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Simulafing the Stability of
a Three-Stage Microwave
Power Amplifier

By leveraging advanced software, accurate results were obtained in the design,
simulation, and testing of a power amplifier. This article is a study focused on

unconditional stability of that design.

oday’s electronic-design-automation (EDA) software

gives RF engineers extremely powerful tools that can

take on design tasks for all microwave circuits, begin-

ning with the electrical schematic designs and their
substrate schematic layouts, and then moving on to circuit
measurements. However, designing microwave power ampli-
fiers is a complex process that involves a specific order of tasks
to achieve the final product.

This article focuses specifically on using EDA software
to execute one of several available methods to simulate and
analyze amplifier stability. Along the way, we'll look at some
of the steps involved so that the final product is consistent
with the design goals and requirements.

The amplifier were looking at is a microwave integrated
circuit (MIC) with bare-die components attached to an alu-
mina substrate. There are two substrates with the first and
second stages separated from the third stage by a wall that
prevents cavity oscillation modes, or cavity moding. The
first and second stages are based on FSX017X and FSX027X
GaAs FET chips, while the third stage uses an FSX027X
transistor as well. Figure I depicts the amplifier’s block dia-
gram.

We used the well-known Microwave Office (MWO) soft-

ware for simulation and analysis. All the figures are MWO
graphs and show results from the various simulation test
setups. Further down in the article, Figure 9 shows mea-
sured data of the power amplifier that was taken on a net-
work analyzer. In this project, there was a high correlation
between the simulated results and the measured data.

Dealing with Cavity Oscillations

Cavity moding can be a problem. We used a proprietary
Excel program to model the internal housing cavity for po-
tential frequencies that could create an in-band oscillation.
Every internal package structure is of a given length, width,
and height. These dimensions will support an electromag-
netic signal that may be resonant at a frequency consistent
to those dimensions.

Furthermore, not only will those dimensions resonate
at a fundamental frequency, but also to higher harmonic
frequencies consistent to multiples of the fundamental fre-
quency wavelength consistent with the cavity length, width,
and height. These other resonances are referred to as “har-
monic moding”

Initially, the design was plagued by an in-band TEq;
modal oscillation, which was supported by the housing

dimensions. The
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1. Shown is the amplifier’s block diagram.
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2. This plot shows Gy;5x and S,; for each transistor of Stages 1 and 2.

in-band cavity modal oscillation to a safe out-of-band fre-
quency such that continued oscillation could no longer be
sustained. This change occurred early in the design timeline
of this project.

The first two stages are conjugately matched to each other,
while the third stage is conjugately matched at the input port
and power matched at the output port. A conjugate match
transposes an impedance, such as R+jX to R+j0, by present-
ing that impedance with an interface R-jX of equal negative
value. The resulting impedance match transposes 50 Q to
the real resistance only because the reactance is now zero.

A power match will interface directly to the transistor S,,
parameter equivalent impedance, in both its real and reac-
tive components, for an optimum power output with mini-
mum network losses.

The design goals were:

o Frequency: 4 to 10 GHz

o Output power: 24 dBm

o Gain: 15dB

o Return losses: —10 dB at input and —20 dB at output

Self-Biased Design

The system interface hardware was limited to a single pos-
itive voltage source, requiring that the design be self-biased.
We placed a resistor between the three transistor source
pads and ground. Self-biasing does reduce gain, but there
are some advantages. First, only one positive dc power sup-
ply is required. Second, it sidesteps the turn-on vs. turn-oft
sequencing of the drain and gate voltages. Finally, it reduces
the parts count of the dc biasing circuit.

Stages 1 and 2 constitute a single amplifier, with the stage
2 output match having been designed first. The inter-stage
match between stages 1 and 2 was designed as the next step.
The stage 1 input-matching network was the last network to

be designed.

