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Absfract—An iterative circuit, diode, transmission phase shifter
is discussed, having a canonic form that consists, of a length of trans-
mission line symmetrically loaded at its ends by small susceptances
whose values are diode controllable. The spacing of the susceptances

is chosen so that their reflections are nearly mutually canceling,
(about a quarter wavelength if equal magnitude, opposite sign

susceptances are used). A change of electrical length of the section

of 23°, in principle, is obtainable with a maximum input VSWR of

1.04. Eight section, experimental circuits yielded 180° total phase

shift with less than one decibel of loss in the L and S bands and

peak RF power capability to 15 kilowatts. Operation to 140 kilowatts
peak power was achieved with reduced phase shift per section. The
transmission phase shtiter is believed to be well suited as a phase
control element for beam steering of array antennas.

1. INTRODUCTION

M

ANY RADAR DESIGNS currently proposed,

incorporate phased array antennas. This form

of microwave radiator is advantageous in that

its pattern can be steered, even subdivided into multi-

beams, at high speed. Its power is nwt limited by the

finite capacity of its subradiators, only by their number.

Numerous methods have been recommended to control

the phase of the coherently energized subradiators in

order to direct the antenna pattern that results from

their aggregate radiation. The use of t~vo-port controlla-

ble time delay circuits in series \vith each element, indi-

cated schematically in Fig, 1, is conceptually a straight-

forward solution.

In principle, by this method, the same antenna point-

ing direction is achieved simultaneously for any radiat-

ing frequency, j= w/27r. This feature is very desirable.

Not only does it permit simultaneous, variable fre-

quency operation, but it is nonrestrictive of the RF

amplitude modulating envelope that can be exploited

effectively in the radar’s operation. However, design of

a satisfactory multiwavelength time c[elay circuit often

is difficult. Particularly, insertion loss and phase disper-

sion effects may so compromise its performance that a

phase shifter, which is more easily implemented, is

judged a more practical control element. It can effect

the same steady state beam steering at a single fre-

quency that is provided by the swit,chable delay line.

For example, control of the radiation phase, ~, in the

circuit of Fig. 1 could be employed, recognizing that

sin (m-.) = sin (2k7r +4) where ,4 is integer and suffi-

ciently large that O ~@ < 27r.
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Fig. 1. Schematic diagram of a linear array antenna pointed at
an angle o off boresight by time delay circuits.

For most applications, the ideal form of phase shifter

circuit is a two-port network having a transfer function

of unit amplitude and electronically variable phase. A

typical circuit, the transmission-reflection type, con-

sisting of a circulator with a diode controllable reflective

phase termination is shown in Fig. 2(a). In fact, this

method achieves controllable time delay of arbitrary

length if the diode is assumed to switch between short

and open circuit impedances. Bilateral perfcn-mance at

twice the power level can be achieved with the similar,

hybrid coupler version shown in Fig. Z!(b,) [1]- [4].

Symmetry of the terminations in the latter case is nec-

essary to maintain a match at the coupler’s input port.

Diodes have a maximum tolerable power level capac-

ity commensurate with the phase shift they provide [5].

Necessarily, the phase shift obtained per diode is made

to be small for high power operation, andl this suggests

the use of networks designed about small perturbation

techniques. An acceptable transmission match can be

obtained without a circulator of hybrid coupler under

these circumstances. This is exemplified by the ideal

canonic circuit of Fig. 3(a), wherein a symmetric pair of

variable susceptances perturb the phase of the transmiss-

ion coefficient of the intervening line section. Their

spacing is selected to make reflections practically m utu-
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Fig. 2. Transmission-retiection time delay circuits.
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Fig. 3. Ideal? Iossless transmission type phase
shifter prototype sections.

ally cancel over the small, susceptance-variation control

range. This transmission type phase shifter is to be dis-

cussed. Other similar circuitsl are useable, such as the

Dual Circuit shown in Fig. 3(b). Theoretically, it is ca-

pable of the same performance, but it is usually less desir-

able in practice because its biasing circuit requires more

isolating elements.

II. ANALYSIS

A. Exact Solution

The phase shift A+ of an n section cascade is defined

in Fig. 4(a). A small amount of phase shift is obtained

from canonic sections of the form shown in Fig. 4(b).

