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Synthesis Techniques for High Performance Octave
Bandwidth 180° Analog Phase Shifters

Stepan Lucyszyn, Member, IEEE, and lan D. Robertson, Member, IEEE

Abstract—Novel techniques for synthesizing 180° analog re-
flection-type phase shifters, with ultra-low phase and ampli-
tude error characteristics, over a very wide bandwidth, are
presented. The novel approach of cascading stages, where the
nonlinear performance of each stage compliments those of the
others, results in a significant advance in the linearity perform-
ance of traditional reflection-type phase shifters. In this paper,
it is shown by theoretical analysis that three conditions must be
satisfied by the reflection terminations, in order to achieve the
desired response. The theoretical conditions and subsequent
design equations are given. Simulation results for a 2-stage
Ku-band cascaded-match reflection-type phase shifter show that
a very low maximum phase error and amplitude error of 1+2.4°
and +0.21 dB, respectively, can be achieved over a full octave
bandwidth. Since the complexity of the overall topology is re-
duced to a minimum, the device appears insensitive to process
variations and ideal for both hybrid and MMIC technologies.

I. INTRODUCTION

HE reflection-type phase shifter (RTPS) was first in-

troduced more than three decades ago by Hardin [1].
With reference to Fig. 1, a directional coupler produces
incident voltage waves at the coupled and direct ports.
These waves are reflected by identical impedances, Zr,
terminating the ports. The resulting reflected waves then
combine at the input and isolation ports. If lossless re-
flection terminations are connected to an ideal 3 dB quad-
rature directional coupler, the resulting voltage wave vec-
tors at the input port cancel each other out, while those at
the isolation port re-enforce each other. In other words,
all the power entering the input port will emerge from the
isolation port. If the reflection terminations have a voltage
dependent reactance, in the form of varactor-type devices
or active inductors, the relative phase difference between
the output voltage wave vector and the input voltage wave
vector can be electronically varied, therefore, creating a
relative shift in the phase angle of the overall voltage
transmission coefficient.

Hardin proposed a simple series-tuned circuit for the
reflection terminations, incorporating a single varactor
diode in each. The resulting frequency response of the
relative phase shift has a single hump. This hump can pro-
duce a maximum bandwidth of approximately 5-10%, for
a phase error of +5° between a 0° and 180° relative phase
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Fig. 1. Ideal 1-stage reflection-type phase shifter.

shift. This idea was further developed by Searing [2] and
Garver [3] without much improvement to the bandwidth.
Attempts to widen the bandwidth were proposed by Hen-
och et al. [4] and Ulriksson [5]. Here a parallel resonance
mode was synthesized in the reflection termination—by
connecting two series-tuned circuits, with different reso-
nant frequencies, in parallel. A transmission line was then
inserted between the reflection termination and the cir-
culator directional coupler, in order to produce a double
humped frequency response. This technique can increase
the bandwidth by a factor of two. Also, the component
values of the reflection terminations could only be deter-
mined by intensive optimization and human judgement.
In recent years, a number of variations to the basic reflec-
tion terminations have been reported without significant
advances in the phase shifter’s overall performance [6]-
[12].

A novel method for increasing the bandwidth is to com-
bine the simplicity of Hardin’s approach with the type of
rippled frequency response produced by the latter ap-
proaches. Here, the phase shifter is split-up into matched
cascaded stages. In order to achieve a full octave band-
width, the optimum number of stages required by this cas-
caded-match reflection-type phase shifter (CMRTPS) is
two; while a three stage design may be required to achieve
a decade bandwidth. An ideal 2-stage CMRTPS is illus-
trated in Fig. 2.

For a 2-stage design each stage is similar to the one
proposed by Hardin, except that the resonant frequency
of the series-tuned reflection termination of the second

0018-9480/92$03.00 © 1992 IEEE
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Fig. 2. Ideal 2-stage cascaded-match reflection-type phase shifter.

stage, wgg, i8 always much greater then that of the first
Stage, Wos;-

For a voltage-controlled phase shifter, the relative phase
shift, A 2 8, (w, V)|ps. can be defined as follows:

L/SZI(Q), V)IPS>

Az Sy (w, V)lps =

\521(60 0| ps
where
V = applied bias potential and V; < V <
V>
V; = minimum applied bias potential (V| =
0 in most cases)
V, = maximum applied bias potential

Sh1(w, V)|ps = voltage transmission coefficient of the
phase shifter at V bias

Sy1(w, 0)|ps = voltage transmission coefficient of the
phase shifter at zero bias.

