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High-Yield Narrow-Band
Matching Structures

DAVID H. MONTEITH anp JOHN E. PURVIANCE, MEMBER, IEEE

Abstract —Circuit yield is evaluated for commonly used narrow-band
(bandwidth less than 5 percent) lumped and distributed parameter match-
ing structures. It is found that yield is a function not only of the matching
structure but also of the load impedance. The lumped structure yields are
analytically determined using an elliptic approximation technique which
gives a closed-form solution to the high-yield structure choice problem.
Sensitivity issues are discussed. A simple design chart is developed which
helps the designer choose a high-yield matching structure for a given load
impedance. Two examples illustrate its use. Structure choice in one
example changes the yield from 61 percent to 84 percent.

I. INTRODUCTION

URING THE manufacture of a mass-produced mi-

crowave amplifier, the amplifier parameters are sub-
ject to statistical variation due to uncertainties in the
manufacturing process. Due to these parameter variations
it is likely that some percentage of the total manufactured
circuits will not meet the desired specifications. The frac-
tion of circuits meeting the specification during manufac-
ture is called the manufacturing yield, or simply yield.

There are three main ways to improve the manufactur-
ing yield of a microwave amplifier. First the component
tolerance can be decreased. However the tolerance is gen-
erally inversely proportional to the component cost, and
components with a very narrow tolerance may not be
available at any cost. In monolithic microwave integrated
circuits (MMIC’s), some parameters vary as much as +17
percent, with no easy way to reduce the variation [1]. The
second way to improve the yield is through the process of
design centering or statistical circuit design [2]. The draw-
backs to this method of yield improvement are that the
software is not readily available and it is very computer
intensive for large circuits. The third method, the subject
of this paper, is the use of the most tolerant structure for
the design. Very little work has specifically dealt with this
area [3]. Presently there are no published methods for
choosing among narrow-band matching structure alterna-
tives to find the one which gives the highest yield.

This paper presents the results of a study on the yield
performance for some commonly used narrow-band mi-
crowave matching structures. The analytical methods de-
veloped here give a closed-form solution to the yield
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estimation problem for the simple lumped structures con-
sidered in this study. The results of this work give the
design engineer a simple method for choosing among the
matching structures studied to give the amplifier design
with highest yield.

II. ASSUMPTIONS

The purpose of this study is to evaluate and compare,
using both analysis and simulation, the yield performance
of some commonly used microwave narrow-band (band-
width less than 5 percent) amplifier matching structures.
The structures considered in this study are shown in Figs.
1 and 2. Fig. 1 shows the lumped parameter structures and
Fig. 2 shows the distributed parameter structures. Each
structure is given nominal parameter values which per-
fectly match the given load to the source.

To effectively limit the scope of this work, the following
assumptions were made on the study:

1) Source impedance = 50 Q.

2) 34 different load impedances were chosen. These
values were chosen so they cover the entire Smith
chart on lines of constant Q (Q=0.5, 2, and 5).
These are shown in Fig. 3.

3) The entire study was performed at one frequency, the
center frequency of the designed match. The effects
of frequency variation are not considered.

4) The source and.load impedances were not varied.
However simulation studies have indicated that the
results shown here also apply to circuits where the
load varies by as much as + 10 percent.

5) A +10 percent variation was used on all circuit
components.

6) The parameter statistics are uniform and uncorre-
lated.

7) The criterion applied to the circuit is |S;| less than
the specification. The specifications were chosen to
allow yield comparison of circuits.

1II. YIieLb CALCULATIONS

To determine the structures that possess the highest
yield at a given load it is necessary to determine the yield
at that load. The yield can be evaluated numerically, using
Monte Carlo analysis for example, but the numerical eval-
uation does not give insight into the problem. In this
section we develop an analytical method to determine the
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Fig. 2. Distributed parameter matching structures.

yield. This method is then applied to the narrow-band
lumped element matching structures in Fig. 1. The analyti-
cal method provides insight into how component toler-
ances affect the yield and why there is yield symmetry in
the final result. The method also determines in a closed
form the lumped element structure that possesses the high-
est yield for a given load.

