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Modeling Infrastructure

Introduction

There are many design steps required for the development and manufacture of MMIC
circuits, as illustrated in the MMIC Design Flow. Advanced Design System (ADS) is a
central part of the complete MMIC design flow, and is used throughout this process.
This application note illustrates, through the design of an MMIC amplifier, several of the
common problems faced in designing, simulating, and producing a physical layout of an
MMIC circuit, as well as the validation steps that are needed to verify that the physical
layout still produces the desired result. It is beyond the scope of this note to describe all
possible design specifications for an MMIC circuit, but it does include enough specification
and design steps to address many common design challenges.
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The following sections give a step-by step description of a 0.5-Watt, 10-GHz,
narrow-band amplifier on a 100-um GaAs substrate. The example files that are used here
(SHPEESOF_DIR/examples/MW _Ckts/MMIC_Amp_prj and MMIC_AmpEM_Sims_prj)
are included with the ADS 2003A software. Design and data display file names from the
examples are referenced throughout.

These example designs use components from a generic design kit that is provided with
ADS 2003A (SHPEESOF_DIR/examples/DesignKit/DemoKit.) The models for these
components do not correspond to any specific foundry process, but are representative
of design kits available from many foundries.



Although the development of the generic
design kit is outside the scope of this
application note, it is documented in the
ADS 2003A manual, titled Design Kit
Development. This manual provides
instructions that guide foundries in
developing their own design kits.

The amplifier design process depends on
a number of factors, including desired

specifications, availability of device models,

designer preference, and more. This appli-
cation note describes one of many potential
sequences. We assume that two stages of
amplification will be required: an output
stage for power and an input stage to attain
sufficient gain. The design is a balanced
amplifier, consisting of two parallel, two-stage
amplifiers, with branch-line couplers at the
input and output implemented as lumped
element equivalent circuits, to split the
signal at the input and recombine it at

the output after amplification.

Figure 1 shows a block diagram of the
balanced amplifier topology. Figure 2
outlines how the impedances to present
to the devices were chosen.

The design flow begins with several
simulation steps and proceeds with physical
design steps, with some simulations for
verification of the physical design. Three
main design tasks are required to complete
the amplifier: design of the first-stage
(preamplifier), design of the second stage
(power amplifier), and design of the
branch-line couplers.
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Figure 1. Balanced amplifier block diagram, utilizing two, two-stage amplifiers in parallel.
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Figure 2. Choosing impedances. (a) Choose source Z for minimum noise figure, as long as gain
remains reasonable. (b) Choose load Z for conjugate matching, after choosing source Z (although a
slight mismatch was found to give a higher 1-dB gain compression output power). (c) Choose source
Z for conjugate matching, after choosing load Z. (d) Choose load Z for maximum power delivered.



Two-Stage MMIC
Amplifier Design

This section outlines the general steps for
two-stage MMIC amplifier design.

1. Select an active device.
This will depend on the specifications
you are attempting to meet (such as
frequency, power, and noise), and the
devices offered by a particular foundry.
The DemoKit has only one device, a
HEMT (high electron mobility transistor),
so a selection process is not required.

[

Ideal bias — first-stage

Choose a bias point to maximize the
transconductance, Gm, which should
also maximize the gain of the first-stage
device. The FET_Gm_Calcs schematic,
shown in Figure 3, simulates the IV
curves of the device and calculates Gm
at each bias point as a function of the
slope of the IDS-versus-VGS curve.

The plot in Figure 4 indicates that biasing
VGS to about —0.15 V should maximize
Gm. The Amplifier DesignGuide has an
updated version of this simulation
setup, under DesignGuide > Amplifier >
DC and Bias Point Simulations > FET I-V
Curves, Class A Power, Eff.,, Load, Gm
vs. Bias, that calculates Gm versus DC
bias point, using an AC simulation at
one frequency to determine Gm.
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Figure 3. The FET_Gm_Calcs schematic, for simulating a device’s

transconductance versus bias.
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versus gate voltage, VGS, and transconductance, Gm.
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4. Attaining stability with ideal
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5. Replace ideal elements with
design kit elements — first-stage
Replacing the ideal elements in the
stabilization network with design kit
elements shows a degradation in
stability. We run a discrete-value
optimization to adjust the design kit
elements to attain better stability.
Discrete-value optimization is necessary
if some of the parameters to be
optimized may have only discrete
values, such as the number of turns of
a spiral inductor. The result of the
optimization is shown in Figure 9.

To improve stability near DC, we added
a 10-Ohm resistor in series with the
inductor biasing the gate of the device,
at a later step in the design. Discrete-
value optimization can be quite time-
consuming, since it carries out an
exhaustive search of all possible
combinations of parameter values. It
is recommended to first run a continuous
optimization to get ideal element values
as a starting point, and then run a
discrete-value optimization, allowing
the parameter values to vary over only
a limited range. Certain continuous
optimization types (mainly random
and its variations) will handle both
continuous and discrete optimizable
variables.

