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Accurate Phawe-Length Measurements of Large

IVIicrowave Networks

J. WEAVER, MEMBER, IEEE, AND R. ALVAREZ, MEMBER, IEEE

Absfract-The Stanford two-mile linear accelerator uses 240,

single-input-port, four output-port, S-band, rectangular-waveguide

networks to feed RF energy sixty to seventy feet from the klystrons

above ground to ten-foot-long, disk-lea ~ed, circular-waveguide, ac-

celerator sections below ground. During installation it is necessary
to permanently adjust the phase lengths of the four network branches
to be within +4.5 electrical degrees of the design lengths for RF

wave and electron beam synchronization.

A modulated reflection phase-length comparison method is used,

whereby a small signal is sent into each branch and reflected, in

turn, by a diode switch, which is turned on and off at a 1 kHz rate.

A null occurs in the amplitude modulation of the sum of a large

reference signal and the small reflected signal, when the two signals

are nearly in-phase quadrature. The reflectors are placed so that the

network branches are properly adjusted when the nulls from all

branches occur for the same setting of a variabl[e phase shifter in the

measurement line.

Small mismatches and multiple power divisions do not affect the

accuracy of thk method. Frequency, temperature, and air pressure

are the main environmental conditions affecting the measurement

and are discussed along with the design of the reflecting diode

switch, which is mounted in a vacuum-sealed waveguide flange.

I. INTRODUCTION

o

~TEhT THJZ accurate measurement of electrical

phase lengths is necessary in the design of rnicro-

\vave circuits. For numerous components and

devices, a short length of transmission line is needed to

act as a transformer to match two impedances. In other

cases, where the load and the generator are matched

already to the characteristic impedance of the trans-

mission line, but the generator feeds several output
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ports, it may be important that the signals arrive at the

respective ports with specific time delays or phase rela-

tionships. The system described below is clesigned to

measure this latter type of network.

The method used to make an electrical phase-length

measurement depends upon the type of network. F!ela-

tive or comparison phase-length measurements gener-

ally are easier to make than absolute phase-length

measurements, m-hich may require detailed knowledge

of the device’s phase vs. frequency response, Thus, the

phase length usually is determined by comparison with

a similar, known or reference phase length in conj unc-

tion with an accurately calibrated, variable p base

shifter.

The device to be measured may be inserted into the

measurement circuit, so that the test signal either is

transmitted through the device, or sent through the de-

vice and reflected back through it by a reflector on the

output. A reflection method measures twice the length,

and thus half-cycle phase length differences appear as

full-cycle phase shifts. This phase ambiguity in klrge

networks, with uncertain phase-frequency character-

istics, is not resolvable simply by measuring the phase

length at several frequencies. A transmission phase

measurement method for a large network usually re-

quires that a long phase-stable return path be provided

from the output port of the network back tcl the phase

measurement system. Often with both methods, effects

due to small undesired CW reflections and unequal cir-

cuit attenuation can be minimized by modulating the

signal. A more complete discussion of various phase-

length measuring techniques is given by Lacy, and

others [1]–[7].
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Fig. 1. lVaveguide network.

The problem of adjusting the phase length of the 240

rectangular waveguide feed networks for Stanford’s

two-mile linear accelerator was solved by using a modu-

lated reflection method [8], similar to one suggested by

Schaeffer [Z] and later further developed and used by

Swarup and Yang [9] to adjust a radio astronomy an-

tenna array. The accelerator utilizes a high power, S-

band, rectangular-waveguide network to feed RF energy

from each 2.5 megawatt klystron amplifier through 25

feet of earth shielding to four, independently fed and

terminated, 10 foot, disk-loaded, circular-waveguide,

accelerator sections (Fig. 1). In operation, an RF wave

appears to move along the entire accelerator in a single

coherent wave with a phase velocity equal to c. This

condition requires that each accelerator section have an

RF phase velocity equal to c at the operating frequency,

2856 MHz, and that the RF wave entering each section

be phased correctly with respect to the bunched elec-

tron beam. Each klystron is individually phased by an

automatic system [1 O] to obtain the correct phase rela-

tionship between the bunched beam and the wave in one

particular accelerator section driven by that klystron.