A. Analytical Yield Estimation Approach

1) Definitions: To understand the development of the
method the following terms are defined. The parameter set
is the set of all parameters necessary to define the circuit.
The parameter space is the space of the parameter sets that
define the circuit. Two subspaces of the parameter space
are the acceptability region and the tolerance region. The
acceptability region, R ,, is defined as the subspace which
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Fig. 3. The load impedances used in this study.
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Fig. 4. R;, R, and I,; represented mn the two-dimensional parameter
space given by X; and X,.

contains all possible parameter sets such that the circuit
using these parameters meets specifications. R ; is defined
by the design specifications applied to the circuit. The
tolerance region, R, is the subspace that contains all
possible parameter sets used during manufacture of the
circuit. R, is defined by the tolerance specifications asso-
ciated with each parameter of the circuit. All circuits that
meet the design specifications are represented by the mem-
bers of R, and all circuits that can be encountered in
manufacture are represented by the members of R . All
circuits encountered in manufacture that meet specifica-
tions are represented by the members of the intersection of
R, and R, defined as the feasible region, 7, [4].

To better understand the above definitions, a two-
dimensional example is given in Fig. 4. The nominal value
for component one is X, and the tolerance value for
component one is T;. The respective values for component
two are X,, and 7. In general, the acceptance region can
be irregularly shaped, as shown. Using the assumptions of
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uniform uncorrelated parameter statistics, the yield is the
area of the intersection of R, and R; (I,;) divided by the
area of R,. This approach to yield calculation is used in
the work that follows.

The irregularity of R, is usually due to the different
specifications that are applied to the circuit. For instance
the shape of one side of the region may be due to a
specification regarding the circuit gain and another side
may be due to a specification regarding the input match.
Because of the irregularity of R, it is, in general, difficult
to analytically compute I, directly. Thus it is equally
difficult to compute the yield. It is for this reason that
Monte Carlo techniques are a standard method used to
calculate the area of I,, and thus compute the yield of the
circuit.

2) The Elliptical Approximation Method: We will de-
velop in this section a closed-form solution for the yield
estimate. This closed-form solution is useful for gaining
insight into the circuit, as will be demonstrated in an
example to follow. The problem with determining yield
analytically lies in the shape of R ,. In general R is easily
found using the parameter nominal and tolerance values,
but R, can be irregularly shaped and therefore its area is
difficult to determine. '

Director and Hachtel [5] have proposed a procedure for
estimating R ,. This approach is based upon finding m > »n
points on R, and connecting these points with straight
lines to form a polyhedron, thus explicitly approximating
the contour of R, by a polyhedron made up of portions of
n-dimensional hyperplanes which lie inside R ,. As m, the
number of points on R, goes to infinity the polyhedron
approaches R ,. A constraint applied to this procedure is
that R, and its complement be connected. The points on
R, are found by performing circuit simulations. One com-
mon method is to perform circuit simulations along an
arbitrary vector in parameter space until the contour of R,
is found. This can be very computer intensive. In our
method we analytically solve for the points on R, in a
closed form. This is done by determining an equation for
the contour of R, and finding the points along predeter-
mined vectors. R, is then approximated as a hyperellip-
soid instead of a polyhedron. This usually gives a slightly
better approximation of R, when using a limited number
of vectors because convex curves connect the points rather
than straight lines. To make the calculation of the hyperel-
lipsoid easier we choose the vectors which occur on the
nominal parameter axes. The result of this approach is that
the approximate R ,, defined as R/, is a smooth, con-
nected region defined by a known algebraic equation. The
expression for R/, can be used to calculate a yield estimate
and to gain further insight into the yield maximization
problem.

An outline of the analytical yield estimation method is
summarized below:

® Determine equations for the contour of R ,.
¢ Find the extent of R, along the nominal parameter
axes of the parameter space.
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Fig. 5. The two general lumped parameter structures studied.

* Use the lengths of these axes in R, to define a
hyperellipsoid.