Several sections can be cascaded, Fig. 4(c), to provide

multistep phase control; usually a range of up to 2r

radians is desired. The phase shift contribution of any

1A three element transmission phase shifter for use at low RF
power levels is discussed by Dawirs, H. N., and W. G. Swarner,
A very fast, voltage-controlled microwave phase shifter, Microwave
Y., Jun 1962, pp 99-106.

particular section is influenced by the input and output

load admittances referred to its terminals by the circuit

to which the section is connected. Therefore, the total

phase shift of the cascade, A+, is not necessarily equal

to the sum of the individual values, A+j, which would be

measured for each section when it is mounted between

matched source and load admittances. However, this

sum,

j= 1

approaches the value A+ if all sections are designed for

low VSWR. It is therefore a useful design approxima-

tion and will be discussed subsequently.

Since the transmission properties of the general

canonic network of Fig. 4(b) are of predominant in-

terest, the A B CD matrix provides a convenient analysis

representation. Phase shift and loss are defined relative

to the voltage VO of the Thevenin generator; since the

input voltage V1 to the network does not remain con-

stant with the perturbation of the twoport’s parameters,

A, B, C, and D except in the special cases in which the

perturbation leaves unchanged the ratio of the driving

(generator) impedance to the input impedance of the

cascade. That is to say, the output voltage of the gen-

erator changes with its loading.

The phase shift, Ati, of the two-port network is defined

as the change in transfer phase, +, which results when

the A, B, C, D parameters of the complete network are

perturbed. This occurs in the present discussion because

the admittance values of each section are assumed to be

variable. In general, consider that losses of the trans-

mission line and the control admittances are significant,

and that the line characteristic admittance J?cmay be

complex. Furthermore, assume that in the n section

cascade of Fig. 4(c), each section can be unique with

respect to Y, Yc, and yl. Then an exact solution to the

cascade’s parameters is obtainable from the matrix

product of Fig. 4(c).

In the high power, diode phase shifters to be de-

scribed, the admittance values are controlled in discrete

increments by means of @n, two state, switching di-

odes. This analysis applies equally well, however, for

continuous admittance variation as could be effected

with line shunting elements incorporating varactor

diodes. In any case, a practical phase shifter is to be

represented by the cascade shown in Fig. 4(c). Its

characterization consists in ascertaining the total inser-

tion loss and transfer phase for particular combinations

of section admittance values. In some applications,

input VSWR may be of interest also.

Hand calculations of the phase shift, insertion loss

and input VSWR, even for a single prototype section,

by the exact method are laborious, and computer solu-

tion of this matrix relation is desirable. Approximate

expressions for phase shift and insertion loss of sections

along with means for estimating the maximum input
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V, = AV2+ B12

II ❑ CV2+ D12

vo/v2 = (A+B+ C+D )

TRANSFER PHASE = ~ = ARG ~0/v2]

(a) PHASE SHIFT = A+ = ARG wo/(v2+ AV2)}-+

INSERTION LOSS = I L.= I VO@V2 12
INPUT REFLECTION COEFFICIENT = p@= ~~ ~;~; ~

, I+P
INPUT ‘SWR - I -P

(b)

Fig. 4. Defining relationships al~d exact solution f,or an n-section transmission phase shifter cascade. (a) Definitions,

(b) Canonic circmt form. (c) Cascade of n sect,ons.

,— ‘Yj .j)’—l

GENERAL CASE:

(~lj )“cosfi’(cosh Yjlj t Zcj ‘fj Sinh YjJj )

Ycj’ = Ycj ~ + (Zcjyj f+ Zzcj YJ coth ~lj ]‘2

LO%LESS CASE:

(PJZj)’= COS_’ (COS Bjlj - Bj Ycj sin Pjlj )

‘fi, ❑ YCj[l- (Zcj BJ)2+2Zcj Bj cotPjjj ]bz

Fig. 5. Uniform transmission line equivalent of the jth section
of the phase shifter cascade.
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VSWR of their cascade combination will now be dis-

cussed. The approximate methods are especially useful

for design purposes because, in addition to computa-

tional simplification, they lend insight into the quanti-

tative effects to be obtained from particular circuit

parameter variations. A typical procedure is to design

individual sections using the approximate expressions

for phase shift and insertion loss of a section, and then

make the further approximation that they will yield the

same phase shift and insertion loss contributions when

cascade mounted to form a multisection phase shifter.

The resulting design then can be evaluated either by the

exact solution method or by construction of an experi-

mental model. Both of these verification means are

desirable in the design refinement of a phase shifter for

which construction in the large quantities typically re-

quired for a phased array is intended.

