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I C. ASSTRACT
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investigate sexiconducicr phas: shifiing technigues in the L and § fre-
quency bands. The summary descr:.bes analyses end experimspisl siudies
of two basic phase shifter cirmuit medes, ibe iravamission phase shiflzs

and the transmissicn~reflecticn phase shifter. In the jutter cslasg, ootk
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At

continnous and discrele increment phase conirol axdels ars treated.
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\€§ The transmission reflection circuii mode utilizing PIN diodes

for phase control basicelly yields switchable time delay, and midels
were constructed which were operaied to 48 kilowatis ait L-bend and 5
kilowntis at S-band.

Continucus phase control fer iow power applicaticns was demon-—
strated at L and S-bands with a figure of merit of approximat:ly 250
degrees phase shift per decibel of insertion loss per kilo-megacycle of

operation using the transmission reflection mode. These used 18C Kme

cut-of f frequency varactors as phase control elements. }
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i D. PURPOSE

The purpose of this work is to investigate microwave phase
shifting techniques, excluding ferrcmagnetic and mechanical methods, to
make recommendations for new phase shifting techniques which provide
improved elactronic control, and to develop phase shifter models utiliz-

ing these technicues.




i-9

I E. IDENTIFICATION OF PERSONNEL

Name Title

J. White Project Manager

L. Mesler Semiconductor Engineer

R. Galvin Diode Characterization Engineer
H. Griffin Circuit Engineer

Dr. K. Mortenson Consulting Physicist

Biographies of these personnel have been included in the

previous reports.




IT-1

II  INTRODUCTION

A. ﬁigh Power Phase Shifting

The desirability of radar systems having large RF power capa-
bility as well as rapid antenna pointing agility suggests the use of
phased array antenna techniques. Such phased array antennas require
precise RF phase ccntrol, and for this function various schemes have
been recommended and tried within the last few years.

These methods have included phase control et IF frequencies
and the deployment of frequency multiplying chains to obtein microwave
energy of controlied phase. Another technique consists of the use of
sections of waveguide with spaced apertures through which microwave
energy may escape by radiation; the direction of radiation may be con-
trolled by adjustment of the frequency of the microwave energy; this
technique makes use of the dispersive property of waveguide when opera-
ted in a transmission mode near cut-off. Using this technique, beam
steering can be accomplished at a rate that is limited only by that
rate at which the transmission frequency can be varied. However, in-
herent in this method is relatively narrow bandwidth operation; since
the direction the array antenna points is, by design, a function of
frequency.

Another form of phase control is effected by the construction
of an antenna having a multiplicity of RF input ports, each of which is
connected corporately to the total number of radiating elements in such

a way that the radiated beam points in a unique direction when fed at one
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particular port. Beam scanning, then, is affected by switching the trans-
mission power from one port to amother. In this case, a large number of
transmitter tubes is netessary unless the transmitter energy can be
switched between the various antenna input ports. Then the accomplish-
ment of super high power radars of this form is dependent upon success-
ful development of appropriate high speed, high power microwave switches.

The RF power capability of switches and microwave phase shifters
can be shown commensurate for typical applications. This suggests, then,
that antenna pointing might be affected in a more direct manner using
microwave phase shifters which are individual to separate antenna ele-
ments or groups of antenna elements. Such microwave phase shifters take
the form of a two-port transmission network whose propagation constant
is conveniently controlled.

Recommended microwave phase control networks have included the
use of electro-mechanical and electro-hydraulic, ferrite, and semicon-
ductor elements. Though the salient features and disadvantages of each
are indeed unique, they vary distinctly by virtue of the speed at which
control can be effected.

Electro-mechanical or hydraulic devices typically have control
times of the order of milliseconds. The properties of ferrite materials
may be varied by the application of a magnetic field and such control
usually is accomplished in tens to hundreds of microseconds.

Semiconductor devices are inherently much faster in their res-

ponse since their properties can be varied with the application of a
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bias current or voltage directly, and this control is easily effected
in one microsecond with switching times considerably below 100 nanoseconds
accomplishable under some circumstances.

High power phase shifting application is performed well by semi-
conductor PIN diodes which effect phase control through discrete switch-
ing from a low impedance at forward bies, typically less than 1 ohm of
resistance, to a high impedance at reverse bias, typically greater than
100 ohms of capacitive reactance in the L-band frequency range. Since
the control element essentially varies as an on-off device, variations
in its impedance resulting from manufacturing reproducibility, changes
in temperature, or changes in applied RF power are usually insignificantly
small; and highly desirable distortiocn-free, reprcducible operation can
be obtained.

B. Low Power Phase Shifting

Applications which require microwave phase control at low power
levels include countermeasure networks, driver stages in high power
parallel -chain -amplifier circuits, and automatic, microwave impedance
measuring, bridge circuits. Within a countermeasure circuit, an enemy
signal may be phase modulated with randem or deceptive information and
be transmitted to its original source. In this way, accurate target
velocity determination by interpretation of the return signal frequency
deviation or phase change can be inhibited.

Within & high power amplifier chain, a microwave phase shifter

may be used to control the phase of low level driver stages in order to
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keep in synchronism the output of parallel microwave high pover tubes,
that are used in conjunction, for the generation of higher power than

can be obtained with single tubes. A further advantage of this con-
trolled phase, parallel tube, high power generation technique is that it
also can be useéd for switching the resultant microwave energy. Typically,
for example, this might be accomplished witk two tubes by feeding their
output power into separate ports of a 900 hybrid ccupler. The combined
energy can then be made to exit from either of the coupler's remaining
two ports according to the relative phase between the two input signals.

In an antomatic, microwave impedance measuring, bridge circuit,
a phase shifter may be used to produce at high speed a calibrated phase
shift in the known impedance arm, permitting instantaneous measurement
of a rapidly varying unknown microwave impedance.

