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Abstract—In this paper, we demonstrate the use of a power
margin as a figure-of-merit for evaluating the performance and
optimizing the design of traveling-wave tube amplifiers (TWTAs)
used in digital communication applications with multilevel modu-
lations. The power margin is a system-level measure that balances
both device efficiency and nonlinear distortion and provides a
more direct prediction of the system-level performance of power
amplifiers than device-level measures such as device efficiency
or error-vector-magnitude. We calculate the power margin for
M quadrature amplitude modulation for an existing TWTA to
demonstrate the setting of an optimal amplifier operating drive
level according to the criterion of the maximum power margin.
The power margin can also be used to compare the performance of
different traveling-wave tube (TWT) configurations. We compare
the calculated power-margin performance for helix TWT circuits
optimized with different optimization goal functions using the
helix TWT design code CHRISTINE. The goal functions used in
the optimization of the TWT circuits include AM/PM optimiza-
tion, complex gain optimization, efficiency optimization, and a
new digital goal function optimization. The digital goal function
is shown to provide an enhanced power margin compared to the
other three goal functions and demonstrates the potential of TWT
device design optimization from a system perspective.

Index Terms—Communication systems, microwave circuit
optimization, microwave power amplifiers (PAs), nonlinear
distortion, satellite communication, traveling-wave tubes (TWTs).

I. INTRODUCTION

THE increasing need for high data rate (HDR) links in mil-
itary and commercial communication systems, coupled

with the limitation on available spectrum, is resulting in a re-
newed interest in high spectral-efficiency modulations. For the
designer of power amplifiers (PAs) to be utilized in these new
systems, the use of multilevel modulations places a stringent
requirement on PA linearity. Whether one is concerned with
the battery life of a cell phone with a solid-state monolithic
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microwave integrated circuit (MMIC) amplifier or the power
budget in a satellite communications system employing a
traveling-wave tube amplifier (TWTA), the system objective is
the same, namely, maximizing link margin while minimizing
prime power requirements. From the device perspective, this
translates to the objective of minimizing distortion while
maximizing device efficiency. The design of PAs to optimally
achieve this objective is the subject of much research.

This paper demonstrates a procedure for the optimal design of
a TWTA using the power margin in a communication link as the
figure-of-merit. The power margin is the ratio of the available
power to the power needed to maintain a specified bit error rate
(BER) in the presence of a known level of additive noise. While
the power margin for a particular design depends on a number of
specific parameters such as noise level and error rate, the ratio
of power margins for two designs does not. Thus, the power
margin is a measure of the performance of an amplifier design.

It is shown that the optimization procedure based on the
power margin can be used not only for setting the operating
point of the TWTA, but also for optimization of the physical
design of the traveling-wave tube (TWT) itself. The use of
TWTAs designed by such a procedure can, in principle, yield
an improvement in the system link margin over systems
employing TWTAs designed according to more traditional
analog distortion specifications. Furthermore, it has become
increasingly common for a system to use a TWTA in combi-
nation with a predistortion linearizer to reduce the nonlinear
distortion by the TWTA [1]. It is possible to extend the design
technique to optimize a TWT circuit to achieve a particular set
of AM/AM and AM/PM drive curves that can better match
the characteristic of a linearizer in order to achieve maximum
compensation. Similarly, the need for higher data rate places
increasing bandwidth requirements on PAs and demands
unprecedented wide-band nonlinear modeling of PAs [2]. The
technique described here can also be extended to include power
margin degradation due to memory effects and to optimize
power-margin performance of TWT circuits with wide-band
nonlinear memory effects taken in account.

In this paper, we will concentrate on applications where the
bandwidth of the digitally modulated signal being amplified by
the TWTA is relatively narrow so that the gain is independent of
frequency and the memoryless nonlinear model [3], [4] for the
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TWT can be applied. In these types of applications, two issues
are of great importance.