B. A proximate Solution

1] Uniform Line Equivalent Ciycuit: In Fig. 5 is

shown the relationship between the jth, loaded-line,

phase shifter section of Fig. 4(c) and an equivalent un-

loaded uniform line length. In general, the actual trans-

mission line Yc,~ and its unloaded equivalent Ycj’ can

have complex characteristic admittances. In the ap-

proximate analysis, however, it will be assumed that

J?cj is a scalar, normalized to unity in both magnitude

and dimension.

The phase shift of this jth section will be calculated

using the Iossless equivalent circuit shown in Fig. 3(a).

Subsequently, insertion loss will be calculated by allow-

ing a second order, small perturbation conductance to

be added to the control susceptances and a small amount

of uniform loss in the intervening transmission line sec-

tion. Even for the lossy approximation case, the line will

be assumed distortionless, Yc, = 1. The phase perturba-

tion A Arg ( Vi,/ V2f) to the line length /3~1, effected by

the shunt loading at its ends with susceptances jB3

is approximate y the difference, (~jlf)’ —/311J.

2) Phase Shift of the Lossless Network: Consider the

lossless circuit of Fig. 3(a) and assume that the shunt

susceptances both switch from BT1 to Blz, and that these

have + and – signs respectively. The unloaded line

equivalent circuit corresponding to this network then

would undergo a change of electrical length AO, (l,Z)

given by (1) [6].

A9~(1,2) = A%jl + AO,Z

Af?j(l,z) = COS–l (cosfll — Bfl sin~l)

– COS–l(B1 – BJZ sin (3) (1)

Equation (1) is interpreted geometrically in Fig. 6.

Thej subscript, denoting the section number, is omitted

in the diagram for simplicity. In this description, the un-

loaded line length fill, is represented as a unit magni-

tude vector which is rotated, or perturbed, by a suscep-

tance pair B,z in angular amounts equal to the perturba-

tion length (~~11)’ —flJljpreviously described. Shown

ASSUME B, AND B2 HAVE (t) and (-) SIGNS
RESPECTIVELY

sin bel ‘lBI/ – (1-cOSA8, )Cot P2

sin L392 = IB21 + ( I-cos A82) cot ~~

if A81 AND LM2 ARE SMALL AND @ ~ 90°

then Ac31,2 % IB,I +IB21 = B,- B,

Fig. 6. Geometric derivation of an approximate solution
for Ad{ defined by the expression

{ cos (b’+A@,) = cos @ – B, sin @l/.

is a counter-clockwise rotation for a positive (lengthen-

ing) phase shift increment AO1l and a clockwise rotation

denoting a negative (shortening) increment A0,2. The

vectors are constructed so that their projections on the

horizontal axis satisfy the relation cos (@l+ A6,i) =

cos @l — Bi~ sin 61.

Associating signs with the angular perturbations, the

total change in the length of the unloaded line equiva-

lent circuit of the jth section which results when the

shunt susceptance pairs of the section switch from Bll

to B,, is A6’J(I,Z). Now AOj(l,z), the change in electrical

length of the unloaded line, equivalent circuit is approxi-

mately equal to the phase shift, A+i, that would be

measured for the jth section if it were mounted between

unity source and load admittances. In turn,

Both expressions become exact, i.e.,

If Ye,’= Ycj= 1 for all values of j,
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In Fig. 6, an approximation to (1) is derived. This

result, given by (2), indicates that if ~1 is about 90”

and if shunt perturbations are small, then the phase

shift (in radians) is equal simply to the clifference in nor-

malized switched susceptances. The same conditions

under which (2) is accurate also yield near reflectionless

transmission for the small susceptance, line-loading ele-

ments.

AOI(1,2) ~ B~l – Bjz (2)

If the section is terminated in a unity admittance, its

maximum input VSWR is bounded as shown in (3) [6].

The maximum occurs when the equivalent line length

is an odd multiple of quarter wavelengths. Equation (3)

applies for an arbitrarily long cascade of identical sec-

tions provided all shunt susceptances, B$L, of the cascade

have the same magnitudes.

