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A Simple Technique for the Design of
MMIC 90° Phase-Difference Networks

Mustapha Mahfoudi and José 1. Alonso, Member, IEEE

Abstract— In this paper, a simple technique for the design
of broadband 90° phase-difference networks, using balanced
and unbalanced all-pass network topologies, is presented. In
the developed method, the element values of the structures are
calculated as function of two design variables: )y and r. Utilizing
this approach, a 90° phase shifter has been realized, having less
than 2° phase error and better than 0.5 dB amplitude error in
the operating band from 0.7 to 3.5 GHz.

1. INTRODUCTION

S GaAs microwave monolithic integrated circuit (MMIC)

technology advances, the need of basic building blocks
has become evident. On the other hand, this technology allows
the placing of components at small distances one from another
and, so on, they can be considered as composed of lumped
elements in high operational frequencies. This new alternative
approach of designing microwave circuits make possible to
realize monolithic versions of old theoretical circuits proposed
long time ago.

One of this key circuits are those which allow to have
a constant phase difference at their output over a band of
frequencies. These networks have been used for the realization
of active power splitters [1], 90° phase shifters [2], and
as circuits for generation of multiple phase coherent signals
[3]-[5], which can be an integrated part of single side-band
modulators [6], frequency-shift keying systems [7], direct-
quadrature modulators [8]-[9], and beam-forming networks
[10].

This paper deals with the design and realization of broad-
band 90° phase difference networks, utilizing balanced and
unbalanced all-pass networks topology. The basic configu-
ration of a phase-difference network consist of two all-pass
filters, which inputs are driven in parallel. The phase difference
between their outputs constitute the output of the phase shifter.

Although the theoretical background for the design of all-
pass networks whose output phase difference is constant
over a prescribed frequency band is well known and is
perfectly covered in the literature [11]-[14], its application
is cumbersome and ambiguous with regard to calculate the
circuit element values to obtain 90° phase difference.

Therefore, from a practical point of view of monolithic
implementation of this kind of networks, it would be desirable

Manuscript received October 17, 1995; revised June 14, 1996. This work
was supported in part by Project TIC93-005-C03-01 of National Board of
Scientific and Technological Research (CICYT) and by the International
Cooperation Spanish Agency (AECI).

The authors are with the Departamento Sefiales, Sistemas y Radiocomuni-
caciones, ETSI Telecomunicacién. Universidad Politécnica de Madrid, Ciudad

Universitaria, Madrid, Spain.
Publisher Item Identifier S 0018-9480(96)06905-0.

All-pass networld
A
VOA L ®()A
— r
VinZ o in
All-pass networq
1L B

VOB £ @ 0B

Ir

Fig. 1. Phase-difference network using all-pass filter.

to develop a method which permit to obtain the element
values as function of design parameters, normally, the relative
bandwidth and the phase difference.

In the design method developed for designing 90° phase
difference networks, based on second-order all-pass filters,
two design parameters r and )y have been chosen. The
element values of several circuital configurations that have
been studied, can be calculated as function only of these
variables, which are in his turn depending on a design variable:
the ratio of the low to high frequency of operational band.

Special emphasize is made on the RC all-pass filters because
this option reveals yielding wider shift band, small size, lower
power and high reliability and therefore most suitable for
monolithic implementation.

II. SECOND ORDER ALL-PASS FILTERS

As it has been pointed out, two all-pass filters connected as
shown in Fig. 1, can be designed to have a phase difference
between their output voltages approximate to a constant over
a band of frequencies.

First, a classification of all-pass filters which constitute the
phase difference networks, in two main categories, namely,
passive and active all-pass networks, is proposed. Second, the
general properties of the complete circuit are discussed and
a simple design method for second-order all-pass filters is
proposed.

A. Passive All-Pass Filters

The general structure is shown in Fig. 2. These balanced
structures results in a complex circuitry because of additional
stages must be included in order to achieve a balanced signal
from the single-ended input. However, they have been used
in many applications which require integration with balanced
input circuits [4]-[5].

0018-9480/96$05.00 © 1996 IEEE
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Fig. 2. General structure of passive all-pass networks.
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Fig. 3. General structure of active all-pass networks (Type I).

Although, the two impedance functions Z; (s) and Zs(s) can
contain resistors, capacitors and inductors, however, normally
only RC passive all-pass filters are realized in monolithic
technology, although the RC configuration will result in higher
transmission losses.

B. Active All-Pass Filters

Two general structures for active all-pass filters have been
identified. The circuit structure shown in Fig. 3, will be
sensible to the impedance presented at its output, while the
second structure, depicted in Fig. 4, will be not. The active
networks have several advantages as contrasted with passive
configurations. They are single-ended circuits, have not trans-
mission losses and they have the possibility of adjustment
offered by the active element, which can be useful in some
applications.