The first is, for an existing TWTA, the determination of op-
timal drive level. The conflicting requirements of efficiency and
linearity prevent the TWTA from operating near saturation; on
the other hand, operating the TWTA with low efficiency would be
economically undesirable. From the system perspective, optimal
operation of a TWTA requires the tradeoff between power and
distortion. Significant efforts have been devoted to the study
of this issue. Criteria based on analog figures-of-merit such as
noise power ratio (NPR) have been suggested for this purpose
[5]. The shortcoming of analog figures-of-merit is their failure
in revealing the digital nature of the communication signals.
Alternatively, power-margin analysis based on system-level
digital error rates is often used to optimize the PA operating point
[6]. The inverse of a power margin is also referred to as total
degradation in the literature [7].

The second issue is the optimization of the TWT design to
achieve the highest possible performance. Dynamic velocity
tapering (DVT) is a well-known technique to improve the effi-
ciency and linearityof TWTsby properly varying circuit physical
parameters such as helix-pitch profiles [8], [9], and a great
number of similar techniques have also been invented to improve
the efficiency and linearity of TWTs over the past 50 years
[10]–[13]. With the recent advances in high-fidelity computer
modeling of TWTs and the rapid increase in computing speed, it
is possible to quickly evaluate TWT circuits and perform iterative
optimizations by changing circuit parameters using feedback
from the circuit evaluation. The physics-based helix TWT design
code CHRISTINE is one exampleof amodernhigh-fidelityTWT
design code [14], [15]. The question of which goal function to use
in the optimizer must then be answered. Traditional performance
specification of a TWT such as AM/AM and AM/PM distortion
provides only limited insight in addressing the issue. Direct op-
timization of TWT circuits using system-level figures-of-merit
such as a power margin should prove to be advantageous.

This paper is organized as follows. In Section II, a memory-
less nonlinear model of the TWT is described. In Section III,
we calculate the power-margin performance of a TWTA using
square M quadrature amplitude modulation (M-QAM). This
modulation has been chosen as representative of a multilevel
modulation, which would require significantly better linearity
in the PA than more traditional near constant-envelope modula-
tions [minimum phase-shift keying (MSK), binary phase-shift
keying (BPSK), quadrature phase-shift keying (QPSK)]. In
Section IV, we make use of CHRISTINE’s optimization
capabilities to illustrate the design of helix TWT circuits,
which are optimized for link power margin. The power margin
for the optimized TWT circuits is calculated to compare the
relative performance of the circuits. The goal functions used
include AM/PM minimization, complex gain linearization,
efficiency maximization, and a new digital goal function that is
an approximation of the exact power-margin calculation.

II. MEMORYLESS NONLINEAR MODEL FOR TWTA

If the bandwidth used in a modulated carrier communication
system is small enough such that the amplifier transfer charac-

Fig. 1. Measured nonlinear gain and phase conversion functions for the
Hughes 8573H helix TWTA at 1.65 GHz.

teristic is essentially frequency independent over the bandwidth
of the signal, the amplifier is traditionally modeled by the in-
stantaneous nonlinear amplitude and phase transfer functions.

Assume the complex envelope of the RF input signal is given
by

(1)

where and are the instantaneous amplitude and phase
of the RF waveform. The digital information is carried by
and , whose exact forms depend on the modulation formats.
The output through a memoryless nonlinearity can be written as

(2)

where and are the nonlinear amplitude and phase
transfer curves obtained from single-tone swept-power mea-
surement. The experimental nonlinear transfer curves for a
Hughes 8573H helix TWTA at 1.65 GHz are shown in Fig. 1,
where the magnitudes of the input and output signals are
expressed as powers measured in dBm.

III. PERFORMANCE EVALUATION OF TWTA
USING A POWER MARGIN

A. Definition of a Power Margin

The probability of demodulation error at the receiver is typi-
cally the prime performance measure in digital communication
systems. A demodulation error occurs when the demodulated
location of a signal falls outside of the decision boundary of
its associated reference constellation. When the received signal
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is corrupted by additive white Gaussian noise (AWGN), the
symbol error rate (SER) can be estimated by integrating the
portion of a two-dimensional (2-D) Gaussian distribution out-
side the decision boundary of a particular reference. Assuming
a square M-QAM constellation is gray-coded, the BER is given
by

(3)

where is the modulation order.
For a perfect linear amplifier, increasing the input drive will

increase the output power and the carrier-to-noise ratio (CNR)
and, therefore, lower the BER. In the presence of nonlinear dis-
tortion, a higher CNR is needed with increasing input drive in
order to achieve the same BER. Such an increase in CNR and the
accompanying increase in the required power represent a power
penalty for operating an amplifier in its nonlinear regime.

