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PREFACE

This Tri~annual Report describes the work performed under Contract No.
N00014-79-C~0568 during the period 1 September 1981 to 31 December 1981 in the
Microwave Technology Center, F. Sterzer, Director. H. C. Huang is the project

supervisor, and M. Kumar is the project scientist.
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OBJECTIVE

The objective of this four-year program (Sept. 1, 1979 to Aug. 31, 1983)
is to develop a monolithic GaAs dual-gate FET phase shifter, operating over the
4- to 8-GHz frequency band and capable of a continuously programmable phase
shift from 0° through N times 360° where N is an integer. The phase shift is
to be controllable to within *#3°. This phase shifter will be capable of
delivering an output power up to 0 dBm with an input and output VSWR of less
than 1.5:1.

II. PROGRESS

In Tri-Annual Report No. 3 for the period 1 May 1981 to 31 August 1981, we
reported the progress in the development of a 90° interdigitated coupler. Two
couplers were reported: a 25-Q, 6-line coupler and a 50-Q, 4-line coupler.

The performance of these couplers was quite satisfactory.

A. 90° Monolithic Dual-Gate FET Phase Shifter

During this reporting period, we have completed the fabrication of a 0 to
90° monolithic phase shifter. The photograph of the phase shifter chip is
shown in Fig. 1. We are in the process of evaluating the rf characteristics of

the various components and the overall phase shifter.

B. 360° Phase Shifter

In Tri-Annual Report No. 1 (for the period 1 September 1980 to 31 December
1980) we reported the design, fabrication, and performance of the 360° phase
shifter using discrete components in MIC format. We have conceived a modified
design of the 360° phase shifter which uses fewer hybrids and thus reduces the
overall size of the monolithic 360° phase shifter. The earlier approach,
illustrated in Fig. 2, used a 180° hybrid (Appendix B), two 90° hybrids, and
a four-to-one-way, in-phase combiner. There is another approach, as illus-~

trated in Fig. 3, for obtaining four orthogonal vectors. In this approach a

90° hybrid is replaced by a 180° hybrid and vice versa. Each 180° hybrid in

Fig. 3 can be replaced by two 90° hybrids, one at the input end and the other
at the output end of the dual-gate FET amplifier. This is shown in Fig. 4.
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Figure 2. 360° phase shifter (old design).
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Figure 3. 360° phase shifter.
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Figure 4. 360° phase shifter (new design).

This new configuration of the 360° phase shifter uses only one two-to-one-way,
in-phase combiner as compared to the four-to-one-way combiner, which consists of
three two-to-one-way combiners, used in the earlier design (Fig. 2). The total
number of 90° hybrids in the new design (Fig. 4) is the same as that used in
the earlier design (Fig. 2), since the 180° hybrid consists of three 90°
hybrids (Appendix B) Therefore, the new design reduces the overall size of
the phase shifter significantly. Folded 90° hybrids (interdigitated hybrids)
will be used in the design of the 360° phase shifter.

The two 90° interdigitated hybrids used at the output of the dual-gate FET
amplifier can have the input/output impedances lower than 50 Q (e.g., 25 Q)
since an in-phase combiner can easily be designed with different input and
output impedances. Use of a 25-Q, 90° hybrid will reduce the loss and size of
the matching network of the output impedance of the dual-gate FET. We reported
the development of the 25-Q, 90° interdigitated hybrid in Tri-Annual Report No.
3. The overall estimated dimensions of the 360° phase shifter are 7 mm x 7 mm

x 0.1 mm. The design of this phase shifter is in progress.
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C. Processing Details of the Dual-Gate FET Phase Shifter

The phase shifter is initially fabricated on a 10- to 12-mil-thick GaAs
wafer. We have used both ion-implanted and epitaxially grown wafers for
processing the dual-gate FETs. The ohmic contact metallization is Au-Ge/Ni/Au
sintered at 450°C for 1 minute. The metallization for the gates as well as the
bottom plates of the capacitors is Ti/Pt/Au. After the FETs are fabricated, a
thin layer of Si3N4 (2800 &) is sputter-deposited. This layer serves not only
as the dielectric material for the capacitors but also as a passivation layer
for the FETs. Then 2000 & of Ti and 200 & of Au are evaporated on the whole
surface. This facilitates the plating of the circuits (such as the couplers
and top plates of the capacitors). In addition, the 2000-% Ti is used to
define the resistors.