In these low power phase shift applications, semiconductor
varactor diodes may be used to yield large ranges of continuous phase
shift. In such circuits, the varactor impedance is essentially capaci-
tively reactive and varies in a continuous manner according to an applied
bias. If the applied microwave voltage is small compared to the bias,
then the diode impedance, and hence the phase shift obtained, is deter-
mined only by the bias voltage,and distortion-free operation is obtained.
Typically, in 50 ohm transmission systems, the RF level for distortion-
free operation is less than 1 watt, although operation to higher levels
may be extended where some change in the phase shift versus bias char-

acteristic with increasing power is not objectionable.
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The advantage gained by using varactors wheﬁ the RF power level
is low in the phase shift design is that wide phase shift ranges with
relatively few diodes may be achieved. Single continuous phase shift-
ing devices have been built to yield about 250° of phase shift per
decibel of insertion loss per kilo-megacycle of operating using 170 Kmec
cut-off diodes; as much as 270° of phase shift was obtained using two
varactor diodes, only one diode would be necessary if a circulator were
to replace the hybrid coupler used in the balanced circuit tested.

High power operation of continuous phase shifters was studied,
under Contract NObsr-81470, using special varactor diodes having break-
down voltages exceeding 500 volts. However, the variation of phase
shift with operating RF power level was judged to be a serious restric-
tion on the ultimate usefulness of this continuous phase shifter form;
and, therefore, no further efforts were performed to operate at high

power with continuous type varactor diode phase shifters.
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III TRANSMISSION-REFLECTION MODE

A, CIRCUIT CONFIGURATION

1. Matched Transmission Requirements

The transmisdon-reflection phase shifter circuit can be
made to have matched two-port characteristics that are independent of
its phase shift characteristics by employing the directive properties
of a circulator or hybrid coupler. Control of the phase difference
between input and output waves is effected, then, using terminations for
the directive circuit whose reflection coefficient has near unity magni-
tude but controllable phase. These circuits are depicted in Figure (1).
Use of the circulator approach yields a circuit whose phase shift is
non-reciprocable between input and output terminals. The hybrid coupler
circuit of Figure (1-b) requires a pair of symmetric controllaile termi-
nations, but possesses reciprocal cperation. In addition, the matched
transmiscion bandwidth of the hybrid coupler circuit can be achieved for
bandwidths of an octave or more.

Hybrid couplers with matched impedances at all ports have
been analyzed in detail by Cohn, Sherk, Shimizu, Jones, Bolljahn, Oliver
and many others. From these results, the reflection coefficient exper-
ienced at the input of a hybrid coupler symmetrically terminated with
reflection coefficients, I', may be calculated as shown in Figure (2).

The maximum VSWRin resulting from symmetric, unity magni-
tude reflection co.fficients, I'y at the"3 db ports" is shown plotted in
Figure (3) with the'éenter frequency power coupling ratio, k2, as para-

meter. Experimental versus theoretical performance of a 2,7 db hybrid
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coupler so terminated by symmetric open circuits is shown in Figure {1).

2. Controlled Reflection Terminations

Either continuous or discrete increment control of the
termination reflection coefficient may be effected accordingly as varac-
tor or FIN diodes are used as control elements in the termination, Fig. 5. In
Figurs (6} is shown the relative change of reflection coefficient phase
25 2 funciion ¢ the normalized variable capescitive susceptance, B, of
a continueously controlled termination with the short circuited termina-
ting line length as parameter. & termination using two varactor diodes
tegether with its phase shift versus normalized capacitive susceptance
characteristic is shown in Figure (7). More than 360o of phase shift
in principle is obtainable from this circuit. ZExperimental results were
obtained for the single diode termination and are described in the next
section,

Although continuous phase shift is :* .ractive, its imple-
mentation with varaclor diodes typicaelly is limited to very low power
ilevels, of the order of milliwetts. This occurs because the capacity
of the varactor is a function of the instantaneous voltage applied to
it. Thus, tc prevent distortion of the phase shift versus bias charac-
teristic as wgll as attendant harmonic generation, the RF voltage applied
must be very cwmsll compared tc thz control bias voltage. For this reason,
the discretz increment phase shifter using a PIN switching diode is desir-
sble for linear high power operation., Iun this case, depicted as Figure

(5-b), the phace shift is equal approximately to twice the length of
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short circuited line switched and, in principle, has a magnitude pro-

portional to frequency if a nondispersive line length, 8, is used.

B. CIRCUIT IMPLEMENTATION

1. The Continuous Phase Shifter

a., Analytical Procedure: The circuit and phase shift

characteristics shown in Figure (6) are useful for selection of approxi-
mate circuit parameter values, but a more complete equivalent circuit
which includes the diode resistance and parasitic series inductance is
necessary for accurate calculation of the terminatiorn’'s phase shift and
insertion loss. The parameters of an experimental varactor termination
are shown in Figure (8) and the resulting admittance plot of the termi-
nation is shown in Figure (9) for an operating frequency of 1,000 mc.

At this frequency, the diode package capacity, approximately 0.3 pf, has
been lumped into the total diode capacity, C. A plot of C versus applied
bias voltage for both of the diodes used in the symmetric termination
pair is also included in Figure (8).

b. L-Band Model: A pair of terminations whose calculated
admittance versus control bias for the included varactor diode is shown
in Figure (9), was used at the output of a 3 db hybrid coupler and the
measured and calculated values of phase shift may be seen compared in
Figure (10). These agree closely at 1000 Mc with somewhat larger dis- '
crepancies between measured and calculated phase shift versus bias char-

acteristics at the higher frequencies 1500 Mc and 2000 Mc. This may

have resulted because the length of the short circuit line used as a
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back-up for the shuant mounted dicde is known only approximately. A

spring finger sliding short circuit bed been use. to terminate the line

ot

and the exaci location of the short circuit, as well as the characteristic

(/Y

}h

af the line

0

impedand in the vicinity of the short circuit fingers, ere
mnown only approximately,

The insertion loss of the continuous phase shifter over
the L-bsnd freguency range is shown pletted in Figure {11). In all cases
examined, the frequency for whichk the maximum phase shift rzsulted was
alss that at vhich the maximum insertion loss was obtained. In this case,
the meximum loss measured at 1000 Mc was 2.1 decibels. The measured phase
shifl was about 240°. Considering that the circuit losses with diodes
removed were of the crder of 0.2 decibels, the figure of merit for the
diodes as used in this configuration was epproximately 1350 of phase shift
per decibel of insertiion loss.

