
MMIC Design 
JHU EE787 

Fall 1998 Student Projects 
C-Band General Purpose Amp -- H. Sutcliffe & T. Longreen 

C-Band Power Ampl--T. Knibbe & C. Martin 
C-Band Power Amp2--D. Cross & C. Wilson 

C-Band Quadrature Modulator--M. Long & J. Xiang 
UHF/VHF General Purpose Amp--J. Varela & C. Moses 

Plus Graduate Student Project  
MN/11C Transimpedance Amp--Daniel Judy 



C BAND 
GENERAL 
PURPOSE 

AMPLIFIER 

1 
1 

HERB SUTCLIFFE 
TODD LONGREEN 

MMIC DESIGN 
EE787 

FALL 98 



Abstract: 

The object of this report is the design a general-purpose monolithic amplifier for use in 

the emerging C band wireless market. This design has progressed through several stages where 

significant milestones have been achieved and problems circumvented. The original design 

concept was based upon the schematic of a Ma/Com 2-8 GHz wide band amplifier. 

This approach utilized a two section distributed amplifier design where each section 

included two amplifier stages in cascade. Extreme caution was required in this design to ensure 

that the phasing of the section outputs added properly. The input and output amplifier 

capacitance was compensated by a series inductance and bandwidth was compensated by using 

an intermediate stage HPF to roll off the low-end frequency response. Due to the difficulty 

achieving the expected power combination from the two distributed sections, a more conventional 

approach was taken. 

The second approach evaluated was a low noise front end followed by an output power 

stage. This design used the noise data from a previous low noise amplifier along with the Cripps 

method for the power amplifier. The LNA utilized a 300um DFET while the power amplifier was 

resized to a 600um DFET, however, problems existed achieving the overall system bandwidth 

and power output even with interstage coupling comprised of HPF and LPF sections. This design 

strategy made it evident that a wider bandwidth performance on the front end was required. 

The ultimate approach selected for this design utilizes a cascaded input feedback 

amplifier to increase the system bandwidth and an output power amplifier to achieve maximum 

power. This simple approach allows the use of two 600um DFETs while providing 19dB of gain 

from 4.5 to 6.0 GHz. The typical expected input and output VSWR is 1.5:1 and 1.4:1, 

respectively. A single nine-volt power supply with on-chip amplifier bias provides 22dBm at 1-dB 

gain compression. The 60x60 mil chip size includes DC decoupling for direct system level 

cascading. 
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Introduction:  

Circuit Description:  

This design is a two stage C band general purpose amplifier utilizing two 600um DFETs. 

A first stage amplifier with LRC feedback followed by a second power amplifier stage provide gain 

of 19dB across the extended band. Output power is typically 22dBm at 1-dB gain compression 

with expected noise figures better than 6dB. Both amplifiers operate from a single +9 volt input 

isolated via large LC decoupling networks. On-chip DC blocks provide direct cascading 

capability for implementation in a wide range of applications. The overall chip size is 60 x 60 mil. 

Design Philosophy:  

The overall design was separated into the two individual stages so that the specific stage 

goals could be simulated and tuned for maximum performance. The first stage was goal was to 

provide a wide band flat gain with drain current set for low noise. A secondary goal was to 

provide adequate gain so that the noise figure for the overall design would be set by this stage. 

The chosen approach was an LCR degenerative feedback amplifier. Stability was gained as a 

result of limiting gain while increasing the bandwidth. In addition, the power output of the first 

stage was restricted using the series stabilization resistor. 

A series LCR network was added between the drain to gate of the first stage 600pm 

DFET with the initial values set so that the feedback appears nonexistent. The input and output of 

the amplifier system was matched to S11 and S22 conjugate of the 1st  stage. This first conjugate 

match was implemented at the end and center points of the specified bandwidth (4.5, 5.25, 

6.0GHz). 