Figure 5 shows a cross-sectional view of the capacitor. The circuits are
defined in thick photoresist and gold-plated to a thickness of about 4 to 5 um
(Figs. 6 and 7). Posts are defined in thick photoresist and plated to a
thickness of about 3 pm (Figs. 8 and 9). A thin layer of Au (200 to 300 X) is
evaporated onto the surface, air bridges defined in thick photoresist, and

plated to a thickness of about 2 to 3 pm (Figs. 10 and 11).

o — TOP PLATE
Siz Ng (2800A) <-— (Au PLATED TO 5um)

v
BOTTOM PLATE

Figure 5. Cross-sectional view of the capacitor.
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Figure 6. Circuits defined.
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Figure 7. Circuits plated.
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Figure 8. Posts defined.
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Figure 9. Posts plated.
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Figure 10. Air bridge defined.
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Figure 11. Air bridge plated.

We have observed that during the plating of the posts there is a tendency
for the thick photoresist to crack making the alignment with the air-bridge
mask difficult if not impossible. Simultaneous with the standard technique for
fabricating the air bridges, we have been trying alternate process techniques
such as underbridges with insulators.

After the completion of the air bridge, the bottom Au layer is etched off.
The resistors are defined and protected, and the rest of the Ti is etched off
(Fig. 12).

The wafer is thinned down to 4 mil and via holes are drilled using a
laser. The bottom surface of the wafer is metallized and plated up through the

via holes. The wafer is diced and ready for measurements.
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Figure 12. Completed air bridge.
ITI. PUBLICATIONS

The following papers have been published since the last reporting period:
z 1. M. Kumar, R. J. Menna and H. C. Huang, "Broad Band Active Phase Shifter
Using Dual-gate MESFET," IEEE Transactions on Microwave Theory and
Techniques, Vol. MTT-29, No. 10, pp. 1098-1102, October 1981.
2. M. Kumar, R. J. Menna and H. C. Huang, "Planar Broad Band 180° Hybrid
Power Divider/Combiner Circuit," IEEE Transactions on Microwave Theory

and Techniques, Vol. MTT-29, No. 11, pp. 1233-1235, November 1981.

Copies of these papers are included as Appendices A and B.
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Broad-Band Active Phase Shifter Using Dual-Gate
MESFET

MAHESH KUMAR, MEMBER, IEEE, RAYMOND J. MENNA,
MEMBER, IEEE, AND HO-CHUNG HUANG, SENIOR MEMBER, IEEE

Abstract— This paper describes a brond-band, dusl-gste MESFET phase
shifter (vector gemerator), operuting over the 4—8-GHz frequency band snd
capable of a continuous phase shift and multiplicity of modulations includ-
ing digital phase shift and amplitude modulation directly, and indirectly
(with additional information processing circuits), single sideband modula-
tion, frequency modulstion, and phase modulation, etc. A dual-gate FET is

Manuscript received April 7, 1981; revised June 3, 1981. This work was
supported by the Office of Naval Research under Contract N00O14-79-C-0568.

The authors are with RCA Lab ies, David Sarnoff R h Ceater,
Princeton, NJ 08540.
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used as & varisble gain amplifier and phase shift is obtained by complex
addition of two orthogonal varisble vectors. The principle of the phase
shifter and the experimental results are presented.

I. INTRODUCTION

In the past, ferrite phase shifters have been used in the phased
array radar systems. The p-i-n diode phase shifters are being
considered because of their lighter weight, higher speed, and
transmission reciprocity as compared to the ferrites [1]-{4). The
ferrite and p-i-n diode phase shifters, however, still suffer from a
relatively slow response time. The recent interest in fully active
phased array radars as well as progress in the monolithic GaAs
integrated circuits has opened the possibility of realizing active
phase shifting subassemblies based upon GaAs field-effect tran-
sistors (FET's).

