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A Novel MMIC X-Band Phase Shifter
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Abstract —A novel configuration for monolithic phase shifters is pre-

sented. The layout and fabrication of a single chip, four-bit X-band phase

shifter, measuring 3.7 X 2.3 mm, is described in some detail. The first

samples to be assessed exhibited full 360” coverage at the design frequency,

operation throughout X-band, good matches, and an insertion loss less

than 5 dB.

I. INTRODUCTION

T

HE potentially large-volume requirement for compo-

nents for phased-array radar systems has stimulated a

number of developments of monolithic phase shifting ele-

ments on GaAs [1]–[4]. As with any high-quantity applica-

tion, cost is a major factor, and this, for a monolithic

circuit, means small chip area, undemanding processing,

and a high degree of integration.

This paper describes a single chip, four-bit, X-band

phase shifter which measures only 3.7 x 2.3 mm. It gives 16

states at nominal 22.50 increments with an insertion loss of

less than 5 dB and is fabricated with a relatively unde-

manding 2-pm technology. Having an equivalent gate width

of under 1 mm and an area of about 9 mmz, this chip

compares favorably with previously reported circuits in

terms of complexity and size. The four-bit, X-band phase

shifter of [1] has total gate periphery of 9.6 mm and an

area of 51 mm2; another circuit [3] uses 30 mni2 for the

same function, and a further design [2] for a vector mod-

ulator with similar phase-setting accuracy, albeit at S-band,

consists of 11 chips with a total area of about 30 mm2.

The circuit configuration is believed to be entirely novel

and, as it consists of a moderate number of identical simple

sections, it is well suited to a monolithic construction.

H. CIRCUIT CONFIGURATION AND BASIC

DESIGN CONSIDERATIONS

The basic circuit k shown k Fig. 1. It conskts of a 90°

coupler of which ports 1 and 4 are the RF input and

output, and ports 2 and 3 are each connected to a trans-

mission line along which are tapped a number of shunt

switches to ground.

All switches are normally open except for one pair. An

input signal applied to port 1 of the coupler will split

equally between the two transmission lines, reflect from the

closed switch pair, and recombine in the coupler to appear

at the output, port 4. The phase is controlled by the choice
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of which switch pair to close. Loads are provided at the

remote ends of the tapped lines to absorb arty leakage past

the switches.

Being a simple configuration, the circuit analysis re-

quired for a prototype design is not difficult; the approach

is outlined in the Appendix. A number of practical deci-

sions then have to be made.

The first concerns the choice of switch. The Appendix

shows that this needs to have an off-state capacitance of

0.05 pF or less (it can always be artificially increased). It

also needs an on-state resistance very much less than 50 Q

to achieve a low return loss; a resistance Ron of 6 Q would

give - 2-dB return loss. This CR product of 0.3 ps (or

cutoff frequency of 530 GHz) is at least one order of

magnitude beyond the capability of the best FET switches.

Schottky diodes, which can meet the requirement if suit-

ably designed, have therefore been chosen for the switching

devices, although p-i-n diodes [5] are preferred for future

high-power versions. The Schottky diodes are produced

using selective area ion implantation, thus permitting fu-

ture integration with FET-based circuits.

Power handling of this circuit using Schottky-diode

switches is limited by the ability of the diodes to withstand

the RF voltage in the off-state or to carry the RF current

in the on-state; the former is governed by breakdown

voltage and the latter by electromigration in the Schottky

contact. Both are dependent on bias conditions. The diodes

employed here are designed to run at – 3 V or +30 rnA to

give a power-handling capability for the circuit of at least

30 mW, so receiver local oscillators and transmitter drivers

can therefore both be controlled by this chip. The bias or

control signals are conveniently applied across decoupling

capacitors located in series with the RF grounded ends of

the diodes and returning via the loads terminating the

tapped lines.