With ideal 3 dB quadrature coupling, maintained across
the octave bandwidth, the relative phase shift would sim-
ply be the superposition of the relative phase shifts in the
reflection coefficients, py, and pr,, produced by the reflec-
tion terminations of both stages, i.c.:

Az 8w, Vlps = Azpp(w, V) + Azpp(w, V)

where

, vV
Azpr(w, V) = L<-pi(—w———)>

pr(w, 0)

and

pTz(w’ V)>
pTz(wa 0)

Azprw, V) =4<

where pr(w, V) = voltage reflection coefficient of
Zy,,, at V bias and pg,(w, 0) = voltage reflection coeffi-
cient of Zy,,, at zero bias.

If the hump produced by the first stage is centered be-
low the lowest frequency of the desired frequency range
and that produced by the second stage near the highest
frequency, then with the appropriate component values
the negative gradients of the first stage will compensate
for the positive gradients of the second stage, within the
desired frequency range. The resulting frequency re-
sponse will be flat over the desired frequency range, for
relative phase shifts up to and exceeding 180°.
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Fig. 3. Relative phase shift for the: (a) reflection coefficient of Z,; (b)
reflection coefficient of Z,; (c) phase shifter with ideal 3 dB quadrature
coupling maintained at all frequencies.

Fig. 3 shows the relative phase shift in p7, and p4,, pro-
duced by Z; and Zr,, respectively, and the subsequent
superposition of these frequency responses for a Ku-band
CMRTPS, using ideal 3 dB quadrature couplers. Within
an octave bandwidth—having a lower band-edge fre-
quency F| = 10 GHz, an upper band-edge frequency F,
= 20 GHz and a mid-band frequency F, = 15 GHz—the
superposition of the frequency responses have negative
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gradients. It will be shown in a subsequent design exam-
ple that the near linear decrease in the isolation, with re-
spect to frequency, of the 4-finger Lange couplers can in-
crease the gradient to its desired zero value.

[I. SsMULATION

The directional coupler can be assumed to be symmet-
rical, reciprocal and lossless—which is a good approxi-
mation in most cases.

Therefore, with the appropriate expressions obtained for
a Lange couplers’ even mode effective permittivity,
€.(f); odd mode effective permittivity, e, (f); even
mode capacitance, C,.(f); odd mode capacitance,
C,o(f), and the finger length, /, [15] the 4-port steady-
state S-parameters S; (where i, j € [1, 4]), can be ac-
curately determined [16].

In some circumstances, it may not be possible to cas-
cade the 2-stages of the CMRTPS without some form of
matched, lossless, transmission line—due to restricted
layout considerations. If this stage isolation line (SIL) is
to be inserted between the stages, its model must be in-
cluded in the simulations.

S-parameters resulting from transient, time-domain,
signals can clearly describe the direction of transient
power flow around the topology. Using the 4-port steady-
state S-parameters of the directional coupler, the transient
2-port S-parameters for the 2-stage CMRTPS, S,,,|ps
(where m, n € [1, 2]), can be expressed as follows:

Sitles = Salps = Sia + (Sa14Sa1c)?

p

G+ Doi
'Zo Siis Sna
i=

S21|PS = S12|Ps = 8514821518

p
: E;O (S1185224)'

where

Syma = Steady-state S-parameter for the first stage
Smne = Steady-state S-parameter for the second stage
Sunc = Steady-state S-parameter for the SIL
p = order of inter-stage reflection.
Here,
2 2
Sia@) = Snaey = Su + (831 + 84)
d @+ D
. .
* i§0 1Y T lll

S = Siaw) = S + 285,180
J e+ 1
. 1+ 1
l§0 PTa Q1

where g = order of intra-stage reflection

Spic = e/

where 0. (w) = electrical length of the SIL where

6. (w) = f— + B(wo)

o
and
wo Ve (wo)
0(wo) = — L

where ¢, = effective permittivity of the SIL and, I, =
physical length of the SIL.