More phase shift per decibel of insertion loss would be
expected from diodes with higher cut-off frequencies. The results just
described were achieved with diodes whose cut-off frequency measured at
the 90 volt breakdown voltage was 41 Kmc. This is calculated using the
series resistance value 2,6 ohms and the voltage breakdown capacity of
1.5 picofarads. Within the last quarter, higher cut-off frequency diodes
vere used in an L-band phase shifter circuit. Measurements were made at
1800 Mc since the input VSWR to this particular coupler was minimal at
this frequency.

The measured phase shift and insertion loss may be seen
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plotted in Figure (12). A maximum of 18L0 of phase shift was obtained
while the meximum insertion loss did not exceed 1.1. 'f,again, 0.3 db

is subtracted to account for the circuit losses, the figure of merit for
this phase shifter was about 2300 of phase shift per decibel of insertion
loss. This was also achieved at a higher operating frequency, 1800 Mc,
compared with the previous 1000 Mc. If the figure of merit is made pro-
portional to the operating frequency, then these results jy:eld about
415° of phase shift per decibel of insertion loss per kilo-megacycle.

The diodes used had a capacity variation of 4.5 picofarads at zero bias
to 0.9 picofarads at breakdown, 60 velts. The series resistance was very
nearly 1 ohm and, thus, the cut-off frequency of these diodes was about
175 Kmc. From these resulvs, it can be seen that the phase shifter
figure of merit was nearly proportional to the cut-off frequency of the
diodes used.

¢. S-Band Model: Also within the last quarter, an S-band

continuous phase shifter was constructed and tested at 2800 Mc using the
same 5 picofarad diode pair quoted for the 1800 Mc performance. The
results obtained may be seen in Figure (13). 1900 of phase shift was
achieved with a maximum insertion loss of 1.4. Again, if about 0.3 deci-
bels of loss are attributable to the circuit, then the phase shifter fig-
ure of merit is about 485° phase shift per decibel of insertion loss per
kiio-megacycle. Considering that the insertion loss allowance for the
circuit with diodes removed may not in all cases be the same, these re-

sults are in fairly close agreement., A figure of merit may be then
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defined for continuous phase shifters in the L and S frequency bands
which use varactor diodes having capacity values in the 1 - 10 picofarad
range and are adjusted to yield phase shift increments of about 200°.
This indicates that the empiric relationship of Figure (5) can be used
with good approximation to estimate the inter-relsated phase shift, inser-
tion loss, operating frequency, and diode figure of merit -- the cut-off

frequency.

podo 4 (Degrees) . (Diode Cut-off Fregquency)
T I,L.”  (Decibel) (Operating Frequency)

Equation (1)

d. RF Power Limitaticns: The continuous phase shifter

using varactor diodes is limited to low RF power levels. The first
limiting factor is the variation of the diode capacity with the applied
RF voltage. This is very undesirable because at RF power levels appre-
ciably larger than 1 watt, the phase shift versus bias characteristic
becomes a function of the operesting power. This result may be seen
plotted in Figure (14); 1t was first discussed in the Second Quarterly
Progress Report. Even if this distortion of the phase shift character-
istic is tolerable, the effect of diode rectificatioa inhibits operation
of the phase shifter beyond RF levels of about 25 watts. These RF power
ratings are based upon a 50 ohm hybrid coupler transmission reflection
continuous phase shifter using diodes with reverse breakdown voltages

of approximately 100 volts. This nonlinear behaviour results from the

varactor diode's ability to meintain a capacity determined by the applied
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voliage at its termirmal even when this voltage varies at a microwave
rate. A means for slowing down this response -- and thus a means for
insuring circuit linearity with RF power -- results from the use of an
intrinsic semiconductor region between the P and N regions. The result-
ing "PIN Diode", as will be seen, is suitable for operation at tens to
hundreds of kilowatts of RF power.

e. Temperature Effects: The varactor diode capacity is

not a sensitive function of temperature and, therefore, it might be
expected that very little phase shift variation would occur as a function
of ambient temperature for the phase shifter models described. Experiment-
al verificetion may be seen in Figure (15). An L-band phase shifter which
yielded 1850 of phase shift at an ambisnt temperature of 30°C. was meas-
ured to have 189° of phase shift at 80°c. Thus, less than a 2% variation
of phase shift occurred over e 50°C. temperature excursion. A pcrtion of
this phese shift variation might be expected merely from the expansion
from the circuit parts. particularly the short circuit line length located
behind each diode. This essentially invariant characteristic of phase
shift with temperature for the continuouc phase shifter typifies and is

& perticularly salient feature of microwave semiconductor control devices.

2. The Step Phase Shifter

a. Analytic Procedure: Calculation of the phase shift to

be expected from the hybrid coupler terminated with PIN diocde switched
reflections is obtained straightforwardly by considering the equivalent

circuit shown in Figure (5-bt). In the models to be discussed, PIN diodes
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were used whose junction impedance was approximately 0.5 ohms of resis-
tance when measured a* 1000 Mc and forward biased with approximately
100 milliamperes of current. When reverse biased with -100 volts of DC
bias, the RF impedance was essentially that resulting from the series
combination of a 1to2 ohm resistance in series with about 0.8 pi;o—
farads of capacity. In all L-band models, this impedance variation was
assumed to be very nearly a short or an open circuit accordingly uas the
diode was forward or reverse biased.

In addition to these impedance values, approximately
1 nanohenry of series inductance results in a typical diode mounting
circuit. This may be attributed both to the inherent series inductance
of the diode package as well as any contributions made by the circuit in
vhich the diode is used. 1In all cases, this series inductance was reso-
nantly tuned by means of a capacitor, for example, approximately 25
picofarads of capacity will series resonate 1 nanohenry of inductance
at 1 kilo-megacycle. The resulting bandwidth over which this tuning
was useful typically exceeds 10% to 20% in a 50 obm characteristic im-
pedance transmission line circuit.

The phase shift of the terminations shown in Figure
(5-b), then, is approximately equal to twice the length of short cir-
cuited line following the diode. This is considered a true time delay
phase control component, and this feature is particularly desirable for
use in broadband phased array antennas. In practice, phase shift pro-

portional to frequency is achieved only approximately. Several factors
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tend to inhibit the achievement of this linear phase shift versus fre-
quency characteristic, First, the diode does not switch between a short
and open circuit but rather between a reactance which may be made zero
only at a center frequency by resonant tuning ard a line shunting sus-
ceptance which, again, may be made zero only at a single frequency by
the use of parallel resonant tuning.

