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.
waveguide and the characteristics of a resonant waveguide section

terminated by thk admittance have been evaluated. Their cor-

respondence with experimental data is found to be quite satisfactory.

This allows one to set up a measurement technique which is non-

destructive and needs only two measurements (VSWR and phase

shift, orresonance frequency and Qfactor). Therelative permittivity

can be calculated by means of computer-aided data processing and

time-saving charts can bedrawn for particular cases. The reflection

coefficient approach allow sameasurernent of the material properties,,
at all frequencies, limited only by the bandwidth of the wavegmde.

A good precision is obtained for the dielectric constant but the losses

are determined only with an average 10-percent error due to the

difficulty inmeasuring thephaseshtit. The cavity approach, on the

other hand, overcomes this kind of inaccuracy but restricts the

measurements to certain frequencies determined by the cavity

geometry and the unknown material to be tested.
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Integrated Diode Phase-Shifter Elements for an X-Band
Phased-Array Antenna

MARK E. DAVIS, MEMBER, IEEE

Absfracf—The design and production of 502 X-band P-I-N diode

phase-shifter elements for a transmissive phased-array radar are

presented. These elements consist of three phase-shifter states and

two integrated dipole radiators formed using microwave integrated

circuit techniques. The detailed design of loaded-line phase shifters

and effects of circuit variations during production are examined in

terms of measured performance. Finally, the performance of the

phase shifters in the phased array is demonstrated through computed

and measured antenna patterns giving quantitative results.

INTRODUCTION

In a phased-array system where high-speed scanning, transmission

reciprocity y, and array weight are prime engineering concerns,

P-I-N diode phase shifters are usually chosen. Considerable effort

has been expended in the past ten years to arrive at the optimum

design and lowest cost of P-I-N diode phase shifters for phased arrays.

Several competitive factors dictate a design in each system that best

meets the overall requirements of the phased-array radar. The f actors

that most contribute to the design of the phase shifter are the

available space, coupling to the array radiator, location and com-

plexity of the driver units, and finally, loss. Minimizing loss, while

simultaneously optimizing the overall system design for both per-

formance and cost effectiveness, usually becomes the most challeng-

ing engineering consideration.

The radiating element in a phased array has historically paced the

phased-array performance. Because of the need to optimize the

antenna directivit y over a large scan volume, minimize mutual

coupling effects on pattern gain, and maximize match with the-trans-

mitter /receiver circuitry, the radiator and the phase shifter have, in

the past, been designed separately. Thk dictates a transition from

the radiating element to the phase shifter and then to the feed dk-

tribution system. Due to thk necessity of transitioning from one

propagation medium to another, the overall design has increased

loss due to mismatch reflections in the system. Typically, these

transitions can add from 0.5 to 1.0 dB of loss to the element design

at X band, dependkg on the frequency and transmission phase of

the element. An even more important consideration than loss,

however, is the increase in cost and reduction in reliability presented

by having multiple connectors and transitions in the element design.,.
An increased emphasis is placed on the “connectorless” element in

phased-array design.

With these considerations, a novel approach to &lode phase-

shifter-element design was chosen in f abdicating a large X-band

transmissive phased-array antenna. The basic phase-shifter element

is shown in Fig. 1. This design uses a loaded-line phase-shlf ter

approach for the 45° and 90” sections. Loaded-line designs were

chosen because of their compatibility with printed-circuit microstrip

design and minimizing the number of diodes, and hence diode loss,

required for the small phase-shift sizes. TWO 45° sections are used in

parallel to obtain the 90° desired phcse shift. Thk was’ chosen in

a trade-off of minimum diode loss, reflection loss, and fabrication

ease over a hybrid-coupled or switched-line phase-shifter design [1 ].

For the 180° bit, a new design was chosen that gives an exact 180”

of phase shift through coupling the microwave energy into the

unbalanced propagation of a slot-guide transmission line etched in

the microstrip ground plane [2]. Thk design will be presented in

more detail in the next section of the paper.
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Fig. 1. Integrated P-I-N diode phase shifter and radiating dipoles.

The phased-array antenna is transmissive, using a dipole as the

basic radiating element. For linear polarization, thk dipole lends

itself to simple and accurate integration with the microstrip phase

shlf ter as seen in Fig. 1. The two poles are printed on opposite sides

of the alumina substrate using the unbalanced mode of propagation

of two-wire transmission line to match the dipole to the microstrip.

Thk naturally establishes the two opposite senses of current density

in the dipoles. Two such dipoles are printed on each element to

provide the transmissive coupling of the electromagnetic energy in

the lens array. When the element is placed in the array, the two

metalized faces of the supporting structure serve as the ground

planes for each dipole radiator.

From this brief overview of the phase-shifter-element selection,

the following sections will develop the details of the design and

production of an X-band phased-array element. A loaded-line phsse

shifter will be examined in terms of proper circuit design to minimize

loss, maximize power handling capability, and, most importantly,

ensure uniform phase and match characteristics in over 500 elements.

On thk basis. the results of over 500 elements will be examined and

their performance in an 18-in-diam transmissive phased array will

be presented.

