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A New Algorithm for the Accurate Alignment
of Microwave Networks
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Abstract —This paper presents a new algorithm suitable for
the accurate alignment of microwave networks. The algorithm is
developed from the sensitivity analysis of the network response
with respect to the adjustable elements and does not require a
knowledge of the network model. The algorithm computes the
required adjustment as the solution of a Gauss—Newton system
of equations and is implemented by quantifying the adjustment
of each individual element setting. This procedure does not
demand a previous characterization or calibration of the ad-
justable elements and has been proved to be efficient for the
accurate alignment of different types of microwave filters.

1. INTRODUCTION

HE traditional approach to the alignment of a mi-

crowave device is the empirical adjustment of a set of
variable elements in order to bring the network response
within some predefined specification. Specific tuning
strategies have been developed to aid in the alignment of
microwave filters [1]-[4]. These procedures, however, are
prone to be very time consuming, and usually require
experienced and skilled operators, Computer-aided tun-
ing, therefore, plays an important role in the cost-effec-
tive production of microwave networks when an accurate
alignment is desired. Previous work on the computer-aided
alignment of microwave networks has been limited to
applications where models are used [5]-[7] and previous
characterization and precise calibration of the adjustable
elements are required [5]-[8]. This calibration is lengthy
and sometimes has to be repeated after each set of
adjustments, making the procedure inefficient. One of the
drawbacks of the model-based methods is that they can-
not be generalized to other types of networks. In addition,
it is frequently difficult, and sometimes impossible, to
derive a network model in which all adjustable elements
are accurately represented. This occurs because a typical
microwave tuning element, such as a metallic or dielectric
screw or post, usually affects several parameters of the
model simultaneously. As an example, microwave filter
intercavity coupling screws may also affect the resonant
frequencies of the adjacent cavities, and tuning screws in
multiple-mode cavity filters may act upon the resonant
frequencies of two or more modes. As a result, the
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presently available computer-aided tuning methods often
fail to yield accurate and close-to-theoretical responses
[5]-[7].

This paper presents a new algorithm for the accurate
alignment of microwave networks. A set of adjustments is
computed by the Gauss—Newton solution of a system of
equations resulting from a sensitivity analysis of the mea-
sured network response. An error vector is given by the
difference between the measured response and the objec-
tive, and a quadratic error function is defined. The adjust-
ment of each element is given by the corresponding
component of the solution vector and is quantified in
terms of the error to be attained. This procedure does not
call for any type of modeling, either of the whole network
or of the adjustable eclements.

The reported results demonstrate the efficiency of the
method and its applicability to the challenging problem of
the cost-effective and accurate alignment of networks
with a large number of adjustable elements. The general-
ity of the algorithm is further demonstrated by the suc-
cessful alignment of an LC-tuned band-pass filter.

II. MAaTHEMATICAL FORMULATION

Let m denote the number of adjustable clements avail-
able to the operator, and let the setting of element i be
represented by x,. Depending on the nature of each
element, x; may represent angular displacement (for tun-
ing screws), depth of penetration (for plungers), width or
length of a coupling slot, or, finally, any other mechanical
or electrical measurable quantity. Let x = (x,x,," ", x,,)
and let F(x)=(FF,, -+, F,) represent the actual re-
sponse of the network, F, being the desired response, or
objective. As an example, F, may contain the transmis-
sion and reflection responses, evaluated at an appropri-
ately chosen set of frequencies. Assuming that a setting
x, exists such that F(x,)= F, and that the initial setting
x is sufficiently close to x,, i.e., that fine-tuning of the
network is required, it is possible to describe a change in
the response, AF, caused by a small change in the ad-
justable elements, Ax, by a linear relationship, so that
AF = F(x+ Ax)— F(x)= SAx, where S is the Jacobian
matrix defined by S,,=0F,/dx;, i=1,---,p and j=
1,---,m. The error vector being given by e = F — F,, its
squared norm q = ele, after adjusting x to x+ Ax, is
computed as

g=eTe+eTSAx + AxTSTe + AxTSTSAx.
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Fig. 1. Quadratic error as a function of the adjustment of element i.
(a) A%, opposed to Ax,,: §, > q,_). (b) A%, toward Ax,,: |A%,| <|Ax, |
(©) Af, toward Ax,,: [A%|>|Ax,,|

The generalized least-squares, or Gauss—Newton, solu-
tion for the adjustment that leads to the minimum value
of the error ¢ is given by fo]