While observing S21 for maximum flat gain and input/output return loss better than 

-10dB, the LCR feedback network elements were tuned. Once maximum flatness and gain were 

achieved, the IMN and OMN of the 1st  stage were re-tuned while the input and output VSWR 

were observed for a maximum value of 1.5:1. 
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It should be noted here that prior to tuning any of the circuit elements, discrete bias 

sources with associated RF decoupling networks and large value dc blocking capacitors were in 

place. In the case of the 1st  stage, Vds is set at 2.0Vdc while Vgs is set at -0.2Vdc. 

Once the desired performance was attained, the DFET was self-biased using a decoupled source 

resistor, a series drain resistor with a RF decoupling network, and a high value gate return 

resistor. The 1st  stage amplifier was rechecked to verify that maximum flatness and gain along 

with minimum I/O VSWR were maintained. After completing this verification, slight IMN and OMN 

retuning was required to achieve optimal performance. 

The 2nd  stage power amplifier was biased using an input series drain resistor with a RF 

de-coupling network and a high value gate return resistor. Vds was set to 8.0Vdc while Vgs was 

set to OVdc. Ropt (800) for the biased 600pm DFET Cripps model was determined from the IV 

curves and substituted for Rds once a reasonable network was designed to emulate S22 of the 

DFET. Stabilization of the 2nd  stage was achieved using an input series resistor. 

The 2nd  stage OMN was now tuned to match Cripps conjugate where a broadband match 

from 4.5-6.0GHz was the goal. The IMN was adjusted to the 2nd  stage S11 conjugate. Slight re-

tuning was done after completion of the input match in order to achieve an output VSWR 

maximum of 1.4:1 across the band of interest. 

The 1st  and 2nd  amplifier stages were then combined to complete the general-purpose 

amplifier system and the overall S21, S11, and S22 were observed. The intermediate stage 

matching network, consisting of the 1st  stage OMN and the 2nd  stage IMN elements, were tuned 

while overall performance was observed. The result of this process was the reduction of the total 

number of components while achieving the same circuit performance. 

Now with the reduced intermediate stage finalized, the INM of the 1St  stage and the OMN 

of the 2nd  stage were re-tuned for an input VSWR maximum of 1.5:1 and an output VSWR 

maximum of 1.4:1. Throughout the entire design of the amplifier, gain was observed to be above 

+20dBm and periodic checks of output power showed better than 22dBm @ 1-dB gain 

compression using the harmonic balance test bench. In addition, the dynamic load line was 
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implemented for both stages ensuring that there was no clipping of the signal and minimum 

harmonic generation. 

Trade-offs:  

Several different design approaches where evaluated before the final feedback and 

power amplifier combination was chosen. The combination two section distributed design with 

two stage cascade sections proved difficult to get proper power combination. The LNA and 

power amplifier combination did not provide the specified bandwidth required for this design. 

The second amplifier noise figure was sacrificed for output power and gain. This design 

required a lot of large inductors and hence used up a lot of chip real estate. During the layout 

process, some of the spiral (TRXIND or MRIND) inductors were reduced in size and line lengths 

were substituted to use for component interconnects. This fact along with other layout parasitic 

required re-tuning of the circuit after extracting the schematic from the layout . 

1 
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Modeled Performance  

The modeled performance can be broken into three main phases of the design: pre-

layout, layout, and post-layout. The initial design schematic was setup with lumped Triquint 

elements and ideal interconnects. This design was then simulated and tuned for optimal 

performance. Figure 1 shows the resulting s-parameter simulated for this design. The gain is 

approximately 23 dB across the desired band while the input and output return loss are better 

than —10dB. Figure 2 displays the input and output VSWR across the band. 
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Figure 2 Input/Output VSWR 
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Output power for the design was then simulated for a sweep of input power at the midpoint and 

ends of the frequency band resulting in 23dBm at 1-dB gain compression, as shown in Figure 3. 

The third order intercept of 39dB was then determine using graphical methods, Figure 4. (This 

number seems high and may be the product of an incorrect test setup) 
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Stability of each of the individual amplifier stages were checked to ensure that the input and 

output was stable (Mu >=1). The overall system stability was also simulated, Figure 5. 

Figure 5 Stability 

The following compliance matrix shows a comparison of the specification, goal, and 

simulated performance criteria, Table 1. The achievement of the noise figure is based on the first 

amplifier biased at a comparable level to the previous LNA design, but scaled for the 600um FET 

size. 