Thus, the high power waveguide feed network must be

permanently adjusted so that when the wave is phased

correctly with respect to the beam in that one acceler-

ator section, it is phased correctly in the other three sec-

tions driven by that same klystron. Since the accelerator

RF input ports are spaced by an integral number of

wavelengths (29), the waveguide network branches

must be adjusted to be equal in phase length, or to differ

by only an integral number of wavelengths.

The modulated reflection method for phase adjust-

ment uses an individually controlled reflector (modu-

lator flange) at each of the four output ports. A 2856

MHz CW signal is fed to the input port of the wave-

guide network, then one reflector at a time is switched
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at a 1 kHz rate, and each return signal is compared in

quadrature with a much larger unmodulated reference

signal. The resultant signal will not exhibit a 1 kIHz

amplitude modulation when the reference signal and the

carrier of the modulated reflected signal are out of phase

by ninety degrees. hleanwhile, the diodes in the other

three modulator flanges are not switched, but are dc

biased to cause little reflection. This allows comparison

of the phase lengths of the four branches, subject to the

half-cycle ambiguity of the reflection method. The half-

cycle ambiguity then is resolved by a transmission phase

measurement, which uses the modulator flanges as coax-

to-waveguide adapters and uses a long coaxial cable as

the return path to the input port of the waveguide net-

work.

The particular problems encountered with the net-

works (see Fig, 1) are: its large physical size, its 6 d B

of power division per branch, and numerous, small mis-

matches of undetermined phase. The great length of the

network branches requires that the phase-length de-

pendent parameters (temperature, frequency, and di-

mensional tolerances) be stringently controlled. How-

ever, some of the temperature-dependent effects tend

to cancel, as they are nearly the same for all the branches

of a network. Unequal attenuation and random, small,

network reflections produce only second-order phase

measurement errors with the modulated reflection

method.

II. DESCRIPTION OF THE ~IE.\SURIZMENT SYSTEM

The phase-length measurement system consists of

four modulator flanges (Fig. 2), connecting cables, and

the phasing machine console (Fig. 3). The circuit, in-

cluding the network under measurement, is shown in

Fig. 4. .4 vector diagram showing the relationship be-

tween the pertinent signals at the detector and the equa-

tions for those signals are given in Fig. 5. Equations

(1), (2), and (3) give the expressions for the CW refer-

ence signal v,, the square-wave modulated reflected sig-

nal ti~, and the resulting sum signal vS, respectively. The

microwave frequency is w., and the reflector is switched

at co~. The reference phase length from the signal gener-

ator to the detector is q, and the phase length from the

generator through one branch of the network to the

modulator flange and back to the dletector is 0. The

modulation index is m. Equation (4) gives the quadra-

ture null conditions.

Two things should be pointed out about (4). First,

the null conditions are independent of the type of ampli-

tude detection (linear, square-law, etc.), and secondly,

the phase length O varies as twice the length of a branch.

Thus, the phase shifter in Fig. 4 can be adjusted so that

q is in quadrature with O for any netw-ork branch, if its

length is any multiple of quarter wavelengths long. The

quarter-cycle ambiguity can be resolved by noting (see

the vector diagram of Fig. 5) that when O is increased

by the phase shifter the resulting vector v, increases in

amplitude if (0 –~) = 270° @ and decreases when (0 –q)

= 90° +. Whether v. increases or decreases is easily d eter-

mined by synchronous detection; that is, b:y triggering

the oscilloscope (Fig. 4) with a 1 kHz signal from the

modulator power supply and observing whether the

1 kHz amplitude modulation of V, (at the crystal detec-

tor) is of the same phase as each of the four modulator

flanges energized in turn.

