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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 + 2.4°
and &0.2 1 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.

1, INTRODUCTION

T 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, Z~,

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, tlhe 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 +50 between a O” and 1800 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 maybe 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

001 8-9480/92$03 .00 @ 1992 IEEE
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Fig. 2. Ideal 2-stage cascaded-match reflection-type phase shifter.

stage, COosjis always much greater then that of the first

stage, OJos[.
For a voltage-controlled phase shifter, the relative phase

shift, A z S21(a, V) IPs, can be defined as follows:

AZ S21(C0, V)lPs = ~
[S,,(U> J“’)IPS

(s*,(@$ O)IP.S)
where

V = applied bias potential and VI s V s

v~
V] = minimum applied bias potential (Vl =

O in most cases)

Vz = maximum applied bias potential

Szl(ti, V) lp~ = voltage transmission coefficient of the

phase shifter at V bias

Szl(ti, O) lP~ = 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, p~, and p~2, produced by the reflec-

tion terminations of both stages, i.e.:

AZ SZ1(OJ, V)lP~ = AZP~,(W, V) + ALP~,(@, V)

where

and

where p~,~,,(cu, V) = voltage reflection coefficient of
( O) = voltage reflection coeffi-Z~l(2, at V bias and P~[t2} CJ,

cient of Z~l(l, 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. Relatwe phase shift for the: (a) reflection coefficient of Zr,; (b)
reflection coefficient of Zr,; (c) phase shifter with ideal 3 dB quadrature
coupling maintained at all frequencies.

Fig. 3 shows the relative phase shift in ,q, and ,or2, pro-

duced by Z~, and Z~,, 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 Fz

= 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.

II. SIMULATION

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,

e,, (~); odd mode effective permittivity, ~,0 ( ~); even
mode capacitance, c~. (~); odd mode capacitance,
COO(~), and the finger length, 1, [15] the 4-port steady-

state S-parameters Sti (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 resulking 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~./P~

(where m, n G [1, 2]), can be expressed as follows:

&l Irs = &21rs = $1,4 + (S2L4S21C)2

“ & sy~ ‘)sj2A

$llps = S121PS = ~2L4~21c~21B

“ ,$0 (s,,~s~2/4 )’

where

smnA = Steady-state S-parameter for the first stage

Sm.~ = Steady-state S-parameter for the second stage

Sn.c = Steady-state S-parameter for the SIL

p = order of inter-stage reflection.

Here,

s,*A@)= s~2A(B)= s,~ + (s;, + Sj,)

where q = order of intra-stage reflection

S21= = e-~o’(ti)

where 0=(co) = electrical length of the SIL where

0, (co) = : “ e(q))

and

where c, = effective permittivity of the SIL and, lC =

physical length of the SIL.

For the true steady-state 2-port S-parameters, both p

and q must tend to infinity, resulting in the following

closed-form expressions:

where

pr,(,)(s;,+ s~l)
s,,A(B) = S22A(B) = ’11 + 1 – pT,,21S,,

and

2~T,(21 ‘21s41

s2~A@~ = &2,4(B) = S31 + ~

– PTI(2)S11

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, Fc, —with a 3 dEl coupling imbalance, Cl

< +1.5 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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Reelection 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 00 to over 1800, 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.

c) 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.:

@osl(o) w 0s2(0)
— = Al and —=A2 —

(’00 &.)o

where

ties,(0) = series resonant frequency of Z~l at zero bias

uosz(0) = series resonant frequency of ZT2 at zero bias
U. = 2TF0
Al = frequency scaling factor for Z~,
A2 = frequency scaling factor for Z~,.

Therefore,

@os2(o)

—=A3
QJosl(o)

i.e., initial resonance scaling.

The following design equations can now be obtained:

c,,(o) =
1 1

(AILJO)ZL1
and Cz T(0) =

(A2 (JO)2LZ

where C1~(0) = total series capacitance in Z~, at zero bias
and C2 T(0) = total series capacitance in Z ~2at zero bias.

B. Resonance Tracking

The tuning ratio, m(V), of a series resonant tuned cir-

cuit is defined as

C?@(v)
m(V) = —

Uos (o)“

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:

r

c(o)
m(V) = —

c(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(o)
c(v) = (1 + v/@l)’

where

@ = built-in barrier potential

~ = slope exponent.

Therefore,

m(V) = J(l + V/@)7.