Requirement Specification Goal Simulated 

Frequency 4.5 to 6.0 GHz 2.0 to 6.0 GHz 4.0 to 6.0 GHz 

Gain >15 dB 18 dB 20 dB 

Noise Figure 6 dB Achieved 

Output Power > 12 dBm @ ldB comp 23 dBm @ ldB comp 

Output 1P3 25 dBm 39 dBm 

VSWR 1.7:1 input, 1.3:1 output 1.5:1 input (typ) 
1.4:1 output (typ) 

Supply Voltage Vd=9 volts 
Vg on chip 

Vd=8 volts 
Vg on chip 

Vd=9 volts 
Vg on chip 

Size 60 x 60 mil ANACHIP 60 x 60 mil ANACHIP 

.  . lance Matrix omp 
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This lumped schematic was then used as the basis for the layout phase. The layout of 

the design required the addition of small lines lengths, the twisting of lines to fit, and the 

unraveling of some of the spiral inductors so that it could be used for interconnect. The resulting 

layout is shown in Figure 6. 



Throughout the layout process, additional tuning and component value adjustments were 

required to make the post-layout schematic as close as possible to the original lumped element 

model. The resulting design was then simulated and performance plotted. Figure 7 shows the 

resulting s-parameter simulated for this design. The gain is approximately 19dB across the 

desired band while the input and output return loss are better than -10dB. Figure 8 displays the 

input and output VSWR across the band. 
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Output power for the design was then simulated for a sweep of input power at the 

midpoint and ends of the frequency band resulting in 22dBm at 1-dB gain compression, as show 

in Figure 9. Lastly, the overall system stability was resimulated with no change. 
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4.5G11: to 6.0Gliz General Purpose Claes 'A-Amplifier 

Schematic Diagram: 

The original schematic was drawn in Libra with lumped elements, ideal interconnect, and 
ideal biasing, Figure 10. The baseline circuit of the GPA amplifier was simulated using this 
document. After optimum performance was achieved through simulation, the GPA was 
synchronized and the layout was extracted. 

Figure 10 Original Lumped Element Schematic 

Another schematic was extracted from the final layout and unfolded so that final 
simulation and optimization could be accomplished. After completing the design of the GPA, the 
circuit elements were lumped in order to draw a definitive schematic in ORCAD. This schematic 
is presented as Figure 11. 

Figure 11 ORCAD Final Unfolded Lumped Element Schematic 
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DC Analysis 

The DC biasing for both amplifiers was setup to run from a single drain supply voltage of 

9 volts. This design feature was achieved by on chip resistor networks setting the appropriate 

drain current and gate voltage. The feedback amplifier bias was selected for low noise 

performance by scaling the drain current to match the 600um DFET size. The power stage was 

biased for high gain and power. In order to simplify the layout, a gate voltage of close to zero 

volts was chosen for the second stage. The resulting performance was then simulated and tuned, 

Table 3, 

Vgs (volts) Vds (volts) Ids (mA) 

Stage 1 (Feedback Amp.) -0.2272 4.6240 22.9410 

Stage 2 (Pwr/Gain Amp.) 0.0379 7.7585 54.9892 

oaelea UG Analysis 

Test Plan  

The initial step of the test plan is to apply the +9 volt DC supply in series with an ammeter. 

The total current should be around 78mA based on the combined current from the DC analysis in 

section 5. The second aspect of testing will be chip level probe testing with the HP 8510 network 

analyzer and a single source power supply configured as soon in Figure 12. 

Figure 12 
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9 Volt 
Power 
Supply 

DUT --►  Signal Generator Spectrum Analyzer 

The tested s-parameter results will be saved as a S2P file, graphed in Libra, and compared to 

the modeled S2P file. This will allow an accurate comparison of the actual vs. simulated chip 

performance across the desired frequency band. 

The last phase of chip testing will involve a signal generator, spectrum analyzer, and a single 

source power supply configured as soon in Figure 13. 