Secord, the shortest length achievable for 6 is limited
by the proximity with which a short circui® may be placed with respect
to the line shunting diode. On the other hand, long lengths for the
value 6 also are undesirable because they become significantly lossy.

In addition, if the line length, 6, is long, then small variation in fre-
quency produces a rapid variation of the shunt susceptance placed in
parallel with the diode. Under forward bias conditions, a match condi-
tion may be achieved in which the diode's resistance, however small, msy
be transformed to & value near to the transmission line impedance with
the result that very high insertion loss is obtained together with high
energy dissipation in the controlling diode.

In this study, only the peak power handling capability
achievable for phase shifters having phase shift value of 180° or less
was examined.

b. L-Band Model: The equivalent circuit of the L-band

model of the transmission reflection phase shifter may be seen in Fig-
ure (16). Assuming the diode to vary between short and open circuit

impedances, the phase shift obtained is equal to 6, twice the length
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of short circuit line used in the terminaticn. The voltage applied

across the reverse biased diode is then approximately equal to 2VLsin(e/2).
Thes, the power handling capability for the phase shifter will be reiated
to the maximum voltage applicable to ths reverse biased diode according

to Equation (2).

2
I '
M ZZo sin2(6/2) Equation (2)

A pair of 800 volt breakdown PIN diodes was used to
vorify this sxpression. Since the maximum voltage for a given power
level must be sustained by the dicdes in & 186° phase shifter, the power
level which the diodes sustezined while drawing a reverse leakasge currer®
of about 5 microamperes each -- from which imminent breakdcwn could be
expected -- was taken ;o be equal to PM' The increase in power handling
capability resulting by reducing the phase shift was then measured and
compared with that which would be expected using Equation (2). These
resulls ara shown compared in Figure (17). A maximum peak pover of 48
kilowatis was achieved with &n RF pulse length of 5 microseconds and a
duty cycle of .001 at 1300 Mc. The phase shift obtained was approxi-
mately 21.5° and the insertion loss was 0.6 decibels,

Using similar circuits, a cascade 4 bit phase shifier
was constructed; thet is, the phase shift achieved in the respective
sections was 0 - 180°, 0 - 90°, 0 - 45°, and O to 224°.  In Figure (18),

ihe messured versus thecrcticel phase shifi versus bilas condition may be

#
This work was not perfoised under thig contract but the results are
includel here for completeness.
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seen. Fifteen values of phase shift may be obtained with a 4 bit cascade,
the 0° and 360o state are considered equivalent. The maximum departure
from the theoretical linear phase shift versus bias state slope was 30.
The input VSWR to the cascade and the total insertion
loss are shown in Figure (19). The meximum input VSWR was 1.4 and the
mean value was 1.2. The maximum insertion loss was 1.3 decikels and the
mean value was 1.6 decibels. Since diodes having approximately 800 V
reverse breaskdown were used, the voltage limited peak power capability
of this ceascade was approximstely 2 kilowatts.

c. S-Band Model: A transmission reflection type S-band

phase shifter was constructed. The circuit configuration, together with
pertinent characteristics of the diodes used, may be seen in Figure (2C).
In this case, special high voltage PIN diodes were made. These con-
sisted of a three die stack conrected together internally in a single
Axial Pill) package. The reculting phase shift and insertion loss meas-
urements made with the sliding short position as parameter u be seen

in Figures (21) and (22) respectiveiry. From *hese, it is seen that high
loss behaviour is incurred for short nositions between O and 1.25 inches.
This discrepancy occurs because the diodes' series reactance is mos%
likely not perfectly tu.ed at the operating frequency and the short cir-
cuit line length tends to match the dicdes' resistance to the impedance
of the line, resulting in high loss and unvarying phase shift. This is
not a basic limitation for = multi-step phase shifter since the full

range of 0 - 180° phase chift was achieved between 1.25 and 2.25 inches.
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A maximum insertion loss in this range was .7 and the maximum sustainable
RF power was found to be 5 kilowatts at the 180° phase shift -- worst --
condition. Further measurements were nct made with this circuit because
higher peak power capabilities with less total insertion loss were found
achievable using a direct transmissicr circuit to be described in the

next section.
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IV TRANSMISSION MODE

A. DESIGN CONSIDERATION

1. Introductory Remarks: It was noted in the preceding sec-

tion that highest power operation is accomplished by PIN diode circuits
in which the phaoe shift contribution per diode is small, that Is, when
the diode offers only minimum perturbation to the transmission of the
power., Therefore, it should be possible to design a circuit which
approximates well the desired matched transmission property without
need of a circulator or hybrid coupler. The equivalent form of such

a circuit together with analytic expressions for phase shift is shown
in Figure (23).

2. Phase Shift and Transmission Match Requirements

a. Equivalent Line Approximation: The exact expression

for @ shown in Figure (23) reduces to the approximate form if the

1,2
perturbations, B1 oy are symmetrical, have small magnitude, and are

-
spaced by abcut a quarter wavelength. Under these conditions, the proto-
type section is approximated by the equivalent line length of character-

1
istic admittance Y  and electrical length, 6, as shown in Figure (24).

0
This is particularly convenient for estimating the phase shift as well
as the transmission match that can be obtained for a giver set of cir-

cuit parameters.

b. Maximum VSWR: The maximum value of input VSWR to an

arbitrary number of cascaded, identi:al, prototype sections terminated

in a match load is given by Equation 3.
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Equation {3)

c. Approximite Expressions: Insight into the phase shift

to be obtained from a pair of switched susceptances, Bl,Z’ mey be obtained
by considering the geometric representation of Figure (25) which shows in
vector form the approximate relationship for e'. From this, it may be
seen that the electrical length perturbation effected by switiching the
susceptance pair from the value Bl to the value 82 is equal approximately
to the difference in the susceptances. Recognizably, this approximation
is obtained from the previous approximaticn of Figure (23), and hence,

is of second order. It is, however, quite appropriate for design pur-
poses.

