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HIGH PERFORMANCE
WIDEBAND MSAG GAIN
BLOCK/DRIVER AMPLIFIER
MMICs UsiING MLP

TECHNOLOGY

The multi-level plating (MLP) process has been used to develop a family of wideband, low noise,
generic gain block and driver amplifier MMICs operating up to 20 GHz. MLP implementation
provides significant performance improvements over standard MMIC processing techniques,
especially with regards to bandwidth and gain. This article discusses salient features of the MLP
process, including test data for multilayer microstrip lines, spiral inductors, 3 dB couplers and MLP-
based MMIC amplifiers. The design approach and test data for several broadband MMICs, including
a low noise amplifier, a single-bias gain block, and 0.25 W and 0.7 W driver amplifiers, are also

described.

ideband, low noise, generic gain

s / s / block and driver amplifier MMICs
have been developed using many
different device technologies including
MESFET, HBT and PHEMT. Among these,
PHEMT-based MMIC technologies have
achieved superior performance due to inher-
ent device high frequency operation capabili-
ty. In order to achieve superior performance
similar to PHEMT technologies, multifunc-
tion self-aligned gate (MSAG®)-based MMICs
are implemented using a multi-level plating
(MLP) process. MLP utilizes multiple low di-
electric constant polyimide and thick metal-
lization layers atop the base GaAs. Designing
with MLP allows for lower loss transmission
lines or matching networks,1-3 higher

frequency operation and increased flexi-
bility in the development of higher power
components.

At the M/A-COM facility in Roanoke, VA,
the MSAG MESFET process*¥ is being used
to develop low cost, high volume, high perfor-
mance and highly reliable multifunction
monolithic ICs for commercial and military
applications. Because of its versatility in inte-
grating low noise, power and high speed large-
scale integration (LSI) functions on a single
chip, the process has been named the
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A Fig. 1 Standard “Process 5” wafer cross-section.
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A Fig. 2 Multi-level plating (MLP) process wafer cross-section.
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A Fig. 3 Two modified microstrip line configurations.

multifunction self-aligned gate process. The MSAG
process eliminates the need for a gate recess, the single
most important yield and reproducibility-limiting step. As
each device type, which may include EFET, DFET,
Schottky diode/limiter, low noise FET, switching FET,
power FET and n' implants, is optimized for its respective
function, it requires an additional mask. The MSAG
process is available as a standard foundry service to out-
side users.

MULTI-LEVEL PLATING PROCESS

Figures 1 and 2 show stylized cross-section views of
standard and MLP-processed GaAs wafers. A common
design rule, set for core structures and common GaAs
processing techniques, except for the MLP-unique ele-
ments, allows for simplified design, layout and processing.

There are two key differences between the standard
and MLP-processed MMICs. The first is the addition of a
second, 7 um thick, low dielectric constant polyimide lay-
er; the second difference is the addition of a second thick,
4.5 um, gold metallization layer. These two additions pro-
vide the MLP advantages.

With the additional polyimide layer, a designer has the
flexibility to locate transmission lines, known as multilayer
microstrip lines, on polyimide up to 10 um thick. The im-
pedance of such lines can be increased by 40 to 60 per-
cent — as compared to standard lines on the given base
substrate. The high impedance capability of MLP is well

TABLE |
MEASURED CHARACTERISTICS OF MULTILAYER MICROSTRIP
LINES WHEN GaAs SUBSTRATE THICKNESS IS 75 um
Polyimide Microstrip
Thickness (1m) Width (um)
0 20 69.0 7.58 1.07
50 50.0 8.26 0.83
100 35.8 8.58 0.70
150 28.1 9.15 0.61
3 20 81.0 B 0.85
50 57.0 6.22 0.68
100 41.0 7.10 0.55
150 32.0 7.47 0.48
7 20 92.0 4.38 0.69
50 64.1 5.08 0.50
100 45.0 5.93 0.41
150 B 6.45 0.37
14 20 105.0 3.70 0.55
50 75.0 4.26 0.40
100 53.0 4.90 0.35
150 42.0 5.43 0.30

suited for implementing low loss matching networks and
improving the bandwidth of passive components.

The additional thick metallization layer offers benefits
as well, mostly in the area of DC current routing/high
power design and extending the usage of passive compo-
nents to lower frequencies. Most straightforwardly, the
designer now has the flexibility to use 9 um thick trans-
mission lines. Current handling for such lines is 20
mA/um.

