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Over the past years there has been an 
increasing demand for wideband communica-
tions services, such as video and high-speed data, 
using microwave radio facilities. Early microwave am-
plifiers, however, were not capable of providing bandwidths 
greater than about 1 percent of the operating or center fre-
quency. A broadband high-gain microwave amplifier, therefore, 
was seriously needed. To fulfill this need, a microwave tube was 
developed that provided high gain over bandwidths greater than 
10 percent of the operating frequency. This remarkable device 
became known as the traveling wave tube. 

This article briefly describes how a traveling wave tube works 
and discusses some of its important operating characteristics. 
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Figure 1 Construction of a typical traveling wave tube, showing the electron gun. 
the helix, and the collector. 

The ever-increasing demand for 
more and more communications 

services soon crowds the available radio 
frequency bands. To acquire more radio 
channels, it has been necessary over the 
years to develop communications equip-
ment capable of operating at higher and 
higher frequencies. Such progress up-
wards within the radio frequency spec-
trum was carried out successfully using 
so-called conventional electron devices 
— until the microwave region was 
reached. Here, things changed. 

Conventional electron tubes, for ex-
ample, cannot operate satisfactorily at 
frequencies above a few hundred mega-
cycles. The most serious limitation of 

these tubes at higher frequencies is 
caused by a phenomenon known as the 
liemsil time effect. This phenomenon 
occurs when the period of one cycle of 
a signal applied to the control grid of 
such a tube is less than the time it takes 
an electron to travel from the cathode to 
the plate. When this happens, the olt-
age of the alternating signal applied to 
the control grid may completely re-
verse itself before the electrons in transit 
have had time to reach the plate. As a 
result, these electrons are not able to 
follow the signal variations exactly. 
This, of course, distorts the signal at the 
output of the tube, and also decreases 
gain. 

• 
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Some method of controlling the flow 
of electrons had to be devised that could 
overcome the transit time limitation of 
ordinary electron tubes. Oddly enough, 
the first electron tubes that were devel-
oped to generate and handle microwave 
frequencies actually made use of the 
transit time effect. These tubes, known 
as klystrons, became quite successful 
primarily as oscillators, but are also cap-
able of providing considerable gain at 
microwave frequencies. Unfortunately 
klystrons are inherently narrow-band 
resonant devices having a useful band-
width of only tens of megacycles. How-
ever, they were the beginning of a fam-
ily of microwave electron tubes which 
also includes the magnetron. Later, a 
very useful device known as the travel-
ing wave tube (Twl-) was added to 
this family. Traveling wave tubes are 
non-resonant devices and proved to be 
capable of amplifying microwave sig-
nals with enormous bandwidths. 
The traveling wave tube was in-

vented in England in 1943 and first 
used in a television relay link which 

began operating in March,1952. Since 
then, it has found wide application in 
communications systems, primarily be-
cause of its broad bandwidth capability. 

Description 

The construction of a traveling wave 
tube is relatively simple. It consists 
essentially of an electron gun, a wire 
helix, usually encased in a glass envel-
ope, and a collector, as shown in Figure 
1. The electron gun, attached to one 
end of the helix, produces a focused 
beam of electrons which are directed 
through the center of the helix. The 
helix is simply a wire conductor that 
has been formed into a uniform spiral 
in order to slow down the forward 
progress of an RF signal fed into the 
tube for amplification. The collector, 
attached to the opposite end of the 
helix, is an electrode which receives 
the spent electrons that have traveled 
through the tube. 
The focused electrons emanating 

from the gun are held in a tight beam 
usually by some type of magnetic field 

Figure 2. Circuit di-
agram of a typical 
I-F heterodyne re-
peater using a travel-

ing wave tube. 
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surrounding the helix. There are sev-
eral methods used to prevent the beam 
from spreading, such as the electro-
static method, the electromagnetic meth-
od, and the periodic permanent magnet 
method. The periodic permanent mag-
net method is used most commonly in 
traveling wave tubes. In this method, 
permanent magnets are arranged in 
some periodic manner along the length 
of the tube. 

How It Works 

When an electron is in motion, it 
has a certain amount of kinetic energy. 
Increasing the velocity of the electron 
increases its energy, while decreasing its 
velocity decreases its energy. The ener-
gy given up by an electron whose veloc-
ity has been decreased must go some-
where. This basic principle underlies 
the operation of the traveling wave tube 
amplifier. 