A quantitative measure by which amplifiers can be designed
and operating points can be chosen is to compute the power
margin. The power margin is defined as the ratio between the
available power and the power needed to sustain a particular
BER level with a known noise level [6]. The absolute value of
the power margin depends on a number of other system specific
factors in a communication link: antennas, path losses, and noise
levels, etc., which are not the concern of this paper. The impor-
tant features of the power-margin curve remain unchanged as
long as the nonlinearity is fixed. Therefore, the power-margin
curve can be very useful for setting the optimal operating point
for an existing TWTA, as well as comparing the relative perfor-
mance of different TWT designs.

In Fig. 2, we plot the calculated power margin for the
Hughes 8573H TWTA at 1.65 GHz for M-QAM modulation
for and and a reference BER of 10 .
The power margin is normalized to the maximum achievable
power margin for for a linear amplifier with the power
for the largest amplitude symbol equal to the saturation power
of the TWTA. The curve indicates that the TWTA’s optimal
operation requires significant backoff from saturation and the
amount of the backoff depends on the modulation format used
for the system. The higher the modulation order, the greater
the backoff and the lower the achievable power margin. The
constellations and decision boundaries used in the calculation
are generated by requiring that

(4)

is minimized, where is the modulation order, is the re-
covered transmitted symbols, is the ideal constellation ref-
erence and is a complex scaling factor. The amplitude of

is related to signal gain estimation and its phase is related
to carrier phase estimation. The exact values of depend on
the modulation. For 16 QAM, in a complex baseband notation,

and is related
to according to (2).

Finally we note that, in our calculation of the BER, coding
and its effect on the BER are not considered. In a nonlinear

Fig. 2. Power margin for M-QAM versus peak output backoff (O.B.O.) from
saturation.

channel, the use of coded M-QAM signals can have the benefits
of lowering the BER and providing a power-margin gain [16].

B. Power Margin Versus Spectral Regrowth

Spectral regrowth and spectral-regrowth-derived parameters
such as adjacent channel power ratio (ACPR) have long been
used as figures-of-merit for measuring the nonlinear distortion
in a microwave PA. Spectral regrowth, however, does not reveal
any information on device efficiency. Furthermore, it also shows
little dependence on the signal modulation. On the other hand,
the values of the power margin show strong dependence on both
the input drive and modulation order.

We note that, despite the relative insensitivity of spectral re-
growth on modulation information, they remain important re-
quirements for multichannel applications and government spec-
trum regulation.

IV. TWT CIRCUIT DESIGN OPTIMIZATION

USING A POWER MARGIN

The power margin also provides a means for comparing the
performance of TWT circuit designs from a system perspective
and can be used as a figure-of-merit for optimizing TWT circuit
design. The TWT design code CHRISTINE has the capability
of optimizing circuit parameters using a modified steepest de-
scent algorithm to achieve desired performance characteristics
depending on the specified goal functions. The circuit param-
eters that can be varied are those describing the circuit (pitch
profile, helix radius, vane radius, etc.). Here, we use the power
margin for 16-QAM modulation as a figure-of-merit to compare
the performance for different circuit designs for a -band helix
TWT at 5 GHz optimized with four different goal functions. The
goal functions that we have experimented with are as follows.

1) AM/PM optimization

Error (5)

is minimized, where is the output phase shift and
is a specified maximum output power.
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2) Complex gain optimization

Error (6)

is minimized, where is the complex gain and
is a specified maximum output power.

3) Efficiency optimization

(7)

is maximized, where and are the beam current and
voltage, respectively.