A second benefit of the additional thick metal layer is
the option to create high current structures, such as spiral
inductors. Previously, spiral inductors have been current
limited, based on the width of the thin metallization un-
derpass to access the center of the spiral, typically 2
mA/um... as compared to 10 mA/um for 4.5 pm thick
lines. With MLP, a spiral inductor can be fabricated with
4.5 um thick spirals and 4.5 pm thick underpasses.

The configuration of the multilayer microstrip line is
shown in Figure 3, where €, and €4 are the relative di-
electric constants of the GaAs substrate and polyimide
buffer layer, respectively, and h and d are their respective
thicknesses. The thickness of the polyimide could be be-
tween 5 and 25 pm. However, the MLP process only al-
lows polyimide thicknesses of 3, 7 and 10 pm. The mi-
crostrip conductor W has an approximate thickness of 4.5
um. Typical dielectric constant values for GaAs and poly-
imide are 12.9 and 3.2, respectively. Measured results for
the multilayer microstrip structure are summarized in
Table 1. As an example of the reduced loss characteristics
of MLP, on a bare 75 um GaAs substrate, a 50 Q line is
about 50 pm wide, whereas with a 10 pm polyimide layer
atop the base GaAs, it is approximately 90 pm wide. The
losses are 0.83 and 0.41 dB/cm, respectively, a 50 percent
reduction for the 50 Q line on polyimide. Further im-
provement may be obtained by etching away the sur-
rounding polyimide, so that more of the microstrip is sur-
rounded by air. This configuration is also compatible with
multi-level plating MMIC fabrication processes.



B 1ECHNICAL FEATURE

TABLE Il

COMPARISON OF SEVERAL
6.7 nH INDUCTORS FOR BEST FIGURE

OF MERIT INDEX
Standard -
Parameter Inductor layer
Inductor
f.s (GHz) 5.0 6.4 443
Q 22.0 33.0 28.5
Area (mm?2) 0.193 0.193 0.084
FMI
(GHz/mm?) 5.7 10.9 15.03

| B

B | m

M [
2] i

A Fig. 4 Physical layout of the 3 dB
asymmetric broad side coupler.
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A Fig. 5 Measured performance of the 3 dB
coupler.

A family of 6.7 nH inductors was
also characterized, and their figure of
merit indexes (FMI) is compared in
Table 2. FMI is defined as

f
PMI = — Qs (1)
Inductor Area
where
f e = self-resonance frequency

The inductors selected are a stan-
dard inductor with thin metal under-
pass, a MLP multilayer inductor with
9 um thick spiral metallization and a
3-D inductor. The Q values are ob-
tained at the maximum Q frequency.
It is easily noted that the 3-D struc-
ture has the best FMI. This is because
of its reduced area. A trade-off of this
inductor type is that it has the lowest
resonance frequency due to higher in-
ter-level capacitances. The Q factor
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A Fig. 6 Predicted performance

of a 2 to 20 GHz distributed amplifier
using a standard “Process 57 (dashed lines)
and MLP (solid lines) processing.

for the 3-D inductor is about 23 per-
cent higher than for the standard in-
ductor but about 16 percent lower
than for the multilayer inductor using
thick metallization. The FMI for the
3-D inductor is about 2.6 times larger
than for the standard inductor.

A final example of the benefits of
MLP is a broadband 3 dB coupler,
which is required in many microwave
applications. MLP is also suitable to
realize tight directional couplers on
GaAs substrates. A 3 dB asymmetric
broadside coupler was developed us-
ing the MLP process on a 75 pum thick
GaAs substrate. Figure 4 shows the
top-sectional view of the broadband
coupler, which operates over the 7 to
15 GHz frequency range. The physical
length of the coupler is 3000 pm. The
bottom and top conductor line widths
are 40 and 60 pm, respectively, result-
ing in a lower dissipated loss than for a
Lange coupler on GaAs. As shown in
Figure 5, the measured insertion loss
in the coupled and direct ports are 3.3
+0.5 dB and 3.5 £ 0.5 dB, respective-
ly. The measured return loss was bet-
ter than 18 dB.

The MLP process results in im-
proved performance in MMIC passive
components including couplers, fil-
ters, dividers/combiners and trans-
formers, and also allows the realization
of new MMIC components including
thin film microstrip, multi-level induc-
tors, tight couplers and baluns.

