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Abstract—This paper describes simulations of the noise-power the passband to the power of those in the notch at the output of
ratio (NPR) for a helix traveling wave tube (TWT) performed the DUT.
with the large-signal, one-dimensional (1-D), multifrequency code T ; e
CHRISTINE. The results obtained with this code are in better . ;I'rlavellng Wa.vett_ubes (T(\le:lI';)Ra_re usedf\{[vr:dely a;famtl?llflerts
agreement with measured values than are the more traditional in e ecommumc;a -|ons, an ] IS orle or tné specmca -|ons 0
values calculated by power series. We conclude that NPR sim- b& met when building a particular device. Because NPR is mea-
ulations with large-signal codes have the potential to shorten sured after a device is built, the meeting of a particular NPR
the design phase of TWTs by eliminating the need for repeated specification may require several build-test cycles. This devel-
build-test cycles to meet a required NPR. opment cycle could be shortened if it were possible to predict a
Index Terms—Amplifier distortion, communication system non-  device’s response before it is built.
linearities, design automation, intermodulation distortion, simula- Traditional analytic or semi-analytic methods [1], such as ex-
tion, traveling wave tubes. : . : o
panding the device’s response in a power series in input voltage
or power, are inadequate to compute NPR or require experi-
I. INTRODUCTION mental measurements to determine the coefficients of the expan-
HE EXPLOSIVE growth in telecommunications has inSion. Therefore, these method_s have I|m|fced predictive power.
On the other hand, large-signal, multifrequency numerical

creased the demand for high data-throughput and be%%rdes to simulate TWTS, such as CHRISTINE [2], [3], can com-

transmission quality in an already congested s_pectru_m, r_nakmé;(e ab initio a device’s response and have the potential to simu-
necessary the use of digital modulation techniques in wirel §1§e NPR measurements. Thus, the design phase of a TWT may

systems. Amplifiers for digital systems must boost S|multan%-e shortened by reducing, or eliminating altogether, the several

ously signals from multiple channels, and, to assess theirperf&rﬁld—test cycles required to meet a particular NPR specifica-
mance, two-tone tests do not represent realistic operating cpn

ditions. Instead, multitone tests must be used. . . . N
Noise-power ratio (NPR) is a multitone test designed to mea-The purpose of this paper is to illustrate the viability of NPR

sure linearity and the dynamic range free of intermodulati Simulations with the large-signal code CHRISTINE. The main

. X . . . Bhstacle to overcome is the large number of input frequencies
distortion, and is particularly relevant to multichannel telecom- ) : . L

L . .~ used in the experimental measurement. Section Il below justi-
munications systems. In contrast to traditional, analog-orlen;fe

tests that use simple sinusoidal stimuli, the evaluation of N ES the use of as few as a dozen input frequencies, thus making

) . . : the computer simulation with a large-signal code feasible, Sec-
requires a more complex stimulus that consists of a signal Whh

white Gaussian noise characteristics, from which a portion oF . . : . X
T . ; . gence, and in Section IV we compare the simulations with ex-
the spectrum has been removed. This input signal is applleogto

: . Lo rimental m rements. Our conclusions ar mmarized in
the device under test (DUT), and any nonlinearity in the DU thioen\? easurements. Our conclusions are summarized
leads to the appearance of spectral components within the spec- '

tral notch removed from the input signal. Experimentally, the
digital technique is preferred, wherein a brick-wall spectrum
consisting of thousands of discrete frequencies with random amThe input stimulus for a NPR experiment consists of either
plitudes and phases are digitally generated, and the spectnwise or several thousands of discrete frequencies; the handling
notch is created by band-reject filtering (see, e.g., [4]). NPRd& such input is beyond the capabilities of current multifre-
defined as the ratio of the power of the spectral componentsguoency, large-signal codes. However, here we show that it may
be possible to simulate accurately NPR measurements with
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and letA; be the amplitude of th&/-order M = 3, 5, ---)in- eraging the output spectra. Similarly, to calculate the NPR for
termodulation products for a given pair of input carriers. It caa given device we run a sequence of simulations with random
be shown [5]—by expanding the DUT’s response in a Tayl@mplitudes drawn from a Gaussian distribution with zero mean
series, collecting the terms that contribute to Mieorder inter- and unit variance and random phases drawn from white noise.
modulation product, and using (2)—that the dependenckpf The amplitudes so generated are scaled to obtain the total input
on the number of carriers; when P, is kept constant is given power, P, under consideration. We shall refer to each of these

by runs as a realization of the NPR experiment.
_ M2 To be specific, for a realization with; frequencies and a
Ap ocng () total input powerP,,
where the constant of proportionality,, depends on the gain ny
function of the DUT and scales with/ as [6] Pp=1ng Z A3 (11)
_ =1
gar o (2M N1L) T (4) !