PHASE-SHIFTER-ELEMENT DESIGN

The loaded-line phase shifter has been treated several times in the

past [3]–[5]. Phase shift in the transmitted signal is obtained by

changing the electrical phase of a section of line using the two

reactive states of a semiconductor diode. Fig. 2 illus~tes the

equivalent-circuit concepts used in designing a loaded-hne phase-

shift bit. The transmission and reflection coefficients and their

respective phases are calculated from the A BCD transfer matrices

T=
2 A+ B–C– D

A+ B+C+D
r=

A+ B+ C+D”
(1)

The circuit design was chosen so that the shunt susceptances are

actually ac grounded through a quarter-wavelength open stub after

the diode. Thk gives the transfer matrix

where a = tan 190. For proper match at the design center frequency,

we require B = C

2Bz. – (Bx’ – V02) ; = 2.
‘%

(3)

zoo zoo

jBx jBx
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Fig. 2. Equivalent-circuit elements of loaded-line phase-s hifter design.

(a) Transmission-line resection. (b) Shunt admittam:e equivalent

circuit. (c) P-I-N diode equivalent circuit.

From the match condition (3), the required shunt su:~ceptance for

both desired phase shift and maximum energy transfer is given as

the quadratic solution

(41)

where

K = [(1+ l/a2)y,2 – 1]112. (5)

Thus the transmission coefficieu$ in the two states sirrx?lifies to

( )
-1

a%[+K+j] =lTleJ$.T= - (0)

For a desired phase shift Aij, the required variation in the shunt ‘
susceptance is given by

K = tan (A$/2). - (:7)

The circuit required to match the diode susceptance under forward

and reverse bias depends on the characteristics of the diode chosen.

For the X-band phase shifters dkcussed here, a special P-I-N diode

was developed to minimize parasitic resistance and give the widest

possible phase change between the two states. In this manner, t’he

RF current through the diode, and hence the loss due to the series

resistance of the &lode, is minimized. This can be seen by con-

sidering the power dissipated in the diode PD and the p]wer incident

on the line P~ [8]

PD

F. ‘E=rt%n%: “)IL2Z0.

The voltage ratio V~/VL is determined by the ratio of the shunt-line

admitance YI to the series-line admittance W. The characteristics

of the X-band P-I-N diodes used are summarized as follows:

junction capacitance Cl
gap stray capacitance C,

load inductance L

series resistance R.
parallel resistance

reverse breakdwon voltage

0.09 pF (at 10 V reverie);

0.02 pF;

0.55 nH;

1.20 (10 mA forward) ;

18 k~;

250 V minimum.
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Fig. 3. Operation of slot-line coupled 180” phase-shifter design. (a)

180”-phase-shifter circuit. (b) Diode 2 short-circuited. (c) Diode 1

short-circuited.

Withthese parameters, the45°design waschosen withy, =0.013,

vo = 0.0208. Thus thepower dissipated perphase-shifter diode was

only 0.03 dB.

The design of the 180° bit is more empirical [2]. It takes advantage

of the odd-mode propagation in the slot-line transmission medium.

Fig. 3 illustrates the operation of the device. A ring hybrid is designed

with diode switches in an RF shunt configuration mounted a quarter-

wavelength away from the microstrip j unction and a half-wavelength

from the slot-line junction etched in the microstrip ground plane.

With diode2 short-circuited and diode 1 reverse biased, all of the

energy will transmit counterclockwise around the ring. Because of

the position of the short a half-wavelength beyond the slot there is

effec&ely an ac short to the ground plane at the slot position. with

themicrostrip oriented perpendicular totheslot, the concentric mag-

netic fields are oriented in the proper manner to establish a desired

TE,o mode in the slot line. If this slot line is shorted a quarter-wave-

length beyond the transition, the electromagnetic energy will propa-

gate to the right with the phase velocity u of the slot guide. A transi-

tion back to thernlcrostrip is located approximately one-half-wave-

length to the right to allow transmission of energy through the phase

shifter. In the opposite state of the two switches, the microwave

energy travels clockwise around the ring and transitions into the slot

with amreversal of thecurrent density. Inthismanner, an exact 180°

of phase reversal is set up in the device. Further, because of the

symmetrical nature of the ring hybrid, the frequency dependence

ofthe~hase shift will be zero to the first order.

Toc;mplete theelement design, adlpole wasconstructed on each

end. Transition to the dipole was accomplished using a two-wire

transmission line described by Wheeler [7], [8]. The length of the

dipole and the impedance of the two-wire line were determined

experimentally in the array environment. This isnecessary to obtain

the optimum array-element pattern allowing for mutual coupling

between elements. A single dipole with its microstrip transition was

imbedded in an array of 60 identical dipoles, each of whkh was

terminated ina matched load. Byvarying thedipole design and the

dipoleto-ground plane spacing, thearray element pattern shown in

Fig. 4 was obtained.

