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For the purposes of designing the
input and output matching
networks for RF. power amplifiers,
one-port impedance models can
be more effective than two-port
device models.

One-Port Impedance Models Prove
Useful for Broadband RF Power
Amplifier Design *

. : By
Tom Apel

Acrian, Inc.
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1. In order to obtain a form compatible with a subsequent synthesis 2. In this two-port representation, the output provides an opti-
step, all one-port models are considered to be two-port LC net- mum load and Zj,, results at port 1. The input interface is conju-
works which are resistively terminated. gate matched.
When one considers RF power device modeling methods, as the complex conjugate of those optimum termina-
a broad range of techniques come to mind along with tions. Due to the non-linear behavior of the active
the question of which is best. The purpose of all models device, the optimum interface impedances are best deter-
is to represent the behavior of a physical system. The mined by application of load-pull techniques.'
more complete the representation, the more complicated '
the model usually becomes. The form of a model (i.e., One- and Two-Port Transistor Models
the information which is conveyed) is governed by the Usually, RF power amplifier device characterization
needs of the application. In other words, there is no one does not include full two-port characterization, due to
device mocel which optimally addresses the needs for all the non-linear behavior of the device. However. large

applicauons. signal S-parameters can be obtained by the two-signal
For example, in order to‘optimize the design of a new method.!® If the system reference impedance, R,, 1s near
device, the designer requires a two-port representation the operating impedance level, then the two-port repre-

in which individual electrical elements within the model sentation can be meaningful and useful.
each have physical signific::mce."“"'5 The non-linear When the optimum load impedance is denoted as Zy,
behavior of the two-port representation can be included the optimum load reflection coefficient is given by Equa-
either quasi-smau'cally,f"”'9 or by a time-domain repre- tion 1. Equation 2 gives the corresponding device input
sentation.™"!* These representations are also useful to reflection coeffiaent.
the circuit designer for simulating harmonic and inter- 7. R
modulation distortion (IMD) behavior. However, in order pL = ot it t1)
to design the input and output matching networks, the ZL TR,
two-port device model is not the best choice. ' S5 Soy 9

The purpose here is to present a method with which Pow = 5y = By 7 I——-S——_—_:,q—p:, {2}

one-port impedance models can be obtained. Since the
input and output matching networks must provide de-
sired interface impedance behavior, the effective input Tom Apel is a sizff scientist with Acran. Inc., 10060 Bubb Road.
and output impedance of the device can be represented Cupertino, CA 95014: (438 956-8522.
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When rewritten in impedance form, Equation 2 leads to
Equauon 3.
1+8S,]

Zin = Ro 1—5“' (3)

It should be kept in mind that Z;,, is usually obtained
by direct measurement'? or indirect (source-pull) means,
rather than with large-signal S-parameters. The one-port
representation is predicated on the presence of conjugate
match at both device ports. This allows both matching
networks to be synthesized from the respective one-port
load models. A more proper label for the output model
might be “‘effective output model,” since it is only an
artificial tool with which the output matching network
is obtained.

Previous efforts to obtain one-port impedance models
have included the use of negative element models and
numerical optimization.!* This is equivalent to obtain-
ing a one-port model by optimization of the positive
element model which is terminated with complex con-
jugate device data. In contrast, the approach taken here
does not rely upon numerical optimization to obtain the
model, since closed-form equations exist.

In order to provide a form which is compatible with
the subsequent synthesis step, all one-port models are
considered to be two-port LC networks which are resis-
tively terminated. This is illustrated in Figure 1. It

. should be noted that no restrictions are placed on the LC

: structure of the model, such that individual circuit ele-

ments have physical significance. Since our ultimate
goal is to design an impedance matching network, the
two most important constraints placed on the load model
are those of a synthesis compatible form and accurate
representation of measured data. To clarify this, consider
Figure 2. The output network provides an optimum
load and Z;,, results at port 1. The input interface is con-
jugate matched. However, the output interface is usually
not conjugate matched for RF power amplifiers.

As with small-signal amplifiers, intrinsic (e.g., Cop)
and extrinsic (e.g., bond wires) reactive effects must be
matched out. The difference between RF power ampli-
fier output loading and that of conjugate matched
small-signal amplifiers is in the real part of the load
impedance, at the intrinsic terminals. With RF power
amplifiers, this real load is dependent on the operating
voltage and available current. Hence, while the behav-
ior of the output port impedance in Figure 3 does not
represent the device output exactly, it does accurately
represent the optimum interface impedance. For this
reason, one might prefer to call the one-port represen-
tation of port two an effective impedance model.