DISTRIBUTED AMPLIFIERS
USING THE MLP PROCESS

At the circuit level, improvements
in performance can be achieved using
very high impedance lines (microstrip
lines on 10 um polyimide) in the gate
and drain equivalent transmission
lines of a distributed amplifier, using
low loss matching networks at the
output of a power amplifier, using
high current carrying capacity induc-
tors in matching networks and using

9 um thick conductors instead of 4.5
um thick conductors having twice the
width. An approximate expression for
the small-signal gain of a distributed
amplifier is given by!0

2 2 2
_ Zm ZO E
G:—4 {l—ocgfg 2} (2)
where

n = number of FETs

g, = transconductance per FET

Z, = characteristic impedance of the
gate line

0., = attenuation constant of the gate
line

€ g = length of gate line per unit cell

In this expression, a constant char-
acteristic impedance and a constant
unit line length have been assumed.
Also, the drain line losses are neglect-
ed. Equation 2 shows that, for higher
gain, one needs higher Z; and lower
0,,. As previously shown, MLP pro-
vides both these features.

As an example of the performance
benefit MLP provides for wideband
MMICs, Figure 6 shows the predicted
performance of a pair of 2 to 20 GHz
distributed amplifiers, one designed us-
ing standard Process 5 techniques and
the other implemented in MLP. As is
easily noted, approximately 1.5 dB ad-
ditional gain is provided by the MLP
design at 20 GHz. Thus, MLP can be
used to either increase gain for a given
bandwidth, or provide additional band-
width for a given amount of gain.

In the following, examples of dis-
tributed amplifiers developed using
MSAG FET with the MLP process
are described. In these MMICs, the
gate and drain microstrip conductors
are on a 10 pm thick polyimide layer
atop the GaAs substrate. The circuits
were designed using small-signal mod-
els for the FET devices and matched
to 50 Q at the input and output.

2 to 20 GHz
Distributed LNA (Self-biased)
Figure 7 shows the physical layout
of a 2 to 20 GHz distributed LNA, in-
corporating six 150 um 5N (low noise)
FETs. The circuit was designed for low
noise figure and high gain using a low
noise FET model. A single supply op-
eration is provided through the use of
on-chip self-biasing networks. The val-
ue of the resistor between the source
of the device and ground is selected to
bias the device at 0.25 Igg to provide
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a trade-off between minimum noise figure and high P1dB.
The drain supply voltage is 5 V. The chip size is 3 x 1.6 mm.

Figures 8 and 9 show the measured LNA gain and noise
figure, and P1dB, respectively. The current under drive in-
creases from 75 mA at the Q-point to about 110 mA at the
P1dB compression point. The measured return loss was bet-
ter than 10 dB over the 2 to 20 GHz frequency range.

2 to 18 GHz Distributed Amplifier Driver (Self-biased)
Figure 10 shows the physical layout of a distributed dri-
ver amplifier (DA), designed for the 2 to 18 GHz frequency
band. It is comprised of five 5N FETs, each having a 300 pm
gate periphery. The circuit was designed for high P1dB and
high gain while providing a good match to 50 Q at the input
and output. A single supply operation is provided through
the use of on-chip self-biasing networks. The nominal drain
supply voltage is 5 V; however, on-chip voltage drop resistors
allow variable supply voltage from 5 to 8 V. The chip size is 3

A Fig. 7 Layout of a 2 to 20 GHz self-biased distributed LNA.

x 1.7 mm. Figure 11 shows the measured gain and return
loss; Figure 12 demonstrates the saturated power at differ-
ent drain biases.

2 to 18 GHz Distributed Power Amplifier

This is another DA, designed for higher power level. It
uses the same approach as discussed previously. This
topology employs five 300 um 5A (power) FETs biased at
8 V. The physical layout of this circuit is shown in Figure
13. The MMIC is over-sized at 3.0 X 1.7 mm due to the
limitations of being in a development mask. In a produc-
tion mask, the final chip size would be 2.3 X 1.4 mm. Fig-
ures 14 and 15 show the measured gain and noise figure,
and output P1dB, respectively.

2 TO 8 GHz DRIVER AMPLIFIER

Another useful feature of MLP is to create high cur-
rent inductors for broadband and compact designs.!! In

A Fig. 13 Layout of a 2 to 18 GHz distributed power amplifier.
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A Fig. 10 A2to 18 GHz self-biased
distributed driver amplifier.

A Fig. 12 Saturated output power
of the distributed amplifier driver as a
function of frequency and drain voltage.