Insertion-loss predictions for the circuit are relatively

simple to make. The return loss of the “on” diodes will be
2 dB for a 6-S2 diode resistance and 1.5 dB will result from

the two passes through the coupler. This 3.5-dB subtotal

will be state independent assuming all diodes to be identi-

cal. Other loss contributions arise from the series resis-

tances of the “off” diodes (0.01 dB/diode), loss in the

decoupling capacitors and to the bias circuit ( <0.01

dB/section), and series resistance in the inductive elements

(0.013 dB/section) giving a state dependent loss of 0.5 dB.
The overall loss should be -4 dB.

The final basic design consideration is bandwidth. Lange

couplers (the obvious choice) have a near-octave band-
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Fig. 1. Tbe basic circuit.

width and the tapped delay lines, (which, as will be dis-

cussed further, are virtually lumped artificial lines) have a

cutoff frequency around 50 GHz. This circuit should there-

fore be very acceptable for use over the whole of X-band

although it must be recognized that it is a time-delay

circuit and, hence, the phase shift will be proportional to

frequency within this band. A time-delay characteristic is,

in fact, preferred for phased-array applications [6].

Having considered the main characteristics to be ex-

pected from this new circuit, it is appropriate now to

mention some other points of interest.

III. THE NEW CIRCUIT–OTHER POINTS OF

lNTEREST

The element values for the prototype four-bit circuit are

calculated in the Appendix, the series elements being of

- 1OO-Q characteristic impedance and -0.017 of a wave-

length long. These will behave as almost ideal inductances

and the tapped-line structure will thus behave as an artifi-

cial line. A size advantage is realized with the physical

length of the tappecl line being only half the electrical

length. One limitation of the circuit in its present form is

the difficulty of extension to more bits or much higher

frequencies as the demands on switch capacitances become

very severe; however, integrated p-i-n diodes currently

under development [5] could ease this problem and simul-

taneously increase the power-handling capability and fur-

ther reduce the insertion loss.
‘,

Although a five-bit X-band version of the current “circuit

looks impractical for the above reasons, there @ another

way of achieving fine control of the phase by using the

circuit already described in a different mode of operation.

If the final pair of diodes in the circuit is permanently

biased to the on-state and the reverse bias on all others is

varied simultaneously, then the propagation constant of

the artificial line will change as a consequence of the

variation in the diode capacitances. For the type of diodes

to be described, a capacitance variation of -20 percent

can be expected, giving a continuous phase control of -10

percent or - ~6°. Two identical chips, one digitally ccm-

trolled and one with analog control, could therefore give

complete phase coverage.

Considerations of the propagation constant of the artifi-

cial line also enable predictions of phase stability with

temperature to be made. There are two effects: the first is

thermal expansion of the GRAs, which is not significant,

and the second is the temperature dependence of the diode

capacitance, which is significant. The latter results from

changes in the barrier voltage with temperature of -2.5

mV per ‘C. At 3-V (applied) reverse bias, the barrier
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Fig. 2. The four-bit X-band phaseshifter chip. The chip sizeis 3.7x2.3
mm.

Fig. 3. Detail of the phase shifter chip.

potential should therefore change by 0.068 percent/°C;

thus, the diode capacitance should change by ,0.034 per-

cent/°C and the line phase shift by 0.017 percent/°C. The

maximum effect would be seen when the circuit is set for

maximum delay and should be -0.06 degrees of angle per

“c.

IV, DETAILED DESIGN AND LAYOUT

Owing to the compact size of this circuit, it was realized

that parasitic effects would be important. These were thor-

oughly investigated with the aid of scale modeling tech-

niques before the circuit was laid out on GaAs. A picture

of the final layout of this circuit on GaAs is shown in Fig.

2, and a close up of two sections, and the dummy load, is

shown in Fig. 3. With reference to ttie latter, we can

identify the following parasitic which will be expected to

modify the basic design:

1)

2)

3)

4)

fringing capacitance in shunt with the diode,

the effects of the microstrip “ T“ junction,

inductance in series with the diode,

modification of the microstrip transmission-line

parameters by the presence of the ground strip.
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Fig. 4. Circuit diagram including parasitic components,

When the circuit is laid out on GRAs, some fringing

capacitance is expected to exist in parallel with the diode.