Operation of the traveling wave tube 
is similar to other types of microwave 
tubes in that the transfer of power from 

INPUT 

A 

SIGNAL WAVE ( I) 

ELECTRON BEAM 

a direct current source to an RF signal 
is accomplished by velocity modulating 
a beam of electrons. This type of modu-
lation causes the electrons in the beam 
to form into periodic groups or bunches. 
To accomplish this bunching, some 
electrons in the beam are accelerated 
while others are slowed down or re-
tarded. If more electrons are retarded 
than are accelerated, the excess kinetic 
energy given up by the retarding elec-
trons is transferred to the modulating 
RF signal. The bunching of the beam 
electrons by the modulating signal and 
the transfer of energy from the retard-
ing electrons to the signal is called in-
teraction. Interaction in a traveling wave 
tube is continuous and cumulative and 
is the basis for amplification. 
The electron beam in a traveling 

wave tube is generated in the same man-
ner as the electron beam in a typical 
cathode ray tube. Electrons are emitted 
from an indirectly heated cathode, con-
trolled and initially focused by a grid, 
and accelerated by the electron gun 

INDUCED 
WAVE (2) 

RESULTANT 
WAVE (3) 

SIGNAL 

WAVE ( I\ 

• 

• 

• 

ELECTRON BUNCH 

4 



• 

• 

anode. As they leave the anode, the 
density of the electrons is uniform. The 
beam electrons are accelerated, by a 
positive voltage potential on the helix, 
to a velocity Uo, which is proportional 
to the square root of the helix voltage, 
V, as shown in the following equation. 

U0 = 5.93 x 195 VT 
meters/second (1) 

This equation assumes that the initial 
electron velocity is zero and the relation-
ship is, therefore, approximate. 
The signal to be amplified by the tube 

is coupled into the gun end of the helix. 
This RF signal travels as a surface wave 
around the turns of the helix, toward 
the collector, at about the velocity of 
light. The forward or akial velocity of 
the signal is slower, of course, because 
of the pitch and diameter of the helix. 
This forward movement of the wave is 
analogous to the travel of a finely 
threaded screw where many turns are 
required to drive it into position. The 
signal wave generates an axial electric 

INDUCED 
WAVE (2) 

field which travels with it along the 
longitudinal axis of the helix. This 
alternating electric field interacts or 
velocity modulates the electrons in the 
beam. 
The relationship between the initial 

velocity of the beam electrons given in 
equation ( 1) and the velocity of the 
axial electric field is very important. In 
order to achieve continuous and cumu-
lative interaction, the initial beam ve-
locity must be slightly greater than the 
axial velocity of the alternating electric 
field. 
When the electrons in the beam enter 

the helix they are accelerated or de-
celerated by the alternating electric field 
associated with the RF signal wave. 
Electrons acted upon by a positive elec-
tric field take energy from the field, 
and therefore, are accelerated. Electrons 
acted upon by a negative electric field 
give up energy to the field and, there-
fore, are decelerated or retarded. Since 
the initial velocity of the beam electrons 
is slightly greater than the axial velocity 

Figure 3. As the signal 
wave travels down the tube, 
electron bunches induce a 
second wave on the helix. 
The resultant of the signal 
wave and the growing in-
duced wave increases ex-

ponentially. 
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of the electric field, more electrons are 
retarded than are accelerated. This 
means that more energy is transferred 
to the field than it gives up. Because 
this interaction is continuous and cumu-
lative, the amplitude of the RF signal 
wave grows as it travels down the helix. 

Consider a group of beam electrons 
that have just entered the helix in the 
presence of a signal wave ( 1) as shown 
in Figure 3A. Electrons at the point 
of zero field intensity are neither ac-
celerated nor retarded. However, elec-
trons just to the left of the zero point 
are accelerated by the positive electric 
field and therefore catch up with the 
electrons at the zero point. Electrons 
just beyond the zero point are retarded 
by the negative electric field and are 
overtaken by the electrons nearer the 
zero point. As shown in Figure 3B, this 
action causes the electrons to become 

ELECTRON 
BEAM 

INPUT RF WAVE\ 

Figure 4. 

ATTENUATION 
REGION 

more and more dense at the point of 
zero field strength, as they travel down 
the tube. 
The electrons in this dense bunch 

induce a second wave ( 2) on the helix. 
This second wave produces an associ-
ated axial electric field that lags behind 
the first electric field by a quarter wave-
length. As the electron bunch travels 
down the tube it accumulates more and 
more retarding electrons which are 
giving off energy. As more retarding 
electrons are accumulated, the amount 
of energy transferred to the induced 
wave increases, thereby causing it to 
grow in amplitude. The resultant wave 
(3) caused by the addition of the signal 
wave ( 1) and the growing wave ( 2) 
increases in amplitude exponentially as 
it travels down the helix until it reaches 
the output of the tube, as shown in 
Figure 3C. 