For example, if two susceptance values, Bl,2’ are seoa-
rated by about a quarter wavelength and have the values = j 0.2 respective-
ly, the phase shift to be expected using the approximate expression is 0.4
radians or 22.9°. The approximation improves as 6 approaches 900, but
even if © is only 80? with the same choice of switched susceptances,
the exact expression indicates a phase shift of 21.6° would be obtained
and demonstrates reasonable agreement with the approximate expression's
result.

The maximum input VSWR to the match terminated cascade

of an arbitrary number of similar such sections all switched to B1 or
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82 is calculated using Equation (3)}. The worst value, occurring v .&n
B=-0.2 and & - 80°, is 1.09.

d. Exact Solution for Cascade Circuii: 1In practice, the

cascade combination of a murker cf prototyps sections, es skown in Figure
(26), could serve to controi a phastu array antenna element. In this
case, the pkase shift -- or change in voltage phase betiwoern input and
output ports -- of a particular prototypes section in ‘he csscade is not
independent of the parameters of the cther sections of the cascade,
unless the transmission metch of &1l sections is perfect. Reasinable
approximation can be obtained with an economy of analytic labor by making
the assumpticn that it is,

If computer facilities are available, however, an exact
solution for the insertion loss and phase characteristic of the cascade
may be made using the expressions of Figure {26). In this general case,
it is assumed that the sections are not identical and that both line
losses and control element losses are significant.

The phase shift through such a cascade may be calculated
using the gain expression for any particular combination of Yj’s and
(yl)j's. The phase shift to be obtained for any such state then may be
estimated by taking the difference in the angle of the gain expression
calculated for the different parameter combinations., Similarly, an
exact value of insertion loss also may be calculated.

e. Approximate Loss Calculations: Small perturbation

theory also can be used to estimate the insertion loss of a transmission




1=

= 37:; cosh(}’jl])' ! z'cshh()qzj)i

I _ -l .
where (7j'lj) =cosh™ (cosh it Yl sinh 7;‘3)

|
od  Yei= - = [ [+2Y, coth Y2/2
0 R RS T I

4, 165,

; Vo = (A+8) Vp

N -
FIGURE 26

EXACT GAIN EXPRESSION FOR GENERAL TRANSMISSION
PHASE SHIFTER CASCADE




Iv-8

phase shifter. Loss contributions are incurred from the conductive
portion, G, of the shunting admittance, Y, as well as the reai component
of the complex propagation constant, y =« + j B. Since the shunt aduit-
tances, Y, are assumed small perturbations compared to the line admittance,
the loss incurred by them is approximately equal tc the normalized conduc-
tance, G. Then if this total is added to the line losses which would be
measured with all shunt admittances removed, the resulting total is an
approximation of the phase shifter insertion loss.

For example, if a single prototype, match terminated
section consists of two ncrmalized admittances, Y = 0.02 - j 0.2, which
are spaced by 90o and if the transmission line loss is approximately 0.1
decibel rer wavelength, then the insertion loss for the section is esti-
mated to be 0.202 decibels. The exact expression for insertion loss in
this case may be obtained from Figure (15) and is shown below as Equa-
tion (4).

7 2
I.L.=412(1 +Y) coshyl + (2 + 2Y + Y°) sinh y1
Equation (4)

From this expression, the exact insertion loss is cal-
culated to be 0.204 decibels, if the spacing were decreased to 800, then
the exact loss becomes 0.221 decibels. The approximation improves with
the transmission match.

The loss parameters here are higher than those of the
circuits to be discussed and thus the approximation is useful even for

several cascaded sections.
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B. CIRCUIT IMPLEMENTATION

1. L-Band Freguency Range

a. Stub Approach to Implement;iBl 5
A Ead

: At L-band frequen-

cies, the impedance values under forward and reverse bias conditions for a
PIN diocde approach short and open circuits when compared to 50 ohm coax-
ial line impedance. A means for effecting switched susceptance values,
581,2’ using the PIN diodes is diagrammed in Figure (R27). In essence,
the diode changes electrical length of the short circuited stub pairs

which are, in turn, shunt mounted in the main transmission path. The

estimated parameters described by Figure (27) are given belou in

Table 1.
TABLE 1

Ry 0.6 ohms

Ry 2 ohms (estimated)
Cj 0.6 picofarads

Cp 0.3 picofarads

L 1  nanohenry

2 =12 50 ohms

An experimental model was constructed in which the
average stub length (6] - 62)/2 was made equal to nearly a quarter yave-
length. In this way, the change in switched susceptances is approximately
equal to the difference 62 - Qﬁ and, accordingly, the phase shift obtained

is approximately equal to this difference.
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b. Measured Transm.sciocn and Reflection Parameters:

Eight such identical pairs of switched line lengths were mounted across
a 50 ohm coaxial :ircuit, shown pictorially in Figure (28). The meas-
ured phase shift and insertion loss as functions of the number of reverse
biased diode pairs are plotted in Figures (29) and (30) respectively.
The sections were adjusted so as to be mechanically similar to one
another once the dimensions required to produce about 1/16 of a wave-
length phase shift per section were established. The resulting average
phase shift per section was 23.0O for the t?tal range of 0° to 184o in
eight equal steps. The increase in electrical length of the phase
shiftez, as succeeding sections were reverse biased, was measured. The
steps varied between 21° and 240. Thus, cloce electrical similarity
was achieved even though the sectionswere made only mechanically similar.
The insertion loss shown in Figure (30) has a maximum
value of 0.7 db with all diodes forward biased and a minimum value of
0.35 do with all reverse biased. Imder forward biased conditions, a
diode loss of only about 0.3 db total would be expected from the equi-
valent circuit assumed. The circuit losses are also nearly of this
magnitude., The reverse biased equivalent circuit assumed for the diode
would be expected to cause an aggregate diode loss of less than 0.1
decibel. Thus, the measured change of about 0.3 db of insertion loss
is reascnable. Equal loss for all bias states should be obtainable by
choosing a higher characteristic impedance for the stubs. In this way,

the insertion loss under reverse bias would be increased and that under
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forward bias could be decreased. A value of approximately 0.4 db or
less should be achievable. The voltage limited peak power capabilitiy,
however, would be reduced.