0018-9480,/81 /1000-1098$00.75 ©1981 IEEE
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The dual-gate FET has been used in many applications such as
varisble-gain amplifiers {$], power limiters (6), discriminators {7,
and mixers (8], etc. A single-frequency dual-gate FET phase
shiftcr has been reported [9), [10). The shift is obtained by
changing the dc voltage applied 1o the control gate of the FET,
and s linear phase shift of 100° has been cbtained at a single
frequency of 12 GHz. A phase shift of up 1o 140° was obtained
using a three-device amplifier phase shifter assembly [11). Pengelly
ot al. (12}, studied the transmission phase variation of a gain-
controlled, dual-gate GaAs MESFET's amplifier, at S-band, which
depends upon the nature of the matching circuits used in the
amplificr. These types of phase shifters are, in principle, capabic
of s relatively narrow bandwidth.

A narrow-band phase shifter, using a different operating prin-
ciple, has also been reported (4], (13), [14). The phase shift in this
case is obtained by complex vector addition of two orthogonal
vectors. This circuit operates over a,bandwidth of | GHz in the
X-band. There is yet another possibility of using three variable-
gain amplifiers to obtain s 360° phase shift by using a vector sum
of three nonorthogonal signals separated by 120° each [15). This
approach could lead to a small size, but it is potentially more
suitable for narrow-band applications.

This paper preseats the design and development of an octave
bandwidth, dual-gate FET phase shifter operating over the 4~ 8-
GHz band, capable of a continuous phase shift from zero through
N times 360° where N is an integer. The phase shift is obtained
by the vector sum of four orthogonal signals whose amplitudes
can be varied over a wide dynamic range. Four dual-gate FET
amplifiers are used as variable-gain amplifiers for the amplitude
control. The overall amplitude of the phase shifter can be varied
by properly adjusting the gate voltages of the dual-gate FET
amplifiers. Thus a signal of any phase and amplitude can be
generated. Hence, the phase shifter can be used as a vector
generator. This phase shifter has been realized on a microstrip
circuit, and is compatible to monolithic integration on a GaAs
substrate. The work on developing the monolithic phase shifter is
in progress {16}, (17).

The phase shifter reported here offers several advantages such
as 1) minimal loss: because of the inherent high gain capability of
the dual-gate FET, various signal processing such as switching
and 180° phase inverting can be accomplished with very little
loss; 2) fast response: the response time of a dual-gate FET is of
the order of a few hundred picoseconds. This fast response
characteristic will Jead to high-speed operation; 3) capability of
extending 10 high bits: the key element of the phase shifter is an
analog 90° phase shifter employing two dual-gate FET's. It is
.leasible w0 increase the number of bits by changing the control
voltages to the second gates; 4) serrodyning for Doppler shift can
be readily performed using this phase shifter; 5) the phase shifter
bas application in biphase modulation for secure communications
or coding and beam steering.

]

¥ 3
5

Shifter

clement of the 360° phase shifter is an analog 90°
employing two dual-gate FET's. The conceptual
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Fig. 1 Schematic of a 90° GaAs dual-gate FET phase shifter

dual-gate FET amplifier can be controlied from + 10 to —30 dB
{cutoff) by controlling the second gate bias voltage [S]. The phase
difference in path 4 and path B (Fig. 1) is 90°. The resulting
vector sum of the two combined quadrature RF signals is given
by

C=A+8 )
CLp=A+jB=|C|/tan” ' B/A )

where C is the resultant RF voltage amplitude and ¢ is the phase
angle. The output phase angle is, therefore, controlled by ad-
justing the relative amplitudes of the quadrature vectors 4 and B.
This is accomplished by independently adjusting the gain of each
of the dual-gate FET amplifiers.

For most system requirements, the absolute amplitude of the
resulting phase shifted RF signal must be kept constant, indepen-
dent of tbe selected output phase angle. This means that |C] is
invariant and the phase angle is selected by controlling the
amplitudes of both RF signals 4 and B. For this unique require-

ment
VA? + B? =constant. 3)

This can be obtained by partially biasing the amplifiers 4 and B
such that output is at the 0.707 level. The overall amplitude of the
phase shifter can be varied by changing the gate voltages of both
amplifiers simultaneously. Thus in (3), the constant output ampli-
tude level can be varied and this phase shifter becomes a vector
genergtor. A vector generator is a device where a vector of any
phase or amplitude (with respect to an input reference signal)
could be generated.