6. Impedance matching — first-
stage with stabilization network
Determine the optimal source and
load impedances to present to the
stabilized FET, via S-parameter and
noise figure simulations, using the
SP_NF_GainMatchK schematic from
the Amplifier DesignGuide (from the
schematic DesignGuide > Amplifier >
S-Parameter Simulations > S-Params,
Gain, NF, Stability, Group Delay vs.
Swept Parameters, shown in Figure 10).
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Figure 9. Discrete value optimization results, using components from the DemoKit.
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The data display, shown in Figure 11,
shows that with a source impedance
of 21.3 +j*3.7 ohms, the noise figure

is about 2.0 dB. With this source
impedance, the corresponding optimal
load impedance is 65.1 +j*38.5 ohms,
which should give a transducer power
gain of 13.1 dB. It was later discovered
experimentally that generating a load
impedance of 39.5 +j*52.9 ohms gives a
higher one-dB gain compression output
power for the two-stage amplifier, at
the expense of lower gain, so this
impedance was used instead. If gain is
more important than noise, then a
source impedance to maximize gain
could be chosen.

Load pull — second stage device
For the second stage we want to
generate more output power, so we
experiment with the device size. A
device size four times as large as

the first stage device was selected,
although a larger device should give
more output power. A load pull
simulation, HB1Tone_LoadPullMagPh,
copied from the examples/RF_Board/
LoadPull_prj, showed 26.7 dBm power
delivered, with a load of 7.76 +j*9.7 ohms,
as shown in Figure 12. (Additional load
pull utilities are available in the load
pull application, under DesignGuide >
Loadpull, from a schematic window.)
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8. Source pull — second stage
A source pull simulation,
HBT1Tone_SourcePull, from the Amplifier
DesignGuide, indicates that the power
delivered to the load does not depend
much on the source impedance. So
the interstage matching network is
designed to provide the complex
conjugate as the source impedance to
present to the second-stage FET, while
this FET is terminated in the optimal
load impedance determined from the
load-pull simulation.

9. Designing the input matching
network
There are three matching networks to be
designed: the input to the first stage, the
interstage between the first and second
stage, and the output of the second stage.
Things to consider in choosing these
networks include the size of the passive
elements, incorporating DC blocking
capacitors, and making some of the
networks high-pass and others low-pass,
so the overall response is band-pass.
Because of the relatively low operating
frequency, distributed-element matching
would require too much space, so we
use lumped elements instead. Because
this impedance matching is at a single
frequency only, two-element, lumped
matching may be realized quite simply.

The Passive Circuit DesignGuide was
used to generate a simple, lumped-
element matching network to generate
the desired source impedance, as shown
in Figure 13, and the resulting network is
a simple shunt-C, series-L network.
(Note that this same match can be
found in the Matching utility or the
Smith Chart utility.)
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Figure 15. Bias network impedance simulation results.



10. Replace ideal elements with

design kit elements

The network with ideal elements must
be replaced with design kit elements,
which have parasitics. The parasitics
vary with the size of each component.
You want the DC-bias inductor to

be large enough to provide a high
impedance at 10 GHz, but not so large
that its parasitic capacitance to ground

causes a self-resonance to occur below

this frequency. Figure 14 shows the
setup for simulation of the impedance
of a simple bias network.

The results are shown in Figure 15.

The input matching circuit with design
kit elements and a DC bias network is
shown in Figure 16.

The corresponding layout is shown in
Figure 17. Since this circuit is used to
bias the gate of the first-stage device,
there should be little or no bias current
drawn from the supply, so a resistor
could be used instead of the inductor.
This has the additional benefit of
saving GaAs real estate.
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Figure 16. Input matching circuit schematic, with design kit elements and a DC bias network.

Figure 17. Corresponding input matching circuit layout, with design kit elements and a DC bias network.



11. Interstage match

The interstage network transforms the
input impedance of the second-stage
device to the optimal load impedance to
present to the first-stage device. The
Matching utility was used to design

the simple shunt-C, series-L matching
network (or the Passive Circuit
DesignGuide could be used). The
InterstageMatch_wBias network is
shown in Figure 18. It shows the
interstage matching network including
design kit elements and DC bias inductors.

The layout, shown in Figure 19, has the
drain bias inductor of the first stage very
close to the gate bias inductor of the
second stage, so coupling is likely to
occur. The amount of coupling and

to what degree it degrades circuit
performance can be determined

from a Momentum (electromagnetic)
simulation, although we did not perform
one for this example.