The remaining half-cycle phase ambiguit} is resc)lved

by a transmission phase measurement, for which a 75-

foot flexible coaxial cable serves as the return path from

each modulator flange, one at a time, to the phasing

machine console. The phase-length instability of the

coaxial cable prevents the transmission measurement

from being accurate to better than 10° @. A reference

signal and the transmitted signal are fed into opposite

ends of a standing-wave detector. The variable attenu-

ator equalizes the amplitudes of the reference and trans-

mitted signals to produce a null pattern in the standing-

w-ave detector, and the sliding probe indicates any shift

in null position froln branch to branch. The modulator

power supply square-wave modulates the RF si;g-nal

from the generator, reverse-biases one modulator fkmge

(through the dc isolation T), and forward-biases the

other modulator flanges.

In the fine-phase (modulated reflection) measure-

ment, the modulator po~ver supply switches one of the

four modulator flanges at a 1 kHz rate, forward-biases

the other three, and triggers the oscilloscope sweep. The

calibrated dielectric-slab phase-shifter is adjusted to

produce a null in the 1 f+Iz amplitude modulation of the

sum signal v, at the detector. The difference in phase

shifter settings for the four branches of the IIeh70rk are

direct measures of the phase length differences. The

standing-n-ave indicator conveniently doubles as a 1 kHz

tuned preamplifier for the detected amplitude modulat-

ion of the sum signal. The oscilloscope displays this

amplitude modulation, and serves also as the synchro-

nous detector which resolves the quarter-cycle ambi-

guity, The standing-wave detector is useci also in a

separate measurement to measure the input reflection

of the network after tuning. Additional facilities permit

calibration of the reflection phases of the modulztor

flanges and monitoring of drift in the phasing macb inc.

The modulator flange (Fig. 2) consists of a diode

s~vitch mounted in a special, stainless steel, vacuum

sealing, S-band w-aveguide flange. The point-contact

germanium diode is spring loaded on the end of a post

across the waveguide. Two adjustable tuning screws in

the plane of the diode are used for matching. The tuning

screws and the diode post, which connects tcl the center

conductor of a TNC fitting on the flange circumference,

are vacuum sealed m-ith teflon O-rings. Thin ~old plating

on top of copper plating improves the calibration accu-

racy and the shelf life of the stainless steel flanges. W/hen

the flange is properly tuned, reverse biasing the diode

creates a large shunt admittance across the waveguidej

which causes almost complete reflection. Forward bias-

ing creates only a small shunt admittance, which causes
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Fig. 2. Modulator flange.
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Fig. 3. Phasing machine console.
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null conditions.

little reflection [11 ]. The tuning screws are adjusted so

that the phase of the sum of the small and large reflec-

tions are the same in all four modulators. Since the di-

odes exhibit a nonlinear phase vs. voltage character-

istic, square-wave modulation makes for easier under-

standing and analysis of the circuit. The modulator

power supply switches the diode bias signal at a 1 kHz

rate from — 20 volts to + 100 mA. When the diode is re-

verse biased, the modulator flange serves as a coax-to-

waveguide adapter with stable phase characteristics and

a transmission loss of about 20 dB. Between the diode

support post and the flange body, there is a capacitive

reactance of about 1.4 ohms at 2856 LIHz, which pro-

vides some isolation between the bias circuitry and the

microwave reflector circuitry. Since the modulator

flange is primarily a precision reflector, and only in-

cidently a coax-to-waveguide adapter, the 20 dB trans-

mission loss is preferable to less isolation. Frequent re-

calibration locate the position of the equivalent plane

of reflection to better than ~ 0.3° q!). The major source

of calibration error is the small movement of the inter-

nal parts of the flange modulator during its installation.

The modulator flange is definitely the most critical

component of the system.

Before the waveguide components are assembled,

they are matched to a VSWR of better than 1.0.5.

Ground loops, frequency drift, temperature fluctua-

tions, and modulator calibration accuracy are the major

sources of phase adjustment error. If this type of system

is to be used over a range of frequencies, and for abso-

lute phase length measurements, a good deal of care

would be required in its design and calibration. How-

ever, many of the mismatches and component phase

characteristics are not detrimental when the system is

operated at a single frequency and as a nul [ comparison

meter.