One Port Realization

In order that the form of the one-port model is com-
patible with the subsequent matching network synthesis
step, we will require all losses to be lumped into a single
resistor which terminates an LC two-port. Figure 4 illus-
trates the two topologies being considered here. Each

reactance or susceptance block will be allowed up to
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3. In RF power amplifiers, the real load is dependent on the
operating voltage and the available current, so the behavior of
the output port impedance shown here does not represent the
device output exactly; it does, however, accurately represent the
optimum interface impedance.

Zp‘—>
b.) SHUNT BEHAVIOR WITH SERIES PERTURBATION

4. In the two one-port topologies being considered, each reac-
tancs or susceptance block is allowed up to second-order behav-
ror. T2is means that fourth-order models can be realized.

seccnd-order behavior. Hence, fourth-order models can
therzby be realized. Occasionally, the need arises for
higher-order load models, and the approach which is
presented here can be easily extended to cover those cases.
For example, “T"" or “m’" sixth-order models can be
obtained with the addition of one series or shunt block
to the forms represented in Figure 4.

Since the simplified models of Figure 5 each contain
threz unknowns, a minimum of three datum points are
required to form a solution. In order to be representable
with the one-port forms of Figure 5, the datum points
mus fall along a constant resistance or constant conduc-
tanc: contour with monotonic reactance or susceptance
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5. Owing to the fact that these simplified models each contain
three unknowns, a minimum of three datum points are required
to form a solution.

behavior, respectively. Data which does not fall into
either of these two categories cannot be adequately repre-
sented with the simplified (Fig. 5) forms. The more
complex forms (Fig. 4) will be considered later. The
termination resistance, Ry, can be set by calculating the
average resistance (series form) or average conductance
(shunt form). The LC solution can be determined from
the total reactance (series) or susceptance which is desired
at the band-edge frequencies. This is done as follows:

Gl BT R )
o £? — £)2 .
C’_zn(f,2f2x2—r,f22x,) )
and
ft) B:) [| Bl
C, = = 5 7)
P 2w (23— L) i
where f; = Lower band edge
fo = Upper band edge
X) = X(fp
Xo = X (f9)
B| = B(f])
and Be = B(fo)

The simplest forms are, of course, the single inductor
or capacitor. either in series or parallel with Ry. Unfor-
tunately, these forms do not adequately represent the
broadband impedance behavior of many RF power de-
vices. If they did, there would be no need for this article.
As a preliminary step, consider the forms of Figure 4 in
" which the perturbing block has been removed. These
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6. The fourth-order bandpass realization is shown for the one-
port series model with shunt perturbation.

~

forms are shown in Figure 5, with bandpass LC-effects
allowed (N = 2).

As ]ong as fg X2 > f] X] and fl X2 > f2 X], Ls and C;
will remain positive. Similarly, for f; Bo > f; B} both L
and C, are positive. However, at this point we will not
require that the LC solutions be strictly positve, since a
negative element is always removable from the simple
one-port forms by externally applying a larger positive
element of the same type. When the fourth-order forms

7. The fourth-order bandpass realization can be seen for the
one-port shunt model with series perturbation.

of Figure 4 are considered, only perturbing elements
which are available at the accessible terminals are al-
lowed to be negative valued. It is a consequence of the
dX(w)/dw > 0 rule for realizable LC network driving-
point impedance behavior that positive LC values are
always associated with clockwise movement around a
region on the Smith chart, with increasing frequency.
We next make use of this fact in order to choose the cor-
rect topology from Figure 4.

The fourth-order. bandpass realizations of Figure 4(a)
and Figure 4(b) are illustrated in Figures 6 and 7, respec-
tively. The subnetworks, with driving-point impedances
Z; and Z,, are obtained with Equations 4, 5, 6, and 7,
and a procedure identical to that which was applied to
the networks of Figure 5. The additional task, which is
required for solutions to the networks of Figures 6 and
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7, is to first decompose the desired model’s behavior into
simplified form (Fig. 5) and necessary perturbation. The
perturbing effects often tend to be the greatest at the
band edges. However, this will depend ultimately on the

8. This shuni-perturbed, series-resonant case is approximately
midband resonant, which is desirable for impedance matching.

9. In this serles perturbed-shunt resonant case, the model locus
is represented with a solid line and the subnetwork behavior (Zp)
with a dashed line.

selection of Ry. Before any guidelines for this decompo-
sition are stated, consider a typical case.