the amplitudesd,; are given by
where

P\ /2
M=N+L 5) Aj = Aolpjls; <n—f> 12)

i.e., the intermodulation frequency resulting from a paircar-

riers with frequencieg;, and f, is N fy = L f. wherep, is a random number with a probability

For atotal o ¢ input carriers there are nfc possible pairs of Elp,] o (13)
input carriers, and, therefore, the total amplitude oftherder J
intermodulation product is ands, is a shape factor used to carve out a notch in the passband.
(4—M)/2 At the bottom of the notck; = 0 ands; = 1 outside the notch.
A]w xn (6) e . o J )
s Also, to minimize aliasing, we set; = 0 at the first and last
i.e., the total poweP;; in the M-order intermodulation is two frequency points in the passband.
The normalization factorlg is given by
Py o gy ()
—1/2
ny
Summing over all possiblé/’s, and factoring out the term

proportional ton s (for M = 3), the total power in all intermod- i
ulation products is =
oo 5 We generate the normally distributed random numbegrs
Pod, tot, X g3 s <1 + Z <92k_+3> nJTQk) (8) vvjth the MATLABO [7] routipe randn a_nd the uniformly Fiis—
g3 tributed random phases with the routirendu . For a sim-
ulation with N realizations withn ; frequencies we generate
N x ny random numberg; and N x ny random phases in
one calltorandn andrandu , respectively. These numbers are
saved to a file from which they are read at the beginning of each
Py realization of the numerical experiment; thus, each numerical
P ©) experiment can be repeated unambiguously. Fig. 1 is a plot of
) ) ) ) . the distribution of thep;s so generated for a simulation with
whereF,,; is the output power in the input frequencies. W““”sz — 13 and 50 realizations.

FPout @sin (1) and using (8), the NPR will scale with as The simulations were performed using the large-signal, mul-
oo 5 -1 tifrequency helix TWT code CHRISTINE. This code has been
NPR <1 + Z <%) nJTQk) (10) Validated experimentally [8], [9] through an extensive compar-
il 93 ison of simulated responses with experimental measurements
of an L-band TWT. All the simulations presented here use the
hysical parameters of this tube. These parameters and the im-
ementation of simulations with CHRISTINE are described in
the Appendix.
We considered a bandwidth of 36 MHz centered at a fre-
quencyf, = 1.6498 GHz, with a notch of width 3.0 MHz at
the bottom of the notch. Fig. 2 is a typical output spectrum for
Experimentally, NPR is measured by generating a sequergceealization of the experiment withy = 25.
of input spectra with random amplitudes and phases, and avNote that, on output, there is a nonzero signal at the first and

o ) ) ) last two frequency points due to intermodulation products (re-
1Although the derivation presented here is for the intermodulation products

of any pair of input carriers, the final result is the same for more complex inté?-a” that th_e.input amp!itudes at these points are set to zero on
modulation products such &6f; + Lf, + K fs, etc. See [5] and [6]. input to minimize aliasing).

k=1

where the running index2k + 3 takes the values
M=57"79, - --fork=1,23 ---.
The noise-power ratio is given by

NPR=
Pmod,tot

Because of the strong dependencegfon the intermodula-
tion order,M, (10) suggests that it may be possible to accurat
simulate the NPR with ; ~ 10-100 instead of the many thou-
sands used experimentally.

I1l. SIMULATION APPROACH ANDRESULTS
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Fig. 1. Distribution of the random numbeys generated with the Matlab
routinerandn for a numerical experiment with , = 13 frequencies and 50
realizations.
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Fig. 2. A typical input and output spectrum for a run with 25 frequencie

spanning a 36 MHz range centeredfat= 1.6498 GHz and total input power
—14 dBm (3 dB input back-off from saturation, where saturation-11 dBm).
The notch is covered by five frequency points, three at the bottgm=( 0),
spanning 3.0 MHz, and two at the3 dB points ¢; = 0.5).

To validate our approach, we run convergence tests of the

merical experiments with respect to both the number of freque
ciesny and the number of realizations averaged to compute t

NPR at a fixed input power of16 dBm. Our results are pre-
sented in Fig. 3.