II 1. RESULTS AND LIMITATIONS OF

THE MEASUREMENTS

Phase-length measurements and adjustments were

made on 240 networks. The branches of any single net-

~,ork are from 59 to 70 feet long (118to 140 guide wave-

lengths), and there are seven, vacuum tight, copper

gasket joints along each branch. The waveguide com-

ponents were tuned for minimum VSWR before instal-

lation, but it was necessary to adjust the phase of the

networks after final installation because of their

great length, their numerous joints, and their sensitivity

to temperature and vacuum conditions. The ten-foot

accelerator sections were included between the modu-

lator flanges and the output ports of the wa.veguide net-

work (Fig. 4), so the network would not have to be moved

or connected after its adjustment. Including the acceler-

ator sections in the measurement was possible, since

their phase lengths were adjusted to within + 2.5°4

before installation. The biggest problem was maintain-

ing their temperature. Figure 6 shows the phase 1ength

dependency of a network and an accelerator section.

The phase length of an accelerator section is seen to be

eight to ten times more sensitive to temperature and

frequency changes than a waveguide network branch.

A water heating system that sets the accelerator sections

and waveguide network temperatures nominally at

113° F is capable of maintaining a temperature differ-

ence between network branches of less than 0.75° IF and

between accelerator sections of less than 0.2° F for con-

ditions of no RF power, such as during phase measure-

ment. Phase-length stability under accelerator operat-

ing conditions is more complex, and is treatecl else-

where [12].

The measurement frequency is monitored with a fre-

quency counter and maintained within[ 500 I-Iz of

2856 MHz. The network and accelerator sections are

evacuated to less than 25X 10–3 (torr).

At this internal pressure, changes in internal pressure

do not affect appreciably the phase length, either by

change in dielectric constant or by elastic deforruation

of the waveguide walls. However, elastic deformation,

due to changes in external atmospheric (barometric)

pressure, can cause measurable changes in phase length.

These changes will be less than 0.014(0@) . (ft)-l for 5
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Fig. 6. Phase length coefficients.

percent changes in barometric pressure. It is interesting

to note, too, that the total effect of evacuating the sys-

tem from 760 torr of dry Nz to less than 25X 10–3 torr

is — 0.68 (0#) . (ft)–l for the rectangular waveguide and

– 280 (0+) for the ten-foot accelerator section [12].

The total attenuation of the reflected signal zJ~ is

about 52 dB greater than the reference signal V,; there-

fore, the quadrature null condition of (4) results in a

(O–q) of not exactly 90 (“4) or 270 (o@), but 90.07 (“~)

or 269.93 (o@). Thus, small variations in attenuation of

less than a dB from branch to branch cause less than

0.01 (04) error. The waveguide network input VSWR

after tuning is less than 1.2; this contributes a negligible

error to this kind of modulated-reflection, null-com-

parison method. The actual phase adjustments are per-

formed by permanently indenting the waveguide walls

with special C-clamps with twelve-inch jaws. Smooth

indentations over a length of several feet easily produce

phase shifts up to the usually maximum variation be-

tween branches of 60 (o@). A few networks were out of

adjustment by almost 180°g5 and required clamping

over longer lengths to prevent significant reflections.

Two operators in telephone communication easily made

the remote adjustments. Bowing in of the narro~v wall of

the waveguide decreases its phase length, and bowing in

of the broad wall (with consequent bowing out effects

on the narrow wall) increases its phase length.

The measurement system is capable of reproducing

measurements within + 0.1 (“@). The modulator flanges

have a calibration accuracy of better than f 0.3 (“o).

The netmorks have a phase stability of better than

~ 0.5 (“qi). The accelerator sections are within i 2.5 (“@)

of their design lengths. Thus, the overall accuracy of

phase adjustment is better than ~ 4.5 (“o), allowing

~ 1.0 (0q5) for temperature instabilities for the acceler-

ator sections.