® Use the hyperellipsoid to approximate R .

® Approximate I, (I/;) by computing R, N\ R;.

® Calculate the yield estimate using I, and R,.

3) Application: As an example of how the analytical
yield estimation method works it is now applied to the
lumped element structures shown in Fig. 1. The method is
used to determine the structures that give the highest yield
for a given load. For these circuits R, is connected and
can be estimated. This fact can easily be seen later. From
this estimate I, and its area are approximated.

For the lumped parameter matching structures in Fig. 1,
there are two general structures of interest, shown in Fig.
5. The impedances Z and Y are both purely imaginary
quantities; the loads, Y, or Z,, can have both real and
imaginary parts; and Z, is purely real. The constraints
listed in the assumptions section are applied to these
structures. Because only two of the circuit parameters are
allowed to vary this is a two-dimensional problem.

To determine the contour of R, we develop an expres-
sion for |S},]. R, is the region inside the contour found by
setting |.S},| equal to the design specification on |Sy;|. It
should be noted that the two structures in Fig. 5 are duals
of each other and therefore the resulting equations are
duals. An example of this calculation for the second struc-
ture of Fig. 5 is presented below.

|— ZO(Y+ YL)+1+ Z(Y+ YL)|
1Zo(Y+Y,)+1+Z(Y+Y,)|

Sy} = ey

Now, using normalized variables, let

Z/Zy=jx,
YZ,= jb,
Y1.Zy=8L% D1

Note that all load values can be represented and since Z
and Y were originally stated to be purely imaginary, all of
their values can also be represented. Note also that the
contour of R, is connected. Using the substitutions, (1)
becomes

4g,1Sy)?

I~ |S11|2 )
(2)

The nominal values x;, and b,, are found by setting

|S11]=0. This corresponds to the ideal match condition.
The resulting equations for the nominal values are shown

2
[1 - xl(bz + bL) - gL] + [xlgL —b,— bL]2 =
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below:
I-g;
X1n = + (3)
8L

(4)
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determine the lengths of the nominal parameter axes:

AN
$yp=Lg=—""—" (6)
1 Al [1_ISH|2]1/2

28,18y
8b2n= A2 (7)

) [1— |S11|2]1/2 .

An approximate I, I/, can now be found by deter-
mining the relative widths of the axes of R/, and the axes
of R7. Fig. 6 represents a sample R/, and R,. To explain
how I/, is computed it is helpful to define L ap and Lo,
L4y and Ly, are the distance from the origin of the
nominal parameter axis to the intersection of R/, and Ry
with the X,, axis, respectively. As can be seen in Fig. 6,
there are two possible conditions: either L am > Loy o1
L 4y < Lgy,. The shorter of these lengths defines the extent
of 1, along the nominal axes.

The approximate yield can now be calculated by divid-
ing the area of I{; by the area of R, R is rectangular
and therefore its area is easily calculated:

Yield =W

. { £2|8,187” T } 'n{ 2818 T
min 1704 /m 1,2 12 > 72
[(1-18u*)(1-2,)] [ —18uP)] " { £ (800 - 0]~ b, ) ®)
47T,
. . where
Because of the complexity of R, as given by (2), the

area of R, is difficult to compute; therefore R , is approx- w=!™ Lypy<Lpy forM=1,2
imated as an ellipse, as was outlined above. The lengths of 4, L,y>Ly, forM=lorM=2.

the vectors along the nominal axes of R, can be found by
rewriting (2) in the form of a quadratic with respect to x,
with b, =b,, and another quadratic with respect to b,
with x, = x;,. The quadratic for x; is as follows:

1
- gL +(by+ bL)2

x1

The reason for the weighting factor W can easily be seen
in Fig. 6. When the weighting factor equals = then I},
equals R/, which is an ellipse. The area of an ellipse with
radii @ and b is wab. For the other case the arcs which
possibly form two sides of the I;, are very shallow and
can be approximated as straight lines.

Equation (9) is the yield equation for the dual structure
of Fig. 5(b), Fig. 5(a). The normalized variables of Fig.