Figure 13 

The input power will be incrementally increased while the output power is recorded. This data will 

then be compared to the simulated power data and 1-dB gain compression shown in section 3. 

The third order intercept will be determined by finding the input power point where the first and 

third order harmonics are equal on the spectrum analyzer. 
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Conclusion & Recommendations 

The cascaded feedback and power amplifier combination proved to be a good overall 

design with the ability to meet all specifications. We recommend a resizing of the second power 

amplifier so that the drain current could be reduced. This would guarantee the low noise 

requirement of the design, which was difficult to simulate without reliable data. This design 

should work well in the role as of a general purpose C band amplifier. 





Todd Knibbe 
Chris Martin 

525.787 
C. Moore/J. Penn 

Final Report 

Summary 

Our project is a 1 watt wide band power amplifier using TriQuint's GaAs process. The requirements for 
the amplifier are: 

Power output 	1 watt saturated output over the 2 to 6 GHz range 
Gain, small signal 	>18 dB 
VSWR (input) 	<2:1 
VSWR (output) 	<2.2:1 
Efficiency 	 25% 
Supply Voltage 	<8 Volts 
Chip size 	 60 x 60 mil 

These specifications are the same as the MA-COM MAAM26100 Power GaAs MMIC Amplifier. This 
part uses a higher voltage process with a breakdown above twenty volts. 

Introduction 

To accomplish these goals we designed a two stage amplifier using the power GFET devices from the 
TriQuint library. The first stage amplifier uses one GFET with 12 .6x100u long fingers and 500 nH 
source inductance per source contact for stability. A negative feedback loop consisting of a series resistor, 
capacitor, and inductor is used improve wide-band response by keeping the input and output S-parameters 
within the Smith chart over a wider band. This negative feedback peaks the high frequency gain and 
reduces low frequency in-band gain to flatten the overall response while making the input and output 
better matches to 50 ohms. 

Interstage matching is accomplished with a simple blocking capacitor and a shunt-C, series-L 
combination. 

The second stage uses two GFET devices with 12 .6x150u fingers to get better ground contact for the 
source node and to reduce phase shift between the different gate fingers of the devices. The width/number 
of fingers ratio was played with to get an aspect ratio that best fit into the available space on the chip. 
Again, negative LRC feedback was employed to better match the input and the output over a wide band. 
The output match is to 16.7 ohms to get the desired 1 Watt output with the 14 Volt DC breakdown seen 
on the devices. This impedance is transformed to 50 ohms by the OMN to match to the external world. 
No extra inductors or capacitors are on chip to attempt to quash out problems with bond wires since space 
is such a premium on the chip. Large DC blocking capacitors are on the input and output nodes; 10pF 
and 20pF respectively. 

Our design goal was to meet as many of the specifications as possible while still fitting into the 60 x 60 
mil chip size. This chip size required us to make extensive use of the optimizer in an iterative process of 
trying to fit everything, optimizing, and then seeing if the new optimized chip would still fit. We ended 
up having to sacrifice some on inductor and capacitor sizings in order to fit the chip. This did not too 
adversely affect the design as we still achieved most of the design goals. To best instill a sense of 
confidence with our design, we varied the components over reasonable two sigma process variations; 
capacitors +-15%, resistors +-20% N+ and +-7% NiCr, and the GFETS +-10% in size. These changes 
had minimal impact on the results of the design, therefore we feel that it is quite robust to process 



variations. Possible simulated instability was only achieved when all four variations went two sigma in 
the wrong direction, a very unlikely event assuming all four parametric variations are independent. The 
inductors were not varied, as the 500nH delta in value is far greater than any variance that is assumed will 
be seen. Also inductance value being primarily controlled by the etching of the physical elements 
themselves makes the inductors the least variable component. 