A Fig. 15 Measured P1dB of the 2 to 18
GHz distributed power amplifier.
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sign is simulated us-
ing the nonlinear
model to calculate
the power compres-
sion of each stage
and the output pow-
er and PAE as a

Z,, =21.26 =-076pF function of input
power. Since it is
Z,, =85 —==CHlIEL very difficult to op-

A Fig. 16 Schematic of a two-stage driver amplifier.

this section, a broadband 0.7 W dri-
ver amplifier developed using MLP
inductors is discussed.

Traditionally, a driver amplifier is
designed based on the loadline
method.12-15 The design of the two-
stage broadband MMIC driver ampli-
fier was based on a design methodol-
ogy using small-signal, nonlinear FET
models and loadpull data obtained at
the operating bias point. The operat-
ing point of the amplifier was select-
ed for class-AB operation (0.30 Ipgg)
of the device in order to obtain the
best compromise of power output,
gain, PAE, linearity and variable pow-
er supply operation over the 2 to 8
GHz frequency range.

In this design, the loadline tech-
nique is used initially to optimize the
circuit parameters. The optimum
load impedances Z;; and Z;, at the
drain of the first and second stage
FETs, necessary to realize the maxi-
mum output power and PAE, are
shown in Figure 16. Then, the de-

A Fig. 17 A 210 8 GHz, 0.7 W driver
amplifier.
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A Fig. 18 P,,, and PAE of the 2 to 8 GHz
driver amplifier at V, =8 V Py =18 dBm.

timize the matching
networks to the re-
quired load imped-
ances over wide
bandwidths, using nonlinear models,
the above design process is repeated
so that an optimum solution for si-
multaneous match to the load imped-
ances at the drain of each FET and
best gain, power and PAE are
achieved.

The input stage, which has a limit-
ed gain compensation network, was
designed for good input match as
well as for maximum power transfer
at the high frequency end. The inter-
stage matching network was designed
to provide a flat gain response and
deliver enough power to the output
stage FETs for achieving overall max-
imum output power and PAE. The
output matching elements were se-
lected to provide an optimum load
match with minimum insertion loss,
since efficiency and output power are
reduced to a great extent by a passive
loss. Both stages, as well as the com-
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A Fig. 19 P1dB of the 2 to 8 GHz driver
amplifier as a function of drain voltage.
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A Fig. 20 Small-signal gain and input

VSWR of the 2 to 8 GHz driver amplifier
at Vp=8 V.

plete amplifier, were designed to be
unconditionally stable over 3 to 10 V
drain power supply voltage and 0.25
to 0.50 I, drain current. Experience
has shown that for MSAG FETs,
standard even-mode (K > 1) and odd-
mode stability analyses are adequate
to avoid microwave oscillations. How-
ever, under large-signal condition and
pulsed operation, it is necessary to
use worst-case K-factors greater than
1 when S-parameter data is used for
various bias conditions from Vg, = 3V,
0.50 Iy, to Vg, = 10V, 0.25 Ly, This
approximately replicates the envelope
a full cycle of the input signal experi-
ences during the large signal and
pulsed operation. It was found that
imposing a K > 2.0 condition, for Vy
=10V and 0.25 I, small-signal S-pa-
rameters, is about what is necessary
to ensure K > 1 under all conditions.

Figure 17 shows the photograph
of the two-stage 0.7 W power output
driver amplifier. The chip size is 3 x 2
mm.

Typical CW measured P, and
PAE for MMIC chips on Cu-W carri-
ers at Vpg = 8V and P;, = 18 dBm are
shown in Figure 18. The amplifier
has greater than 28.5 dBm power
output and better than 24 percent
PAE over the 2 to 8 GHz frequency
range. Figure 19 depicts P1dB pow-
er levels at various drain voltages.
The variations of small-signal gain
and input VSWR as a function of fre-
quency are shown in Figure 20. The
input VSWR is better than 2:1 over
the 1.5 to 8.4 GHz range.

CONCLUSION

A family of wideband, low noise,
generic gain block and driver amplifi-
er MMICs for commercial and mili-
tary applications has been developed.
Using MLP processing, higher per-
formance and higher frequency oper-
ation are achieved.

ACKNOWLEDGMENT

The authors wish to acknowledge
the support of ADBU layout and test
groups and the MSBU wafer-process-

ing group in the successful develop-
ment of the above MMICs.

References
1. L]. Bahl, et al., “Low Loss Multilayer Mi-
crostrip Line for Monolithic Microwave
Integrated Circuits Applications,” Interna-
tional Journal of RF and Microwave Com-



B 1ECHNICAL FEATURE

puter-aided Engineering, Vol. 8, November
1998, pp. 441-454.