c. Maximum Power Capability: When thz diodes are forward

biased, the maximum power of operation is determined from a considera-
tion of the insertion loss, diode heat dissipating capacity, duty cycle
of operation and pulse length. In this circuit; each diode dissipates
when forward biased approximetely 1% of the power incident, and is cap-
able of dissipating about 10 waits continuously. Thus, a 1 kilowati con-
tinuous wave power level could be sustained, For shori pulses, ihe maxi-
mm power dissipated in a diode may be determined conservaiively by
assuming that no cooling takes place during the pulse. Consideraiion of
the geometry of the silicor wafer of which the diodes were fabricated
indicates the heat sinking capacity is approximately 50 (watt) x (micro-
seconds) per degree Centigrade of temperature rise. Maximum temperature
increase is related to the ambient. Typically for silicon welded type
diodes, a 100°c. change witkin the pulse often may be tolerated, hence

the experimentel circuit could be expected to sustain 500,000 wati-micro-
second RF pulsed power under forward bias. However, as was noted in
SectionII], operation at high peak power of the phase shifter also is
limited by the maximum RF voitage which may be impressed across the diodes
under reverse bias. Since the reverse biased diode represents a very high
impedance, and since the length of the short circuit stub is approximate-

ly a quarter wavelength, the voltage appearing across the diode, V

D? is
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given approximately by Equation (5).

v V. sin (8 5~ 8 Equation {5)

D™ L 1
For any particular maximum sustainable RF vcltage, V, the pegk power, Pm’
is given by Equation (6).

2
V“{
P ~ ———— Eguation (6)

Tz singae
o}

From this, it is seen that the voltage limited pezk power capability
increases inversely as the square of the phase shifi obtained. This wes
examined experimentally by dezermiring the meximum power of operaticn Jor
a phase shiftier yielding about 32° of phase shift znd comparing this to
the maximum level sustainaple for lesser values of phase shift using the
same diodes. Twn 80C volt breakidown PIN switchirg diodes were employed
and thke maximum power levels were Jefir=? to be those at which the diodes’
leakage current increased by 5 microamperes from the 10C volt bias supply.
Typically, an increase in the reverse bias current of this magnitude
precedes catastrophic failure of the diocdes. (These tecis were performed
at an RF frequency of 1300 megacycles and an operating pulse length and
duty cycle of 5 microseconds and C.CCl respectively.)} The measured
results can be seen compared with those calculated for phase shift values
as small as 50 in Figure (31). Operation to approximately 120 kilowatts
was sustained with a value of 5° phase shift prevailing. More phase
shift was anticipated for this power. Discrepancies may be due to the
inadequacy of the equivalent circuit model to describe this small phase

shift case; accuracy of the model will now be discussed. Subsequént testing

of the 8-section model yielded 140 KW peak power capability with z° phase

shift per section.
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d. Variation of Phase Shift with Frequency: A combination

of several factors influences the phase shift versus frequency character-
istic.

1. The difference 92 - 91 increases with fregquency and
witnh it the phase shift,

2. With increasing or decreasing frequency, the average
-8

value (82 - 61)/2 departs from 90° and then 6 , increases due to

2 1

the cotangent expression; cot ©

Bl o= 1,2°

3. Only approximately does the diode switch between
short and open circuits, see Figure (27), under forward bias package
inductance and bypass capacity by design are series resonant at the center
frequency. At reverse bias, the dicde represents a capacity of about
0.8 pf.

4. The line length behind the diode was te:aninated by
a spring finger type, sliding short. The impedance of this section and
the electrical length are known only approximately. Greater error would
be experienced for the smaller values of 8

-8 (This was where larg-

2 1
est departures from calculated performance were measured in high power
tests.)

However, it was found that fair approximation can be
achieved even with only considerations (1) and (2). For example, the
measured phase shift versus frequency, as shown plotted in Figure (32},

was graphed and the frequency at which the derivative of phase shift

versue frequency was equal to unity was used as a measure of the center
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frequency of the device. This occurred at about 1260 Mc. Assuming this
frequency to be that at which the average value of 9, (62 - 61)/2, was
equel to one gquarter wavelength, the frequency variation of phase shift
was plotted using points (1) and (2). These calculated results are shown
in Figure (32) and are seen to agree with the measured performance to
withir 1% over a 90 Mc, or 7% frequency band. This is, for many practical
operating radars, the full system bandwidth; and thus, the approximation

seems quite useful for design purposes.

Iv B. 2. S-Band Circuit

a. Diode Reactance Circuit: At S-band frequencies,reactive

circuit values associated with the PIN diode and its package may not be
neglected as was done at L-band. These reactances are often considered
parasitic values particularly in switch designs where their effect is to
limit usable bandwidth. A complete equivalent circuit for the PIN diode
and its two biased states is shown in Figure (33). If the irductance

L2 is assumed small compared to Ll’
be considered lumped together with the junction capacity Cj' Typical

then the package capacity, Cp, may

values of the total inductance and capacity are 1 nanohenry and 0.8 pico-
farads respectively. At 3000 Mc, then, the diode varies essentially bet-
ween a capacitive reactance at reverse bias and an inductive reactance at
forward bias. If additional inductance is added in series with the diode
package and the resultant circuit placed in shunt with a transmission

line, a switchable susceptance of constant magnitude with variable polar-

ity, £jB is achieved. This is implemented at 3000 Mc by an inductance

1,2,
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of a2bout 1.8 nanohenries and the capecitance of 0.8 picofarads. 4n equi-

valent circuit of a proioiype seciion of this phase shifter mey be seen

in Figure (34).

b. S=ell Varistion of Phase Shift with Frecuencv: Inter-

estingly, ihis circuit implementation of swiich susceptances yields a
difference value, 32 - Bl’ which is nearly constant with frequency.
Reference to Figure (35) indicates why this is true. The line shmmtirg
suscepiznee, Bl’ resuliing when the diode is reverse biased, increases
with frecuency to ithe point of series resonance, which is zbove the
desired range of operation. The susceptance, BZ’ resulting from the

line shuniing inductance of the forward biased diode decreases with fre-
quency arnd, over the particular range of values chosen for this model,
the difference in these itwo values,also shown plotied in Figure (35),
remains nearly constant with frequency.

