TWT simulated comprised a single section without attenuatosgs also used to generate results for random phase variations and these
or variations in the helix pitch. Its single-carrier transfer characteristivgere found to differ from the case with thirty-six variations by only
are shown in Fig. 1(a) and (b). The AM/AM curve varied only slightlyabout 0.1 dB.
over the band from 10.7 to 12.7 GHz and the variation of phase at
saturation was about @ver the same band. C. Eight Carriers

Finally, results were computed for eight correlated carriers at inter-
vals of 200 MHz in two groups of four with a gap of 400 MHz between

The performance of the TWT was simulated using LSM with twthem. Intermodulation products were computed in the gap between the
carriers, their harmonics and the third-order inter-modulation protiwo groups and 200 MHz below and above the complete set. The same
ucts. Three tests were carried out using pairs of carriers centeredcase was computed using IMAL and the results are shown in Fig. 4. The
11.7 GHz with separations of 200, 400, and 600 MHz. The results di/o sets of results are in good agreement with each other and the differ-
tained were very similar in all three cases and any differences co@dces can be attributed mainly to the frequency variation of the transfer
be attributed to variations of the transfer characteristics (especially ttearacteristics. It will be noted that the IMAL results show a separation
AM/PM curves) with frequency. The same simulation, with the excefpetween the carriers at high drive levels. This is caused by interference
tion of the harmonics, was carried out using IMAL. The results olfrom intermodulation products whose frequencies coincide with those
tained by the two methods are compared in Fig. 2(a) and (b). It cahthe carriers. It will also be noted that the intermodulation product
be seen that there is close correspondence between these two figdadisg in the gap between the two groups of carriers has an amplitude
The LSM results show slight separations between the curves for théo 3 dB higher than those at the edges.

A. Two Carriers
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5 3 Correlated Carriers can be computed from its single frequency transfer characteristics and
:ILQIXL (a) that the results are valid over any frequency band for which these do
401 not vary greatly. It can also be concluded that the task of designing a
£ TWT with a specified linearity can be reduced to that of ensuring that
@ 301 it has the necessary transfer characteristics.
o 207
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...... LSM In:emrr:r:dulation products Abstract—Compact millimeter wave amplifiers with output powers
X IMAL Carriers .oz =T ranging from around 20 to 100 W are required for a number of important

40| military and commercial applications. This paper describes the design of a
miniature, low voltage, vacuum power booster TWT for aQ-band (40-45
GHz) millimeter wave power module (MMPM).

At a design voltage of 7.7 kV and a maximum current of 120 mA, an
output power goal of greater than 40 W of CW rf output power has been
established for the@Q-band TWT. Beam confinement is provided using an
» T optimized samarium cobalt PPM stack. Circuit losses at millimeter wave-

—+—— IMAL Intermodulation products
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L'::"‘//ff lengths are minimized using a novel wire-wrapped, T-shaped BeO rod sup-

0% port structure. Output power is transmitted through a 0.051 cm. thick alu-

10 = mina ceramic output window. High overall device efficiency is achieved
20 15 -0 Pin (-f!Bm) 0 5 10 through the use of a 3 stage depressed collector.

A recently completed engineering prototype produced 51 W of CW
power at 41 GHz. Experimental overall device efficiency was 34.5%. These

50 o results will be described, as well as ongoing work to further improve
(b) ,-/(i——r—'ﬁ—'—'—- overall device performance.
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40 I(r _ {--.
= P I. INTRODUCTION
- =
é 30 ',__/ Kb Millimeter wave power modules (MMPMSs) are complete microwave
b 1® amplifiers which include a low gain helix TWT, a high gain solid state
e LSM Tuil carrors driver amplifier (SSA), and a high density electronic power conditioner
. I . . . . . .
20 e mmmme- LSM Total intermodulation products | (EPC), contained in a single compact, lightweight package. Due to their
: :mt;ﬂg:?fm@:’ ttion broduct small size and weight they are useful for a variety of terrestrial and
.’ I . . . .
10 Lz B | w e ermodd Ftion produc airborne applications. Subsequently, the helix TWT must be capable of
-20 -15 -10 -5 0 5 10 operating in situations where the power resources may be quite limited.
Pin (dBm) Size, weight, and efficiency are factors that drove the design of the

Fig. 4. Comparison between LSM and IMAL results for eight correlateBresen(‘“)'balnd TWT to operate at a voltage of less than 10 kV.
carriers.
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