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 coos(0) increases. Since ~os,(0) >

oos,(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 Cc, the total series capacitance

of a reflection termination, CT(V), is now given by

CT(V) =
ccc(v)

cc + c(v)”

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=
cc

cc + c(o)

where k = O for an uncoupled reflection termination and

k = 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 Cc, non-critical. As a good rule-of-

thumb, make Cc, > 20 “ Cl(V), therefore, k, = 1.
If identical technologies and slope exponents are used

in the junction capacitances of both stages, i.e., @, = @2
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= @ and Y1 = 72 = ~, respectively, it can be shown that

when the first stage reflection termination is fully coupled

the tuning ratio of Z~,, m2(V), is given by

rn2(z3= Jk2 m;(V) – k2 + 1

i.e., resonance tracking

where m 1( V) = tuning ratio of ZT, and

ml(v) = J(l + v/q5)~.

Therefore,

amz(v) Tkz(l + V/@)(y -*)

av = ~jdkz(l + V/@)~ – k2 + 1

and

din,(V) =

av
;; (1 + V/f$)((’/*)-‘)

Therefore,

~ ~ a~2(v) < am,(v)

av–av”

The lower limit is r{eached when k2 = O and the upper

when k2 = 1.

In order to achieve a low phase error at all levels, over

an octave bandwidth, it is found that k should be just un-

der 0.5, resulting in &nz(V)/ilV = j o &nl(V)/i3V.

C. Phase Gradient Scaling

The reflection coefficient of a reflection termination, pT,

is defined as

z~ – Z(J

‘T= ZT+ZO

where Z~ = reflecticm termination impedance and Z. =

reference impedance standard for the system (Z. = 500,

in most cases).

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

is obtained:

~T = (R; – Z$ + x;) + j(2z~x~)

(RS + ZO)2 + x;

where

x~=x~+x~

R~ = total series loss resistance

XL = reactance of the total series inductance

Xc = reactance of the total series capacitance.

Therefore,

J )((R; –Z:+X;)2+ 2z~x~

)

2

IPTI =
(z?~ + Z6,)2 + x; (z?~ + z~)2 + x:

and

( 2ZOXS
.ZpT= tml–l —

)R:–Z;+X: “

Therefore,

a~pT = 2Z0 (XL – xc)

au – Cd

“( )

2x: – (R: – -% + ‘:)2 z .

(2ZOXS)2 + (R; – z: + x~)

At resonance:

a~pT 4ZOL 4L——
au = ‘Z~ –R! = Zo’loos

with high-Q chip varactors.

Therefore,

a~pT

au 610S

= K “ L, i.e., a constant, irrespective of uo~

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.:

d~PT1/a~luos,

aLpTz/aal.os,

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

Therefore, the following relationship can be obtained:

with high-Q chip varactors and identical directional cou-

plers where K, = phase gradient constant for ZT, and K2

– phase gradient constant for ZTt.—

In order to achieve a low phase error, at all levels over

an octave, or greater, bandwidth, it is found that

ldLP~Jdw\tiOS, must be less than laAPn/awlwOS,, i.e.,
Ad > 1.

As Aq 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 a z p~, /i3~ I~os, and coo. It follows that linear fre-

quency scaling of L, and therefore, L2 can be performed,

i.e.:

Ll=Aand Lz=d.
F. F.

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,

c, = 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, Fc

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:

Al; A2; A~; AG; k, and kz have been found which result in

a phase error of less than ~ 2.40 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:

L, =:; c,(o) = fl; cc, > =
o F. F.

L2 =
2.55
—; C2(0) =

8.55 13.5

F.
—; cc, = ~
F.

and

Fc = 1.087F0

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 6,, (~), 6.0 (~),

CO.(~) and COO(~) have been determined for the 4-finger

Lange coupler, based on the results of Childs [15]:

~,.(f) = 6.476 + 2.995 * lo-2f+ 8.469 * lo-4f2
– 1.739 * lo-5f3

%(f) = 5.351 – 9.814 * 10–4~ – 1.976 * 10–4~2

+ 4.317 * lo-6f3

C..(f) = 75.352 + 8.883 * 10-2~ + 1.2269 * 10-3~2

+ 6.625 * 10-G~3

COO(f) = 399.28 – 6.323 * 10-2~ – 1.715 * 10-2

+ 5.707 * lo-4f3 – 4.777 * lo-6f4

where CO~and COOare in [pF] and~is in [GHz]. The above

expressions are valid for frequencies up to 33 GHz.