c. Measured Performence of Experimental Models: The phase

shift to be obtained from a pair of the switched susceptances described

is proporitional to the characteristic line impedance in which they are
mounted provided thai the magnitude of switched susceptance is small in
comparison to the characteristic admittance of the transmission line. A
two-section phase shifter using four similar diodes spaced in pairs by
about a quarter wavelength was constructed as may be seen in the photo-
graph of Figure (36). Measurements of phase shift, insertion loss an4

input VSYR made over the frequency range 2800 Mc to 3200 Mc are also shown

in Figures (37), {38) and (39) respectively. The characteristic impedance
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in the line section in which the diodes were mounted was 3.3 ohms. Brecai-
band, three section, quarter wavelength, coaxial line transformers having
a Tchebyscheff distribution of reflection coefficierts at each end cf the
dicde loaded section were used <c transform this low impedance tc the

50 ohm impedance of the measurement equipment.

As may be seen Trom Figure (37), the phase shift was
approximately equal to 11° per section. This was expected since the
normalized swiich susceptances are =j (.1 for an estimated phase shift
of 0.2 radians or about 11°. The measured insertion loss and VSWR of the
transformer and phase shifter aggregaie is seen to be less than 7.2 deci-
bels and 1.18 over the 14% frequency band. The contributions to these
values resulting from the transformer and low impedance line circuit with
diodes removed were apeasured independently and found to be (.25 decibels
iosertion loss and 1.10 maximum VSWR over the same frequency range. Thus,
the diodes are seen to impart the desired phase shift function with mini-
eal mismatch and insertion loss comtributions to the circuit in which
they are mounted.

4 second experimental model was coast. :c.2d using 2 trans-
mission line impedance of 6.25 ohms and 16 diodes arranged in 8 pairs,
again with quarter wavelength spacing at 3000 Mc. The photograph of this
model is shown in Figure (40). The insertion loss and input VSWR of this
circuit measured with the diodes removed is as shown in Figure (41). From
this, it is seen that increasing the length of the low impedance section

does not appreciably increase the insertion loss or input VSWR. Thus, a
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multi-section phase shifter circuit is even more efficient in that
lesser insertion loss per phase shift section results as the total number
of sections is increased.

The same values of capacity and inductance are asso-
ciated with the diode and its mount as applied for the 3.3 ohm model;
these are 0.8 picofarads and 1.8 nanohenries. Since the characteristic
impedance of the transmiesion line, however, was twice the value of that
used previously, about 22° of phase shift per section would be expected.
Indeed, this is verified by the measured characteristic shown in Figure
(42). Again, a small variation of phase shift obtained for various fre-
quencies is exhibited. In this case, the total variation in phase shift
obtained over the 14% frequency bandwidth from 2800 Mc tc 3200 Mc is only
about 43%. Some of this variation may have occurred due to the variations
in parameters of the individual “3odes used. Typical variations of the
diode capacity values were +0.1 picofarads. [Iirect measurement of the
mount and diode package series inductance is not estimable accurately,
since the diodes represent only small perturbations to the transmission
line. All mounts were adjusted so as to be mechanically similar and thus,
variations of the mount inductance as well as the diode package inductances
are assumed to be small,

The maximum value of input VSWR to this 8-section phase
shifter was 1.3 for all of the bias states examined. As seen from Fig-
ure (42), the maximum value of insertion loss was approximately 0.9 deci-

bels and the minimum value of 0.6 decibels, Approximately 0.3 decibels
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may oe attributed to the circuit losses witih diodes removed; and thus,
an insertion loss of abou: C.1 decibel per dizde pair resulted. This
suggests that the unlozdei ¢ <f eack LT line lcading element was approxi-
mately 2 and each diode dissipates absut 1% of the power transmitted
along the line.

Thus, a 1 kilowa<t: continucus RF power level would be
estimated sustainable by this S-band phase shifter model., allowing that
each diode could dissipate 1T watts continuously. This is the same con-
tinuous power rating expected of the L-band model. The anomaly of equal
continuous power handling capability achieved by L and S-band models
resulted from the practical fact that the L-band phse shifter did noti
have equal loss under forward and reverse bias. If characteristic
impedance levels of main line and stubs had been chosen to effect equal
loss for both bias states of the L-btand mcdel, even higher continuous
power levels could be sustained.

The unloaded Q value of 20 represented by the S-band
switched susceptance elements implies that the diode resistance values,
RF and RR’ were approximately equal at 3000 Mc and had a value of about
1.5 ohms, They were similar to the diodes used in the L-band model for
which unequal resistances are measured at L-band for forward and reverse
bias. The loss mechanisms of the diode are indicated by this measure-
ment to be such as to cause the effective forward bias resistance to

increase and the reverse resistance to decrease with frequency, causing

them to be near equal at £-land.
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Such behaviour might be explained by noting that skin
effect causes the forward biased resistance te increase while the increas-
ing shuat susceptance of the pacxkage capacity improves thaz § of the re-
versed biased diode and decreases the appareni series resistance of the
simplified model shown in Figure (42). Also, the series RO representa-
tion for the rsversed biasei diode junction, itself, is an approximation
vhich represents the combine? diode package contact losses and losses in
the Irtrinsic region; tne former increases with frequency ani the lstier
decreases with freauency.

Sines the diode resistance measurements are somewhsi
difficult to mske due %o the relatively high Q of the PN dicde at micro-
wave frequencies, these phase shif r insertion lecss measurements provide
a useful approximate measurement of the absolute valuz of the diede resis-

tances for forward and reverse bias gt 3000 Mec.

d. Voltage Limited Pesk Power Capability: Reference to the

equivalent circuit for this LC susceptance implementation used in the
S-band phase shifter models, see Figure (34), indicates that if the reac-
tance, jXL, has a megnitude half that of ch, thien an RF voltage is im-
press2d across the capacitor, in this case the diode junction, equal to
twice the line voltage neglecting resistive losses. This is true no
matter what value of characteristic impedance line might be used. How-
ever, for a given operating power level, the line voltage varies inverse-
ly with the square root of the line impedance and thus, the voltage

limited peak power handling capabilities should vary inversely with the
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characteristic impedance of the main transmission line.