Note that the curves with; = 49 andn; = 97 frequen-

cies are essentially identical for averages of more than 20 re

izations. This corresponds to the largg-limit of (10), and it

shows that a larger number of frequencies is not necessary

calculate the NPR. Even; = 13 yields NPR values within 1
dB of the converged one. These results encouraged us to pu
the comparison with an experimental NPR measurement.

IV. EXPERIMENTAL VALIDATION
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Fig. 3. Calculated NPR as a function of realizations averaged and size of
frequency grid. The different symbols correspond to different number of
frequencies as described in the insert. The bandpass is 36 MHz wide and
centered afy, = 1.6498 GHz, and the total input power is16 dBm.
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Fig. 4. Diagram of the experimental setup for measuring the NPR in a Hughes
8537H TWT.
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The experimental setup was typical to NPR measuremer...,
and can be seen in Fig. 4. The device under test was an L-b%nd
Hughes 8537H TWT. Time-averaged, typical input and outpwfh
spectra are shown in Fig. 5.

5. Time-averaged input and output spectra for a NPR measurement
total input power—14 dBm (3 dB input back-off from saturation, where
saturation= —11 dBm).
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Fig.6. Comparison between simulated and measured NPR in a Hughes 8587 7. Comparison between the time-averaged experimental output spectrum

TWT as a function of total input power. All the simulations were run with(solid line) and simulated average spectrum (50 realizations averaged, vertical

n; = 13, and the values shown correspond to the average of 50 realizatiolizes with circles) for a total input power 6f14 dBm. The first and last two

The saturation point corresponds to an input power bt dBm. points of the simulated spectrum are below the experimental value because, on
input, the amplitudes of these points are set to zero to minimize aliasing.

Our main result is presented in Fig. 6. This is a comparison . . .
between simulated and measured NPR as a function of tQ ?onjun_ct_lon with C.HRIS-“N.E because the code can calculate
input powerp, the coefficients of this expansion up to order 20, and, therefore,
e . . this method can be used without resort to experimental measure-
For P, > —15dB input back-off from saturation (saturation . . . . .
. . . . ments or heuristic approximations. Also, use of this method is
= —11 dBm input power) the simulations agree with the mea- X .
- . much faster than using the full, large-signal code for each real-
sured values within the experimental error bars (0.5 dB), but for_ .
. |zation of the experiment.
lower values ofP,, the agreement is not so good. The reason for .
. ; o Recently [10], a method was proposed to calculate NPR using
this discrepancy is that the TWT we used exhibits an anomalous : : :
. : . . the two-tone intermodulation response (IMR2). This method
behaviorinthe intermodulation products at very low input powetr, . . ! .
relies on calculating the IMR2 using the Volterra—Wiener for-
as measured by Abet al.[9]. Currently, we do not understand "~ .
. . . .. malism, and the NPR can be bracketed by using the IMR2 at
this anomaly, and in future work we hope to unravel its origin.

All the simulations shown in Fig. 6 used; = 13 and were mldpanq and at the.band edge.
. . e N Fig. 8is a comparison between the measured NPR and values
obtained by averaging 50 realizations. Each realization took 4

min of CPU time on a Hewlett-Packard workstation: thereforgaICUIated with full simulations with CHRISTINE (also shown

a NPR simulation for a fixed input power took ab&ui hours. above in Fig. 7), a power-series transfe_r function with C(.)em'
. . . cients calculated by CHRISTINE, and using the two-tone inter-
Animportant pointto be stressed is the accurate representation ! .
ofthe shape ofthe inputnotch in the simulations. This s achievg]c?dmatlon response as proposed in [10]. .
: Clearly, the simulations with CHRISTINE are superior than

through the shape factoss[see (11)—(14)], and Fig. 7 IIIUStrateSany of the other methods, particularly close to saturation. Even

thelrgse toachieve agood match t(.) the experlmgntal ;etup. a% a 10 dB input back-off from saturation the best performing

Using a perfectly square notch in the simulations instead 0, : . ! :
the tapered one illustrated in Fig. 7 results in an underestimgit?er.nawe method (the power series transfer f_unct|on with co-
' icients calculated by CHRISTINE) underestimates the mea-

L e
of the NPR by as much as 3 dB. Therefore, this is an impot- red NPR by as much as 2 dB.