Modeled Performance 

The following is the compliance matrix we used in the design 

Parameter Design Goal Simulation Results 
Frequency 2 to 6 GHz 1.75 to 6.5 GHz 

Gain, small signal 18 dB 23 dB 
Output Power (P1dB) 1 watt —1 watt 

Efficiency 25% Unable to get convergence here 
VSWR, 50 ohm, input <2:1 1.6:1 
VSWR, 50 ohm, output <2.2:1 1.4:1 

Supply voltage 8 Volts 7 Volts 
Size 60 x 60 mil 60 x 60 mil 

The supply voltage of 7 Volts is required because this is the center for the load line with the TriQuint 
GFET device's comparatively low breakdown of about 14 Volts as simulated. With the maximized —12V 
output swing (1-13V), it is impossible to get the 1 watt out into a 50 ohm load. To accomplish this, we 
drive a 16.7 ohm load and then do an impedance transformation to get it to 50 ohms at the output 
terminal. This works well in simulation, with saturation (and model non-convergence) beginning —2 dB 
shy of +30dBm output power mark, indicating that in hard saturation we should be able to achieve the 
desired +1W saturated output power. 

The simulation results show that we should see performance as good as the designed goals. The problem 
with the simulation results has been trying to get convergence for many of the power graphs. Therefore 
much of this data is extrapolated or inferred from the results that we were able to obtain. 

The over band S-parameters (Figure 1) show that the input and output matching is better than -10 dB over 
the whole band of interest and usually better than -15 dB. The small signal forward gain for the amplifier 
is better than 21 dB over the band of interest and typically between 22 and 23 dB peaking to 25 dB at 6 
GHz. When viewing the S11 and S22 on the Smith chart in band (Figure 2), it can be seen that both 
circle 50 ohms quite well. 

When looking over a 1 to 8 GHz bandwidth (Figure 3) it is seen that S11 and S22 are always less than 0, 
and that the small signal gain for the amplifier drops below 18 dB at about 1.75 GHz and 6.5 GHz. 
Looking at the broadband Smith chart for S 11 and S22 (Figure 4), it can be seen that they stay well inside 
the edges of the Unit Smith Chart, and show no signs of going outside the chart. In fact, looking at the 
stability plots MU1 and MU2 (Figure 5) it can be seen that both are well above 1 over the 1 to 8 GHz 
range. The lossy nature of the real TriQuint elements, as well as the 500nH source stability inductance in 
the first stage and the RC high-frequency shunt at the input, helped achieve this broadband stability. 
Finally the VSWR graph (Figure 6) shows that over the desired band, that VSWR is always less than 1.8, 
and for most of the band, it is better than 1.6 for the input and 1.4 for the output. 

Although we had some difficulty is getting power output simulations to converge, we can show simulated 
Pout versus Pin for 2.5GHz (Figure 15), 4.0GHz (Figure 16), and 5.0GHz (figure 17). Power simulation 
at 2.5GHz produces a linear power gain of 20dB up to +27dBm output (at which point the models will not 
converge any further). Power simulation at 4.0GHz yields 18dB of power gain until +29dBm output (at 
0.6dB compression). Finally, power simulation at 5.0GHz shows 16dB of power gain up to +27dBm 
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output (at 0.9dB) compression. All of these results leave the design within shooting distance of +30dBm 
(1W) output power in hard saturation, with the possible exception of the high end. Due to the negative 
slope in the DC characteristics of the TriQuint GFET model at high operating currents, we were unable to 
exercise the full range of current swing for available for a given size GFET, thus impacting our power-
added efficiency. Although we were unable to get this simulation to converge, we would not expect the 
design to meet the 25% PAE goal. 

When simulating with the 2-sigma process variances, the design is rather immune to a 2-sichange in 
any one of the significant process variations. The nominal design is shown in Figure 7. A 	GFET 
size increase of 10% slightly reduces the high frequency gain, whereas a 10% reduction peaks the high 
frequency gain and creates a slight dip in the stability plot at high frequency (although a 50 ohm load is 
still quite stable) (Figure 9). Similarly, a 2-sigma increase in the capacitor values (+15%) yields a high 
frequency gain peaking, with an associated dip in the stability (but not as great as due to GFET sizing), 
while a 2-sigma decrease (-15%) also decreasing the high frequency gain (Figure 9). A 2-sigma decrease 
in the NiCr resistor values (-7%) (Figure 10) or a 2-sigma increase in the N+ resistor values (+20%) 
(Figure 11) also has a high-end gain peaking effect, but without a corresponding dip below unity for 
MU1/MU2. Simulated instability is achieved if all four variations are allowed to deviate 2-sigma in the 
wrong direction; GFET size -10%, capacitors +15%, NiCr resistors -7%, and N+ resistors +20% (Figure 
12). If we can assume each of the process variations to be independent, this should indeed be an unlikely 
event (2-sigma -> 97%: 3% reject occurs four times independently -> 0.000081%). 