For the true steady-state 2-port S-parameters, both p
and g must tend to infinity, resulting in the following
closed-form expressions:

S 10810)%8
Siles = Snlps = Sia + Go14 5210 Suip

1 = 8$n4Siup
S214 5108,
So1les = Sialps = _“—1 24 ;212/4521112

where
PT1(2)(S%I + Sézll )

Stag) = Snoaw) = Su + 1= pr S0,
12)

and

20 T2 821541

Suaw) = Siamy = Sn + 1= pr S
12)

III. SYNTHESIS

In order to synthesize the 2-stage octave bandwidth
CMRTPS, the reflection terminations and directional cou-
plers can be treated separately. However, it should be
noted that the empirical expressions obtained for the com-
ponent values within the reflection terminations are a
function of the characteristics of the directional couplers
and the presence of the other stage.

In theory, it will be seen that the exact frequency char-
acteristics obtained with the CMRTPS covering an octave
bandwidth can be scaled to cover any chosen octave band-
width. This is achieved by the appropriate scaling of the
component values within the reflection terminations and
the physical length of the directional coupler.

Directional Couplers

Two-stage octave bandwidth CMRTPS’s require oc-
tave bandwidth directional couplers—with tight coupling
within the bandwidth.

In order to achieve a return loss within acceptable lev-
els, 3 dB coupling is required at the frequency of maxi-
mum coupling, F, —with a 3 dB coupling imbalance, C,
=< 41.5 dB, within the octave bandwidth. Many types of
directional coupler qualify, such as the common 4-finger
Lange coupler. However, the narrow band 1-section
branch line coupler has also been used in wideband
RTPS’s [7], [8]-
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Reflection Termination

A single flat level relative phase shift frequency re-
sponse is quite easy to achieve over an octave bandwidth.
As the number of required flat levels increase, the diffi-
culties in achieving these flat levels also increases. In or-
der to obtain a low phase and amplitude error over the full
octave bandwidth, at all levels from 0° to over 180°, the
following conditions have been found and must be satis-
fied by the reflection terminations:

a) The resonant frequency of the second stage reflec-
tion termination must correctly scale that of the first stage,
at the zero bias potential.

b) The change in the resonant frequency of the second
stage reflection termination must correctly track the
change in that of the first stage.

¢) The reflection coefficient of the second stage reflec-
tion termination must have a phase angle whose gradient,
with respect to frequency, correctly scales that of the first
stage, at their respective frequency of resonance.

These conditions will now be examined in detail.

A. Initial Resonance Scaling
At zero bias, linear relationships exist between the res-
onant frequency of the first and second stage reflection
terminations and the mid-band frequency, i.e.:
Wos; (0) w OSz(O)
= A
@o Wo

= A,

where

wgs (0) = series resonant frequency of Zy, at zero bias
wps,(0) = series resonant frequency of Zr, at zero bias
wo = 27F,
A, = frequency scaling factor for Z,
A, = frequency scaling factor for Zr,.

M

Therefore,
wOSz(O) _

wos,(0) -

i.e., initial resonance scaling.
The following design equations can now be obtained:

1
(Ay00)°L,

CIT(O) = and CZT(O) =

1
(4,00)°L,

where C,,(0) = total series capacitance in Z, at zero bias -

and C,,(0) = total series capacitance in Z, at zero bias.

B. Resonance Tracking

The tuning ratio, m (V), of a series resonant tuned cir-
cuit is defined as

Chip varactors have negligible parasitic reactive compo-
nents below 10 GHz. If chip varactors are employed to

vary the resonant frequency, with voltage-invariant series
inductors, it can be shown that:

m(V) =

where C(V) = junction capacitance of the chip varactor
with V bias and C(0) = junction capacitance of the chip
varactor with zero bias.

In general, the junction capacitance can be expressed
as

C(0)

O =T5v/ey

where

¢ = built-in barrier potential
¥ = slope exponent.

