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Abstract

An S-Sand phase shifter is described using lightweight

c-site COnSt 131ction f Or low cost rmnuf acture with batch
processing. Couplers and phase shift networks are grou~
tcgether on an unusual prkted air stripline Mm. Lurped

elements and critical ground peths are contained in a mass
producible, individually testable hybrid circuit.

The low loss, lightweight phase shifter is readily
integrable with distribution man.if olding and printe5 radiator

arrays.

NOVELTY AND APPLICATIONS

This paper dascrites a new approach to lightweight, low

loss @aae shifters which are readily integrated into printed

distribution manifolds and array antennas.

Novelty centers on :

1.)

2.)

3.)

Lightweight bonded honeyconb stripline which can

econcznically reprcduce large m.mbers of circuits by

a “step and repeat” batch processing
procedure.

A efficient partitioning of the design such that all

distributed elenw?nts use the ultra-low loss air

striplhe mxhn. All critical lx elemnts and

ground paths are contained in a “drop-in” hybrid

circuit which can lx rmss prcduc6d and pre-tested

before inclusion in the overall antenna

circuitry.

Perfection of overlay couplers in mixtxklielectric

medium with compensation of the unequal odd and

even mode velocities.
A@ications are low cost, lightweight confonnal arrays

with minimal phase shifter losses.

1.0 BACKGROUND

Numerous phased array antemas have been built which

are essentially passive, except for electrically adjustable

phase shifters at each radiating element. The primary

justification for this approach, as opposed to active T/R

modules, is usually reduced cost, although there are

somstinss other considerations such as wsight, survivability,

or thermal and electrical distribution.
The key to successful implementation of a passive array

is tte availability of low ocst @are shifters which may b kui.lt

at mininnim loss. Phase shifter loss is especially critical
&xauseitiainthepathoftoth thetramnitterandracaiverof

a radar. In aitirne or apace a@.icationa, the phase shifter

weight is alSO a critical design paramter. For exanpler one

concept for an S-Band Space Based Radar is a very large

aperture, 10’s of tiouaands of elemmts, each with quite low

transmit power of only a few watts. Such an a~roach is not

desirable with active T/R nrxlules due to the ti-ly high

cost to 10’s of thousands of active mcdules. Also, large
numters of very low power modules have a s~cific weight

disadvantage, measured in grams per watt, as compared to

centralized high power transmitters.

Thephaae ahifterto kedescribedin this ~~r addresses
the specific need for minti loss performance, with an

architect- which ia c@imizexi for ve~ low coat, light waight,
mass production.

2.0 COMPOSITE STRIPLINE CONSTRUCTION

A PIN diode phase shifter has been designed using

ccnpsite stripl.he construction, which is illustrat~ fi Fi_
1. Tte center cmrdctora of the stripl.be are printedon athin

substrate which is suspended between two ground planes by

low loss honeyccmb dielectric material. ~ch of the elen-ents

of this “sandwich” is flimsy when examined by itself, but a

strong lightweight structure results when the elements are

twnded tcgether with adhesive. The stripline which is fomed
by this technique is essential.lyatidielectric, whichprovicbs

the lowest loss TZM medium available. The most critical

tolerances are contained on the printed substrate and are

readily handled by standard printed circuit processing. The

relatively large dimensions of the ground plane spacing,

typicelly abut 0.15 inch, ia not vary sensitive to production

tolerance variations of a few roils. Although air stripline

circuitry is large cczqxir& to microst rip or NMIC techniques,

it is rmstly air and is very light Wight px circuit. The very

lowlos.s ofthismzdi.unis jointlytitotk *tiv+lylargs size

of the conductors, and the virtual absence of

dielectric losses.
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Figure 1. Composite Stripline Construction

Figure 2 shows a ckmnstration panel of phase shifters

and printed circuit radiators f o= by the lxmdad cmposite
st ripline technique. Note that it may be formed into curved

surfaces for confound applications. Since many circuits are

mnufacturd tc@her in a “batch” prccess, the cost ~ circuit

is very low.

Figure 3 shows an implementation of the phase shifter in

a low cost array architecture. For eech row or colum, losses

and weight are minhized by integrating the dist ribut ion

manifold and phase shifters witiout connectors. Low cost is
obtained by batch processing of the array columns and the
requirement for only a few relatively high power
T/R modules.
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Peferricg to Figure 4, a hybrid (=, 90 c@=@ oJuPler ~

used with equal reflective terminations at each of t.hs coupler’s
t Wo outputs . The reflected signals sum at the normally

isolated pxt of the m@.er, thus a transmi? sicn @se shifter is

achieved. The phase of the t ransmiss ion dependa on the

phase angle of the reflective terminations, and is switched

from one state to another by switching the bias on each pair

Of di*S f- forward to reverse. The amount of phase shift

is, therefore, tie difference ketwen the phase angles of each

of the states, and is detexnined by the reversed biased dicde

capacitance as well as the matching circuits between the
coupler and the diodes.