2. L]. Bahl, “High Current Capacity Multilay-
er Inductors for RF and Microwave Cir-
cuits,” International Journal of RF and Mi-
crowave Computer-aided Engineering, Vol.
10, March 2000, pp- 139-146.

3. L]. Bahl, “High Q and Low Loss Matching
Network Elements for RF and Microwave
Circuits,” IEEE Microwave Magazine, Vol.
1, September 2000, pp. 64-73.

4. A.E. Geissberger, R.A. Sadler, M.L. Balzan
and J.W. Crites, “TiW Nitride Thermally
Stable Schottky Contacts to GaAs: Charac-
terization and Applications to SAG FET
Fabrication,” Journal of Vacuum Science
and Technology, Vol. B3, 1987.

5. A.E. Geissberger, R.A. Sadler, E.L. Griffin,
I.J. Bahl and M.L. Balzan, “Refractory
Self-aligned Gate Technology for GaAs
Microwave FETs and MMICs,” IEEE
Transactions on Electron Devices, Vol. 35,
No. 5, May 1988, pp. 615-622.

6. A.E. Geissberger, I.]. Bahl, E.L. Griffin
and R.A. Sadler, “A New Refractory Self-
aligned Gate Technology for GaAs Mi-
crowave Power FETs and MMICs,” IEEE
Transactions on Electron Devices, Vol. 35,
No. 5, May 1988, pp. 615-622.

7. AE. Geissberger, et al., “Fabrication, RF
Performance and Yield of a Combined
Limiting Amplifier and Dual-modulus
Prescaler GaAs IC Chip,” IEEE Transac-
tions on Microwave Theory and Tech-
niques, Vol. 36, No. 12, December 1988,
pp. 1706-1713.

8. I.]. Bahl, et al., “Multifunction SAG
Process for High Yield, Low Cost GaAs
Microwave Integrated Circuits,” IEEE
Transactions on Microwave Theory and
Techniques, Vol. 38, No. 9, September
1990, pp. 1175-1182.

9. W.L. Pribble and E.L. Griffin, “An Ion-im-
planted 13 Watt C-band MMIC with 60%
Peak Power Added Efficiency,” IEEE Mi-
crowave and Millimeter-wave Monolithic
Circuits Symposium Digest, 1996,
pp- 25-28.

10. Y. Ayasli, et al., “A Monolithic GaAs 1-13
GHz Traveling-wave Amplifier,” IEEE
Transactions on Microwave Theory and
Techniques, Vol. 30, No. 7, July 1982,
pp- 976-981.

11. I. Bahl, Lumped Elements for RF and Mi-
crowave Circuits, Artech House Inc., Nor-
wood, MA, 2003.

12. S.C. Cripps, RF Power Amplifiers for
Wireless Communications, Artech House
Inc., Norwood, MA, 1999.

13. E.L. Griffin, “Application of Loadline Sim-
ulation to Microwave High Power Ampli-
fiers,” IEEE Microwave Magazine, Vol. 1,
June 2000, pp. 58-66.

14. K. Chang, 1. Bahl and V. Nair, RF and Mi-
crowave Circuit and Component Design
for Wireless Systems, John Wiley & Sons
Inc., Hoboken, NJ, 2002, Chapter 11.

15. I. Bahl and P. Bhartia, Microwave Solid
State Circuit Design, Second Edition, John
Wiley & Sons Inc., Hoboken, NJ, 2003,
Chapter 10.

Michael Ashman
received his BS degree
in electrical
engineering from the
WV Institute of
Technology in 1985.

- From 1996 until 1998,
he was with Sonnet
Software as a sales
engineer. Prior to that,
he was with Lockheed
Martin’s Electronics
Laboratory and Northrop’s Defense Systems
Division as a MIC/MMIC design engineer. He
is currently a senior principal engineer in the
Integrated Products Business Unit (IPBU) at
M/A-COM, primarily involved in the
development of highly integrated control
MMICs and other components for radar and
communication systems.

Inder J. Bahl received
his PhD degree in
electrical engineering
from the Indian
Institute of Technology,
Kanpur, India, in 1975.
At M/A-COM, in his
present capacity as a

| Distinguished Fellow of
. Technology, his
interests include device
modeling, high
efficiency high power amplifiers, 3-D MMICs,
and development of MMIC products for
commercial and military applications. He has
authored over 140 research papers, 12 books
and holds 16 patents. He is an IEEE fellow and
a member of the Electromagnetic Academy.

Al