Experimental verification of this expectation was
evidenced. In the two-section, four diode, 3.25 ohm model previously
described, diodes having valinge breakiown values of about 900 volts
were used., These, when reverse biased at -100 volis, were estimsted
tc sustain a maximum applied HFT voltage of 5A0 volts rms. Thus, the
line voitages allowably could reach 28C volts rms in the 3.25 ohm sec-~
tion and a burnout peak power capability for the iwo-section phase
shifter then would be estimated at z4 kilowatts., This is considerably
lower thar the 37 kilowait measured failure point and the discrepancy
may have resulted because the package capacity and junction capacity
values were lumped together iIn tne equivalent circuit model. The pack-
age capacity, of the order of C.3 picofarads, carries an appreciable
fraction of the current in the susceptance branch and the resulting
voltage build-up across the junction capacitor is accordingly less than
that which would result were all currert to take the path through the
junction reactance, ij‘

The variation of peak power capability, however, was
verified in that the 6.25 ohm phase shifter model using similar diodes
sustained approximately half the power of the 3.25 chm model. The six-
teen section phase shifter was tested to a burnout of peak power of 16
kilowatis. Failure mechanisms in both models was manifest as a perma-
nent degradation of the voltage breakdown cheracteristic of the diodes

after the high power had been applied under the reverse-bias conditions.
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characteristic impedence of the main transmission line.

Bxperimental verification of this expectation was
evidenced. 3In tke two-section, four diode, 3.25 ohm model previously
described, diodes having voltage breakdown values of about 900 volis
were used. These, when reverse biased at -100 volts, were estimated

%o sustain & meximum applied RF voltage of 560 volts rms. Thus, the
line volbtage allowably could reach 280 volts rms in the 3.25 ohm sec-
ticn and a burnout peek power capability for the two-section phase
shifter then would be estimated at 24 kilowatts. This js considerably
lower thsn the 37 kilowatt measured failure point and the discrepancy
may have resulted because the package capacity and junction capacity
values were lumped togsther in the eguivalent circuit wodal. The pack-

 age capacify; of the order of 0.3 picofarads, carries an appreciable
fraction of the current in the susceptance brauch and the resuliing
voltage build-up across the junction capacitor is accordingly less than
thet which would result were all curreant to take the path through the
junction reactance, ch.
The variation of peak pcwer capability, however, was
verified in that the 6.25 ohm phase shifter model using similar diodes
sustained approximately half the power of the 3.25 ohm model. The six-

teen section phase shiftér was tested to a burnout of peak power of 16

kilowatts. Failure mechanisms in both models was manifest as a perma-

nent degradation of the voltage breakdown characteristic of the diodes

after the high power had been applied under the reverse-bias conditions.
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v COXCLUSIONS

Microwave phase conirol circuii modes exeminsd may be divided con-
venienily into two classes. The first cousidered utiiizes the directive
properties of a circulaior or hybrid coupler to effeci maiched irans-
mission from 2 network of sconirolield refleciion coeffisient., This may

be considered the transaicsion refisciion mode. A seford basie cireunit

effects phase conirol by perindicssily speced, variable reaciance elemsnis

» ~
83

along the iransmission line. JSpacings can be chosen Lo permil maict

transmission over a broad banduwiick.

The transmission refleciion mode is particzisrly useful for imple-
menting a continuously variable phase shifier. This wes accompiished
using terminating networks of a hybrid coupler wpich contaired varactor
diodes. Their variable capacity with reverse bias permitied realiza-
tion of 0° to 180° phase shifters at L and S-bands which were found to

have a defined Figure of Merit, F, given approximately by

L degrees (Diode cut-off Freguency
dec1bel of loss Operating Frequency

Power level of linear operation was limited to about 1 watt due to the
varactor diode's rapid capacity change with applied voltage.

The discrete increment or step phase shifter using PIN diodes digd
not manifest nonlinear microwave characteristics even at levels exceed-

ing 100 kilowatts with tens of amperes and hundred

0

of volis applied
within a pulse. Transmission reflection phese shifter circuits which

used hybrid terminating networks which were essentially switched delay

-t

lines were constructed. RF peak power levels of 2.5 to 48 kilowatts
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were sustained with phase shift values of 18¢° and 21.5° respectively.

In generali, peak power capability is inversely proporticnal to the square

of the phase shift obiained. fInsertion loss, in principle, may be reduced

elong with phase shifti provided lesser values of phase shift are obiained
t changes in the circuit impedance levels are necessary.

Operation at increasing RF power levels with reduced values of phase
shift obtained per diode suggesis the hybrid coupler or circulaior compo-
nent may be eliminated givingrise to the iransmission phase shifter mode.

Two basic models of this circuit were constructed, one at L-band and
one at S-band. The former utilized switchable length stubs along the
main transmission path to effect the necessary conirolled suscepiance
line shunting pzirs of the proiotype circuit. High power operaiion up
to 120 kilowatts was thusly achieved at L-band. ZXven more importantily
for phased array beam steering applications, the insertion loss values
were lower than those obtained with the transmission reflection mode
models. A 15 kilowatt peak power, 1 kilowatt continuous power (esti-
mated continuous rating) phase shifter which yielded 0° to 180° phase
shift in 8 equal steps hed only 0.7 decibels maximum ioss, and 0.5 deci-
bels average loss.

The second transmission mode model was designed using the inherent
reactances of the PIN diode as switchable phase controlling elements and
azsumed the simple configuration of a low impedance transmission line
with shunt mounted dicdes iterstively spaced at quarter wavelength inter-

vals. Likewise, this circuit produced desirable characteristics as a
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control element for a high power array antepna. A 6.25 ohm lire shunted
by 16 diodes provided c® to 18{3O phase shift at up to 15 kilowatis pesak
power and 1000 watts (estimated) continuous power with a maximum total
insertion loss of conly 2.9 decibels.

In shori, microwave - <emiconducior phase control, particularly in
the L and S frequency bands readily is feasible both for low power
applications such as automatic instrumentation, countermeasures and
trimmer requirements in parallel tube chains as well as high power appli-

cations in which the phased array antenna is prominent, a&s an example.
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