(b, +b,)? L2 5(a) are
~ YZOZJbl
=y + 82 ][(8,- 1)+ (b, +8,)]
Z/Zy= jx,

48L|Su|2 2 2

—— (b, + b, ) +

1_|S11|2[( ? L) gL] (5) Zi/Zy=r + jx;

. iZISu,”I}/Z T . { 2184l
min 77 1 jmin 17 2 T,
1-1Su12)(1—r) 1-1841%) £ [rn1-r)]""—x
v e O 18P) =) [ XA ey s

A similar quadratic for b, is also determined. The nomi-
nal values are then substituted and the quadratic solved to

AT\T,

Table 1 shows a comparison of the results obtained
using the above approximations and the standard Monte
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TABLE 1
COMPARISON OF THE ESTIMATED YIELD USING THE ANALYTICAL
METHOD AND THE MONTE CARLO METHOD

| -
Y | e | R ) gl o, |ut e

1 88-3 44 -40 dB 60.0% 58 6% 24y
1 25-30 5 -25 dB 74 7% 74 2% 07 %
1 4-30 8 -25 dB 100 & 90 1% 10 &
1 67-31 3 -25 dB 73 7% 73.2% 0.7 %
1 .06-3 32 -20 dB 48.1% 46 3% 3.8 %

% 1 096-3 48 -20 dB 53.2% 51 3% 37 %
1 38-j1.9 -20 dB 67.0% 61 4% 91s
1 .64-33 2 -20 dB 50 8% 49.7% 18%
4 88-7.44 -30 dB 76.8% 73 0% 52%
4 1.3-j 67 -30 dB 28.5% 29 4% 3.0 %
4 4 - j2 -30 dB 7 1% 7 9% 10 &
4 4 + 32 -30 dB 10 83 11.8% 85 %
4 2+ j1 -30 dB 35.9% 37 1% 3.2 %

Carlo method. As can be seen, the results using the ap-
proximation are quite close to the results using the Monte
Carlo analysis. The largest errors, approximately 10 per-
cent, occur when L, is only slightly larger than L, or
when the estimated yield is small. The reason that the error
is large for the first condition is that the straight-line
approximation for the segment X, as shown in Fig. 6, is
poor. The reason error is large for the second case is the
small size of R ,. In both cases the yield estimate could be
improved by finding more points on R, Even though
these errors do occur in some cases the results are still very
useful for characterizing the yield behavior of the circuit at
various loads and for giving a good first-order approxima-
tion of the yield with very little computational overhead.

4) Structure Determination: The structure with highest
yield is found by putting the load values into (8) and (9)
and comparing the yield estimates. The results of this
procedure agree with the Monte Carlo analysis presented
below. This procedure has an added benefit over the
Monte Carlo analysis in that once the equations have been
derived they can easily be programmed to give the result
for any load impedance after only a few calculations, as
opposed to the 1000 to 2000 circuit simulations required of
a Monte Carlo analysis. The problem with this procedure
is that when the mathematical description of the circuit
becomes complicated, as in large or distributed element
circuits, the equations required appear to be intractable.

5) Results: Fig. 7 presents the results of this work for
the lumped parameter matching structures. Despite the
large number of structures and load impedances consid-
ered in this study the results are very concise and are easily
presented graphically on a Smith chart. Each arrow in Fig.
7 associates the highest yield structure for each region of
load impedances on the Smith chart. The upper and the
lower center of the Fig. 7 chart are covered by two
structures. Both give good yield for most loads in this
region. The one which gives the best yield can be deter-
mined from (8) and (9) or Monte Carlo simulations. This
chart should be valuable to the designer since it gives a
high-yield narrow-band matching structure for any load
impedance.
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B. Sensitivity of Yield to Tolerance Variations