Figure 7 sho~~-s the distribution of phase unbalance of

the waveguide components before tuning. Measure-

ments \vere made, at most klystron stations of the phase

unbalance from the klystron port to the input port of

the lower power divider, and at all stations of the S-

assemblies (the quarter-power portions of the rectangu-

lar waveguide network, including the lower power di-

vider). Separate data are shown for S-assemblies at odd-

and even-numbered klystron stations because of the

alternating feed arrangement show-n in Fig. 1, The data

show that the rectangular waveguide crossover branch
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Fig. 7. Graphs of phase length errors due to
manufacturing tolerances.

is correctly designed, as its location in the network does

not affect the mean phase unbalance. The 15°q5 mean

unbalance did not warrant adjustment of the design of

the rectangular waveguide network during manufacture.

In conclusion, the modulated reflection scheme has

been found to work very well on the large, single-input

port, multi-output port, waveguide networks. The great-

est errors come from limited control over the environ-

mental parameters. The use of a diode for the modulated

reflector is very satisfactory as long as the microwave

power level at the diode ~vas kept low (a few milliwatts).

If this type of scheme is used at different frequencies,

either to make absolute phase length measurements or

to measure the phase vs. frequency characteristics of a

network, the reflector and the microwave comparison

circuit must be broadbanded or calibrated as a function

of frequency.
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Sampling for Oscilloscopes and Other RF Systems:

IIc Through X~Band

w. fi~. GROVE, MEMBER, IEEE

Absfracf—Sampling techniques as used in wideband oscilloscopes

have, in the past, yielded bandwidths up to 4000 MHz. This approach

has now been employed to achieve bandwidths in excess of 15 GHz.

The design requirements necessary for this extended bandwidth are

presented along with a detailed description c,f one solution to the

design problem.

The device is basically a two-diode sampler located at the center

of a dielectric filled, biconical cavity containing the RF transmission

line. The RF line is perpendicular to the axis c)f the biconical cavity.

The sampling pulse is introduced into the cavity by applying it di-

rectly between the centers of the opposite faces of the cavity. This

establishes a potentiaf difference between two points on the ground

conductor of the RF transmission line being sampled. This technique

is basic to the operation of the device and plays a key role in the re-

duction of sampling loop inductance, which would limit the band-

width. The equivalent circuits are presented along with the appro-

priate defining equations. The relationship between bandwidth,

input VSWR, and step response overshoot, are presented, along with

the typical measured results.

INTRODTTCTION

s

ANIPLINC. TECHNIQUES have long been used

on periodic waveforms to achieve wide bandwidths

in oscilloscopes [1 ]– [12]. The same technique has

been used in phase-locked loops [13], in random satn-

pling voltage detectors, and other RF systems. Although

the applications of sampling are quite different, the basic

requirements for a broadband sampling device are nearly

the same regardless of the application. This technique

has now been extended to X-band frequencies and above

hIanuscript received May 31, 1966.
The author is with -hp- Associates, Palo Alto, Calif.

by the development of a sampling device with a band-

width in excess of 12.4 GHz.

There are other performance characteristics to be con-

sidered when evaluating a sampling device. Severid of

these are input signal dynamic range, sensitivity, input

voltage standing-wave ratio, phase response, and me-

chanical configuration. The bandwidth of such a de-

vice, however, is the most important single performance

characteristic.

There are many electronic systems presently using

sampling devices and these devices vary w-iclely in per-

formance and general configuration, The state-of- the-

art in wideband sampling devices up to now has been

the 4 GHz bandwidth presently available in sampling

oscilloscopes [14].

The bandwidth of a sampling device employing semi-

conductor diodes is determined entirely by the dicldes,

by the sampling pulse and by the method used to con-

nect them to the RF transmission line being sampled.

This paper will discuss these basic elements and the

design requirements for each. A unique sampling cir-

cuit will be presented along w-ith its mechanical lreal-

ization. Typical measured performance dati> will then

be presented, completing the design cycle.

A. Basic Sampling Req?l irements

Figure 1 shows an idealized sampling circuit. SW itch

S is closed for a short period of time, allowing the sam-

pling capacitor C to charge to some fraction of the voltage