A£=—(STS71)STe = — §e (2)

and the resulting error by §=e’(I— A— AT+ A’M) e,
with 4 = SS". In the actual implementation of well-known
optimization strategies, such as Newton and gradient
methods, the minimum error is sought in the direction of
the solution vector. For the tuning problem, however, this
is not physically possible because the operator can only
perform the adjustment of one element at a time. It is
therefore necessary to separate and adequately quantify
the adjustment of each tuning element, which is repre-
sented by the corresponding component of A£. To this
end, we shall consider partial adjustments of the type
A%, =(0,0,---,A%,, 0, --,0), where A%, is the ith compo-
nent of A%, as given by (2). This adjustment is quantified
by the value of the error, §,, to be attained after x is
altered to x + A%,. As a function of an arbitrary Ax,, g, is
given by

q;=Is,’Ax, +2sTeAx, + e"e

(3)
s; being the ith column of S. Fig. 1 shows that the sense
of the adjustment may not be toward the one-dimensional
minimum of the error, located at Ax;, = —sle/ls,|*.
This occurs because the projections of the solution vector
AX on the base vectors of the m-dimensional space where
x belongs are not necessarily coincident in length with the
vectors defined by the one-dimensional minima, i.e., AX,
# Ax,,. In the extreme case when these two vectors are
opposed to each other, as indicated in Fig. 1(a), the error
g,, after the adjustment AX; is performed, will be larger
than the error before the adjustment, g,._,. If A£, points
toward Ax,,,, element i should be adjusted until the first
occurrence of g; is attained if |A%;| <|Ax,,| (Fig. 1(b)).
The second occurrence of g, is chosen when [A£,| > |Ax,,|
(Fig. 1(c)).

The above concepts allow the formulation of the follow-
ing tuning algorithm: 1) define the desired response and
the set of elements to be adjusted; 2) measure the actual
response of the network and compute e; 3) perform the
determination of § by sequentially altering the adjustable
elements; 4) compute A#£; 5) adjust element i until the
desired value of the error, §;, is achieved, observing the
behavior of g, as a function of Ax,; 6) repeat steps 4 and
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Fig. 2. Schematic diagram of the setup used in the filter tuning appli-
cations.

5 until i=m; 7) restart from step 3 if the error is not
acceptable.

In step 3, any individual change should be no larger
than the minimum required to produce measurable varia-
tions in the response. Each column of § is given by
s,=(AF,AF,,---,AF,), where AF,, j=1,2,---,p, are
the measured response variations caused by a change in
element i. Although the matrix. S so obtained clearly
depends on the amplitude of the changes operating on
the adjustable elements, the Appendix shows that the
numerical value of the error to be attained in step 5, §,, is
unique. As a result, the alignment can be performed
without the need to calibrate the adjustable elements.

The algorithm was implemented on the setup shown in
Fig. 2, which is suitable for the production-line alignment
of a large class of microwave devices. The network ana-
lyzer (HP8756) is controlled by an HP200 series micro-
computer through an IEEE-488 interface bus (HPIB).
The algorithm was incorporated as a subroutine of a
BASIC control program which performs setup calibration,
display characteristics definition, and data transfer con-
trol between computer and network analyzer. Since it
takes less than 3 s to complete one data transfer and
error function computation, the error-oriented adjust-
ment of an element can almost be performed in real time.
The precise return of each adjustable element to its
original value after the determination of the correspond-
ing column of § is achieved by previous storage of trace
data into the memory channels of the HP8756. More
details on the use and availability of the control program
are given in [11].

I1I. ExaMPLES

The algorithm was applied to the fine alignment of
round-rod interdigital band-pass filters, one of which is
depicted in Fig. 3 [10]. Adjustments in this type of filter
are made by varying the penetration of metallic screws,
some of which are aligned with the resonators for the
tuning of their resonant frequencies while others are
positioned between resonators, for interresonator decou-
pling. The initial responses in these examples may be
achieved after a preliminary “coarse” tuning of the filters
by application, for example, of Dishal’s method [1]. Fig.
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Fig. 3. Three-section interdigital band-pass filter.

4(a) shows the untuned response of a three-section 2 GHz
filter whose tuning screws had been turned away from
their nominal positions. Only five iterations of the algo-
rithm, corresponding to a total of 13 individual adjust-
ments, were necessary to reduce the error from its initial
value of 1936 to 6.4, resulting in the tuned filter response
shown in Fig. 4b). The filter was also adjusted by an
intuitive procedure in which each element was adjusted
until the minimum error was obtained. The initial posi-
tions of the screws were carefully reproduced, resulting in
the same untuned response of Fig. 4(a). The step-by-step
value of the error is presented in Fig. 4(c). This figure
shows that, as opposed to what occurs for the intuitive
procedure, the algorithm does not necessarily lead to a
decrease of the error at each step but, nevertheless, vields
faster convergence to the objective.