A useful by-product of calculating the yield approxima-
tion is that the sensitivity of the vield to the tolerance on
each component is also determined, The sensitivity is
based on the calculated widths of the R/, and R, main
axes. This can best be seen by using Fig. 6 as an example.
In this figure L,,> Ly,. Since all circuits defined by
points along X, encountered in manufacturing are con-
tained in R/, it is expected that the yield is insensitive to
the tolerance changes on this component. The tolerance
region along this axis could be increased with a minimal
effect on the yield of the circuit. This could decrease the
cost of the circuit. On the other hand, along the X; axis
L 4, < L. Some of the circuits defined by points along X;
encountered in manufacturing will not meet the design
specifications. Therefore, the yield is expected to be sensi-
tive to the tolerance changes on this component. To im-
prove the yield to an acceptable level it may be necessary
to decrease the size of the tolerance region along this axis.
These results can be summarized in the following two
statements:

e If L, > Ly, then the yield is relatively insensitive to
changes in the tolerance of component m.

e If L,, <Ly, then the yield is sensitive to changes in
the tolerance of component m.

C. Symmetry

An interesting and useful result that is suggested in Fig.
7 is that the predicted yield for not only dual circiits but
also conjugate circuits is the same. Conjugate circuits have
the properties that:

 the conjugate circuits match complex conjugate loads;

e the structure of both circuits is the same;

® the impedance of each component is the complex
conjugate of the corresponding component in the con-
jugate circuit.

An example of these characteristics is shown in Fig, 8.

At a single frequency the R, for conjugate circuits is the
same. This is easily proven using T-matrix circuit descrip-
tions. If the tolerances on components are small (less than
+20 percent) then R, is approximately the same for
conjugate circuits. These relationships hold for arbitrarily
large circuits.

D. Monte Carlo Simulation

In order to validate the results of the analytical analysis
and to consider the mathematically more complicated dis-
tributed parameter structures, a standard Monte Carlo
analysis was used for yield estimation. Monte Carlo analy-
sis was chosen because of its accuracy and known conver-
gence properties. Using the constraints on the parameters
and loads listed above, each matching structure in Figs. 1
and 2 was analyzed with each load in Fig. 3 to determine
the circuit yield. Table II shows typical yield calculations
for the lumped parameter structures at different load
impedances. These data are typical of those generated in
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TABLE II
ExAMPLE MONTE CARLO YIELD CALCULATIONS FOR LUMPED
PARAMETER MATCHING STRUCTURES

STRUCTURE LOAD IMPEDANCE (Normalized to 50Q)
(Fig 1) 2-34  |.67-31.3| 1-j 2 145.2 | 67+31.3| 2+j4
1 -- 73 - ] - . .
2 72 -- ﬂ
3 36 - - - 21 11
I 4 11 22 -- .. . 35
5 83
6 -- -- -- -- 84
7 | -- 41 11 36 -
8 -- -- 36 10 42 .-

The design specification is |S$);| < —25 dB.

this study and are only a small fraction of the total data.
In all, approximately 180 CPU hours on an HP 200 series
computer were used in this study.

Simulation Results: Despite the mass quantities of data
generated, the results of this study are very concise and are
easily presented graphically on a Smith chart. Fig. 7 pre-
sents the results for the lumped element structures. As
stated before, the Monte Carlo and analytical methods
determined the same tolerant matching structures. Fig. 9
presents the results for the distributed element structures.
Each arrow in these figures associates the high-yield struc-
ture for each region of load impedances on the Smith
chart. As can be seen from Fig. 9, of all the distributed

p—s

\

\

TOP H

BOTTOMNHARKLF
I‘

° °

Fig. 9. Tolerant distributed parameter matching structures,

parameter structures only two consistently gave high yield
for the load impedances studies. For load impedances in
the top half of the Smith chart, the quarter-wave trans-
former and an open parallel stub consistently gave the
highest yield; for load impedances in the bottom half of
the Smith chart, a quarter-wave transformer and a shorted
parallel stub gave the highest yield. At a few of the load
impedances studied, the results of Fig. 9 were violated;
however the high-yield structure had a yield only slightly
higher than the given structure. Equations (8) and (9) and
Figs. 7 and 9 give the design engineer a useful guideline for



MONTEITH AND PURVIANCE: HIGH-YIELD MATCHING STRUCTURES

QUTPUT
RATCHING
STRUCTURES

58 ) INFUT
BATCHING
STRUCTURES

58 v

Al ‘ A S
CEE TR
Ae Rb

A3 R7
T
|

A4 A8

Fig. 10. Example 1 matching structures.

choosing the most tolerant matching structures for a nar-
row-band amplifier design. The effect of the structure
choice on circuit yield can be significant, as is illustrated in
the examples that follow.