4) Digital optimization:

Power margin (dB)

(8)

is maximized, where is the average power of the re-
covered symbols at the moment of symbol decision,
is the distance from an element of the ideal reference
constellation to its decision boundary, is the shortest
distance for all the recovered symbols to their decision
boundaries in the first quadrant of the in-phase/quadra-
ture (I/Q) plane, is the second shortest distance, and so
on, as shown in Fig. 3. The choices of parameters and

depend on the order of the M-QAM modulation and are
listed in the Appendix. For 16 QAM, and .

Goal functions 1–3 have traditionally been used in optimizing
TWT designs for analog applications [17]. Their definitions do
not contain system-level information so it is unlikely for them
to result in designs that produce an optimal power margin. The
definition of a power margin requires simultaneous optimization
of efficiency and linearity.

Goal function 4, as derived in the Appendix , is an approxima-
tion of the power margin and should produce that highest power
margin. It is motivated by the principle of union bound, which
is based on the distances from the transmitted symbols to their
associated decision boundaries [18], [19]. The reason for using
an approximation in implementing the power margin as a goal
function instead of the exact power-margin calculation is to re-
duce computation time. With the present implementation of the
digital goal function in CHRISTINE, most of the computation
time during optimization is consumed by calculations of phys-
ical processes in the TWT. (Total computation time for each dig-
ital optimization run is approximately 3 h on a 1.33-GHz Athlon
personal computer (PC).) With the availability of faster CPUs,
this computation time will surely be decreased and the approx-
imation for the power margin may be replaced by the exact cal-
culation without run-time penalty.

Both the complex gain and AM/PM optimization require the
choices of a in output power and a corresponding
in input power for the goal function so that a minimum linear
gain must be maintained for a successful opti-
mization run [17].

The electron-beam parameters and helix-circuit parameters
other than the helix-pitch profile for the -band helix TWT used

Fig. 3. Geometrical distribution of the reference constellations (+) and
recovered symbols (.) for 16-QAM. Distance from the reference constellations
to the decision boundaries is D. Distances from the recovered symbols to the
decision boundaries are d . d is the shortest distance, d is the second shortest
distance, and so on.

in the optimization were the same as those listed in [17]. To ar-
rive at each of the optimized designs for the -band helix TWT
using a particular goal function, helix-pitch profiles after the
sever were varied beginning with a constant profile as the initial
condition, while all other circuit parameters were held fixed to
achieve the desired optimization. The electron beam current and
voltage (and, therefore, beam power) were also fixed so that ef-
ficiencies could be compared. Second harmonic production was
also included in the simulation.

Two approaches for varying the helix-pitch profile were used.
In the first approach, the helix pitch at 11 fixed locations along
the helix after the sever was allowed to vary freely and the pitch
between those fixed points was obtained by linear interpolation
from the two nearest fixed points. In the second approach, the
helix-pitch profile was forced to vary according to some pre-
defined curves with parameters relating to the shape of those
curves as the optimization parameters.

A. Freely Varying Helix-Profile Optimization

Four optimized helix circuits were obtained for the four goal
functions using this approach. The characteristics for each of the
circuits are shown in Figs. 4–7. The drive curves are shown in
Figs. 4 and 5, the helix-pitch profile is shown in 6 and the power
margin is shown in 7. The power-margin curves are calculated
by estimating the BER using the drive curves in Figs. 4 and
5 with a reference BER of 10 for 16 QAM. The fact that a
circuit optimized with the digital goal function has the highest
power margin and achieves a 1-dB improvement in the power
margin compared to the constant pitch case demonstrates that
it is possible to optimize a TWT circuit according to system-
level information such as modulation format, communication
standards, and power margin, etc.

Of the four goal functions, AM/PM optimization yields an
even lower power margin than the untapered unoptimized cir-
cuit because of the lower available output power. It is obvious
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Fig. 4. Nonlinear amplitude conversion for the optimized helix TWT circuits.

Fig. 5. Nonlinear phase conversion for the optimized helix TWT circuits.

Fig. 6. Helix profiles for the optimized helix TWT circuits.

that this is not an acceptable optimization strategy. Efficiency
optimization and complex gain optimization are two commonly
used goal functions for optimizing TWT circuits. The short-
coming of efficiency optimization is its inattention to nonlinear
distortion.

