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Short Papers

Graph Design of p-i-n Diode Phase Shifters

KENZO WATANABE, MEMBER, IEEE, MASAKI ARIMA, AND

TATSUO YAMAMOTO> MEMBER, lEEE

A bsts-act— A syntkesis procedure of the impedance-transforming net-

work in a p-i-n diode phase shifter is given. A representation of a reflection

performance on the impedance plane is used successfully to determine the

impedance matrix of the network. The procedure is straightforward and its

valM@ is demonstrated by a prototype 90° phase shifter at 10 GHz.

I. INTRODUCTION

The p-i-n diode phase shifter is now an indispensable compo-

nent in PSK communication systems and phased array antennas.

Of the various types of phase shifter proposed so far [1], [2], a

reflection-type circuit employing a hybrid coupler is most com-

mon because of low cost, small size, and easy integration [3], [4].

The reflection performance required for this circuit is constant

signal amplitude with a specified phase difference between the

binary bias states of the diode. The diode cannot usually meet

this requirement by itself and the tuning elements or impedance-

transforming networks are inevitable in front of the diode.

The design problem of the impedance-transforming network

was first attacked by Starski [5]. His method, however, requires a

laborious calculation in addition to the precise knowledge of

diode parameters. Recently Atwater has proposed a novel method

which has allowed the simple design by making use of a bilinear

transformation [6].

The design method described in this paper is based on the

bilinear relation between the reflection coefficient and the diode

impedance. This relation is visualized on the impedance plane to

graphically find the matching impedance. This process gives a

clear insight into the physical aspects of the problem. The match-

ing impedance is then related to the impedance matrix in terms

of which the impedance-transforming network is synthesized. A

design example is given to demonstrate the procedure and its

validity.

II. DESIGN THEORY

A. Driving Point Impedance

The impedance-transforming network is characterized in terms

of the impedance matrix as shown in Fig. 1. The driving-point

impedance of the network when terminated by a resistor of 1 Q is

given by

AZ(S)/Z1l(.S)+l
Z,n(s)=z,,(,s)

222(s)+1
(1)
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Fig. 1. A reflection-type phase shifter consisting of au impedance-transformer
and a p-i-n diode.

where

AZ(S) =Z11(S)Z22(Sj–Z~2 (S) (2)

and s denotes a complex frequency.

This impedance should be a positive reaf function because the

network is composed of real components. Expressing it as

Z,n(s ) =
ws,(s)+n,(s) _ Ml(s) nl(s)/nrl(s)+l

w22(,r)+n2(s) – n2(s) rr2(s)/n2(s)+l
(3)

and comparing (3) with (l), we have

m,(s)
211(s)==

m2(s)
222(s)==

2,2(s)= ~
m,(s) w2(s)–n,(s)n2(s)

n2(s)

where m,(s) and m*(s) represent even polynomials

n,(s) and n2(s), odd polynomials.

(4)

of S, and

“The set of 21,(s), 212(s), and 222(s) are always compatible in

representing a two-port network. The synthesis procedure using

the relation in (4) is called Darlington’s driving-point impedance

method [7].

B. Reflection Coefficient

The driving-point impedance of the network when terminated

with a p-i-n diode in place of 1-0 resistor is given by (1) with the

diode impedance Zd(s) replacing 1. The reflection coefficient is

then expressed as

‘d(s) –zm(s)
r(s)=u(s) Zd(s)+zm(–s)

where

m,(s) –n2(s)
u(s)=

m,(s) +n2(s)

zm(s)=
m2(s)–n,(s)

m,(s) –n2(s) “

(5)

(6)

(7)

ZJS ) is the matching impedance introduced by Atwater [6].

On the jti-axis, \ u(s) I= 1 and ZM(–S)=Z;(S). The require-

ment for the reflection coefficient is then formulated as follows:

“- Zj(jti)+z;(j(!)) – Z;(jo))+zi(jd)

where Z~ and Z; represent the diode impedance in its

“OFF” states, and @ is a specified phase difference.

(8)

“ON” and
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(z)

“&+

Fig. 2. Apollonrus’ circle with limiting points
imagmary axis, The radius is given by

Zm and – Z; are symmetrical about the imagmary am.

It should be noted here that the matching impedance ZM is

interpreted as the virtual source impedance which matches the

reflection coefficient of the diode to the required one. The

problem of the reflection match is then reduced to that of the

impedance match between the virtual and practical source imped-

ances.