OUTPUT RF WAVE 

The growing signal wave is reduced by the attenuator but reappears 
at the output of the attenuator and begins to grow again. 
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The net effect of this cumulative 
interaction is to reduce the average ve-
locity of the electrons in the beam. The 
kinetic energy, given up by this reduc-
tion in electron velocity is transferred 
to the signal wave. Thus, amplification 
has occurred through the interchange of 
energy from an electron beam to an 
RF wave. 

It is necessary to attenuate reflected 
waves on the helix to prevent spurious 
oscillations. This is accomplished by 
placing an attenuator between the gun-
end and the collector of the helix. In 
ordinary low power tubes, the attenu-
ator consists of a resistive material that 
is sprayed around the helix. 
The attenuator reduces the waves on 

the helix to practically zero while the 
electron bunches are essentially unaf-
fected. When the electron bunches 
emerge from the attenuator, the waves 
begin their growing process all over 
again. 

*Wave Analysis 

A mathematkal analysis of the wave 
propagation along the helix of a travel-

Figure 5. Power 
output vs. power in-

put. 

ing wave tube results in the following 
equation for the instantaneous axial 
component, E„ of the electric field 
strength. 

E. = Erna, (cospid (Upt— z) (2) 

where 

Em„,. = the crest value of the wave 
pi, = the axial phase shift 
Up = the axial wave velocity 

= time in seconds 
= the distance along the helix 

at any instant 

When an electron passes through an 
electric field, a force, F, is exerted on 
the electron that is equal to the electric 
field strength, E, times the electron 
charge, e. 

F = Ee newtons (3) 

The electric field strength exerts a si-
nusoidal force on the electrons within 
the beam. Since the electrons are free 
to respond to this force, their velocity 
will fluctuate sinusoidally. The magni-
tude of this sinusoidal velocity fluctua-
tion, ! lie!, is 
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1.76 x 10" az x 

I = 
f3P (Up — (J.,) 

meters/second (4) 

The axial wave velocity, Up, is fixed 
by the helix while the initial beam 
velocity, U„, is proportional to the helix 
voltage as shown in equation ( 1). The 
quantity lUei is a measure of the per-
turbation of the electron velocity by 
the wave and, therefore, gives an indi-
cation of the kinetic energy that is avail-
able for transfer to the signal wave. For 
maximum perturbation, hence maxi-
mum energy available, the average ve-

Figure 6. Gain vs. helix voltage. 

locity of the electrons should be ap-
proximately the same as the axial wave 
velocity, U„. As stated previously, the 
initial velocity, U„, of the beam elec-
trons must be slightly greater than the 
axial velocity of the wave. This is neces-
sary so that the beam electrons can give 
up more energy than they receive and 
still have an average velocity approxi-

ONE-THIRD POWER OF 
BEAM CURRENT 

Figure 7. Gain vs. beam current. 

mately the same as the axial wave 
velocity. 
The signal wave will grow expo-

nentially when the traveling wave tube 
is operating in what is known as its 
small signal region. However, a point 
of maximum net energy transfer, called 
saturation, is eventually reached. This 
point is determined essentially by the 
dc operating parameters of the tube. 
Beyond the saturation point, the gain 
of the tube begins to decrease. Here the 
tube is operating in a condition or 
region known as overdrive. The small 
signal region, the saturation point, and 
the overdrive region, representing the 
dynamic characteristics of a traveling 
wave tube, are shown in Figure 5. 
Traveling wave tube amplifiers are op-
erated, of course, somewhere in the 
small signal region. 

Gain and Output Power 
Gain and output power of a travel-

ing wave tube are a function of the 
helix voltage and beam current. A par-
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ticular helix voltage will synchronize 
the electron velocity with the phase 
velocity of the signal wave. During syn-
chronization, interaction efficiency is at 
its highest and maximum gain is ob-
tained. If the helix voltage varies from 
this point of synchronization, the gain 
decreases as shown by the curve in Fig-
ure 6. Operation above synchronous 
voltage extends the small signal region 
and increases the mailable output power 
at the expense of gain. 
The gain at any frequency is essenti-

ally a function of the one-third power 
of the beam current and decreases as 
beam current is decreased, as shown in 
Figure 7. By operating the grid of a 
traveling wave tube more and more 
negatively with respect to the cathode, 
a point is reached where the gain of 
the tube becomes negative and it acts 
like an attenuator. At higher current 
levels, gain, saturation power, and 
power in overdrive all increase. The 
electrical and thermal characteristics of 
a particular traveling wave tube tend to 
limit the allowable beam current. Like 
any electronic device, traveling wave 
tubes are designed to operate below 
certain limits of input power. Operat-
ing a tube above these limits almost 
always degrades its performance. 

Traveling wave tubes achieve gains 
ranging from 10 to 60 db, with con-
tinuous wave (cw) output powers above 
1 kilowatt using an ordinary helix. 