It may be possible to improve the power margin further for
complex gain optimization by changing and after
each optimization and repeating the optimization with the new
parameters, but it is a less attractive option because of the time-
consuming nature and uncertainty of manual iterations. The dig-

Fig. 7. Relative power-margin performance for the optimized helix TWT
circuits.

Fig. 8. Complex optimization after digital goal function optimization.

ital goal function provides a balance between efficiency and dis-
tortion minimization to achieve maximum power margin and is
easy to use because it is a single quantity optimization.

For relatively lower order modulations, the digital goal
function essentially attempts to equalize the gain at a limited
number of input drive levels. For 16 QAM, this number is
only three. Therefore, a TWT circuit that is optimized for
a maximum power margin at a particular drive level might
sacrifice the power margin at other drive levels. This is demon-
strated in Fig. 8. In Fig. 8, the helix profile optimized with the
digital goal function in Fig. 6 is used as the initial pitch profile
for re-optimization with the complex goal function for three
different pairs of ( , ). Each of the re-optimizations
lowers the maximum power margin, but shows improvement
before the maximum. As higher order modulation is used, the
digital goal function will equalize the gain at more input drive
levels. Complex-gain re-optimization will not create much
difference. This implies that, for higher order modulations, a
digital goal function optimized circuit will also be complex
gain optimized. A complex gain optimized circuit is, however,
not necessarily digital goal function optimized. This is because
of the need to choose ( , ) for complex gain opti-
mization, which is more susceptible to being trapped in a local
minimum depending on the particular optimization algorithm
implemented in the optimizer.
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Fig. 9. Nonlinear amplitude conversion for constrained optimization.

B. Fixed-Shape Constrained Helix-Profile Optimization

Due to the large degrees of freedom required for the approach
described in Section IV-A, it is very difficult to control the shape
of the helix profile. The shape of the optimized helix profiles
tends to be irregular and have large variations. They are also
very difficult to fabricate and it is likely that the improvement
in the power margin could well be overwhelmed by additional
issues such as internal reflection, etc. A better approach would
be to require the pitch profile to have some fixed shape with pa-
rameters relating to the shape of those curves as the optimization
parameters.

It was pointed out by Kosmahl [8] that the preferred rate of
helix taper in a DVT configuration is an exponential rate with
the taper starting at a location when the electronic efficiency is
low. This suggests, for optimization, an exponential taper

(9)

where is the pitch profile for the tapered section, is the
untapered pitch, is the starting location of the taper section,
and and are constants to be determined.

Optimization runs were carried out with the constraint that
satisfies (9). Two sets of optimization parameters were

used: 1) , , and are the optimization parameters with
fixed and equal to the helix pitch before the sever; 2) , , and

, as well as are the optimization parameters with the helix
pitch before the sever fixed. The configuration in (1) is the orig-
inal DVT configuration described in [8]. Also, we only used effi-
ciency and digital goal functions. The characteristics for four of
the optimized circuits are shown in Figs. 9–12. The drive curves
are shown in Figs. 9 and 10, the helix-pitch profile is shown in
11, and the power margin is shown in 12. The power-margin
curves are calculated by estimating the BER using the drive
curves in Figs. 9 and 10 with a BER of 10 . Note that, in each
of the optimized helix-pitch profiles in Fig. 11, the optimized
value for the -parameter for each of the optimized helix pro-
files is very close to zero and the exponentially tapered section
can essentially be replaced by a linear taper without changing
the TWT performance.

For the same set of optimization parameters, the efficiency
and digital goal functions result in approximately the same
maximum output power with the efficiency optimization

Fig. 10. Nonlinear phase conversion for constrained optimization.

Fig. 11. Helix profiles for constrained optimization.

Fig. 12. Relative power-margin performance for constrained optimization.

having slightly higher maximum output power. The digital
goal function, on the other hand, always produces drive curves
with less AM/PM distortion that always translates into a higher
power margin.