We designed the matching networks
in that order because transistors are bi-
directional and loading changes on the
output side of a transistor can be seen at
the input side. This process is therefore
iterative, with attention going from one
network to another until every network
is fully designed (including layout). The
dc voltage bias traces and components
are therefore included in the matching
networks.

Stage 3 is a single-stage amplifier
with both the input and output ports
designed for 50-Q) impedances. Here
again, the output power match was de-
signed first, followed by the input con-
jugate match.

A self-biased transistor circuit doesn’t require the positive
and negative voltage sources to follow “turn-on” and “turn-
oft” sequences that are different from one another (turn
on: negative first, then positive; turn off: positive first, then
negative). A self-biased transistor has a resistor between the
source terminal and ground. This creates a relatively nega-
tive gate voltage compared to the source.

A different kind of oscillation can occur between the
RF microwave transistor and its corresponding dc-voltage
source. A loop exists between the RF transistor and the dc
source, creating a phase shift. If that phase shift becomes 360
degrees, a low-frequency oscillation (in the kilohertz range)
may occur. An RC lowpass filter in the loop can back off the
phase shift to between 300 and 315 degrees. The difference
from 360 degrees is called the phase margin. This amplifier
design was analyzed for low-frequency phase margin, but it’s
not presented in this article.

FSX017 (Gpya)
FSX027 (Gpya)

FSX017 (S,;)

FSX027 (S,,)

K Factor
Another method of determining stability is the K factor.
Stability factor K is defined by the following equation:

- ISul =[5 |’ +Iﬁlz
285 85|

b =5,85-5,8,

K is the rate of change of the drain current with respect to
the reverse saturation current.

Another parameter, the maximum stable gain (Gyax), is
defined as the ratio of mag(S,;)/mag(S;,). It’s related to K as
shown by:

Graax = {EL' JK ) lsﬁl_far!f >

Figure 2 shows Gyax and gain for each transistor, con-
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firming that the gain is stable over the frequency range with
a safe margin. This calculation analysis was performed at up
to 20 GHz using MWO software.

An amplifier is unconditionally stable when K = 1 or
greater than 1, which is the goal for a single-stage amplifier.
Figure 2 reveals that to achieve unconditional stability; the
gain for each transistor is less than Gypx where Gyax is de-
fined by the S parameters and K as the following (see Figure
5 for K in the case of this amplifier):

(K-VK*-1)

_ |32
GMax = ‘Sm

Matching networks are designed in step-by-step order,
beginning with the stage 3 output match, the stage 3 input
match, and then the stage 2 output match. Next come the
stage 1 and stage 2 interstage matches, and finally the stage 1

Stage 2 dc bias  Output

3. Depicted are the stage
1 input network (a), in-
terstage network (b),
stage 2 output network
(c), stage 3 input network
(d), and stage 3 output
network (e). All of these
matching networks are
aligned with transistors

Stage 3 dc bias
Q1 and Q2.

Output

input match. The matching networks are presented in Figure
3, all aligned with transistors Q1 and Q2.

The stage 1 input network is a conjugate match (Fig. 3a).
The interstage network is a conjugate match between the
FSX017 S22 and the FSX017 S11 (Fig. 3b). The stage 2 out-
put and stage 3 input are a conjugate matches (Figs. 3¢ and
3d, respectively), and the stage 3 output network is a power
match (Fig. 3e).

The dc bias voltages, traces, and components are included
in the layouts of all three transistors Q1, Q2, and Q3.

The power dividers and combiners are basic four-finger,
wideband Lange coupler design circuits and aren’t addressed
in detail in this article. The Lange couplers provide good iso-
lation at the input/output ports by directing the reflections
to the fourth 50-Q) port.