C. General All-Pass Transfer Function
For the three general configurations, the transfer function

can be written as

Ni(s)
N 2(3)

Vvout

_ _ o Za(s) - K-Zi(s) _
T(s) = V. =Qq D)+ i)

@

where s is the complex frequency and G is a constant. The
two branch impedances Zi(s) and Zy(s) along with the K
parameter are chosen so that T'(s) is an all-pass function. A
rational function is an all-pass one when the numerator and
denominator polynomials accomplish the property

Ni(s) = Na(—s). @
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Fig. 4. General structure of active all-pass networks (Type II).

Therefore, the second-order transfer function T'(s) can be
written in a general form as
2

T(s) = Vous :G-S —a18 -+ ag
Vi $2 4+ ais+ ap
8% — &5+ wp

3

T2+ ors +wp
where ao and a; are real coefficients, wq is the characteristic
frequency and (J}y the characteristic ().

To understand how all-pass filters are used to built up phase
shifters, we obtain the physical frequency behavior of T'(s) by
letting s = jw and evaluating T'(s) along the imaginary axis.
Thus
wi— w?—j %Oﬁ

_ 1+jQ0(%Q—;J“LO)
wg—o.12+j£’Qi’0E -

1-jQo(%-%)
so the phase of the voltage transfer function can be written as

@(wo, Qg) =2 tan_l [Qo(&}—q —_ i):\ . (5)

W wo

The phase characteristic, given by the previous expression,
is plotted against relative frequency —w/wo-—for different
values of @y in Fig. 5. It is seen that ()¢ controls the general
shape of the phase curve, while the frequency characteristic
wyg locates the curve on a logarithmic frequency scale, without
altering its form. The linear region of the phase curve occurs
over a frequency range centred in wp and its length depends
on Qg value. For values comprised between the two indicated
ones on the plot, the linear region occurs over a wide frequency
range. In other hand, from (3) the amplitude G is a constant for
all frequencies and it is independent of Qg and wp parameters.
So, we can obtain two all-pass networks of the same G value
and different Qo and wq parameters. The discussed properties
are used to built up phase shifters based on the all-pass
networks.

T(jw)=G

“

"TII. PHASE SHIFTER DESIGN

Let consider a pair of all-pass networks, noted A and B, as
is shown in Fig. 1. In accordance with (5) the phase transfer
functions of each individual network can be written as

QOA =2 -tan_l QA(ffé - ";C—A)
and
Bop = 2- tan—' Qi (fTB - f%) ©)
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where Q 4, fa, @5, fp are, respectively, the characteristic @
and characteristic frequency of networks A and B.

In accordance with the previous section, it can be proved
that when the two parameters () 4 and g have a same value,
the two phase curves, ®p4 and @gp, will have the same
aspect versus frequency, and their linear parts are parallel and
aparted from each others by a quantity of wp —w4. In order to
represent mathematically the phase difference construction, we
introduce two new parameters: fy and r, defined as follows:

fe="Ffa-fp andr?= L}
fa

In terms of these new parameters and considering that
Qa = QB = (g, the phase-difference function of their
outputs, can be expressed as follows:

O(f) = Poa — PoB

O]

:z.tan_lQO(i_u>
r-f 0
- T fo /
— 2+ tan 1Q0< f _’f'-f0>' (8)

In this way, the design parameters are r, fy and Q. The
design approach presented in this paper, allows to obtain
these parameters as function of frequency band, in order to
approximate this difference to 90°. On the other hand, the
amplitude ratio can easily made equal to 1 by choosing the
constants G4 and Gp equals.

IV. SYSTEMATIC DESIGN

A. General Phase Difference Expression

When 90° phase difference is needed, the expression (8)
is solved for ®(f) = 90° and @y and r parameters can
been easily found. This is done at a single frequency and it
gives zero phase error at that specified frequency. However,
apart from this frequency the phase error rise rapidly, so this
design procedure is not optimum for a wideband design. As it
will be shown, for each frequency range defined by its lower
frequency edge fuin and the upper one fi,.y. it corresponds

10" 102

Phase characteristics of second-order all-pass networks versus normalized frequency.

a unique parameter couple (Qg,r) which make the phase
difference close to 90° all over these range, minimizing the
phase error within it.

In order to apply a systematic approach design to any
desired frequency range ( fmin, fmax ), 2 simple design method
has been developed. In the method proposed, the Qo and r
design parameters are obtained by substitution of fp;, and
fmax variables in a closed form expression. The elements
values of proposed structures can be easily calculated, because
these are expressed as function of these design parameters.