Therefore,
m(V) = (1 + V/e).

As m(V) increases, the size of the hump in the relative
phase shift frequency response, for a single stage reflec-
tion-type phase shifter, also increases. The rate at which
this size increases, with respect to an increase in the bias
potential, increases as wpg(0) increases. Since wgpg,(0) >
wos,(0), for a 2-stage CMRTPS, if an identical bias is ap-
plied to all varactors the reflection termination of the sec-
ond stage must incorporate a specific amount of decou-
pling, in order to reduce the rate in which its peak
increases.

The decoupling can be realized by a voltage invariant
series coupling capacitor, Cc. This capacitor has the sec-
ond function of dc blocking—if placed between the re-
flection termination and the corresponding port of its di-
rectional coupler. Dc blocking may be required to isolate
the applied bias from the other stage and the input and
output ports of the phase shifter.

With the introduction of C, the total series capacitance
of a reflection termination, C,(V), is now given by

The amount of coupling between the reflection termina-
tion and its directional coupler can be expressed by the
reflection termination coupling coefficient, k, defined as

k=S
Ce + C(0)

where k = 0 for an uncoupled reflection termination and
= 1 for a fully coupled reflection termination.

In most cases, the reflection termination of the first
stage can be fully coupled. This has the advantage of
making the value of C, non-critical. As a good rule-of-
thumb, make C¢, = 20 - Cy(V), therefore, k; = 1.

If identical technologies and slope exponents are used
in the junction capacitances of both stages, i.e., ¢; = ¢,
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= ¢ and v, = vy, = v, respectively, it can be shown that
when the first stage reflection termination is fully coupled
the tuning ratio of Z4,, m,(V), is given by

my(v) = Jk,mi(V) — ky + 1

i.e., resonance tracking

where m (V) = tuning ratio of Zy, and

m(V) = N(1 + V/¢)".

Therefore,
dmy(V) yko(1 + V/g)r D
v 20 Vky(1 + V/$) — ky + 1
and
om(V) _ v (/-1
v =2 A+ V/¢) )
Therefore,
0 < amy(V) < aml(V).

] 2] 4

The lower limit is reached when k, = 0 and the upper
when k, = 1.

In order to achieve a low phase error at all levels, over
an octave bandwidth, it is found that £ should be just un-
der 0.5, resulting in dm,(V)/dV = § - omy(V)/aV.

C. Phase Gradient Scaling

The reflection coefficient of a reflection termination, py,
is defined as

_Zr—2Zp

Zr+ Zp
where Z; = reflection termination impedance and Z, =
reference impedance standard for the system (Z, = 50 Q,
in most cases).

For a series R-L-C reflection termination, the following
is obtained:

Pr

_ (RS — Zp + X5) +j(2ZoXy)

or (Rs + Zo)" + X}
where
XS = XL + XC
Rg = total series loss resistance
X, = reactance of the total series inductance
Xc = reactance of the total series capacitance.
Therefore,

o] = <(R§ -2z + X9\ | 22y X; >2
! (Rs + Zo)* + X3 (Rs + Zp)* + X3

and

2Zy X,
o (g 2

= tan~!
<R§ - 75+ X3

Therefore,
dzpr - _ 2Zo (X, — X¢)
ow w

[ 2X5 - RS = Z5 + X5)
(ZpXs)* + (R5 — Z5 + X35 )

At resonance:

dLpr ___AZ,L _4L
do |, ZH-R}  Zy
with high-Q chip varactors.
Therefore,
dzpr
0w |,
= K- L, i.e., aconstant, irrespective of wpg

where K = phase gradient constant.

For the 2-stage topology, it is found that a linear rela-
tionship must exist between the angle of reflection coef-
ficient gradients, at their respective resonant frequencies,
i.e.:

aépTl/a""’lwosl
327,/ 06] uos,

= A,, i.e., phase gradient scaling.

Therefore, the following relationship can be obtained:

K
Ll = <A4 —IEZ>L2 = A4L21
1

with high-Q chip varactors and identical directional cou-
plers where K; = phase gradient constant for Z7, and K,
= phase gradient constant for Zr,.