Schematic Diagrams 

The schematic (Figure 13) and layout (Figure 14) shows a two stage amplifier design with both stages 
having drain-gate negative feedback. The first stage also uses source inductance to reduce instabilities but 
not so much as to destroy the gain from this stage. The LCR series feedback is set to reduce feedback at 
high frequencies thereby enhancing overall gain for the stage. Matching networks were optimized using 
the maxim that inductors are big so anything to reduce or remove them is best. So, whenever possible, 
capacitors were increased to allow for reduction in inductance. 

The gate biases are brought in using series resistors so that the bias voltage can be set externally 
depending on the process results. The drain biasing is done through large series inductors on the drain to 
isolate the drain port from the bias voltage while not dropping much DC voltage across the isolation 
device. This is important as we are biasing the output stage at approximately 450 mA of current. 

Several inductors in the initial schematics were "unrolled" to make better use of space and since to reach 
one point to another some length of metal run would be required, often of a length close to the values of 
the inductors that were in series with these lines. Where extra line was needed to create an equivalent 
inductance, "trombones" were stuck in the metal runs. These could then be adjusted to get the correct 
inductance values. 

DC Analysis 

The biasing for the devices uses drain inductors and gate resistors to isolate the bias voltages from the 
internal ports. The two drain and two gate biases are isolated so that no coupling should be seen between 
the drains or gates. The bias currents for the drains are 150 mA for the first stage and 450 mA for the 
second stage. The DC current path for the second stage was set 30u wide to allow for 540 mA DC current 
(assuming that only ME2 is this narrow and that all MEI by itself is twice as the ME2) and we are biasing 
at 450 mA in this stage so that should be safe (with 20% upside variation). The AC path is 10u wide 
since the RMS current through the AC signal path in the output is about 171 mA. This can be handled by 
ME2 of 10u, which is the narrowest seen for the inductors with most of the path being MEI, and ME2 
combined. 



Test Plan 

The testing shall work as follows: 

Test Number Test Results 
Pre-test setup Put RF probes on the input and output 

pads. Put four other probes down for the 
Gate and Drain voltages of the two stages. 
Place an extra ground probe for the DC 
path. 

All the pads have probes on 
them. The DC supplies and the 
RF test equipment are set up for 
testing the part. 

1 Bias the gates of the two stages to cut-off 
(approximately -3 V) 

No bias current is seen 

2 Bring up the Drain voltage on the first 
stage to 7 Volts 

No bias current is seen 

3 Bring up the Gate voltage on the first stage 
to where we get the bias current expected 
(XXX mA) (approximately -1 V) 

Expected bias current is seen at 
the expected gate bias voltage 

4 Bring the Gate voltage and then the Drain 
voltage on the first stage back down to 
ground 

5 Bring up the Drain voltage on the second 
stage to 7 Volts 

No bias current is seen 

6 Bring up the Gate voltage on the second 
stage to where we get the bias current 
expected (XXX mA) (approximately -1 V) 

Expected bias current is seen at 
the expected gate bias voltage 

7 Bring the Gate voltage and then the Drain 
voltage on the second stage back down 

8 With both drain voltages set to 0, set the 
Gate voltages to the values found above 

No bias current is seen 

9 Bring up the Drain voltage on the first 
stage to 7 Volts 

Expected bias current is seen for 
the first stage 

10 Bring up the Drain voltage on the second 
stage to 7 Volts 

Expected bias current is seen for 
the whole circuit 

11 Measure small signal performance of the 
amplifier 

It should match the S-parameter 
measurements from simulation 

12 Measure large signal performance of the 
amplifier 

It should match the 
measurements from simulation 

The test setup is very simple. Four power supplies for the for DC connections, and the HP 8510 to 
measure the S-parameters.( tti rt) 

Conclusion and Recommendations 

Our 1 watt 2 to 6 GHz power amplifier design shows promise for working over the 2 sigma variations of 
TriQuint's models. The small signal results are very good, and the large signal results are good where we 
are able to get the models to converge. Problems with the negative slope seen in the GFET model have 
hampered much of the large signal analysis. 