The alignment of networks with a larger number of
adjustable elements provides a challenging problem for
testing the efficiency of the algorithm. To this end, we
have applied the algorithm to the alignment of an eight-
section, 1.2 GHz, 0.1 dB ripple Chebyshev filter in which
a total of 15 adjustable elements were present (eight
tuning and seven coupling screws). Fig. 5(a) presents the
untuned response of the filter which resulted from the
misalignment of all 15 adjustment screws. Tuning and
coupling screws were alternatively used during seven iter-
ations. The final alignment of the filter, presented in Fig.
5(b), shows that an accurate and very close-to-theoretical
response was achieved.

This algorithm has been successfully applied to the
alignment of these two filters under different initial con-
ditions, as well as to a 7 GHz waveguide filter with a
Butterworth response [11]. The application of the algo-
rithm, however, is not limited to microwave networks. As
a matter of fact, the generality of its formulation allows its
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Fig. 4. Three-section, 2 GHz interdigital band-pass filter. (a) Untuned
response. (b) Filter response after 13 steps of the algorithm. (¢) Square
root of the error ¢, as a function of the number of adjustments.

application to the alignment of several different types of
networks. Consider, for example, the alignment of RF
(> 100 MHz) LC-tuned band-pass filters with air-core
inductors. Fine adjustment of these filters is frequently
performed by manually varying the spacings between the
wire turns of each coil. Such an adjustment, however, can
hardly be quantified in geometrical terms. Even the te-
dious modeling and characterization of each adjustment,
as required for the implementation of certain specific
tuning methods [12], cannot be applied for this type of
inductor. As a result, the presently available computer-
aided tuning algorithms either cannot be applied or else
fail to yield accurate and close-to-theoretical responses.
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Fig. 5. Eight-section, 1.2 GHz, 0.1 dB ripple chebyshev filter. (a)
Untuned response. Objective return loss response is indicted by dashed
line. (b) Tuned filter response after seven iterations (53 steps).

STRT +.1500GHz

The present algorithm provides a method for the accurate
alignment of such networks. Fig. 6(a) presents the initial
response of a five-section 119 MHz Chebyshev LC band-
pass filter where all five inductors were randomly mis-
aligned. Three iterations were required to achieve the
close-to-theoretical final response, shown in Fig. 6(b).

IV. CoNcLUSIONS

" A fast and accurate algorithm suitable for the cost-
effective alignment of microwave networks has been de-
scribed. The algorithm overcomes some of the limitations
of the presently available computer-aided tuning meth-
ods, which usually require detailed modeling of the net-
work and/or previous calibration of its adjustable ele-
ments. Because of the generality of the mathematical
formulation of the algorithm, it is applicable to the align-
ment of a large class of networks. Examples have been
given of the accurate alignment of two interdigital mi-
crowave filters and of one RF LC-tuned filter. The re-
ported results suggest its application to microwave net-
works whose traditional alignment is known to be very
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Fig. 6.

time consuming, usually requiring experienced and skilled
operators, as is the case with waveguide multiplexers.

APPENDIX
NUMERICAL QUANTIFICATION OF THE ADJUSTMENT

Consider two different determinations of the Jacobian,
S and §', obtained by two different sets of alterations of
the adjustable elements, Ax and Ax’, respectively. The
quantities Ax and Ax’ are related by

Ax' = KAx (A1)
with K = diag(k,, k,," ", k,,); therefore, §" = SK. The re-
sponse F after the adjustment AX; is given by

F(x+AZx)=F(x)+SAx]. (A2)

Now, A£/ can be expressed as a function of the solution

vector Af as Af = PA#, with P =diag(0,0, -,
1,+++,0), where the unit is in position i. Therefore,

F(x+A%)=F(x)—8P(S) e=F(x)—SKP,K™'S'e

=F(x)—SPSTe=F(x+AZ%). (A3)

Therefore, the value of the error to be attained after the

adjustment of element i,d;, when the set of changes

Ax' =(kAxy, k,Ax,, -+, k,,Ax,,) is applied to the de-

termination of the Jacobian is the same as the one that

would have been computed if the set Ax =
(Ax;,Ax,, *+,Ax,,) had been used.
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