Demokit_M2_M3
Via3

viaType=h2_M3
=5 um

=5 um -
S O
hum=3
disl Dum
dy=1.0um
Demalh_w2_M3
DemoKit_bondPead Viad =125 pF
Donoht o @ B - c ViaType-M2_ M3 T wreto0 am
Demoki_ind G125 pF corner=no gqind Iv-v;s um =400 um
Z =100 un Damol_bondPad feld | Demokt_ViaGld
E o sfum B -4 V6 Demok#_ind
:::m-;“ cornersno dx=1.0 um 1:7-5?5 um 1
iy Denoke VisGnd dy=t Gum un é g
m=
tums=5
" H136mH
M=
rotetion=0
< 3t Borr >
Port DemoKit_M1_m2 Demokit M1 M2  DemoKit_can Demokit_ind Do M1 M2 Port
Input i viel LS = Output
Mumat ViaType=M1_M2 vialypeal M2 C=TORNZSEE  webum vinTypeab M2 Nuhe2
e 8 um e ZoeeMI M2 va7S um w1 o) el
5um s un 178 um turns=3 il
=10 r=20 :g:a aH oo
et - A B S,
c-0.76125 pF 10U ty=0um dy=1 Dum
=23 um

DemoKil_ViaGnd
Vi

walS5 um
=75 um

=25 um

Figure 18. The interstage matching network, including design kit elements and DC bias inductors.
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Figure 19. Interstage matching network layout.



12. Output match — second stage e |, . % = HEEE . % =
. . = 3 L3 2 s Rt 3 i
The output matching network is used ; iuge gromon F p ! rlathn wiuse. 3

to transform 50 Ohms to the optimal QJ \19 QJ »
load impedance (7.76 +j*9.7 Ohms) to o il &
present to the output of the second e e S o e

ot
et 7 " n
Homat Nome2 Hhama Mot

S e N e

stage device. An ideal, shunt-L,
series-C network is created using the

OutputMatch1 schematic in the example, i i = s o T i
! ™ 8 b EE :
which came from the Ampllfler i Riaih 0o Risihd ohm T T RlaiM ohen Risil o iee b
DesignGuide (another option for [ ] s @
generating impedance matching e Jrepom R R
. LA eTeste Roparissny g
networks). The OutputMatch_wBias e b it

schematic (in the example file, and not A
shown here) uses design kit elements Figure 20. S-probe pair schematic.
instead of ideal elements, and includes

a DC bias inductor.

13. Interstage match and stability

age . to ine i looking both i
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The next step is to verify that when we i e beilel ol bbbl ooy
connect the matching networks, input . -5

. . . ™ . v.DC |»_LSHCJ
device with its stabilization network, ttsﬁcs = Vde=Vhigh

. . = Vde=Viow g
and output device that we are generating _]_ I
the desired source and load impedances 2 =
at each device. Also, we need to verify | 1
o e . . ¥ \a
that th'e stability conditions are satisfied R s Su‘gzm
at the input and output planes of each » »
device. An S-probe is used to determine
the source and load impedances at the A " VAR
t pedan DemoKit =R,
input and output of each device. Tech Vhigh=5 V 1
SProbePair Include Viow=02V =
X0

The S-probe is an element that you can FLowStan=10 Wi T ot
insert anywhere into a circuit without FLowiap-00 Altanias
loading it. It will determine the imped- Pine=iciaifyind

ances and reflection coefficients looking THgRlars A oty

in both directions. From these reflection
coefficients, we can determine whether
the small-signal stability conditions are
satisfied or not. The S-probe pair
schematic used in this example is
shown in Figure 20.

Figure 21. Determining the impedances looking both directions, at the input and output of the first stage FET.

14. Input match verification
The TwoStgAmpInZ_TB, shown in
Figure 21, determines the source and
load reflection coefficients presented to
the first stage device.



The data display in Figure 22 shows that
these impedances are close to the
desired values at 10 GHz, and that the

stability conditions are satisfied from
10 MHz to 20 GHz.

. Output match verification
TwoStgAmpOutZ_TB (shown in Figure 23)
determines the source and load reflection
coefficients presented to the output
device.
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Figure 22. Source and load impedances close to the desired values are being generated by the

matching networks.

Sirnulation to determing impedances looking both directions at
the input and output planes of the second stage FET. These
impedances may be used to determine whether the conditions
for oscillation are satisfied at any simulated frequency.
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Figure 23. Two-stage amplifier output schematic.
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16.

The data display in Figure 24 shows
that the load impedance is close to the
desired value at 10 GHz, and that the
stability conditions are satisfied from

10 MHz to 20 GHz. (It is necessary to
check stability conditions over a broad
frequency range, beyond the operating
band of interest, to check for undesired
potential oscillations.) Also, the source
impedance presented to the input of the
device is close to the complex conjugate
of the device's input impedance

at 10 GHz.

Two-stage amplifier gain
compression

Next, a swept-power simulation of the
two-stage amplifier with matching
networks was carried out to determine
the maximum output power that could
be supplied, power-added efficiency,
1-dB compression point, etc. This
simulation is TwoStgAmp_TB, as
shown in Figure 25, and indicates a
maximum output power of about

26.6 dBm and an output power at the
1-dB gain compression point of about
25 dBm. This simulation setup and
data display are from the Amplifier
DesignGuide (DesignGuide > Amplifier >
1-Tone Nonlinear Simulations > Spectrum,
Gain, Harmonic Distortion vs. Power
(w/PAE)). There are many other
simulation setups in the Amplifier
DesignGuide, so you could look at things
like intermodulation distortion, 1-dB

gain compression, frequency response,
and responses versus swept parameters
as well.
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Figure 24. Source and load impedances close to the desired values are being generated for the
second-stage device, and the stability conditions are satisfied.
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