PHASE-SHIFTER PRODUCTION RESULTS ‘

Because the phase shifters described previously were designed to

be used in a phased array, certain considerations had to be made in

the fabrication. It is expected that both circuit f abdication tolerances

Fig. 4. Array element pattern of dipole compared to theoretical cosine

directivit y.

and diode characteristics will change from unit to unit. To indi-

vidually construct each phase shifter would have the effect of con-

siderably increasing the cost of the phased array. Nevertheless,

excessive variances in the phase-shifter performance would have

equally costly effects on the system due to increased signal loss and

reduced bandwidth. Thus the circuits were etched, seven at a time,

on one large-area (4-in by 4-in) substrate as shown in Fig. 5. Each

phase shifter was then separated from the rest, using a digitally

controlled YAG laser. This produced seven elements from a single

unit that had mechanical tolerances of 0.001 in. Circuit-line etching

tolerances were +0.5 mil over the entire substrate; however, in any

one sector, the standard deviation was less than 0.1 roil, as shown

in Fig. 6.

Each phase shifter was tested using a computer-controlled micro-

wave network analyzer. A test fixture with two X-band-waveguide-

to-APC-7 adapters was made to give a 1ow-VSWR transition from

the waveguides to the two dipoles. With this analyzer, the trans-

mission and reflection coefficients and phase of each of 502 elements

in eight phase-shift states and 15 frequencies were measured.

The average phase shift and the rms deviation from this average

Fig. 5. Phase-shifter photomask for simultaneous fabrication of seven

devices.
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3?ig. 7. Measured ~hase-shifter performance and standard deviation for

502-element production.

for all 502 phase shifters are shown in. Fig. 7 for four of the eight

states. A center frequency of 9.35 GHz was chosen with a desired

bandwidth of +5 percent. Thedata show that over this measured

bandwidth the total phase shift in the three primary phase-shift

states is accurate within 10 percent. The rms variation in the phase

shift at any single frequency is generally less than 2 percent. Of

particular importance is the 180° phase-shift design which is accurate

to within 1 percent over the entire bandwidth with an rms variation

of less than 10.,

The return loss of thephasesbifter wasmeexmred and averaged

– 16 dB over the entire 700-MHz bandwidth with an rms deviation

of 3 dB for all phase shifters within any 50-MHz bandwidth. The

worst case VSWR was 2.1:1 near the band edge (97 MHz) This

incremein VSWR partly explains the rise in apparent insertion loss

of the elements at the band edges as shown in Fig. 8. A more im-

portant behavior of the elements, however, is the rms deviation of

the insertion phase of all the elements. This insertion phase, the

transmission phase of each element in its reference-phase state,

determines theabllity to focus thephwed array and steer without

~ RIMS 0EVIA,I13N

ABOUT AVEILAGE

+—-——r————r————— --l
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Wig. S. Average insertion loss of 502 elements (reference phase state).
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Fig. 9. Average insertion phase and root mean deviation about tlhe

average.

degradation of sidelobe levels. An rms phase error of 14°, for

example, corresponds to a loss of approximately 1 dB of array gain.

The average insertion phase and the rms deviation frOm thk average

are shown in Fig. 9 for two of the seven element types as numbered

in Fig. 5. Thk separation of element types was necessary since the

actual electrical length of each of the seven wss compensated by

10 thousandths of an inch each, for a total spread of 60 roils from

units 1 through 7.

As can be seen in Fig. 9, the insertion phase is very well-behaved

except around the frequency where there is a large ch: mge of inser-

tion phase with frequency. Generally an rms phsse variation of

less than 10° was experienced. However, at the center of the inser-

tion phase, change as large as 19° rme was observed. 1t is not fully

understood why the insertion phase does not vary linearly with

frequency as wonld be expected for a loaded-line dewce. It is felt,

however, that the phase change is greatest at the point that the 180°

blt is most matched to the circuit. Because of the em >irical nature

of its design, it was observed to be critically dependent on the

circuit match, phase, and amplitude, on both sides.

PHASED-ARRAY PERFORMANCE ~

The 502 phme shtiters were assembled in a space-fed phased array

as shown in Fig. 10. This array is illuminated with an X-balnd

monopulse horn designed for a focal length of 12 in and for the

radiation field to be — 10 dB at the edge of the array. By this means
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Fig. 10. Experimental X-band phased array.

an effective amplitude taper is obtained to reduce the peak sidelobes.

Each phase shifter is driven by an integrated-circuit TTL logic-

controlled driver located behind the lens area for cooling con-

venience. The signals are transmitted to each phase shifter by

printed-wire Kapton flex cables.

Fig. 11 shows the measured array performance compared to the

calculated far-field pattern. This far-field pattern was obtained

using the actual measured phzse shift, insertion phase, and loss

assuming a coso array element pattern, and correcting for the space

feed system. Excellent agreement exists in the pointing accuracy,

beamwidth, and sidelobe levels. The array gain wss measured within

1.5 dB of what had been calculated; however, thk discrepancy has

not been fully explained.

This performance illustrates the capability and necessity of fab-

ricating phase shifters with fine phase and amplitude control.

A design effort to minimize cost and weight produced a phased array

weighing 50 lb, including structural housing and cooling manifold

but excludlng only power supplies and computer.
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