Allowing to vary during optimization produces a phase
velocity step after the sever. This step and the phase velocity
taper at the end of the helix result in drive curves with higher
maximum output and lower AM/PM distortion and, therefore,
also higher power margin. The lower AM/PM distortion is un-
derstandable if we recall that the helix pitch for the AM/PM
optimization in Section IV-A is greater than the constant pitch
value in the entire helix after the sever.
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Even though the maximum power-margin improvement
from the constant pitch TWT is approximately 0.7 dB, which
is less than the 1-dB improvement achieved in Section IV-A,
the pitch profiles in Section IV-B are much easier to realize
that those in Section IV-A. It is also reasonable to suggest that
even higher power-margin improvement can be achieved by
optimizing other helix-pitch profiles that are more efficient in
suppressing nonlinearity in a TWT. We also note that helix
pitch is not the only circuit parameter that can be optimized to
improve power margin. Other circuit parameters such as the
helix radius and sever width can be used together with the pitch
profile to achieve this goal, as described in the many inventions
listed in [10]–[13].

V. CONCLUSION

In this paper, a procedure for the optimization of TWT oper-
ation and physical design based on the power margin has been
examined. Although the established traditional figures-of-merit
such as efficiency and complex gain can lead to TWTA designs
performing better than unoptimized untapered helix designs, the
use of a system-specific power margin as a figure-of-merit has
been shown to lead to further improvement in TWTA designs.
The improved TWTA design can yield beneficial improvement
in the link margin for communication systems using spectrally
efficient modulations.

The use of a power margin provides a figure-of-merit that bal-
ances both efficiency and linearity, and a quantitative analysis
for a particular TWT circuit configuration; the use of iterative
optimization provides a tool to fully explore its potential.

APPENDIX

Approximation of Power Margin

Our objective for the approximation is to derive a mathemat-
ical expression that has the general trend of the exact power-
margin curve and enough free embedded parameters that can be
adjusted to improve the accuracy by fitting the expression to the
exact calculation, while minimizing computation time.

For a square 16-QAM constellation

Error Rate (A.1)

where is the complementary error function, is the dis-
tance from a recovered symbol to one of its decision boundary
in the first quadrant of the I/Q plane, as shown in Fig. 3, and
is the rms noise level.

In the linear case, the recovered symbol locations coincide
with the reference symbol locations, thus, we have

Error Rate (A.2)

where is the distance from a symbol to its decision boundary.
In the nonlinear case, the recovered symbol locations will no

longer coincide with the reference symbol locations. Due to the
fast drop rate of , the error rate is dominated by a number

of smallest distances. If we keep smallest distances ( to be
determined later),

Error Rate (A.3)

where .
In order to maintain the same error rate in the presence of

nonlinear distortion, we need to have

(A.4)

For low error rate, , and we have the following loose
approximation for :

(A.5)

where depends on the required error rate. Combining (A.4)
and (A.5), we have

(A.6)

and

(A.7)

where is the distance from one of the reference constellation
to its decision boundary. Power penalty (in decibels) is, there-
fore, given by

Penalty(dB)

(A.8)

and the power margin is given by

Power margin(dB) (dB)

(A.9)

where is a constant and, if only the relative power margin is
of interest, its exact value is not important and can be ignored.

A similar expression can be derived for higher order M-QAM.
The - and -parameters in (A.9) can be determined by fitting
(A.9) to exactly calculated power-margin curves for M-QAM
modulation, as shown in Fig. 13, and are summarized in Table I.
The parameter depends on the modulation, as well as the pa-
rameters and . It should be held fixed when comparing the
relative power margin for different drive curves with the same
modulation format. In Fig. 14, the relative power margin for
16-QAM modulation for four optimized drive curve used in Sec-
tion IV, as well as their approximation is plotted. The agreement
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Fig. 13. Comparison of the calculated power margin with digital goal function
approximation for M-QAM modulation. The symbols are an approximation and
the solid lines are an exact calculation.

TABLE I
PARAMETERS m AND n SUMMARY

Fig. 14. Comparison of the calculated relative power margin with digital goal
function approximation for different nonlinear drive curves. The symbols are
the approximation and the solid lines are the exact calculation.

between the exact calculation and the approximation is excel-
lent.
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