The (8) can be rewritten in the following form

=D+ )

2
T e Ok

r

®(f) = 2tan™! . 9

It can be easily shown that the phase difference function has
an even symmetry on f about fy and an odd symmetry on r
about 7 = 1 in a logarithmic scale. This equation represents the
general phase-versus-frequency characteristic of the complete
network and it is similar to that presented in [11], however,
the latter formulation is quite arbitrary. In the following we
give the steps and criterions used in the technique developed
to derive (Jp and r closed form expressions.

B. 90° Phase Difference Computation

If the phase difference function is set to 90° at the centre
frequency f = fo. that is to say, &g = ®(f = fo) = 90°, a
relation between the parameters Q)9 and r can be established.
This relationship is given by the next equation

a4
r Qo T Q¢

The previous equation is a second-order equation on (r — %)
variable which solution is given by

(-3)=2
r——] ==
r Qo
With (¢ and r related through (11), the phase difference
curve is plotted in Fig. 6 against the relative frequency with Qg

10

(-1 +2). (1)
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Fig. 6. Phase shift of a second-order all-pass network.

as parameter. Must be taken in mind that the two r solutions
of (11) give the same ® curve since its symmetry property.
The phase difference is exactly 90° at fo and, depending on
Qo value, the phase difference can cover different frequency
bandwidths around fy width a corresponding error ripple.

C. Minimum Phase Shift Error Criterions

Given a frequency bandwidth, a ¢J¢ value should be chosen
to minimize the phase shift error within it. The criterion used
to get a compromise between the phase shift error and the
operating bandwidth is based on the fact that for the same band
and the same phase difference shape (so the same ¢}y value)
minimum error is obtained making ®, slightly different from
90° in such away that the two maximums and the minimum
(®y) are apart from 90° with the same amount, this is traduced
to the following expression
q:)max - q>0 o
— 5 90°.

In (12) ®, is find out from (9) by the substitution of f for
f and ®,,,, is computed in Appendix A. Its value is given by

11 1
Qmax:2't o — i
an {mo(r r)

o + a2)

Rewriting (12) gives

0] 1
taun—0 =

- (14)
q:'max
2 tan =%

Replacing ®g-and Pmax in (14) and rearranging terms the
following equation on (o and r is obtained

)
[a-C-91Va

2
(T - l) —-4. (15
r

This relation replace the one used in (11) to compute the
phase shift difference, further to do this, the latter minimizes
the phase shift error. Since two parameters are implicated a
second relation is needed to set the correspondence between
(fimins fmax) and (Qq, r). This relation is derived from the fact
that the ripple of phase curves is set to be constant over the
whole frequency band. At the edges fmax and fmin We have

(D(f = fmax) = @(f = fmin) =d (16)
and from (9) and (10) we get
G-l ) g0
2 3= 3
L R R S L
)

At this stage a new parameter R is introduced to characterize
the frequency bandwidth. R is defined as R? = and

f2 = fmaxfmin. In terms of this parameter, the (17) Teads to
the following relation

1 1\? 1
@_g_(r_;) =2<R+E+2)

replacing (18) into (15) gives the o and r final solutions

fmax

(13)

1\ 2 oyl . 2v2y/R+ L
—_Z) = Z 42 v
(T r) ( +R+) + R+ % +2
! 2VeyE 5 (19)
=5 = . (
Qo | VR
R+%+2

Fig. 7 shows the plot of Qo and 7 against fmax/fmin. for a
given bandwidth. The design parameters are computed from
(19) or directly read from the plot of Fig. 7.
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D. Phase Shift Performance TABLE I
. . . 90° PHASE SHIFTER DESIGN DIAGRAM
The phase shift error A® expression is
90° Phase difference especifications
£run 3 Frnax
ADP =P .. —90° = 90° — O (20)
2 1 Y
° -1 Qo (T — ;) Desi arameters computation|
Ad = 90° — 2tan —_— 21 gnp p

Equation (21) is plotted in Fig. 8 versus relative bandwidth.
As is shown large bandwidth phase shift with small error
operation is obtained.

E. Design Diagram

The two design parameters determine the analytical expres-
sions of the two transfer functions T4 (jw) and T(jw). On
other hand, by the synthesis of this functions a relationship
between the design parameters and the circuit elements can be
easily stablished. So, the element values can be computed as
functions of (¢ and r parameters.

The design sequence is resumed in the diagram of Table 1.

Q,; r; AD : Expresions 19 &21

Y

Second order configuration election

Figures 9 to 13

v

Circuit elements computation

Li = L(Qo ’ r ’ fmax ? fmin)
Ci = C(Qo >y I, fmax ’ fmin)
Ri = R(Qo y X, fmax ’ fmin)

V. PROPOSED PHASE SHIFTER DESIGNS

Different passive all-pass structures to be designed using
the described method are shown in Figs. 9-11. The design
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Fig. 9. Schematic and design equations of a passive phase shifter, with
resistors and capacitors (Type I).

procedure to calculate the components is similar to that pre-
sented in [9]. For each structure the relationships between
the circuit components and design parameters are also given
inset. Implementations of the two active structures is given in
Figs. 12 and 13. For practical considerations, the active stage
can be implemented as a common source MESFET amplifier,
in the special case where K = 1, a differential amplifier may
be used.