4.0 COUPLER

A partially offset overlay coupler was daveloped for the

phase shift bits to provide broadband, low loss ~rf ormance

[2] . Suspended substrate stripline was chosen as the bast
medium for low loss, lightweight construction. This

configuration, shown in Figure 5, is a convenient and easily

manufactured rm?thcd of construction tightly coupled lines in

stripline. The substrate is suspended between the ground

planes by a low density Nomex honeycomb, which

awroaches the low loss available f rcxn air dielectric, while
controlling the spacing between the coupled lines.

Figure 2. Printed Array of Phase Shifters and

Radiating Elements
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Figure 3. Low Cost Array Architecture

3.0 PHASE SHIFTER

The phase shifter design chosen for the 4-bit phase shifter
is of the hybrid mupld reflective typ [1], as shown in Figure
4. This approach was primarily chosen &cause its topelcgy

lends itself well to the ~ striplirrs construction. The
entire RF circuit may be directly etched on the stripline

substrate while the diodes and their bias circuits may be

conveniently located outside the substrate.

RF in RF out

PHASE MATCHING

+-- PIN DIODES

Figure 4. Hybrid Coupled Reflective Phase Shifter

GROUND PLANE

Figure 5. Partially Offset Overlay Coupler

Coupling values for the variable off set lines [3, 4] Wre
obtained by field rca@mg the gecmatry to dete-e the line

capacitances under even and odd mode strip i~edances.

Design curves for O.015 in PTFE substrate and O.062

honeyconb have been calculated and are shown in Figure 6.

The anmunt of overlap between the conductors is sgecified as

“fractional overlap” as referred to the conductor width. The
effective dielectric constants for the even and cdd mcdes is

also shown. This data was then analyzed and the coupler
compensated using a microwave CAD program.

The mixed dielectric structure restricts bandwidth,
directivity and inpedance match due to the different wave

velocities of the even and odd modes. In the even mode,

~~ low fiekk *t ~ the dielectric ketv.een the strips, m
wave propagation is relatively fast. In the cdd de, high
fields recur in tbe substrate, ad wave prqagation is slowci.

This effect is seen as a nst inductive Cqxnent at the coupler

input and limits the match to about 20 dB.
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MIXED DIELECTRIC COUPLERS ZO=50
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Figure 6. Coupler Design Data for S=0.015

and B= O.140

Coupler match and directivity are key to producing a

low loss phase shifter kecause, as the couplers are cascaded,

the & refkctiveni -sznatch is adciitive. Worst case interaction

from cascading four uncorqxmsated couplers would result in

9 dB return loss and, more hpxtantlyr .6 & insertion loss.

Similarly, for a 20 dB cascaded match, each coupler requires

better than 30 dB input return loss. The coupler data was

analyzed on Touchstone and the effect of the different tie

velocities was tuned to an acceptable level. Capacitim3 stti

were added at the input and output, resulting in nearly 30 dB

return loss across a 20% bandwidth. The measured coupler

results show very good agreement with the predicted

response, as shown in Figure 7.

RetumLoss(dB) PowerSplit(dB)

‘EEElaiH
2.6 2.8 3.0 3.2 3.4 2.6 2,8 3.0 3.2 3.4

Frequency (GHz) Frequency (GHz)

Figure 7. Measured Coupler Results

5.0 PIN DIODE HYBRID

All active devices and lumped elemants used in the

phase shifter were assembled in a miniature hybcid package.

The hybrid approach provides three advantages, 1) it

relegates all ccmpcment attachment to the hybrid package off
the stripline edxdxate 2) allows for pretesting of * critical

components prior to assembly with the stripline and 3)

contains all the critical RF grounding. The hybrid circuit

schematic and diagram are shown in Figure 8.