VSWR s (Ye’)’ if Fc’ ~ 1

VSWR ~ (l/ FC’)’ if Fc’ < 1 (3)

Actually, in practice, sections may not have the same

susceptance magnitude in both bias conditions; they

may be switched one, or a few at a time, in order to

achieve multi-increment control of the cascade’s trans-

mission phase. tJnder these circumstances, the equiva-

lent unloaded-line relative admittances Ye$’ and elec-

trical lengths dflj’ of each section of the cascade can

be calculated for any B,i control combination; and the

input VSWR determined for their series aggregate using

transmission line analysis.

As a parameter-value example for a typical section,

suppose that 61= 90° and Bl,g = f 0.2, respectively; then

a phase shift, AO, of about 0.4 radians or 23° is obtained

by switching the line loading values from B1 to B!. This

value would be the phase shift obtained with matched

source and load terminations. The loaded line section

would have an unloaded line equivalent for which Yc1’

= YC,Z’ = 0.98 and (61)1,2’= 78~0 and 101%0, respectively.

The maximum input VSWR of an n section unity ad-

mittance terminated cascade of such circuits could not

exceed 1.04. Therefore, the resulting phase control ex-

pected for the cascade would be A@ =p. 23°, (P= O, 1,

2,. ... ?2).

3) Calculation of Insertion Loss: ‘rhree causes exist

whereby the ratio of power delivered tc) the load by the

cascade to that available from the generator is dimin-

ished. First, reflections can exist at the inputs and out-

puts to the sections, causing mismatch interaction. Such

reflections influence both phase shift and insertion loss,

but they are typically negligible with proper design. The

remaining two loss mechanisms are those due to the real

part a of the transmission line propagation constant

~ = a +j~ and from the conductive portion G, of the

controlled admittances Yf = G$ +.jBi.

Line losses are treated as if they were the same as they

would be with the shunt admittances removed. The

fractional loss of incident power in each Y, is equal ap-

proximately to the numerical value of its normalized

conductance G1. These approximations, also, imply that

the perturbations Y, are small and that the prototype

sections are nearly matched,

As an example, consider the sample case previously

described. If the shunt susceptances are replaced by

values Y1,Z equal to 0.02 +j0.20, and 0.02 —uj0.20, re-

spectively, and if the transmission line has a loss of (1.1

decibel per wavelength, then a total loss of 0.19 d B

would be estimated for the section.

4) Estimated .4 ccuracy of the Approximate Solutions:

The exact expression for transfer characteristic given in

Fig. 4 reduces to the form of (4) for the doubly match-

terminated, single section case.

; = (2+2 F) cosh (~1)

+ ( Yc + Zc + 2ZCV + ZCY2) sinh I(Y1)
Solving this expression under the conditions of

(4)

the

previous example with Y= 0.02 –jO.20, but @l even as

small as 80”, exact values for phase shift and insertion

loss are 11.29° and 0.195 dB. These compare well with

11.46° and 0.186 dB calculated for the same conditions

using the approximate method. Thus, the approximate

method probably can be expected to be accurate within

a few per cent over a + 10 per cent bandwidth when

applied to a doubly match-terminated, single section

with circuit perturbation values no larger than those

described. However, in practice, admittance variaticlns

with frequency must be considered. Also, estimation of

the performance of a cascade of several sections using

the approximate solution can produce cumulative errors.

Nevertheless, this method is useful for initial design

purposes, as implied by the following experimental re-

sults.

111. EXPERIMENTAL VERIFIC.\TION

A. L-Band Model

1) Diode Equivalent Circuit: At L-band frequencies,

high-voltage p-i-n switching diodes have impedances

that vary essentially from a short circuit at forward

bias (+ 100 milliamperes) to an open circuit at reverse

bias ( – 100 volts) when referred to a 50 ohm transmis-

sion line impedance. Accurate microwave measurements

of the diodes’ equivalent circuit parameter values are

difficult to make for this reason. Certain of the values

have been reported by Stark [4] for diodes of this type.

.4 compilation of typical data is given in Fig. 7 that was

assumed to apply for the diodes used in the L- and S-

band models. The reader is referred to Stark [4],

Leenov [7], and DeLoach [8] for discussions of diode

impedances.