1 



O O 

O 
CN 

O 

• t* 
CN 

0 

cN 

O 

cN 

O 

cD 
CN 

0 

CV 
CN CN 

_o 

I 	u) 
Q.) 

D 
o o 

(-N 
— a - 

— cN 
CN — ■—■ CO 
(/) 0 (/) -0 

I> 

_O 

I 

D 
0 0 

CN 	CN a  
0 N — CNI 

CN — CO 
(/) 0 U) -0 

0 

0 
	

O 
cN CN 

O 
r) r 

0 
	

0 
	

O 	0 
	

O 
	

0 
	

0 



O 
	 C 
	 0 

_O 
cr) 

Cf) 

o o 
•• 	Q 
O.)N — 

CN 
CP 	Cn 

0 

CN 

_0 

(/) 
4.) 

7 
O 0 

a 

CP Cn 0 (n 



0 

Li) 
CN 

0 
CN 

0 

if) 

0 

0 

0 

0 	I 	I 

0 
0 

0 

0 

0 

• cr)  
I 	co 

O 
 3 

O 0 
C■1 

a. 
O — CV 

CN — m 
O (/) 0 (I) -0 

CO 
N 

00 

V) 

	

I 	01 

D 

	

0 	0 ■—•■ 
CN 

— a - 
O CN — 

CN — gym  
OW) 0 (/) -0 

0 

0 

-o 
C 

C 

0 

-0 
0 
0 

m 
0 0 0 0 0 0 0 
0 

I 	41 
- a) 

O 0 
• L- 

a - 
✓ — 

■■-.1 M 

On ce 0 V) -0 

0 

ir) 0 0 

I 	 I 	 I 

O 
N) CN r) 



1 
N E 

co 

o (N 
(f) 

0 
-0 
C 
0 

C 

(1)  
(1) 

-0 
C 

 0 

0 
0 

m 

1 

1 

0 
0 

_o 

o 
7 U 
O o (N 	CN _ a - 
U N — (N 

O
CN1 
U) 0(/) 

0 

0 

1 

O 

O cn 
0 

U) 

U o 
a -

O  

1 
1 



> 

0 

N 
1 
O 

0 

>. 
0 
C 
CD 
D 
CT 
(1) 
t._ 

Li_ 

N 

0 
CO 

1 

>1 

-f-' 

ID 
0 
I ,  

7J  

(i) 

7J 
C 
a 

_C) 
-0 
0 
O 

m 

_O 
-- 	o 

I 	w 
— V 
D V 
O 0 
(11 	s- 
-•-• 	a 
V (14 - (11 

o,2 o2 

0 

0 

CO 

--. "----- 

0 

0 Ln 0 in 0 In 0 

d- r') N) CN CN _CI 

I 	cn 
V 

7 V 
0 0 

C11 
— a 
V •- - 

o2 o 2 

LC) 

a.) 

D 
0.1  

Li_ 



co 	 CV 
	 O 

C 

ID 

	

I 	0 

r-,  

	

0 	0 C,1 
CV C,J ■_. 