In the structure of Fig. 9, two capacitor elements C74 and
C.p are elected independently of the phase shifter specifi-
cations. The same occurs with the elements L4 and Lp in
Figs. 10 and 11. Since these elements scale all the others
circuit elements, the convenient criterion to fix their values
is to do meet the specified circuit impedance level, or to make
all the circuit elements realizable in monolithic technology.
The later criterion is particularly useful in the inductors case.
In Figs. 12 and 13, the resistors R4 and Hyp and the
capacitors Cy4 and Cap are designed as the active stages
output impedance and input impedance, respectively.

VI. EXAMPLE: AN ACTIVE 90° PHASE SHIFTER REALIZATION

To check the validity of the proposed design approach a
phase shifter circuit corresponding to the active structure of
Fig. 12 has been realized and measured to operate over the
frequency range 0.6-3.5 GHz. The objective was to achieve
state of the art performance of the active type, since RC passive
realization has been already reported [4]. The design and
performance of the phase shifter corresponding to the Fig. 13
are similar in most aspects.

Since fmin = 0.6 GHz and fuax = 3.5 GHz, from Fig. 8
the theoretic phase error is 0.5° and from Fig. 7, »r = 1.9 and
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Fig. 11.

inductors and capacitors (Type III).

1
2 2
4n LAr -fmaxfmin

RB =27 meaxfmin LBrQo

C, =

Schematic and design equations of a passive phase shifter,with

Qo = 0.3. The calculated component values are

Ros = 1200 Q
Ria = 159.7 Q2
Cia = 0.82 pF
Cou = 1.10 pF

Rop =162.0 Q
Rip =2158 Q2
ClB = 0.026 pF
Cyp = 0.36 pF.
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Fig. 12. Schematic and design equations of an active phase shifter (Type I).

The gain of the active stage is K = 12 dB. It has
been implemented as a common source 0.5 pm-gate-length
MESFET. The two outputs are fed to a pair of source followers
which act to buffer the circuit from varying the presented load
impedance. The schematic of the circuit is shown in Fig. 14.
The resistors Ro4 and Rop are simulated as the active stage
output resistances.

A chip photograph is shown in Fig. 15. It has been designed
to be fully on-wafer testable. All measurements were done
on wafer using coplanar RF probes. The chip has been
manufactured using the 0.5-um F20 process of GEC-Marconi.
which includes two metal levels and via holes. The chip area
is 1100 x 2200 pm?, and it contains 4 MESFET transistors,
8 resistors and 2 capacitors. The layout has been simulated
with the LIBRA simulation program of HP-Eesof. Figs. 16 and
17 show the simulated and measured performances, resulting
in 2.5° maximum phase shift error and 0.5 dB maximum
amplitude ratio error over the whole frequency range 0.6-3.5
GHz. The dc bias provides a precise tuning of the phase shift
and amplitude ratio errors to 0.5° and 0.1 dB for 200 MHz
bands within the range 0.6-3.5 GHz.

VII. CONCLUSION

The overall paper is intended to simplify the design of
phase shifters at microwave frequency using GaAs MMIC
technology. An accurate unified method for calculating the
component values for a variety of all pass 90° phase shifter
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Fig. 14. Circuit schematic.

configurations has been presented. These configurations are
thought for easy MMIC integration. To prove the proposed
approach an 90° active phase shifter has been implemented.
Small phase shift error and amplitude error have been mea-
sured over more than two octaves bandwidth. The dc bias give
a fine tuning and adjustment of the circuit responses. These
results shown that wideband phase shifter MMIC circuits
with good performances can be achieved using the described
method.
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Fig. 15. Chip photograph.
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Fig. 16. Phase shift between output terminals.

APPENDIX A
PHASE DIFFERENCE MAXIMUMS COMPUTATION

The phase difference expression is rewritten as

Afp_ (L L S
tan(égf))= n QO(Tl 2T)(f0+;) IRy (AD)
(=3 -4+ (5 + %)

the above expression is derived with respect to the variable
(£ + ) as follows:

fo f
d(tan(2))
d(L+1L)

(A2)

the two maximums occur at the frequencies fp,12 given by
the followings equation

I f_OZ_L_(_l)z_
(f0+fm) T Qt Ty 4

(A3)
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Fig. 17. Amplitude ratio between output terminals.

replacing the variable (—ffg + 4%) in (Al) by (A3) we get the
maximums expression

fSIT

1 1\?
X @g-—(r—;> "y (A4)
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