In order to achieve a low phase error, at all levels over
an octave, or greater, bandwidth, it is found that
|8 2 pr,/ 30| 05, must be less than |8 2 pr, /0w|,pg,, i-€.,
A4 > 1.

As A, is increased beyond unity, the potential band-
width continues to increase and the rate in which the peak
increases effectively decreases in the second stage of the
CMRTPS. The latter is similar to reflection termination
decoupling.

It has also been found that a linear relationship exists
between 8 £ pr, /9w| .5, and wp. It follows that linear fre-
quency scaling of L, and therefore, L, can be performed,
i.e.:

Octave Bandwidth Design

Numerous 2-stage octave bandwidth CMRTPS’s have
been simulated using 4-finger Lange couplers—on a 25
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mil thick alumina substrate, having a dielectric constant,
¢ = 9.8.

The physical length of the Lange coupler dictates its
frequency of maximum coupling, Fc. In order to obtain
the optimum performance over the octave bandwidth, F
is set slightly higher than the mid-band frequency. The
reason for this increase will be discussed later.

Values for the previously defined empirical constants:
Ay; Ay; As; Ag; ki and &, have been found which result in
a phase error of less than +2.4° and a maximum ampli-
tude error of less than +0.21 dB over the complete octave
bandwidth—for relative phase shift levels up to and ex-
ceeding 180°.

These values are given in Table I. It should be noted
that these values apply only to the type of directional cou-
pler and substrate defined previously.

Quick design equations, based on the above tabulated
values, are given below:

3.9 48 960
L =22 GO) = —; Cq > —
1 FO 3 1( ) FO ) FO
2.55 8.55 13.5
L, F, GO0 F, Ce, F,
and
Fe = 1.087F,

where L has units of [nH]; C has units of [pF]; F, has
units of {GHz].

Ku-Band Example

The following example of a 2-stage Ku-Band CMRTPS,
with a mid-band frequency of 15 GHz, will serve to il-
lustrate the above design techniques. The complete circuit
diagram for a 2-stage CMRTPS, without a SIL is illus-
trated in Fig. 4. The component values for the reflection
terminations and the finger dimensions for the 4-finger
Lange couplers are given in Table II.

The following empirical expressions for ¢,,( f), €., (f),
C,.(f) and C,,(f) have been determined for the 4-finger
Lange coupler, based on the results of Childs [15}:

o (f) = 6.476 + 2.995 = 1072f + 8.469 * 107*f2
— 1.739 * 1075f3

€eo (f) = 5.351 — 9.814 * 107*f — 1.976 * 10 %2
+ 4.317 * 107%3

C,.(f) = 75.352 + 8.883 * 107%f + 1.2269 * 1072
+ 6.625 * 1()—6f3

Coo(f) = 399.28 — 6.323 * 107%f — 1.715 * 1072
+ 5.707 * 107%3 — 4.777 = 10~ %*

where C,, and C,, are in [pF] and fis in [GHz]. The above
expressions are valid for frequencies up to 33 GHz.

TABLE I
EmpIRICAL CONSTANTS FOR THE OCTAVE BANDWIDTH DESIGN
A, Ay As A k, k,
0.368 1.1348 3.900 2.550 >0.950 0.388

0] ©)
INPUT OUTPUT
PORT PORT

P> A———
Cor== Ccz

APPLIED BIAS
POTENTIAL

Fig. 4. Complete circuit of a 2-stage cascaded-match reflection-type phase
shifter.

The resulting power and phase characteristics for the
coupler are shown in Fig. 5. These characteristics are
identical to those obtained using EESOF’s ‘‘Touchstone’’
package.

The simulated frequency responses for this CMRTPS,
using GaAs chip varactors (with vy = 1.0); Rs, = Rg, =
0.5 Q and Z, = 50 Q, are shown in Fig. 6.

With reference to Figs. 3(c), 5 and 6(a), the negative
gradients in Fig. 3(c) have been compensated for, within
the octave bandwidth.