This will consist of capacitance between the section of line

at the “top” end of the diode and the grounded strip as

well as the ground plane; there will also be some fringing

associated with the diode structure close to the diode

fingers. These effects were estimated theoretically and

verified by the use of scale modeling as follows. A model

was made on a block of material with dielectric constant

13, 2 cm thick, to represent the 200-pm GRAS substrate.

The metal pattern was laid out on the surface 100 times the

dimensions proposed for the MMIC and the measurements

were made at 100 MHz. The fringing capacitance of the

diode itself was measured by making a somewhat larger

model; as the diode is very small compared to the substrate

thickness, the ground plane was not included. It was found

that the overall parasitic was quite significant, representing

some 15 percent of the diode capacitance. It is represented

in the full-circuit diagram of Fig. 4 by <P.

The microstrip “T” junction has been well analyzed, in

the context of hybrid microwave circuits, by Gopinath

et al. [7], [8]. They found it adequately represented by a

shunt capacitor and an inductance in series with each of

the three arms. In this circuit, the capacitor maybe ignored,

as its value is much less than the parasitic mentioned

above, and the inductors may be represented by small

lengths of line each of length Al. This effect may be

allowed for in the final layout by adjusting the length of

each microstrip section by 2A1.

The inductance in series with the diode (L,) may simply

be estimated as that associated with the short length of

microstrip line containing it. It was discovered that the

effect on performance is quite serious if the line is too long.

For this reason, the transmission-line sections were placed

quite close to the ground strip; this in itself was found to

cause a parasitic effect, but one which could more easily be

allowed for. The effect which would be expected is a

reduction in the inductance per unit length L and an

increase in capacitance C, compared to the line with no

ground strip. These effects were quantified by the use of a
100 x scale model of the transmission line, as described

above, and the effect was allowed for by reworking the

calculations described in the Appendix using the modified

values of L and C

A scale model was then made of one arm of the struc-

ture, with thirteen sections; it was designed including all

parasitic effects mentioned above. The diodes in the “on”

and “off” states were modeled with discrete resistors and
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Fig. 6. Predicted insertion loss versus frequency for three arbitrary
states.

capacitors, respectively, and the reflection coefficient of the

circuit was measured, at the scale frequency, for each state.

Very good agreement was obtained with the design perfor-

mance. ,

A high-isolation coupler is required for this circuit as

any leakage of unmodulated signal from input to output

will, clearly, degrade the phase response. The isolation of

the Lange coupler can be improved by using tighter cou-

pling [9]; the penalties are a slight imbalance in drive to the

two arms and an increased resistive loss owing to the

narrower tracks required. The coupler used has a strip

width of 10 pm and a separation of 18 pm, giving a

predicted loss of 0.7 dB and isolation of around 30 dB.

This isolation is not possible to measure accurately; how-

ever, it can be deduced from the overall circuit perfor-

mance that it is fairly close to the design rules.

Figs, 5 and 6 show the predicted phase shift and inser-

tion loss of the phase shifter chip, including the Lange

coupler. The circuit of Fig. 4, which includes the effect of

the parasitic described above, was used for the analysis

with component values as given in Table I.

V. DEVICE FABRICATION

The required structure to realize the diode is a low-doped

surface region with a buried n+ layer to reduce the series

resistance. Active regions for the diodes and resistors are

defined in undoped semi-insulating GRAS substrates by

selective area Si ion implantation to give a planar surface

and the required profile.
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TABLE I
COMPONENTVALUES

c~
}

Diode parameters
(

0.044 pF
R n. 6Q”...
lM Line length 0.17 mm
Zm” Line impedance* 101 a
Vm” Phase velocity* 1.12 X 1010cm/s
c= parasitic capacitance 0.0055 pF
L. Series inductance 100 pH
Cb dc blocking capacitor 10 pF

*These vatues modified owing to the proximity of the ground
strip (see text).
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Fig. 8. The phase shifter test assembly.