B. 360° Phase Shifter

Fig. 2 illustrates the schematic of a continuously variable 0° to
360° phase shifter. The 360° phase shift is achieved by the sum of
four quadrature vectors 42 0°, B/90°, CZ180° and D/270°
with properly controlled amplitudes of 4, B, C, and D. Those
four quadrature vectors can be realized by a 180° power divider,
two 90° hybrids, four dual-gate FET amplifiers and an in-phase,
four-way power combiner as shown in Fig. 2. The incoming
signal is first divided into two signals which are equal in ampli-
tude but 180° apart in phase. Then each signal is further divided
into two signals through a 90° hybrid, resulting in four signals of
equal amplitude and baving phases of 0°, 90°, 180°, and 270°.
Each signal is then amplified through a dual-gate FET amplifier,
and the four outputs are then combined through a four-way,
in-phase combiner to obtain a phase-coatrolied output. Fig. 2
illustrates the four quadrants of 360° phase shift which are

10
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Fig. 2 Schematic of & 360° GaAs dual-gate FET phase shifter

obtained using a combination of two vectors at a time. Each
dual-gate FET serves as an amplifier-switch which can control
the amplitudes of the vectors A, B, C, and D. As an exampie,
when C and D are switched off, 4 and B are switched on, an
output signal with about 30° phase advance relative to the input
signal is obtained (Fig. 2). By changing the second gate bias
voltages of amplifiers A and B (when C and D are switched off),
the total 0° to 90° phase shift can be obtained. Thus by control-
ling the bias voltages of two amplifiers at one time, while the
other two are switched off, the total of 360° continuous phase
shift is obtained.
It is appreciated that
_d¢

w= W . (4)
Thus by applying varying potentials to the control gates, the
phase can be continuously rotated at a given rate resulting in an
output frequency which is offset in frequency from the input
frequency. It can be shown that by proper choice of input signals
to the four control gates, the following modulation functions
may be performed: a) amplitude modulation; b) pulse code
modulation; c) frequency modulation; d) phase modulation; ¢)
continuous phase modulation; f) biphase shift keying: g)
quadraphase shift keying; h) multiphase shift keying: i) single-side
band modulation; and j) combination of above.

III. DESIGN, FABRICATION AND PERFORMANCE

The design of the 360° phase shifter involves the design of the
following components: 180° bybrid, 90° hybrid, four-way com-
biner, and dual-gate FET amplifier. A 180° planar hybrid is
realized using a 90° interdigitated hybrid and a 0-dB tandem
coupler {18]. A 0-dB tandem coupler consists of two, 3-dB 90°
interdigitated hybrids connected in tandem (side-by-side) which
produces a 0-dB coupling [19]. The schematic of the 180° hybrid
is shown in Fig. 3. It is a four-port device. Ports | and 2 are the
input ports and ports 3 and 4 are the output ports. When the
signal is fed to port 1, with port 2 match terminated, the signals
appearing at ports J and 4 are both 3 dB below the input signal
and have a phase difference of 180°. This hybrid has a 3-GHz
bandwidth over the 4-8-GHz band, and a phase unbalance of
= 7°. The designs of the 90° interdigitated hybrid and a four-way
Wilkinson power combiner are standard and are not discussed

ILEE TRANSACTIONS ON MICROWAYE THEORY AND THCHNIQUES. YOI MTT-29, NO. 10, OCTOBER 198)
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Fig. S. Photograph of the 360° phase shifter.

