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Continuous Varactor-Diode Phase Shifter with
Optimized Frequency Response

BENGT ULRIKSSON

Abstract—A method is introduced for designing continuous varactor-
diode phase shifters with optimum frequency response. The circuit used
gives very small frequency variations of the phase shift if the maximum
phase shift of the device is less than about 200°, Measurement results on a
180° L-band phase shifter are presented. This unit gives less than 5°
variation of any given phase shift less than 180°, when the frequency is
changed from 1.5 to 1.7 GHz.

I. INTRODUCTION

PROBLEM in the design of continuous varactor-

diode phase shifters which has not received previous
attention is the optimum frequency behavior at all possi-
ble phase shifts. The frequency response is said to be
optimum when the derivative of the phase shift with
frequency is zero at the center frequency. In this paper the
design of a 180° continuous phase shifter will be de-
scribed, which is almost ideal in this respect.
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An interesting 360° varactor-diode phase shifter was
introduced in 1971 by Henoch and Tamm [1]. The main
parts of the design were two parallel coupled series reso-
nant circuits which were connected to a circulator by
means of a quarter-wave transformer. The purpose of the
transformer was to equalize the insertion loss. The phase
shifter was designed to give optimum frequency behavior
at 360° phase shift, but computer simulation has shown
large frequency dependence at phase shifts between 0°
and 360°.

Starski [2] has reported on an increase in bandwidth for
p-i-n-diode reflection-type phase shifters by choosing the
length and the impedance of the transformer for optimum
frequency response. An attempt was made to improve the
continuous 360° shifter in this way, but it was not possible
to decrease the frequency variations at all phase shifts to
any large extent.

It was, therefore, decided to limit the maximum phase
shift to less than 360° by changing one of the series
resonant circuits. With an optimized transformer, this
circuit has the required performance.
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I1I. LuMpPED ELEMENT PHASE SHIFTER

Fig. 1 shows the phase shifter with lumped elements in
the series resonant circuits. The voltage dependence of the
series resonant circuits for a phase shifter with less than
360° phase shift is also shown in Fig 1.

The parameters given are

Z, impedance of the circulator or the 3-dB hybrid
(i.e,, 50 Q),

X, T input reactance and reflection coefficient at
the input of the transformer,

Z;, 08, impedance and electrical length of the trans-
former,

X, total load reactance of the transformer,

X,,X, reactances of the series resonance circuits,

Xp reactance of the diodes.

The phase shift ¢ of a reflection-type phase shifter can be
found from the angle of the reflection coefficent I' by the
following relation:

o= /T (V)= /T (Vipar) (1)

Optimum frequency response requires that the derivative
of the phase shift with frequency should be zero at the
center frequency, which gives

8T aL
of of

The angle of the reflection coefficient can be computed
from the parameters of the network according to the

VEV min Vinax )+

( V) - Vmax)’ Ve [ Vrmn’ V ] (2)
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Fig. 1. Lumped-element phase shifter.

maximum phase shift ®, and this maximum phase shift
should have optimum frequency response. This means
that L, and C can be found for specific values of Z, and
©, from the following equations:

following set of equations: b= L( )— /T (V. (10)
Z(X, cos O+ Z, sin ©,) a/T Z_

T =n—2tan~! T\AL T T T. .
=m0, —X, sn 6y) | a7 Voun)= 57 (Vinwr) (an
2Z.Z [z 0X, L(x+z )

c~T T af T
/T _ of f @
of Z}[ Zy cos Op— X, sin @T] +Z3[ X, cos Op+ Z sin G)T]2
X = XX, 5) If (3)—(8) are substituted into (10) and (11), the result is a
L= X, +X, set of equations from which L, and C can be solved
ox X directly. This set of equations has been considerably sim-
X2y xr=2 plified by the fact that X, (V,,,,) is zero according to (9)
aXL af af 6) and (5).
o (X, +X,) Z
P
X,=Xp+27fL, ) X(V o) =Z, tan 5 + tan™! (—ZI tan QTH (12)
1
X2=XD+27TfL2—§‘7Zf—C. ®)

The inductance L, should be chosen so that the reactance
X, is zero at the maximum voltage

XD(Vmax)+27Tf.Ll=0 (9)

The components L, and C can now be computed from
the requirement that the phase shifter should have a given

X(V o) €08 O7— Z, sin O

X1V oin) = Z1 X(V ) sin O+ Z. cos O (13)
1
2( mm) 1 1 (14)
XL( me) B Xl( me)

&
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80X, 1
V XXV, _— 15
af ( mm) 2( m_m) ZTXE( me) ( )
Z2[ Z; cos Or— X, (Vy,,) sin O+ Z2[ X, (V) cos @7+ Z;- sin ©,]°
Z(Z} cos *Op+ Z7 sin 70 )
oX 1 ). ¢
. Vead + Zr XAV, )+ Z2 —
{(mg f](<> |- s e
X,
L= af i (16)
2 Anf
1
= . W)
2'77f(XD( Vmin) +2af-L,— Xz( Vmin))

The parameters of the transformer (Z; and ©;) can be
used to optimize the frequency behavior at phase shifts
which are less than the maximum phase shift ®. This is
done by a nonlinear minimization of a variable
P(Z,,0.,®). Pis a measure of the cumulative deviation
of phase-frequency slope over the full sweep of phase shift
as a function of the design parameters.