semi-insulating GaAs substrate coaxial to microstrip RF launchers and O.I-in in-line printed

circuit edge connectors. It comprises an alumina substrate,

Fig. 7. Cross section showing the diode structure.
2 in x 1 in x 0.020 in, into the center of which is inserted a

gold-plated metallic chip support. The support provides a

continuous RF ground between the chip and the alumina
In the regions requiring low-resistance ~contacts, the substrate and incorporates longitudinal side ridges for tape

surface is etched back to the buried n+ region immediately or stitch bonding to the on-chip ground contact pads;

prior to depositing the metallization; these contacts are future versions may incorporate on chip grounding with

then alloyed. The 2-pm-wide Ti/Au $chottky fingers are through-chip via holes to simplify the external connections.
then defined by conventional photolithography on the The Chip is mounted On the support with a thin film of
lightly doped surface to produce the interdigitated diode conductingepoxy,and gold wire is thermocompression-

structure which can be seen in the photograph of Fig. 3. A bonded between the on-chip dc and RF contact pads and

cross se~tion of the diode is shown in Fig. T. The same the corre5pon&ng thin-film feeder lines on the alumina

metallization stage also defines the bottom plate of the substrate

capacitors and the lower cross connections for the Lange Fig. 8 shows the test assembly. The 50-Q microstrip
coupler. feeder lines are maintained in intimate contact with the

Dielectric for the capacitors and diode passivation is coaxial launcher assemblies by spring-loaded metallic sup-
protided by Si ~Nd deposited by plasma-enhanced chemic~ ports located directly beneath each launcher; these also

vapor deposition. Supports for the airbridge connections pro~de a continuous RF ground between the alumina

onto the top plates of the capacitors, and between the arms substrate and the test fixture. The assembly is designed to
of the Lange coupler, are defined in resist (ultimately place minim~ mechanical stress on the package in order to

removed); this is followed by the evaporation of the seed ensure optimum reliability and repeatability y of the

metals for plating. The top plates of the capacitors and the coafial-ficro5tripinterfa~i. The arrangement described is

rest of the circuit are then defined in a further layer of for test puWoses only; in eventual use, the phase shifter
photoresist and plated. The plating schedule has been chip would be mounted adjacent to a Si IC driver (it is

optimized in order to give low bulk resistance and maxi- TTL comparable) and addressed with, at most, four coutrol
mum yield of airbridges (there are 68 in this circuit). After lines.

removing this photoresist, the seed metals are removed

from the unplated areas.’ Following substrate thinning to

200 pm, the reverse side is metallized and the discrete chips ‘“ ‘esults

separated by sawing: This section presents the results of RF assessment on

several 16 state phase shifter chips at X-band. Operating

VI. RF ASSESSMENT bias conditions, unless otherwise stated, were 3-V reverse

bias in the “off” state, and 30-mA forward current per
A. Test Hardware diode in the “on” state.

RF evaluation of the phase shifter chip requires the Fig. 9 shows the transmission phase as a function of

application of 16 independent ~ontrol signals each capable frequency for each state. The divergence of the traces is

of supplying up to 5-V reverse bias and 100-mA forward consistent with the fixed time-delay nature of the circuit.

current to the appropriate diode pair. To facilitate connec- The average phase shift per state is 22.5° at 8 GHz which,

ticm to microwave network analysis and the purpose built while enabling full 360° ‘coverage throughout X-band, is

dc control hardware, a test mount has been developed slightly higher than was intended. The nonuniformity of

which mates directly with readily available APC 3.5-mm the phase state characteristic is a function of diode capaci-
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Fig. 10, Measured insertion loss for each state at 10 GHz

tance and is discussed below. Fig. 10 is a polar plot of

insertion loss for each state at 10 GHz. Measured loss

correlates well with the design performance, being less than

5 dB for all states over the frequency range 8-12 GHz; the

frequency response for three arbitrary states is presented in

Fig. 11. Return loss is typically 20 dB and is better than 15

dB for all states over the design bandwidth.