AM/PM Conversion 

When the RF signal applied to a 
traveling wave tube approaches a high 
value of amplification near the satura-
tion region, the average beam velocity 
decreases making the circuit appear 
longer to the beam electrons. The result 
is that the electrical length of the helix 
becomes proportional to the RF energy 
level and is indicated as a relative phase 

change. The mathematical slope of the 
RF signal level versus relative phase 
shift curve is a parameter called ampli-
tude modulation/phase modulation con-
version, or more commonly, AM/PM 
conversion. AM/PM conversion, ex-
pressed in degrees/db, is an indication 
of the amount of phase modulation of 
the RF signal contributed by the travel-
ing wave tube. The effects of AM/PM 
conversion usually result in a com-
promise between gain, power levels, 
and allowable noise contributions. 
Traveling wave tubes used in communi-
cation systems generally are required to 
exhibit AM/PM conversion figures less 
than 2 degrees/db. 

Bandwidth and Noise 

The useful bandwidth of a traveling 
wave tube is determined by the range 
of frequencies over which the phase 
velocity of the wave is essentially con-
stant. Bandwidth is limited at the low 
frequency end of the band by dispersion 
(change in phase velocity with fre-

35 
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Figure 8. Typical gain vs. frequency. 
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quency) and at the upper end by re-
duction of field intensity with an in-
crease in radial distance from axis to 
helix. 
The flattest gain-bandwidth charac-

teristic is obtained when the helix volt-
age optimizes gain at or near the high 
frequency end of the band. Under this 
condition, synchronization with the 
wave at the high end compensates for 
the radial decay of the RF field with 
frequency. At the same time, operation 
away from synchronization at midband 
lowers the maximum gain which occurs 
at the band center. These two effects 
work to minimize gain variation. 
The bandwidth of a traveling wave 

tube is limited more by the input and 
output couplers than by the propagating 
characteristics of the helix itself. How-
ever, bandwidths greater than one oc-
tave have been achieved. 
The types of noise associated with 

traveling wave tubes are thermal noise 
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which is caused by random currents in 
the conductors, shot noise resulting from 
the random nature of emission charac-
teristics and electron flow in the beam, 
and partition noise which develops as 
electrons are intercepted at grids and 
on the helix. Thermal noise is a func-
tion of temperature and bandwidth. 
Shot noise can be reduced by designing 
the cathode to operate at the lowest pos-
sible temperature. Partition noise is re-
duced by maintaining the electron beam 
in a tightly focused envelope. 

Uneven emission from cathode sur-
faces can increase noise by producing 
a nonsymmetrical beam. Thus, as a 
traveling wave tube ages, it may become 
noisy unless the emission decreases 
evenly over the entire surface of the 
cathode. Partition noise increases when 
cathode emission becomes non-uniform 
as the tube ages and manifests itself as 
an increase in helix current at rated 
collector current. Normally, the useful 
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Figure 9. RF signal level vs. phase shift. 
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Figure 10. Photograph of typical traveling wave tube used in a microwave hete-
rodyne repeater system. Tube operates in the 6000 megacycle band. 

al 
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life of a typical communications travel-
ing wave tube is in excess of 7500 
hours. 

Conclusion 
The traveling wave tube is indeed a 

remarkable device. It overcame the 
bandwidth limitation of other micro-
wave tubes and has proved to be an 
extremely valuable tube in modern com-
munications systems. In fact, traveling 
wave tubes have been launched into 
space aboard certain communications 
satellites that are in orbit today. 

Before the traveling wave tube was 
developed, microwave amplifiers were 
limited to bandwidths of about one per-

cent of the center frequency. Traveling 
wave tubes have achieved bandwidths 
greater than 10 percent of the center 
frequency because of the cumulative 
nonresonant interaction between the 
electron beam and the RF signal. 

This tremendous broadband feature 
has made the traveling wave tube espe-
cially useful in the development of 
heterodyne or non-demodulating re-
peaters for use in wideband trans-
mission systems. With the expanding 
need for more and more wideband com-
munications services such as high speed 
data and video or television, the travel-
ing wave tube will certainly provide a 
significant contribution. 
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MICROWAVE SYSTEM WITH 
HETERODYNE REPEATERS 

Lenkurt's 75A Microwave Radio is a 
high performance wideband system 
designed for heavy-density, long-haul 
routes. Operating in the 6000 Mc 
band, the 75A handles up to 960 voice 
channels or a color television signal. 
Superior system noise performance is 
achieved using I- F heterodyne re-
peaters with traveling wave tube out-
put amplifiers. The technical charac-
teristics and design features of this 
flexible microwave radio system are 
described in Form 75A-P4, available 
on request from the Sales Promotion 
Manager. 
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