L 2
f ( max)

(18)

S -L(V)f

n=1

P(ZT’®T7(I))=

The voltages V, are chosen so that the associated phase
shifts (V) consist of approximately equal steps between
zero and &. A reasonable value for & is 5.

Since there is no guarantee that L, and C will be
realizable (i.e., positive), an efficient steepest descent mini-
mization of (18) will not work properly. Instead a simple
step method was used. This means that Z, and ©, were
changed with a given step size, and the values of Z, and
O, which gave the smallest value of P and positive L, and
C were kept. The procedure was repeated in the neighbor-
hood of the minimum with a smaller step size until the
required accuracy of Z, and ©®, was obtained. A short
summary of the computer program is given below.

1) Compute L, from (9).

2) Step through Z, and ©, with a given step size.

3) For each combination of Z; and ®,, compute L, and
C from (12) to (17).

4) If L, and C are positive, compute P from (18). If the
value of P is lower than those previously obtained,
keep all parameters.

This program will find the optimum values in about 5-10

min on a normal desk computer (HP 9825).

ITI.

In microwave devices fabricated in stripline it is more
convenient to use distributed elements instead of lumped
components. Fig. 2 shows the phase shifter with stubs

DisTRIBUTED ELEMENT PHASE SHIFTER

instead of lumped elements. L, has been replaced by a
shorted stub, and the L,—C combination is replaced by an
open stub.

For the shorted stub an equation analogous to (9) is

Xp(Vipax) + Z, tan ©,=0. (19)
A shorted stub will always give a larger frequency varia-
tion than an inductance. This increase can be minimized
by making the impedance of the stub as large as possible.
This means that Z, should be made as large as possible,
and then ©, can be found from (19).

The parameters of the open stub can be computed from
(20) and (21); X, and (3X,)/(3f) are given by (14) and
(15).

Xp—2Z, cot B,=

Np, Z 6 _ aX

of  sin’@, f of

These are nonlinear equations, but if the equations are
slightly rewritten, ©, can be found by a simple Newton-
Raphson iteration, and Z, can then be computed directly.

(20)

1))

cos ©,- sin ®, X, —X, 22)
0, NS
af af

Z,=(Xp—X,) tan O,. (23)

Equations (22) and (23) replace (16) and (17) when dis-
tributed elements are substituted for lumped elements.

IV. THEORETICAL RESULTS

Some theoretical results of the continuous phase shifter
has been computed for maximum phase shifts from 90° to
360°. In these computations a simple equivalent circuit for
the diode was used. This circuit is shown in Fig. 3. The
values shown were obtained from measurements on a
specific diode (DVH 6730 from Alpha, Inc.) at 1.6 GHz.
Diode losses have not been included in the circuit since
they do not influence the results. Maximum and minimum
voltages for the diode have been chosen as 25 Vand 1 V,
respectively.
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Fig. 2. Phase shifter with distributed elements.
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Fig. 3. Equivalent circuit of the diode with measured values.
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Fig. 4. Optimum P as a function of the required maximum phase shift
for lumped and distributed phase shifters. P is a measure of the
cumulative deviation of phase-frequency slope for all phase shifts.

In Fig. 4, the optimum P has been plotted as a function
of maximum phase shift for phase shifters with lumped
and distributed elements. Fig. 5 gives the maximum total
variation of the phase shift over a 7-percent bandwidth
(1.5-1.7 GHz) as a function of P. These values were
obtained from complete simulations of the phase shifter
with the diode circuit of Fig. 3, and should, therefore, be
used with caution when other diodes and other frequency
bands are substituted.
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Fig. 5. Maximum variation of the phase shift for frequencies
1.5-1.7 GHz as a function of P.
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Fig. 6. One of the two identical sides of the substrate for the 180°
phase shifter; the opposite side is shown as dashed lines.

V. MEASUREMENT RESULTS

A 180° phase shifter with a center frequency of 1.6
GHz has been fabricated. The following design data were
computed.

Z,=1209
0,=54.14°
Z,=86.09 9
0,=66.31°
Z;.=69.0 9
©,=68.0°.

Two identical networks were connected to a 3-dB hybrid
of the coupled transmission-line type [3]. This particular
hybrid is a broad-side coupled device which is etched on
both sides of a 0.381-mm Di—Clad laminate. The Di~Clad
is suspended between two 1.59-mm Rexolite 2200 boards.

One side of the Di-Clad laminate is shown as solid
lines in Fig. 6. The other side is identical. On the substrate
there are also two dc blocks in the form of unloaded 3-dB
couplers, and various bias networks. It was found that the
length of the shorted stub had to be decreased from the
nominal value before a satisfactory result was obtained.
The measurement results are shown in Figs. 7-9. Addi-
tional values of interest are the maximum input power,
which was in the order of 10 mW, and the temperature
dependence which was about 0.1°/°C.
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Fig. 7. Phase shift as a function of frequency and bias voltage of the
device. The solid lines show measured values and the dashed lines are

theoretical results.
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Fig. 8. Measured maximum and minimum insertion loss.

VI. CONCLUSIONS

A method has been presented which minimizes the
frequency dependence at all phase shifts of the continuous
varactor-diode phase shifter introduced by Henoch and
Tamm [1]. It has also been shown that the frequency
variations of the phase shifter can be further decreased by
reducing the maximum phase shift. Measurements on a
180° L-band phase shifter show close agreement with
theory, which predicts a +2° variation at all phase shifts
less than 180° over a 7-percent bandwidth.
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Fig. 9. Measured minimum return loss.
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