tant point to bear in mind when attempting to simulate NPE‘&U
measurements. In addition, note that, in Fig. 7, the simulation’s
bandpass is smaller than that used in the experiment. We found
that only the frequencies closest to the notch contribute to theUsing the large-signal, multifrequency code CHRISTINE we
NPR—a result consistent with the importance of modeling threave shown that measurements of NPR can be simulated with
notch’s shape accurately—and that a ratio of 10 : 1 for the barigktter than 1 dB accuracy using only 10 to 50 frequency points,
pass to notch-width ratio (at the bottom of the notch) is moie contrast to the experimental setup, which uses thousands of
than sufficient to accurately reproduce the experimental valuasput carriers. In a modern workstation, a typical simulation re-
Finally, it is interesting to compare the performance of ouuires only about 2.5 h.
simulations with other methods to estimate NPR measurementaVioreover, because the calculation of a NPR value requires
The traditional approach is to expand the transfer function tife average of scores of mutually independent numerical real-
the DUT in a power series in the input amplitudes and phaseations of the experiment, this approach is ideally suited for
(for example, output voltage is expanded as a power seriegparallel execution or distributed execution over a network; thus,
input voltage). This method is particularly appealing when useaecution time can be reduced further.

V. CONCLUSIONS
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Fig. 8. Comparison between measured NPR in a Hughes 8537H TWT as T s
function of total input power and calculated values using different approache A0 A
The parameters for the full CHRISTINE simulation are the same as those l
Fig. 7. Simulation: full simulation results; Experiment: measured values; Pow ‘&
Series: results obtained by expanding the device’s response in a power serie % b ) M G
input amplitudes with the expansion coefficients calculated by CHRISTINE = 5t
IMR2 Midband: results using the two-tone intermodulation response calculate E ].
at midband; IMR2 Band Edge: results using the two-tone intermodulatio =
response calculated at the band edge. o L
= A l 1
=
. . . . . . = 18]

With its circuit parameterization features, CHRISTINE— "
together with the post-processing software developed for th 11 1 11
project—can be used to perform complex trade-off analysis 1 l
produce a TWT design with high efficiency and low-distortion 1 _ .
that meets a pe_xrncular NPR sp§0|f|cat|on. Therefore, the co 163 Gl 65 ) 87
has the potential to favorably impact the development tim Fraquency (GHz)
and costs for new TWT designs by reducing the number of
hardware iterations required to prove out the designs. Fig. 9. Two-tone intermodulation products calculated with CHRISTINE.

APPENDIX points,A f. The central frequencyp, fuin, @nd fi.x Must be
HUGHES8537H TWT SMULATIONS WITH CHRISTINE integer multiples ofA f. Also, one has to specify the input power

CHRISTINE [2], [3] is a parametric code developed to modéNd phases for the input tones. , .
helix TWTs. The code allows to simulate the amplification of F19- 9 IS an example of the calculation of the intermodula-

multifrequency signals and their harmonics, and it includes &N Products for a two-tone, equal amplitude input. In this ex-

ficient algorithms to perform complex circuit optimizations. ample,fg = 1.6498 GHz, fﬂjﬂ = 1631425 GHZ, fuax =
Whaley et al. [8] and Abe et al. [9] validated eXperi- 1.668 175 GHz, andAf = 1.5 MHz; thUS, the frequency grld

mentally the code through an extensive comparison of sim%pnsists of 25 equally-spaced points. AI.I the inputphases are set
lated responses with experimental measurements of an L-b&3gero. and only the two frequency points adjacenfiave
Hughes 8537H TWT, the same tube used for the experimeft80NZero input power, set to bel4 dBm, or about 3 dB input
and simulated responses presented here. The tube’s mechaRgk Off from the saturation point of the Hughes 8537H TWT
and electrical parameters used in our simulations are preserﬂ&&ﬁs GHz.
in Table | [9]2
To perform a multifrequency calculation with CHRISTINE,
one has to specify the central frequency of the passband considfhe authors would like to acknowledge the generous con-
ered, fo, the minimum and maximum frequencies in the passibutions of the Hughes Electron Dynamics Division for their
band, fmin and fuax, and the frequency separation betweeyan of the 8537H TWTA and for providing corresponding
2The one-dimensional (1-D) model approximates the effect that the thrggSIQn and fabrication data. In particular, the authors wish to

boron nitride support rods have on the dispersive characteristics of the helix ¢#ank Drs. A. Adler and W. L. Menninger of Hughes EDD,
cuit by reducing the dielectric permittivity of the rods to an effective “smearedyy, D. J. Gregoire of Hughes Research Laboratories, and

relative permittivity that completely fills the area between the inner radius of tki L
vacuum envelope and the outer radius of the helix. The value of this smea qMcDonald of the Naval Research Laboratory for their time

relative dielectric constant is computed using area weighting. and expertise.
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