2) Controllable SuscePtance Implementation: In Fig. 8

is shown the equivalent circuit and approximate phase

shift relation for a particular implementation of the

transmission phase shifter suitable at L-bandl frequen-

cies. In order to maintain the least perturbation to the
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RR RF @ FORWARD BIAS

(+100 MA)

Cp @TcJ o @ REVERSE BIAS
(- 100 VOLTS)

L2

EQUIVALENT CIRCUIT:

!!LI PIN DIODE IN MICROWAVE
ASSOCIATES’ PILL llEf OR
PILL llZ PACKAGES

TYPICAL PARAMETERS

PARAMETER VALUE REMARK

RF 0.4 to 0.8 $2 -MEASUREO AT 600 Mc and 3kMc

RR 0.8 to 1.2 Cl - MEASURED AT 3 kMc and -90V.
REPORTED RESULTREF”4

Cp+ Cj 0.7 to I.O PF -MEASURED AT I Mc ond -50 V

Cp 0.2 to 0.4 PF -EMPTY PACKAGE MEASURE -
MENT

Ll+ L2 0.8 nH -ESTIMATED, INDUCTANCE IS A
FUNCTION OF MOUNTING AS
WELL AS PACKAGE

Fig. 7. @-&z switching diode equivalent circuit.

I
—.. - .-.

WI ------

I--+----4
IF (a2+al )/2 % 90°

AND 8 ~ 90°

AND a2 – al = SMALL ANGLE

THEN, A+ ❑ A ARG(V%VO)% Y~ (a2-ctl )

Fig. 8. Equivalent circuit of switchable stub phase
shifter for use at L band.

transmission line and achieve a maximum phase shift

per section, it is desirable that the shunt susceptance

values Bl, z be equal in magnitude and opposite in sign.

This is effected quite easily with the circuit shown by

switching the length of a short-circuited transmission

line stub about an average value of 90° using a p-i-n

diode. Then, the resulting change in susceptance shunt-

ing the main transmission line is approximately equal to

1’, (az – al). The phase shift, in turn, is approximate y

equal to ( Y,/ Yc) (az — al). The RF voltage impressed

across the diode under reverse bias is approximately pro-

portional to sin (C2Z— al). Very high power operation

requires that this be small. Moreover, for a particular

(CW– CM) phase shift increases with Y~/ Yc, and with

Fig. 9. Photograph of eight-section (16-diode) L-band
transmission phase shifter model.

O-J,fi

MAXIMUM
a2-al INPUT

VSWR

>=+ 1.08

7’BURNOUT PEAK POWER=16kW

HIGH POWER TEST

//

15°

FREQUENCY 1300 Mc 32 kW

PULSE 5/.LSEC

DUTY CYCLE 0.001

0

z NUMBER OF REVERSE BIASED SECTIONS—
(OTHER SECTIONS FORWARD BIASED)

1.[6

1.12

1.14

(O) DENOTES Low RF POWER ME&juREME~

(x) DENOTES 10kw PEAK RF POWER
MEASUREMENT

Fig. 10. L-band measurements of phase shift, insertion
loss and ultimate peak power capability.

it the RF current that the diode must sustain under for-

ward bias is also increased.

3) Measured Results: An eight-section experimental

model was constructed as shown pictorially in Fig. 9.

The values cw and cu were made adjustable about a

center value which would yield about 22~0 of phase shift

at 1300 Me/s. The diode in each stub was mounted in

series with a bypass capacitor, as shown in Fig. 8, of

about 25 pF. This served as a bias isolation connection

as well as an approximate series resonator of the diode

and mount inductance LI +-LZ. Thusly, the stub was

short circuited near the diode position when the diode

was forward biased. Characteristic impedance levels of

50 ohms were used both in the main transmission line

and the stubs. Measurements made at low RF power,

a few milliwatts, of phase shift and insertion loss are

plotted in Fig. 10. No change in phase shift was ob-

served under the high power excitation described in

Fig. 10, but some increase of insertion loss did occur
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under the reverse bias condition of the diodes, as indi-

cated in the data. Similar nonlinear 1oss effects have

been noted for P-in diodes by Tern me [3], and Stark

and Burns, et al. [4].

For each value of at – al that was investigated, the

average stub length was made approximately equal to

90° and all stubs were adjusted mechanically to the

same dimensions. As may be seen from the measured

data, a relatively close experimental reproducibility of

the phase shift from section to secticm was obtained

without electrical fine tuning. The incremental phase

shift per section varied between 21° and 24°; the average

value was 23° for a total of 184° phase shift with the

eight-section cascade at the center frequency, 1300

131c/s. Phase shift was measured at the input and output

terminals of the cascade using an RF bridge with a cali-

brated trombone line.