Figure 8. Hybrid Assembly Details

Computer mcdeling indicated that the dicxie should be

located as close the the RF lead as possible. This minimizes

transmission losses into the package and improves phase

flatness. Area9criticalforlowloss incldetfe launchinto’ck

packaqa, the series blccking capacitor, thebmxlritkon to the

dicde chip and the ground inductance. The dicde itself was

chosen for its phase shift parameters, minimum loss and low

anplitude mxiulation [5] . The hybrid circuit was assembled

on 25 mil alumina substrate with thick film copper

metalization. The launch into the package is 50 ohms,

allowing a 22 mil line width. The CC block is a 17 pF MIS

capacitor chosen for high Q and smell size. A 20 mil jump=
rkkon was w21d4 f ran the series capacitor to * did?. Test
indicated an O.15 dB loss irprovem?nt for the rikbon over a
single 1 mil bond wire. The dicde chip was soldered down for
low contact resistance. The substrate metalization is edge
plated for a low inductance wrap around ground. This

assembly is covered with a hollowed out copper lid and a
shim added to the bottom to meet the ground plane spacing
for the suspended stripli.ne circuitry.

6.0 PHASE SHIFT CIRCUIT TOPOLOGIES
The topology chosen for the phase shift circuit is a

distributed equivalent of an L/C low pass network [61 .

Alternate sections of short lengths of high iqxdance and low

irpedan. tranmni ssion line sections are used to realize the

L/C el~ts as stripline circuit elemants. The distributed

circuits are etched directly on the stripline substrate ad are
located between the hybrid couplers and the PIN diodes

lcx7atdatth3ecky30fthestriplinecircuit. ThaPINdic&sani

the bias circuit ccnqmnents aze nwunted in a separate hybrid

package. By selecting the propr circuit element values, a
flat phase response was achieved for the desired phase shift

over a significant bandwidth [7] . Computer modeling “as

used to calculate the circuit elements necessary to achieve
satisfactory phase shift characteristics over the

required band.

The phase shifter was designed for opt h perf onnance

over a 20% frequency bandwidth. The performance was
calculated for each phase shifter bit for several different

available PIN diodes. In each case, the stripline circuit
elemmt values ware optkoized for minirmn phase shift error,

mininum inseztion loss variation and mininum insertion 10ss
over the 20% bandwidth. Optimum performance was

acbie~ for eschpha?e shifter bit with a diffmt PIN &&.

The diode parameters used for each bit are shown in

Figure 9.
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m
MAXIMUM MAXIMUM MAXIMUM

PHASE PHASE LOSS INSERTION
SHIFTER ERROR VARIATION LOSS

,mo 2.00 002 dB 0.24 dB

w 1.0 0.02 0.26

45 0.8 0.04 0.25
22.5 0.8 0.03 0.16

Figure 9. Diode Parameters.

The performance of the 4 bit phase shifter was Conputed

for each of w 16 phase states. The insertion averaged ~ut

0.8 ds over most of tie band with a variation of &out 0.1 to

0.15 dB. At the high end of the design band, the conputed

insertion loss averaged about 0.9dB.

7.0 RESULTS

Figure 10 shows a ccmpesite phase shifter with the top

ground plane removed, as well as half of the top layer of
Nomex honeycomb. All lun!ced elements, diodes and bias
components, are contained in the round hybrid packages.

These packagss will nmunt in round holes in an overall lazyer

substrate amtaining arrays of phase shifters. CMly the printd

transmission lines on the top surface of the substrate are

visible.

Figure 10. Prototype Composite 4-Bit Phase Shifter

Figure 11 shows the measured performance of the

f~ 4-bit @se shifter illustratei tiFigoxe 10. Execllert

performance was achieved over the 20% design bandwidth.
lhe phase shift respnae of each of the four bits was adjustd

to ke within 2 cksgrees of its ncminal value over the 20% band.

‘I&2@eeahiftf0ra2-ls_atate5 iaabm. ‘Ikins3&imlo3a
measured about 0.9; 0.1 dB over mst of the band increasing
to about 1.2; 0.15 dB at the highest freqwmcy. ‘WE increased
loss attkhigh endofthebmd islazyely chmtothereducd

return loss of the cascaded bits at high
frequencies.

8.0 CONCLUSIONS
A phase shifter design and construction approach has

been described which is unique in design approach,

performance, and ability to be manufactured in large

quantities by a batch process for low cost. The design

a~roach capitalized on the c@inM electrical p~rties of air

stripline, with an electrical t~lcgy cptirnkfxlfor divisicm of

distributed passive circuitry and lurpdr active elements.

Overlay couplers and phase shift networks are grouped

tcgether on the printed air stripline medium. AU critical

lumped components and ground paths are contained in a

mass producible, individually testable hybrid

circuit.

Very low loss has been attained for a four bit, S-Band
phase shifter which may be integrated with distribution>

manifolding and printed radiator arrays.
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Figure 11. Measured Phase Shifter Performance
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