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Short Papers

Broad-Band Active Phase Shifter Using Dual-Gate used as a variable gain amplifier and phase shift is obtained by complex

MESFET addition of two orthogonal variable vectors. The principle of the phase

shifter and the experimental results are presented.

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

In the past, ferrite phase shifters have been used in the phased
,4bstract— This paper describes a broad-band, dual-gate MES~T phase ~raY radar sYstems. The p-i-n diode phase shifters are being

shifter (vector generator), operating over the 4– 8-GHz frequency band and

capable of a continuous phase shift and multiplicity of modulations inchrd-
considered because of their lighter weight, higher speed, and

ing d@al phase shift and amplitude morhsfation directly, and indirectly
transmission reciprocity as compared to the ferrites [ 1]–[4]. The

(with additional information processing circnits), single sideband mudula-
ferrite and p-i-n diode phase shifters, however, still suffer from a

tion, frequency modubtion, and phase modulation, etc. A dual-gate FET is
relatively slow response time. The recent interest in fully active

phased array radars as well as progress in the monolithic GaAs
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The dual-gate FET has been used in many applications such as

variable-gain amplifiers [5], power limiters [6], discriminators [7],

and mixers [8], etc. A single-frequency dual-gate FET phase

shifter has been reported [9], [10]. The phase shift is obtained by

changing the dc voltage applied to the control gate of the FET,

and a linear phase shift of 100° has been obtained at a single

frequency of 12 GHz. A phase shift of up to 140° was obtained

using a three-device amplifier phase shifter assembly [ 11]. Pengelly

et al. [12], studied the transmission phase variation of a gain-

controlled, dual-gate GRAS MESFET’S amplifier, at S-band, which

depends upon the nature of the matching circuits used in the

amplifier. These types of phase shifters are, in principle, capable

of a 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 1 GHz in the

X-band. There is yet another possibility of using three variable-

gain amplifiers to obtain a 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 presents 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 dud-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 microstnp

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 picosecond. This fast response

characteristic will lead to high-speed operation; 3) capability of

extending to high bits: the key element of the phase shifter is an

analog 90° phase shifter employing two dual-gate FET’s. It is

feasible to 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 shifteq 5) the phase shifter

has application in biphase modulation for secure communications

or coding and beam steering.

II. PRINCIPLE OF PHASE SHIFTER

A. 90° Phase Sh#ter

The key element of the 360° phase shifter is an analog 90”

phase shifter employing two dual-gate FET’s. The conceptual

design of the 90° phase shifter is shown in Fig. 1. The two

dual-gate FET amplifiers are excited in quadrature phase through

a hybrid power splitter at a designated RF frequency. The

outputs of both FET amplifiers are then combined through an

in-phase power combiner to produce a phase-controlled output.

The two dual-gate FET amplifiers are used as variable gain

amplifiers [5]. It has been shown earlier that the gain of a

CONTROL vOLTAGES (VGZ’5)

II

c,@
RF OUT

RF IN

Lfcz
---—--

E cl
+1
x

Fig. 1. Schematic of a 90° GaAs dual-gate FET phase shifter.

dual-gate FET amplifier can be controlled from +10 to – 30 dB

(cutoff) by controlling the second gate bias voltage [5]. The phase

difference in path A and path B (Fig. 1) is 90°. The resulting

vector sum of the two combined quadrature RF signals is given

by

C=A -l-B (1)

C.L@=A+jB=[C\ .Ztan-*B/A (2)

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 A 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 the selected output phase angle. This means that ICI is

invariant and the phase angle is selected by controlling the

amplitudes of both RF signals A and B. For this unique require-

ment

~A2 +B2 =constant. (3)

This can be obtained by partially biasing the amplifiers A 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

generator. 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 Shfter

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 AL 0°, BL 90°, CL 180°, and DL 270°

with properly controlled amplitudes of A, 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 having 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-controlled output. Fig. 2

illustrates the four quadrants of 360° phase shift which are
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Fig. 2. Schematic of a 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 example,

when C and D are switched off, A 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

(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; e)

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° hybrid, 90° hybrid, four-way com-

biner, and dual-gate FET amplifier. A 180° planar hybrid is

realized using a 90° interdigitated hybrid and a O-dB tandem

coupler [18]. A O-dB tandem coupler consists of two, 3-dB 90°

interdigitated hybrids connected in tandem (side-by-side) which

produces a O-dB coupling [19]. The schematic of the 180° hybrid

is shown in Fig. 3. 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, with port 2 match terminated, the signals

appearing at ports 3 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-GH2 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
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Fig. 3. Schematic of a 180° hybrid.
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Fig, 4. Variation of gain versus voltage (V&) of a dual-gate FET amplifier.

Fig. 5. Photograph of the 360° phase shifter.

here. The dual-gate FET amplifier design is done using CAD

techniques [5]. Fig. 4 shows the variation of gain with frequency

for different second gate bias voltages. 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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Fig. 7. Variation of amplitude with phase of 360° phase shifter.