The total, low RF power level, insertion loss, shown

in Fig. 10, had a maximum value of 0.7 dB when all

diodes were forward biased and a minimum of 0.35 dB

with all reverse biased. Circuit losses with diodes re-

moved were 0.3 dB. Diode loss values of 0.3 dB (for-

ward bias) and less than 0.1 dB (reverse bias) would be

estimated from the assumed circuit values shown in

Fig. 7; thus, the measured loss values are of the order

expected. An equalization of the forward and reverse

loss values could be achieved by using a higher stub

characteristic impedance. This would reduce the voltage

limited peak power handling capability because a larger

increment of switched stub length o!Z— al would be

needed to effect the same phase shift; greater RF voltage

would be applied to the diode under reverse bias. For an

arbitrary selection of frequency and diode type, equal

loss under forward and reverse bias conditions generally

are not achieved coincidentally with maximum power

handling capability.

4) Maximum Power Capability

a. Continuous maximum RF excitation: Two diode

characteristics limit the allowable RF excitation which

may be applied to a diode. First, the diode heat dissipa-

tion, or thermal resistance, limits either the continuous

or average power that may be dissipated in the diode. In

the L-band model described, each diode dissipates about

one-half of one per cent of the incident power. The

diode’s thermal resistance typically is about 10”C per

watt and an additional 10°C per watt might be expected

from the circuit mounting. Allowing a maximum tem-

perature rise of 10O°C, the diode can dissipate 5 watts

continuously and the phase shifter might be operated at

continuous RF power levels as high as 1000 watts.

Another limitation in addition to the effects of direct

heating has been observed when p-i-~ diodes are reverse

biased. This appears to be related to the amount of RF

voltage which is applied to the diode but not particu-

larly related to the pulse duration. With increasing ap-

plied RF voltage, it is found that the reverse bias leak-

age increases after the RF voltage passes a certain

threshold. Typically, the average leakage may increase

from less than 1 microampere for a reverse bias of – 100

volts to an average value of several microampere, cor-

responding to a few milliamperes during the RF pulse.

Increases of RF applied voltage beyond this level gen-

erally precipitate failure of the diode usually as e vi-

denced either by a permanent, short-circuited dc-bi as

characteristic or a significant decrease in the de-reverse

breakdown voltage.

Arguments for the simplified stress model shown in

(Fig. 11) have been advanced [9]. If a high-voltage,

several-hundred-volt-breakdown, diode is biased at

about — 100 volts, a microwave excitation may be

applied (shown superimposed on the V-1 characteristic),

which can extend arbitrarily far into the forward region.

Little conduction would be expected to occur because

the time required to fill the 1 region with charge shocdd

be much longer than the half period of the microwave

excitation. However, the RF peak excursion is limited

in the reverse region by the breakdown voltage; pre-

sumably high field breakdown can be precipitated even

within the short duration of an RF half cycle. For the

particular experimental model described, diodes having

reverse breakdown voltages in excess of 900 volts were

used, and an applied RF voltage of about 5’50 volts rms

should be sustainable. This corresponds to a peak power

level of 43 kilowatts in the 50 ohm circuit described with

22~0 phase shift increment per section. Hence, the 1000

watt heat-limited power rating, of course, would apply

for continuous operation because it is the lower value.

However, this simplified description of the maximum

sustainable RF voltage by the diode describes but one

failure mechanism, and others also may prevail. Clearly,

the model requires further definition in order to account

for nonlinear loss effects. But even in describing the

diode’s voltage-limited peak power capability, it pro-

vides only a coarse estimate. Indeed, the experimental

model examined here, as will be seen in the next section,

was limited to one third the expected level, although

approximation of the circuit model parameters may

account for a portion of the discrepancy.

b. Pulsed RF excitation: No higher limits apply

regarding average heating and maximum applied volt-

age to the diode for pulsed operation than were described

for continuous operation. An additional limit vvhich usu-

ally requires that the average power rating for pulsed

operation be less than the continuous rating is encoun-

tered, because the diode’s heat sinking capacity is very

limited. For example, a p-i-n switching diode made c)f a

semiconductor die that is 20 roils in diameter and 4 roils

high has an estimated heat sinking capacity of about

5 by 10-5 joules per degree Centigrade temperature

rise. 2 Thus, the experimental phase shifter described

would be limited thermally to 0.5 joule of RF pulse

energy, assuming a maximum allowable diode tempera-

ture rise of 100”C and the same RF losses at high power

that were measured at low power.