IV. ExampLES

The following two examples illustrate the use of Figs. 7
and 9 to choose the most tolerant matching structure.
Example 1: Lumped Parameter Example

A 4 GHz single-stage amplifier design is examined. The
specifications for the design are |S;;} < —20 dB and |S,,]
< —20 dB, with no specification on S,;. This example uses
lumped element matching structures to match the input
and output to 50 Q. The S parameters for the transistor at
4 GHz are

S, = 0.52280°
Sp=0

S,y =2.0£80°

S,, = 0.54,—46°.

The unilateral assumption was made on the transistor
because the results of this study were developed using
one-ports. All possible circuit configurations using the
matching structures in Fig. 7 are shown in Fig. 10.
Plotting S;; and S,, on Fig. 7 shows that the high-yield
input structure is series L, shunt L and that the high-yield
output structure is shunt C, series L. Table III gives the
yield calculation for each circuit shown in Fig. 10. As the
table shows, structure A6 has the highest yield, as pre-
dicted by the Smith chart in Fig. 7. An important point to
note from this example, aside from the fact that the Fig. 7
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TABLE III
ExXAMPLE 1 YIELD CALCULATIONS
Yield
Design Numbers (Percent)
Al 68.2
A2 74.8
A3 66.9
Ad 61.2
AS 78.9
A6 84.7
A7 76.0
A8 70.0

D /% —0

AMP 2

Fig. 11. Distributed parameter amplifier example.

Smith chart predicted the highest yield structure, is that
the structure choice caused yield variations from 61.2
percent to 84.7 percent. The effect that structure has on
circuit yield is not universally known, and as a result lower
yield circuits are sometimes designed and manufactured.
Example 2: Distributed Parameter Amplifier Example

In this example, two amplifiers were designed to test the
validity of the results of the distributed parameter Monte
Carlo study. The § parameters (at 4 GHz) to be used are
S11=0.895£-33.53°, §,=0, S,,=25295° and S,,=
0.821£-91.27°.

The first amplifier (amp 1) will use a quarter-wave line
and a shorted stub matching structure for the input and
the output. This amplifier is labeled #1 in Fig. 11. The
second amplifier (amp 2) will use quarter-wave lines and
open stubs and is labeled #2 in Fig. 11.

For this transistor both S, and S,, are in the lower half
of the Smith chart. From an examination of Fig. 9, amp 1
is predicted to have the highest yield. The two amplifiers
were designed and a yield calculation was done for the
specification: |S},] and |S,,| both < —8 dB, and no criteria
on S,;. A +10 percent uniform distribution was used on
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the line length and width parameters. The analysis was
done at a single frequency. Amp 1 was found to have a
yield of 23 percent and amp 2 was found to have a yield of
7 percent. Not only did amp 1 have the higher yield, as
predicted, but its yield was three times higher! This dra-
matically demonstrates the effect that structure can have
on manufacturing yield.

V. CONCLUSIONS

One of the accomplishments of this paper is to demon-
strate conclusively the strong effect that structure choice
has on circuit yield. In the first example the circuit yield
estimate improved from 61 percent to 84 percent when the
circuit structure was changed. The main result of this
paper is a design chart, in the form of Figs. 7 and 9, with
which the design engineer can choose tolerant high-yield
narrow-band matching structures. The analytical work de-
velops a method for determining, in closed form, the
lumped parameter matching structure with highest yield.
The distributed parameter case proved too complex to be
handled analytically. Both cases were studied using Monte
Carlo simulations. The analytical work also determined the
sensitivity of the yield estimate to parameter tolerances
and proved a symmetry of yield estimates.
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