As frequency decreases below F) or increases above F,
A 2 8,|ps begins to increase from its level state. This is
the result of the higher-order inter-stage reflections be-
coming more significant—as the return losses at port 2 of
RTPS-1 and port 1 of RTPS-2 decrease—due to the in-
crease in the 3 dB coupling imbalance.

Eventually, a point is reached where (0A 2 S, /0w)|ps
= 0, beyond which the decrease in the power coupling
of the directional coupler dominates. With less reflected
power emerging from port 2 of RTPS-1—and, therefore,
RTPS-2—the A £ 8,,|ps response begins to rapidly de-
crease. The two resulting peaks must be located well away
from octave band edges, as the changing gradients of their
skirts are difficult to predict and, therefore, control.

With the types of directional couplers and substrates
defined previously, the first peak is centered at approxi-
mately 0.31 F; while the second peak is at approximately
1.67 F¢. The second peak is much greater in amplitude,
compared to the first peak, due to the decreased isolation
at that peak.

It has been found that the range of maximum A £ S5, pg
flatness has a centre located just below F. This is because
the decrease in isolation, as frequency increases, causes
the 3 dB coupling imbalance to increase more at F +
AF then at F- — AF., where AF is a small frequency
offset from F. Therefore, in order to obtain the maximum
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TABLE II
COMPONENT VALUES AND FINGER DIMENSIONS FOR THE Ku-BAND EXAMPLE

L, [nH]

C,(0) [pF]

Cec [pFl

L, [nH]

C,(0) [pF]

Ce, [pF]

Length [pm]

Width [um]

Separation [pm]

0.26

3.2

> 64

0.17

0.57

0.9

1850

65

53

737

FREQUENCY, [GHz]
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Fig. 5. Four-finger Lange coupler characteristics. (a) Power. (b) Phase.

(c) Phase difference between the coupled and direct port signals.

bandwidth, the mid-band frequency should be negatively
offset slightly from F, i.e., Fp = 0.85 F with the type
of directional coupler and substrate defined previously.

For the octave bandwidth design presented here, an off-
set of Fc = 1.087 F, was found to provide the minimum
error in both the phase and amplitude and maximum re-
turn loss across the bandwidth.

A complete breakdown in the A £ S,,|pg response is
found around 1.72 F¢. This is due to the rapid increase in
deviation from phase quadrature, as seen in Fig. 5(c).

IV. DiscUssION

In order to realize the design of the 2-stage octave
bandwidth CMRTPS, the tuning requirements of the
CMRTPS and the varactor technologies available must be
considered. Only varactors with a mesa type construction
will be considered in detail, as accurate high-frequency
models for planar MESFET type varactors are not avail-
able.

Varactor-type devices can be categorized by the semi-
conductor material from which they are made and by their
doping profiles. Devices made from silicon have a barrier
potential, ¢ = 0.7 — 0.8 V, while GaAs have ¢ = 1.2
— 1.3 V. In general, the Q-factor of a GaAs device is
approximately four times that of an equivalent silicon de-
vice. As a result, the phase shifter would have a much
better insertion loss performance if GaAs varactors were
employed. Q-values in excess of 75, at 10 GHz, are com-
mercially available for GaAs chip varactors with a C(4
V) = 0.5 pF junction capacitance and a total series re-
sistance, Repy(4 V) = 0.42 Q.

The total series resistance of a mesa type varactor is the
result of : an undepleted epitaxial region resistance, Ohmic
contact resistance, spreading resistance between the epi-
taxial and substrate layers, and the substrate layer resis-
tance. The undepleted epitaxial region resistance is a
function of the applied bias potential. When the unde-
pleted epitaxial region decreases, due to increases in the
applied bias potential, Ry, (V) decreases. Since the total
series resistance of the varactor makes-up the bulk of the
total series resistance of the reflection termination, Rs(V)
also decreases.

The simulations in the previous section have assumed
a voltage-invariant R;. However, with state-of-the-art
high-Q GaAs varactors, this is a good approximation, for
most applications.