The nonuniformity of the phase characteristic can be

explained as follows. Measurements on test structures re-

vealed that the diode capacitances for all the first circuits

assessed were high, by as much as 40 percent. It can be

seen from the equations given in the Appendix that the

effect of this is to reduce both the propagation velocity and
the characteristic impedance of the artificial transmission

lines. The reduction in line impedance from 50 G! results in

mismatches at the junction between the coupler and the

lines which cause reflected signals in additiofl to those

caused by the two “on” diodes. The net result is an error in

mean phase shift, and a ripple in the actual phase shift for

each state.

61 1 1 I I
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Fig. 11. Measured insertion loss versus frequency for three arbitrary
states.
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Fig. 12. Measured phase and insertion loss versus bias voltage.

Simulations have shown that a good prediction of the

measured results can be obtained by altering only the

diode capacitance to this measured value, A high degree of

correction is, therefore, confidently expected in future

batches.. It is also a measure of the tolerant nature of the

basic design that a gross deviation in one component value

has yielded a still attractive performance.

Fig. 12 shows the variation of transmission characteris-

tics with reverse bias voltage, at 10 GHz, for the 16th state.

Between 2 V and 5 V, a phase change of approximately 30°

is obtained with a corresponding change in insertion loss of

1 dB. This illustrates the possibility, mentioned above, of

using this circuit as an analog phase shifter.

The power handling capability of the circuit is indicated

in Fig. 13. At the bias levels used for the measurements
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Fig. 13 Measuredphaseand insertion 10SS versus input power.

described above, the power performance is limited by the

current flowing through the “on” diode pair rather than by

voltage. It can be seen that the performance is degraded

wheri the bias current is reduced to 20 mA. At 30 rnA,

however, the device can comfortably handle 15-dBm (30-

mW) input power with a gain compression of only 0.5 dB

and a phase response within 1.50 of the small-signal case.

VIL CONCLUSION

We have described a novel circuit configuration for

monolithic phase shifters. This has been illustrated by the

design and fabrication of a single-chip. 16 state (four-bit)

phase shifter intended for use at X-band. First samples of

this circuit have exhibited the following performance:

frequency X-band

phase shift 16 states at 22; 0 (i.e., 4-bit)

insertion loss <5dB

return loss >15 dB

bandwidth 8–12 GHz

analog mode phase shift -30°

power handling 30 mW

chipsize 3.7 X 2.3 mm.

This performance is attractive and in good accordance with

theoretical predictions.
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APPENDIX

ANALYSIS OF THE BASIC CIRCUIT

Phase Shift Increments and Impedance

Fig. 14 represents a portion of one of the tapped lines in

the complete phase shifter. We first need to choose the

length 1~ and the characteristic impedance Z~ of the series

transmission-line elements so that when loaded by the

off-state capacitance of the switches the overall characteris-

tic impedance is 50 Q. Also, the transmission phase shift

per section needs to be half the smallest phase increment

required from the complete circuit since the signal traverses

each section twice.

From the basic equations for characteristic impedance

and propagation velocity, we can write

where

Zm
Vm
L

c
lm

c,

Z.

V.

zm=~ (Q) (Al)

Vm= l/~ (cm/s) (A2)

Zo=/LdW/(Cdm+C$) (Q) (A3]

V.= ///L. l~(C. 1~ + C,) (sections/s) (A4)

characteristic impedance of series elements,

propagation velocity in series elements,

inductance per unit length of series elements,

capacitance per unit length of series elements,

length series elements,

off-state capacitance of switches,

effective characteristic impedance of complete

structure,

propagation velocity of complete structure.

Also, we can relate the transmission phase shift per section

0/2 (where 6 is the phase increment required of the

complete circuit) to the propagation velocity

el f

~.360=~
(A5)

where f is the operating frequency.

Equations (A1)-(A5), with some algebraic manipulation,

permit a full solution (if it exists) for a specified require-

ment. Note that 20 is required to be 50 Q, 2% has an

upper practical limit of -100 Q and V~ is related to Z~

via the geometry and dimensions of the microstrip-line

realization.

For a four-bit (22.5° increment) phase shifter at X-band,

the required values of the unknowns are thus calculated
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to be

switch off-state capacitance C. 0.05 pF

series element characteristic

impedance Zm 100$?
series element length lm 0.017 wavelengths.
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