Figure 8 illustrates a shunt-perturbed, series-resonant
case. This particular case happens to be approximately

midband resonant, which is desirable for impedance
matching. Figure 8 provides a view of both the modeled
behavior and subnetwork behavior, Z (dashed locus). By
inspection, the Smith chart yields the shunt perturba-
tions at the band edges, B} and By. The end points are
therefore fixed. The selection of Ry controls the amount
of curvature in the locus. Usually Ry is set to the lowest
value which is encountered in the real part of the data
to be modeled with this topology. In the example of
Figure 8, this occurs near midband.

Conversely, when a series perturbed-shunt model is
used, the selection of Ry is determined by the largest
value in the real part of the data to be modeled. Unfor-
tunately, these selection guidelines not only provide a
good data fit, but they also tend to maximize the Q of
the principal part of the model. This, of course, is in the
direction contrary to enhancement of broadbandability.
(This is nature’s way of reminding us not to expect
something for nothing!) = -

Figure 9 provides an example of the series perturbed-
shunt resonant case. As in Figure 8, the modeled locus is
represented with a solid line. The subnetwork behavior,

, is represented with a dashed line. Once again, the
perturbations at the band edges, X; and Xs. can be
determined by inspection.

e ]

RF power amplifier device charac-
terization usually does not include
full two-port characterization.

Most load model requirements for broadband ampli-
fier design can be easily provided with the two fourth-
order cases. Single-loop resonances can be addressed
with this approach. Loci which are not midband reso-
nant are realized in the same manner as the midband
resonant cases of Figures 8 and 9. However, the compo-
nent values which are realized usually allow a simplifi-
cation of the model. That is, when series or shunt-reso-
nant branches are very far from resonance in the band
of interest, one element usually dominates in the behav-
jor of that branch. The order of the model can, thereby,
be reduced. The closed-form expressions for fourth-order
models are as follows: :

0.820 nH

/'WY\__i

Z odel = Jf 30

17.40 pf

@

1.88 nH 7.642 pf

10. This serles resonant model with a shunt perturbation is
based on the data in the Table.
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Shunt With Sertes Perturbation
R IMPEDANCE COORDINATES
A L - (8)
B, = Ra .
1 RL
e Ry
R
B L - (10)
= Rg
By RL
; R,
where
Zf) = Ry + X,
Ufy) = Rg + jXp
S {-i-l,iflmag{zp(fl)} <0
—1, if Imag { Zp(fl) } >0

and 11. The corresponding Impedance for the model in Figure 10 is
seen to be quite good.

i {+1, if Imag { Z,(fp) } < 0
~ (=1, if Imag {Z,(f) } > 0

N 4
b e (it (2] <0
Xy = ARy \[__A_R___l_ i (12) | +1, if Imag { Z((f;) } > 0
L
R s B
——-A——R—-——l— -1 Q2 ) " —1,if Imag { Z(f) } = 0
L ) =
B, = o 41, if Imag { Z(f5) } > 0
R, (1+Q9) X, (1+Qf) gz
Ry (1 +Q3)
X.—_, = BRL [‘-——'——RL =] (14) AnExumple
As a numerical example, consider the data which is
Ry (14 Q_%) (15) listed in the Table. We note that the data is similar to
B, = % 1 Q3 the case illustrated in Figure 8. Hence, we will use a
L - . . . 5
— series resonant model, with a shunt perturbation. Since
Rg (1+Q3) Xg (1 +Q3) the minimum real part of the data in the Table is 3.0
Ohms, we will set R = 3 Ohms. By Equations 12, 13, 14,
where and 15 we obtain the following:
Z(f) = Ry + jX, X; = —3.878
! B TR Xy = +5.788
X, B, = +0.0538.
%= R,
A The element values within the model are then obtained

from Equations 4, 5, 6, and 7. Figure 10 illustrates the
complete model. The corresponding impedance perfor-
mance shown in Figure 11 is good.
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Table
Numerical Example Data
Freq. (GHz) Ricad XLoad
1.00 4.0 -4.0
1.35 3.0 0.0
1.65 3.5 3.0
2.00 6.0 7.0

A method has been developed for obtaining one-port
impedance models with €losed-form equations. These
equations allow fourth-order solutions. The techniques
presented here can be extended to accommodate higher
order models, where required. One-port load models are
a necessary prerequisite for the broadband matching
synthesis techniques which will be considered in a sub-
sequent article. ]
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