A device with ¥y = 0.5 is defined as having an abrupt
junction (AJ), while those with v > 0.5 are defined as
having a hyper-abrupt junction (HAJ). The value of v de-
pends on the doping profile of the active layer. Tradition-
ally, HAJ devices have voltage dependant  values. How-
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Fig. 6. Simulated performance of a 2-stage Ku-band CMRTPS. (a) Rela-
tive phase shift. (b) Phase error. (c) Insertion loss. (d) Amplitude error.

ever, constant-y varactors are now commercially
available. In general, the Q-factor of a HAJ varactors is
approximately a factor of 2 to 3 higher than equivalent AJ
varactors. v

- The tuning curve of the 2-stage octave bandwidth
CMRTPS is given in Fig. 7. From Fig. 7, the A 2 S, |ps
— V tuning characteristics for various types of varactor
are shown in Fig. 8. It can be deduced from Fig. 7 and
seen in Fig. 8 that near linear tuning can be achieved,
without any form of bias equalization network, with HAJ
varactors having y = 2.0. ,

Since the breakdown voltage, Vy, of most varactor de-
vices is less than 40[V], it will be apparent, from Fig. 8,
that only constant-y GaAs HAJ varactors will be suitable
for achieving the 180° level of relative phase shift. If AJ
varactors are to be employed, a wideband 90° binary
phase shifter could be added to achieve the 180° level,
resulting in a slight performance degradation:

Assuming (Vp — V,) = (¢ + V), if the RF power level
exceeds a critical saturation value, Pyax(V), forward bias
rectification occurs and unwanted harmonics will be gen-
erated. For a 3 dB directional coupler and a 3 dB coupling
imbalance of +1.5 dB, the value of Pysx(V) is given as

0.354
Zo

for —¢ < V= (Vg — ¢)/2.

Puax(V) = G+ VY
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Fig. 7. Tuning curve for the 2-stage octave bandwidth CMRTPS.

Therefore, Pyax(V) decreases as V decreases. For a 50 Q
system with V| set to zero: Py x(V,) = 10.7 dBm for
GaAs varactors and Pyax(V;) = 5.4 dBm for Si varac-
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tors. If the RF power level is to exceed Pyax(V;), with a
hybrid realization, the value of ¥; must be increased to

1/2

0.354 — 9

v, = <ZOPMAX(V1)
An increase in V|, from zero, will force a subsequent in-
crease in V5, in order to achieve the 180° level—resulting
in an increased performance degradation at the higher lev-
els.

For a hybrid realization of the CMRTPS, Mesa-type
varactors are generally used. Here, the parasitics associ-
ated with the chip varactors have a significant effect on
the performance of the CMRTPS above 10 GHz. With the
Ku-band design example, a factor of 2 degradation in the
ideal phase error was found. ,

At present, a MMIC realization of the CMRTPS would
generally use planar-type varactors. Here, varactors can
be realized by connecting together the drain and source
terminations of a standard MESFET—resulting in a single
Schottky junction. The bias potential is then applied across
the drain/source and gate terminations. An MMIC RTPS
using this technique has been reported by Bianchi et al.
[12].

MMIC varactors, resulting in large tuning ratios, can
be produced using selective ion implantation (SII) tech-
niques to nonuniformly dope the active region. At pres-
ent, SII is comparatively a very expensive operation.
However, a number of RTPS’s have been reported using
these devices [6], [8], [9].

The small parasitic reactances associated with MMIC
varactors should result in a negligible degradation in the
ideal phase error of the Ku-band design example.

V. CONCLUSION

The novel technique of cascading matched RTPS’s has
been presented. With the three conditions for the reflec-
tion terminations salisfied, the bandwidth limitations of
the nonideal 4-finger Lange coupler can be overcome to

realize high performance octave bandwidth 180° analog
phase shifters.

With high-Q GaAs HAJ varactors, the CMRTPS can
achieve the 180° relative phase shift level with a low ap-
plied bias potential and exhibit excellent insertion loss and
noise figure characteristics.

Due to the inherently small, yet well characterized,
parasitics associated with a MMIC realization and with a
good design layout, the measured performance should be
close to that predicted.

The linear transmission phase and error characteristics
make the 2-stage CMRTPS ideally suited for low power
wide-band oscillators and beam forming network appli-
cations.
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