bere. The dual-gate FET amplifier design is done using CAD
techniques [$]. Fig. 4 shows the variation of gain with frequency
for different second gate bias voitages. The gain of the amplifier
can be varied from 10 to — 30 dB (cutoff) by changing the second
gate (control gate) bias voltage. The photograph of the 360°
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phase shifter is shown in Fig. 5. All the passive circuit compo-
nents such as the 90° and 180° hybrids, Wilkinson four-way
power combiner and dc bias circuits of the dual-gate FET's are
designed in the plasar form 3o that the complete phase shifter
can readily be integrated on a monolithic GaAs chip. Fig. 6
shows the variation of phase shift with control voltages (the
second gate biss voltages). The 0° to 360° continuous phase shift
is obtained by changing the second gate bias voltages of the
dual-gase FET amplifiers in & systematic manner. Referring 0
Fig, 6, there are four sections which divide the total phase shift of
360° by four dotted, vertical lines. Each section represents the
phase control of one quadrant. In esch quadrant, the control
voltages of two dual-gate FET amplifiers are varied, while the
remaining two amplifiers are switched off by applying —4 V [5]
0 their sccond gates. For example, in the first quadrant, the
¥g1's for A and B are varied while the ¥;,’s for C and D are kept
at. —4 V for switched-off conditions. Now to get a 90° phase
shift, amplifier A is kept under the on condition (V;(A4)=0 V)
and V5 B) for amplifier B is varied from —4 10 0 V which gives
spproximately the 45° phase shift (Fig. 6). Next, amplifier B is
switched on (V;2(B)=0 V) and the V;,(4) for amplifier A is
varied from O to —4 V which gives approximately from 45° to
90° phase shift. Thus controlling the two second gate bias voit-
ages of two amplifiers, 2 90° phase shift is obtained. This process
is repested with other combinations of two orthogonal vectors to
obtain the entire 0° to 360° phase shift.

The variation of amplitude with phase is preseated in Fig. 7.
The gain of the phase shifter is plotted as a function of phase for
different frequencies. The maximum variation of gain is +3 dB
for a 360° phase shift. As explained earlier, the phase shift at 0°,
90°, 180°, and 270° is obtained by switching three amplifiers off
wﬁkhvhoﬂymmphﬁ«on.thsgmavmuonof.’:dn

because of the four-way power combination char-
.cuuicm [21). It is possible to achieve a constant output
power for any given phase by partially biasing two amplifiers
instead of biasing only one amplifier at s time and keeping others
off. This was explained in Section II (3).

IV. CONCLUSIONS

A broad-band active phase shifter has been presented, operat-
ing over the 4-8-GHz band. The 360° continuous phase shift is
obtained with minimal loss. The phase shifter design presented
here is compatible to monolithic integration on GaAs substrates.
This phase shifter has several advantages over other kinds of
phase shifters—in light weight, fast response, low loss, and
octave bandwidth capability. It can be used as a vector generator
if the amplitude of the signal is varied along with phase.
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Planar Broed-Band 180° Hybrid Power
Divider /Combiner Circuit
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Abutract—A ploner brosd-band 199° hybrid is presented. The hybrid is
reslized wing 2 3-4B 96° hybrid and a 0dB 99° tandem Rybrid An
imtordigitated version of the hybrid fakvicated on shuming substrate per-
formed well over the 4-8-Glz band. The hybrid has an invertion loss of
0.3 4B, phase isbalence of = 7°, and am isolation of better than 18 ¢B over
the bead.
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1. INTRODUCTION

In the past, 180° hybrids have been extensively used in bal-
anced mixers, switching networks, phase shifters, and push-puli
amplifiers. The recent interest in monolithic GaAs integrated
circuits has opened the need for a 180° planar hybrid compatible
to monolithic integration on GaAs substrates.

Conventional hybrid rings have been used as 180° hybrids. The
hybrid ring has a narrow bandwidth. Reflection-type 180° hy-
brids have been reported in literature (1]. The problem with this
kind of hybrid is the practical difficulty of realizing a good short
or open circuit over wide band of ‘requencies. The commercially
available 180° hybrids use a tandem connection of two couplers
using broadside coupling (2}, [3). This is a multilayer structure
and can be realized using striplines only. Recently, a 3-dB 180°
bybrid has been reported {4] which uses a slot line-microstrip
coupling. The abovementioned structures for 180° hybrids are
not planar, and not easily compatibie to monolithic circuit fabri-
cation

This paper presents an analysis and experimental results of a
broad-band 180° planar bybrid. This hybrid is a four-port device
with two input ports and two output ports. One of the input
ports is designated as the sum port and the other as the difference
port. A signal fed into the sum port or the difference port is
divided into two signals of equal amplitude with a phase dif-
ference of 0° or 180°, respectively. This hybrid has been realized
using a 3-dB interdigitated, 3-dB 90° hybrid, and a 0-dB 90°
interdigitated tandem hybrid. The latter hybrid introduces an
additional 90° phase shift which is independent of frequency.
The analysis of the circuit is presented in Section I1. The hybrid
has been designed and fabricated on alumina substrate for C-band
operation. The experimental results are presented in Section III.