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 planar form so that the complete phase shifter

can readily be integrated on a monolithic GRAS chip. Fig. 6

shows the variation of phase shift with control voltages (the

second gate bias voltages). The 0° to 360° continuous phase shift

is obtained by changing the second gate bias voltages of the

dual-gate FET amplifiers in a systematic manner. Referring to

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 each 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]

to their second gates, For example, in the first quadrant, the

V~2’s for A and B tie varied while the V&’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~JA) = O V)

and I’&(B) for amplifier B is varied from – 4 to O V which gives

approximately the 450 phase shift (Fig. 6). Next, amplifier B is

switched on ( J-&(ll) = O V) and the V~2(A) for amplifier A is

varied from O to – 4 V which gives approximately from 450 to
90° phase shift. Thus controlling the two second gate bias volt-
ages of two amplifiers, a 90° phase shift is obtained. This process
is repeated with other combinations of two orthogonal vectors to
obtain the entire 0° to 360° phase shift.

The variation of amplitude with phase is presented 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

while leaving only one amplifier on; this gives a variation of 5 dB

in amplitude because of the four-way power combination char-

acteristic [20], [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 a time and keeping others

off. This was explained in Section II (3).

A broad-band active phase shifter has been presented, operat-

ing over the 4– 8-Gf-f2 band. The 360° continuous phase shift is

obtained with minimal loss. The phase shifter design presented

here is compatible to monolithic integration on GRAS 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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Suspended Slot Line Using Double Layer Dielectric

RAINEE SIMONS, MEMBER, IEEE

A bstract—lhis paper presents a rigorous analysis of a) slot line on a

double layer dielectric substrate, and b) slot line sandwiched between two

dielectric substrates. The structure is assumed to be suspended inside a

conducting enclosure of arbitrary dimensions. The dielectric substrates are

assumed to be isotropic and homogeneous and are of arbitrary thickness

and relative permittivity. The conducting enclosure and the zero thickness

metallization on the substrate, are assumed to have infinite conductivity.

The effect of shielding on the dispersion, characteristic impedance, and the

effective dielectric constant are illustrated. These results should find appli-

cation in the design and fabrication of MIC components and subsystems.

I. INTRODUCTION

Slot line on a dielectric substrate is a very useful transmission

line for microwave and millimeter-wave integrated circuit appli-

cations [1 ]–[3]. Recently, two new slot line structures have been

proposed; namely, slot line on a double layer dielectric substrate

[4] and the sandwich slot line [5], [6]. These structures are a

modification of the regular slot line originally proposed by Cohn

[7]. In regular slot line a narrow slot is etched out in the

conductive coating on one side of a dielectric substrate; the other

side of the substrate being bare.

In the slot line on a double layer dielectric substrate, shown in

Fig. 1, the regular slot line is modified by introducing an addi-

tional dielectric layer (region 2) between the conductive coating

and the substrate (region 3). By choosing the dielectric constant

of region 3 larger than that of region 2, one can divert the

electromagnetic energy flow away from the conductive coating

[4]. Hence in this structure the loss due to the conductor can be

reduced, and, at the same time, the conductive coating provides a

heat sink and is convenient for dc biasing in solid-state device

application [4]. The double layer slot line when compared with

the regular slot line with identical slot width has a larger char-

acteristic impedance. The sandwich slot line, shown in Fig. 2,

with top dielectric layer of low permittivity is also useful at

millimeter-wave frequencies. However, it has a slightly higher

value of effective dielectric constant when compared with the

double layer slot line with same permittivities. The sandwiched

slot line when compared with the regular slot line with identical

relative permittivities offers the advantages of shorter wavelength

and greater confinement of the electromagnetic fields within the

dielectric.

The slot line on a double layer dielectric substrate in the

unshielded form was first analyzed by Samardzij a and Itoh [4].
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Fig. 2. Cross-sectional view of the suspended sandwich slot line.

However, only to the extent that the dispersion characteristic

were computed and illustrated. The slot line sandwiched between

two dielectric substrates was first analyzed by Cohn [5]. Based on

Cohn’s anrdysis, Mariani and Agrios [6] computed the dispersion

and characteristic impedance for a wide variety of substrate

materials. However, their data are valid only for the unshielded

structure. Invariably a practical system is shielded from the

environment in order to protect it from RF interference. Hence

an analysis which takes into account the presence of a shielding

enclosure and allow a study of its influence is felt.

The paper analyzes, firstly, the slot line on a double layer

dielectric substrate susperided inside a conducting enclosure of

arbitrary dimensions, secondly, slot line sandwiched between two

dielectric substrates suspended inside a conducting enclosure of

arbitrary dimensions. The dielectric substrates are assumed to be

isotropic and homogeneous and are of arbitrary thickness and

relative permittivity. The conducting enclosure and the zero

thickness metallization on the substrate, are assumed to have

infinite conductivity.

The above structures are analyzed using Cohn’s technique [7],

which is extended here to take into account more than one

dielectric substrate on a given side of the slot and also the effect

of a shielding enclosure. For the modeling of the open structure

the shielding enclosure is allowed to expand to infinity without

causing numerical problems or increasing computing time.

II. ANALYSIS

A. Slot Line on a Double Layer Dielectric Substrate

The schematic diagram of the structure to be analyzed is shown

in Fig. 1. In this structure slot waves of equal amplitude traveling

in the +x and —x directions are taken into consideration. As a

consequence there exist, along the slot line, transverse planes

separated by A’/2, where A’ is the wavelength in the slot line. At
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