The first two stages were designed together, matched di-

4. Here, we see the
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network-analyzer
graph of gain and
return losses at the
input/output  ports
for stages 1 and 2 (a)
and for stage 3 (b).
These measurements
are of the subsystem
operation level of the
amplifier.
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5. Shown are stability K factor analyses for stages 1 and 2 (a) and for stage 3 (b).

o @

D e e

CIRCE1_ESXO17SX

o S i
3 — Ppse

& SCIRT) 8522
ESX0275X and OMN IMN_ESXO17SX_Inter Match

(a)

[+ scir2() - 51.1)

IMH and ESXO1TSX IMN with folipwing

CIRcn: Esxorrgy 215 Gre ||

(b)

(b)

6. The K factor for stability is sufficient
for a single-stage amplifier, but not for a
multi-stage amplifier like stages 1 and 2,
which could still see inter-stage oscilla-
tion. A more in-depth analysis calls for sta-
bility circles; shown here are those circles
for transistor Q1 with output return loss
(a) and input return loss (b).

rectly to each other, and separated from
stage 3, which is a single-stage design. We
chose this approach because the client re-
quired a 50-Q attenuator as a select-in-test
component between stages 2 and 3.

The network-analyzer graph of gain and
return losses at the input/output ports is
presented for stages 1 and 2 (Fig. 4a) and
for stage 3 (Fig. 4b). These measurements
are of the subsystem operation level of the
amplifier.

Figure 5 shows an analysis of stability K

7. Shown are stability circles as well as output return loss (a) and input re- factor for this amplifier, with stages 1 and

turn loss (b) for transistor Q2.
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2 shown in (a) and stage 3 shown in (b). K
must be greater than 1.0 to demonstrate
stability.

The K factor for stability is sufficient
for a single-stage amplifier. However, the
K factor isn't sufficient for a multi-stage
amplifier, such as the front stages 1 and 2.
It’s still possible for stages 1 and 2 to oscil-
late with each other. The K factor will not
detect internal stage-to-stage oscillations.
Therefore, stability circles are required for
a more in-depth analysis (Fig. 6).

8. These plots illustrate stability circles as well as output return loss (a) and  If K is less than 1, or if A is greater than

input return loss (b) for transistor Q3.

1, circular stability regions of load/source
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10 GHz) complies with the MWO
simulated analysis. Other parameters
complete the full spectrum of ampli-
fier design elements (such as noise
figure, IP3, IV curves, and transistor
load match calculations, among oth-
ers). However, this article is limited to
the basic examination of the S-param-
eters measured on a network analyzer,
and to the stability analysis of all three
stages.
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9. Network-analyzer test measurements of gain and return losses are given at

the input and output ports of the complete amplifier.

impedances can be plotted on a Smith chart to determine
where reflection S-parameters are stable or unstable. This
parameter is an additional tool that can be used to work with
transistors that might not be unconditionally stable.

A stability circle on the Smith chart represents the bound-
ary between values of source and load impedance that cause
instability and those that do not. The perimeter of the circle
is where K = 1. Sometimes the inside of the circle represents
the unstable region, and at other times the outside.

Output stability circles are the plot of load impedance.
The input reflection coefficient must remain within the out-
put stability circle for unconditional stability. Crossovers
aren't allowed at the same frequency. Figures 6b and 8a do
display crossover, but further examination also shows that
the crossovers occur at different frequencies.

This same analysis is performed for stages 2 and 3 (Figs. 7
and 8, respectively).

From Figures 6 through 8, it’s evident that where there
are crossovers between the S-parameter reflection param-
eters and the stability circles (Figs. 6b and 8a), stability is-
sues aren’t present because the crossovers occur at different
frequencies.

The stability circles presented here are the result of design
and analysis performed with MWO software, which, in the
author’s opinion, is the microwave industry’s most accurate
and easiest to learn and use. The prototype circuit was tested
separately on two test fixtures (one fixture for the first two
stages, and the third stage on a second fixture).

The three stages were cascaded in an additional fixture,
and more network-analyzer measurements were taken. The
three stages were finally tested again, all together, in the
delivery housing product. The final network-analyzer mea-
surements (Fig. 9) complied with the MWO analysis.
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