II. AnaLvSIS OF THE HYBRID

The schematic of the hybrid is shown in Fig. 1. It is a four-port
device. Ports 1 and 2 are the input ports and ports 3 and 4 are the
output ports. When the signal is fed to port 1, the signals
appearing at port 3 and port 4 are both 3 dB below the input
signal and have a phase difference of 180°. When a signal is fed
at port 2, the signals appearing at ports 3 and 4 are both 3 dB
below the input signal and are in phase. These two cases are
considered separately and the analysis is presented for both cases.

Case 1. Input at Difference Port

Let # be the coupling angle and / be the coupling length. The
hybrid is illustrated in Fig. 1. Port 4 has an extra length of
transmission line of length 28/. It will be shown later that the
phase dilference of the two output signals appearing at ports 3
and 4 is independent of frequency. Assume that a unit amplitude
signal is fed at port | (port 2 is theoretically isolated), then the
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signals appearing at port 3, 4, and / can be obtained as

Signal atport 3, ¥,= — sin@sin"fe '™ (N
Signal atport 4.V, =cosfe /' 2
Signal atport J, V,=jsin@ cos 20 ¢ '™ 3)

For 8==/4 at band center, for a 3-dB hybnd, (1)-(3) become

V,=-0.707e /% (4)
V,=0.707¢ ¥ 5)
V,=0. (6)

Thus the signals appearing at ports 3 and 4 have a phase
difference of 180° and are equal in magnitude which is V2 below
the input signal (3 dB below in power). Port / is an isolated port
since the signal appearing at port / is zero.

Case 2: Input at Sum Port

In this case, the signal is fed at port 2 (Fig. 1) and port | is
theoretically isolated. The signals appearing at ports 3, 4, and /
can be obtained as

Signal at port 3.¥,=/ cos@sin 20¢ '*# )
Signal atport 4, V,=jsinfe ' ®)
Signal at port 7, ¥,=cos #cos 28 ¢ 1 ©

For 8=#/4 at band center, for a 3-dB hybrid, (7)-(9) become

V,=j0.707 ¢ 1*# (10)
V,=;0.707 e /¥ (1)
v,=0. (12)

Thus signals appearing at ports 3 and 4 are in phase having equal
amplitude each 3 dB below the input power. Port / is an isolated
port and is match terminated.

In both cases, the phase difference between two output ports is
independent of frequency. However, the amplitude is frequency
dependent, since the coupling angle & is frequency dependent.
The bandwidth of the hybrid will be slightly less than the
bandwidth of each 90° hybrid used. A 90° interdigitated hybrid
has over an octave bandwidth.
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Fig 4 Vananon of differential phase with frequency for two cases of 180°
and 0° hybrids.

I11. EXPERIMENTAL RESULTS

The hybrid shown in Fig. | consists of three 3-dB 90° hybrids.
The design of an interdigitated, 90° hybrid is done using the
well-documented theory [6]. [7). We have fabricated this hybrid
on a 25-mil-thick alumina substrate. The photograph of the
hybrid is shown in Fig. 2. Fig. 3 shows the coupling bctween
different ports of the hybrid. The isolation between two output
ports is better than 18 dB. The powers of the two output ports
differ by less than 1.5 dB and the insertion loss of the hybrid is
less than 0.5 dB over the 4-8-GHz band. The variation of the
phase with frequency is presented in Fig. 4, for both cases, when
the signal is fed at the different ports or sum port, resulting in
two output signals which are 180° out of phase or in phase,
respectively. The maximum VSWR at the different ports is 1.4
over the band.
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IV. CONCIUSIONS

We have presented an analysis and experimental results of a
180° hybrid. This hybrid has been realized on alumina substrate.
It has a bandwidth of 3 GHz over the 4-8-GHz band with a loss
of 0.5 dB. an isolation of >18 dB, and a phase unbalance of
+7°. The hybrid reported here is compatible to monolithic
integration on GaAs substrates.
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