‘ This heat capacity treatment implies no die cooling during the
pulse—a conservatism—and uniform heat dissipation in the die---an
optimism; but it is an expedient estimating technique for short
pulse cases [7], [10].
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Fig. 11. Diode dc, V- I characteristic with
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However, the maximum allowable applied RF volt-

age serves in this circuit as a primary limiting factor.

Measured peak power failure levels are indicated for the

various phase shift increments in Fig. 10. Voltage lim-

ited peak power handling capability would be expected

to increase inversely with the square of the phase shift

obtained if other circuit conditions are unchanged. A

two diode single section model was constructed and the

levels which caused a 10 microampere (indicating in-

cipient breakdown) average reverse bias leakage of each

of the diodes were plotted, as shown in Fig. 12. Largest

departure from the expected results occurs for the small

values of phase shift. However, this was also where the

equivalent circuit assumed in Fig. 8 is least accurate, as

will be noted in the following subsection. Therefore, it is

believed this curve verifies the expected performance

within the accuracy of the model.

5) Phase Shift vs. Frequency Characteristic: Several

factors influence the phase shift vs. frequency char-

acteristic. Four of them which are believed to pre-

dominate are listed below, for the practical implementa-

tion of the circuit shown in Fig. 8.

1)

2)

3)

4)

The difference a, – a, increases with frequency and

with it the phase shift.

With a change in frequency, the average value

(a,+ aI)/2 departs from 90° and then the differ-

ence, BZ — Bl, increases due to the cotangent ex-

pression, Bl,~ = cot al,z.

Only approximately does the diode switch be-

tween short and open circuits. With forward bias,

package inductance and bypass capacity by design

are series resonant at the center frequency. At re-

verse bias, the diode has a capacity, in this case of

about 0.8 picofarad.

The length and impedance of the spring finger

assembly, shorted line behind the diode are known

only approximately; largest percentage of error

occurs for shortest lengths. (This was where largest

departures from calculated performance were

measured in the high peak power tests.)

Nonetheless, a fair approximation was achieved even

when only 1) and 2) considered with (2) were used to

calculate the phase shift variation with frequency. Val-

ues calculated thusly are compared with those measured

and shown in Fig. 13. The center frequency was rede-

fined to be 1260 Me/s, that at which the increase of

r
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Fig. 12. Measured and calculated phase shift vs. voltage
limited peak power capability of L-band model.

FREQUENCY (Mc)

Fig. 13. Measured and calculated phase shift vs. frequency
characteristic of L-band model.

phase shift was linearly proportional to the increase in

frequency.

B. S-Band Model

1) Equivalent Circuit: The -@-n switching diodes al-

ready described can be used for a very compact phase

shifter implementation at S band. In this frequency

range, the inductance and capacitance parameters, often

considered parasitic values in switch designs, of the

diode and its mount are significant and can be employed

to form the switched energy storage elements jBl,z of

the desired circuit canonic form. A simplified diode

equivalent circuit, shown in Fig. 14(a) was used for the

design. The detailed model, shown in Fig. 14(b), was

used for evaluation of the measured results. At an

operating frequency of 3000 Me/s, a switchable react-

ance of ~j33 ohms can be achieved by placing about 1

nanohenry of inductance in series with this diode and
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almost invariant phase shift with frequency would be

expected as indicated by the susceptance plot in Fig. 15.

In turn, a normalized susceptance of jB1,2 = fjO.2 is

achieved by mounting the resulting LC combination

across a 6.6 ohm characteristic impedance transmission

line as shown in Fig. 16.

2) The Experimental Model: An eight-section phase

shifter model was constructed and is shown pictorially

in Fig. 17. Four-section, quarter-~vave]length transform-

ers using a Chebyshev reflection coefficient distribution

were used to match the desired 50 ohm impedance levels

for input and output ports to the low characteristic line

impedance in the diode region. The latter was made

equal to 6.2 ohms in order to apply tabulated trans-

former design values [11 ]. The added series inductance

was effected by a small post of adjustable height in series

with each diode mount. The post lengths of a single

section were adjusted until the measured phase shift of

that section was about 22i0 at the design center fre-

quency, 3000 Me/s; then, all the remaining posts of the

16 diode circuit were made mechanically identical.