TABLE I

EMPIRICAL CONSTANTS FOR THE OCTAVE BANDWIDTH DESIGN

A, A2 A5 A6 k, k,

0.368 1.1348 3.900 2.550 >0.950 0.388

a (z)
INPUT — OUTPUT
PORT .

\ PORT
— —

APPLIED BIAS
POTENTIAL

Fig. 4. Complete cmcuit 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 ~ = 1.0); Rs, = Rs2 =

0.5 Q and Z. = 50 !2, 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 F2,

A z S21I~s 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 (8A z S2, /t)u) I~s

= O, 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 z $1 lPs 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 O.31 Fc; while the second peak is at approximate y

1.67 Fc. 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 z Szl I~s

flatness has a centre located just below Fc. This is because

the decrease in isolation, .as frequency increases, causes

the 3 dB coupling imbalance to increase more at F= +

AFC then at Fc – AFC, where AFC is a small frequency

offset from Fc. Therefore, in order to obtain the maximum
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TABLE 11
COMPONENT VALUES AND FINOER DIMENSIONS FOR THE KU-BAND EXAMPLE

737

L, [nH] Cl (0) [pF] Cc, [PFI L2 [nH] C2(0) [pF] Ca [pF] Length [pm] Width [~m] Separation [~m]

0.26 3.2 >64 0.17 0.57 0.9 1850 65 53

DIRECT

ISOLATION

RETURN LOSS

COUPLED

(a)

52 I

53 I 511 54 I

(b)

d-----ml’,’,’,’,
051015202530

FREQUENCY, [GHZ]

(c)

Fig. 5. Four-finger Lange coupler characteristics. (a) Power. (b) Phase.

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

bandwidth, themid-band frequency should be negatively

offset slightly from Fc, i.e., F. = 0,85 Fc 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 z S21Irs response is

found around 1.72 Fc. 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, Rsv(4 V) = 0.420.

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, Rsv ( 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 Rs. However, with state-of-the-art

high-Q GaAs varactors, this is a good approximation, for

most applications.

A device with T = 0.5 is defined as having an abrupt

junction (AJ), while those with T > 0.5 are defined as

having a hyper-abrupt junction (HAJ). The value of y de-

pends on the doping profile of the active layer. Tradition-

ally, HAJ devices have voltage dependant T 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-~ 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.

The tuning curve of the 2-stage octave bandwidth

CMRTPS is given in Fig. 7. From Fig. 7, the A z Szl /P~

– 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, V~, of most varactor de-

vices is less than 40[V], it will be apparent, from Fig. 8,

that only constant-~ GaAs HAJ varactors will be suitable

for achieving the 180° level of relative phase shift. If AJ

varactors are to be employed, a wideband 900 binary

phase shifter could be added to achieve the 1800 level,

resulting in a slight performance degradation.

Assuming (VB – V2) z (~ + V,), if the RF power level

exceeds a critical saturation value, PMAX( 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 ~~A~(V) is given as

0.354
&Ax(V) = — “

z~
(#) + V)2

: 110

z 100‘/

10

7.01 .21.4 j .67 .82.02.22 .42.62 .83.03.2

TUNING RATlO OF REFLECTION TERMINATION 1

Fig. 7. Tuning curve for the 2-stage octave bandwidth CMRTPS. ‘

Therefore, P~Ax(V) decreases as V decreases. For a 50 Q

system with V, set to zero: P~~x( V,) = 10.7 dBm for

GaAs varactors and ~M~x(V,) = 5.4 dBm for Si varac-
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> 0510152025
# Al>pLIED BIAs potential, [l/]

S211P~ – Vtuning characteristics forvarious types of varactor.

tors. If the RF power level is to exceed ~~*~( VI ), with a

hybrid realization, the value of V, must be increased to

v,= (yf’’:;y2_@
An increase in V,, from zero, will force a subsequent in-

crease in V2, in order to achieve the 1800 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 parasitic 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 stanldard 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 (S11) tech-

niques to nonuniformly dope the active region. At pres-

ent, S11 is comparatively a very expensive operation.

However, a number of RTPS’s have been reported using

these devices [6], [81, [9].

The small parasitic reactance 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 satisfied, the bandwidth limitations of

the nonideal 4-finger Lange coupler can be overcome to

realize high performance octave bandwidth 1800 analog

phase shifters.

With high-Q GaAs HAJ varactors, the CMRTPS can

achieve the 1800 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,

parasitic 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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