C. Graphical Determination of Matching Impedance

It is a tedious task to find the matching impedance by calcula-

tion for a given set of Z~ and Z;. The graphic method, instead,

which makes use of the bilinear relation in (8) visualized on the

impedance plane is effective to find ZM easily.

Rearranging (8) as

[Zm(ju)-z:(j,o)[ _ I-z;(jkl)-zj(j(.d)l =Const, ~9)

lzm(j6))-z;(jcJ)l – I-z;(ju)-z;(j(J)l

one notices that Z~ and —Z: should be located at positions

whose distances from Z~ and Z: have a constant ratio. The loci

of these points constitute the family of coaxiaf circles known as

@e “circles of Apollonius” [8]. The condition that Z~ and – Z;

are symmetric about the imaginary axis requires for the Apol-

lonius’ circle to be centered on the imaginary axis. The constant

&nplitude condition of the reflection coefficient thus specifies the

unique circle. The procedure is illustrated in Fig. 2; plotting Z~

and Z; on the impedance plane, finding the intersection O’ of the

straight line through Z~ and Z: and the imaginary axis, and then

drawing the circle centered on O’ with a radius of geometric mean

of 10’Z~ I and 10Z~ 1,we have the required circle.

To determine Zm and – Z; on this circle the phase condition is

used. The phasors in Fig. 2 explain the phase relation; 6, is the

reflection phase in Z~ state and 62 is in Z: state. It is clear by

inspection that there exists always one and only one pair of

points that meets the phase specification @= O, – 02. These points

are Z~ and – Z:, the point in the right-hand plane correspond-

ing to ZM because the numerator in (8) is smaller than the

denominator, i.e., I I’(s)l <1.

Once the matching impedances Z~’s are determined at several

frequencies of interest, the synthesis of the network is a routine

task. Generating an appropriate rational function for Z~(s) and

decomposing it into the even and odd polynomials as in (7) give

the impedance matrix entries in (4). An example will be given in

the next section.

III. DESIGN EXAMPLE

The simplest rational function is a bilinear function

zm(s)=l?m(s)+jxm( s)=~. (lo)

Then, by (4), we have

I \

If one regardss in (11) as Richard’s variable [9]

s =j tan/31=j tan@m (12)

then (11) represents the impedance matrix of a transmission line

with a characteristic impedance 1/b= ZO~ and electrical length

d~. ZO~ and d~ can be found by (10)

‘Om=c
em=tal-’*zom.

m

(13)

(14)

If R ~ and XM are denormalized, (13) and (14) become the same

as (16) and (17) in [6], respectively.

A 90° phase shifter at 10 GHz has been implemented to

confirm the above synthesis procedure. The diode was so mounted

as to terminate a 504J microstrip line formed on an alumina

substrate 0.64 mm thick having a relative dielectric constant of

10.3. The normalized diode impedance was 0.09 +jl .04 when

forward-biased with a current of 10 mA, and O.16–jl.31 when

reverse-biased with 10 V. Using these values the matching imped-

ance was found graphically to be

Z~ =2.49 +j0.89.
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Fig. 3. The reflection performance of a prototype 90° phase shifter.

Zom and 19mof the impedance-transforming network were ob-

ained to be 1.74 and 109°, respectively.

The measured reflection performance is shown in Fig. 3 to-

;ether with the strip pattern designed using the dispersive model

)f microstrip line. The phase error and the amplitude unbalance

it 10 GHz are 2° and 0.1 dB, respectively. These are considered

he to the fringing parasitic at the impedance step.

A mechanization of a matching network by means of one

;ection of rnicrostrip line, as in this example, is not always

)ossible because the attainable characteristic impedance is limited.

[n those cases, a stub or short length of transmission line should

>e incorporated in front of the diode to transform the diode

mpedances to new values which allow a practical design of a

nicrostrip matching section.

IV. CONCLUSIONS

A synthesis method for an impedance-transforming network of

i p-i-n diode phase shifter has been presented. It features the

;implified design made possible by the graphical determination

)f the matching impedance. A design example which assumes the

natching impedance of the form of bilinear function has been

;iven to demonstrate the procedure:

The synthesis of a broad-band network is also possible if a

natching impedance of higher order polynomials is assumed and

heir coefficients are determined at several frequencies of interest.

$ince the coefficients determined graphically are only of first-

order approximation, a computer-aided optimization would be

effective to a final design.
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