The resulting phase shift vs. bias condition is plotted

in Fig. 18 along with insertion loss measurements. All

were made at low RF power except as noted. The

mechanical reproducibility of mounts and approximate

similarity of diodes used produced very nearly the same

phase shift for all of the sections. The incremental

transmission phase perturbations effected by succes-

sively reverse biasing diode pairs varied from 20° to 23°

at 3000 Me/s.

The maximum input VSWR and insertion loss of the

circuit with diodes removed were 1.25 and 0.3 dB, re-

spectively, over the 2800 to 3200 Me/s frequency range.

The maximum, low RF power level, insertion loss with

diodes installed in the circuit occurred when all were

forward biased and was 0.9 dB. Using the mean values

for the detailed equivalent circuit reactance parameters

of Fig. 14(b), the value for L consistent with 22~0 of

phase shift per section is calculated to be 0.5, rather

than 1, nanohenry. Taking circuit losses into account,
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Fig. 15. Switched susceptance vs. frequency characteristic of
simplified equi~-alent circuit used for S-band model.

t-- 900------m
Fig. 16. Equivalent circuit for S-band model prototype section.

the loss per forward biased diode was 0.037 dB and cor-

responds to a value of RF= 0.8 ohm; simdi~rly the

value for RR implied is 2.2 ohms. These values inclucle

the loss effects of the mountings, which may account

for the somewhat high values. Also, the diodes actual] y

may differ from those whose measurements were re-

ported and presumed typical. Loss equalization could

be obtained by increasing the series inductance L. The

corresponding diminution of phase shift could be com-

pensated by increasing the transmission line impedance;

however, both changes would decrease the RF voltage

limited peak power capability.

The measured phase shift variation with freq~uency is

shown and was very nearly the same, +4 per cent, for a
200 Me/s increase or decrease in RF frequency. The

calculated change, using (2), is 1 per cent or less over thi[s

frequency interval.

3) Maximum Power Capability: Using the detailed

circuit model of Fig. 14(b), with L = 0.5 nanohenry, it

can be seen that at reverse bias the RF voltage across
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Fig. 17. Photograph of eight-section (16 diode) S-band
transmission phase shifter model.
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Fig. 18. S-band measurements of phase shift, insertion loss
and ultimate peak power capability.

the junction capacity Cj is about 1.6 times that deliv-

ered to a matched load terminating the 6.2 ohm line.

Using the voltage limited peak power argument ad-

vanced previously and the same 900 volt breakdown

diodes, a peak input power capability of 16 kilowatts

at 3000 Me/s is calculated. Interestingly, the model was

so tested and first diode failures did occur at 15 kilo-

watts. A useful short-pulse-length operating level for

such a phase shifter might be in the (5 to 10) kilowatt

peak power range. Since the maximum insertion loss per

diode was about 0.04 dB, continuous RF power levels

up to 500 watts should be sustainable.

A similar phase shifter, having only two sections was

constructed in still a lower transmission line impedance,

3.3 ohms. The diodes and mountings were unchanged.

The model yielded only about 11“ of phase shift per sec-

tion and was tested to a burnout level of 37 kilowatts

under the same conditions. Insertion loss was 0.3 dB

and was principally attributable to circuit losses.

IV. CONCLUSIONS AND GENERAL COMMENTS

The transmission phase shifter using p-~-rz diode con-

trol elements is quite amenable to L.- and S-band imple-

mentation. It forms a straight path, compact cross sec-

tion circuit suited to dense positioning in a phase steer-

able array antenna. The distributed nature of the circuit

enhances sharing by the diodes of the phase shift-power

stresses. Burnout peak power levels of 15 kilowatts were

reached with &th wavelength phase shift and (0.06

to O. 10) decibel average insertion loss per section in the

L and S frequency bands, respectively. Higher peak

power operation to 140 kilowatts at L band was sus-

tained with reduced phase shift per diode. Useful operat-

ing bandwidths of 20 per cent should be obtainable

under most performance requirements.

Considerable flexibility exists in the implementation.

If up to 45° phase shift per section is taken, which prob-

ably is possible without severe mismatch effects, and if

line loading element pairs at common points are de-

signed to use just one diode a 360° 4-bit transmission

phase shifter could be designed to use only 12 diodes.

Some degradation of insertion loss, peak power, and

bandwidth performance likely would be required, how-

ever.

The approach described should be extendible for fre-

quency ranges above and below those described. The

reproducible nature of this circuit together with the ad-

vantages of semiconductor control with p-i-n diodes sug-

gest this approach will prove useful for array antenna

beam steering.
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