CC 0 Ct 

— In — 
01> 0 > 
0 

I 

1 

I I 1 
1 

> 

N N 

O 

) 

)cu>  

D U)  
) 	1 

0 

c
Q 

LO 

cu I 



0 

O o o o 
O 	LC) 
	 O 	L.() 

CN 
	

CN 
	 ,-- 

0 
0 0 

0 

D 0 
0 O ,-+ 

CN ,-, •- 
..... 0. 	- 
a.) 	,___ - ,.._ 
.._ ,- -um 
CP (/) 0 (/) -0 

O 
in 
i 

O 

co 

0 

0 0 0 0 0 0 0 0 
O 	u) 

1 
0 	in 	o 	in 	o 	Lr) 
5-- 	— 	CN 	 CN 	 V-) 	 isr) 
I 	I 	I 	I 	I 	I 

Ei 



.0 

I 	VI 
11) 

D 
0 0 

0. 
11) N — CV 

D — D 
o'er o 
0 

O O O O 

CN 

J 



0 
O 0 

Ln 0 
0 if) 

1.> 

	

w. 	cr) 

	

I 	U) 

• U 
O 0 

	

CV 	(N a - 
• — 

CN — CO 
(/) 0 (I) -0 

0 

o o o 0 

o Ln 	o 	in 
(sr ) 	 CN 	 CN  

0 

N 

CD 

C 

C 

CT 

O 

CO 

MEP 

O 

O O O 

_0 

I 

O 

• 

0 
N 
- a -
4) — 

m 
CP

- 

U) 0 (1) 

O 	in 	o 	in 	o 	in 
- 	- 	CN 	 CN 	 i'l 	 Pr) 

I 	 I 	 1 	 1 	 I 	 I 



O O O O O 

N) O 

Jr ZI 
 e.

N 0  

vl s=-) 

CN 

1 

_a 

I 	in 

7 
0 0 

CNI 
a 

a) N-N 
D — D 

o.  

0 

Do 

1 

NJ 

I 

CD 

1 

1 

C 



e 
ty 

o 0 	0 O 0 

Lr) o LI) 	 o 	in 
CN 	CN 	l'*' 	rsc) 

I 	 I 	 I 	I 

0 
LC) O c-- 

0 0 0 

L() 	 0 	In 
CN 	CN  V) 

0 

0 

./3 

- V) 

I 	V) 
- Q) 

 7 
o 0 

• — 
N — CO 
(f) 0 V) -0 

N 

0 

0 

oo 



w 
cv e• \-.,--;-- 

a , ....., 1  
3 

c.,--- .:..) 
s— 

%-"!‘"- ,-- --'N 

t,. ,o 

■T 
Ti 

A-- 
4.  
0 

_o 

I 

o 
o 0 

CN 
a  

4.) CN — CN 

o 
D — D 

o 

O 

1 

O 0 0 0 

rr) 

0 

0 

00 

0 

0 

1 

1 

0 



0 

.4- 

0 	0 0 0 O 
0 o 	u) 0 	in 	0 	in 

CN 	 CN 	 ro 	V) 

I 	 I 	 I 	 I 

0 0 0 
0 0 0 0 0 

0 

0 

CN 

0 

CO 

0 

— 
cn 

3 
0 0 

ca - 
O r — CNJ 

— NCO 
CP V) 0 T) 

C 

N 
I 

0 

C 

C 

CT 

L_ 

0 



O 0 

V--  

0 
0 

O 

Cri 
I 	(f) 

•-• 	(I) 
7 
0 0 

a 
O N - N 

D — D 
o+2 o 2 

0 



0 0 0 0 

0 

O 

In 

O 

0 0 
CN 	 CN 

1 

0 0 
0 

O Li) 

0 0 0 

in 	o 	in 
CN 	 CN  

- cn 
I 

o 

• 

o^ 

- a - 
(I) 	— 

N — NCO 
(J) O() 

V) 

(N 
a 

(N — (N 
eN — 1■1 

(j) OV)0  

O 

0 

co 

O 

C 



NJ 

0 

C 

0 	1 

co 

O 	 O 	 0 
	 O 	 0 

rr) 	 • • 	CN 
_..- 

• 	

co 	 •...4:1, 
I 	ul 	 c's Vs 

D U 	 (6 S....  

--• 	0 

--, a 	
ta -  

0 

O 0 
Cs1 	._ 

.-- 	 ...,  
D D 	 NI O

CC.
. 

VII ( 
o 2 O 2 	

) 
 

0 

0 



O O 

O 

O 

O 

O 

in 	o 	in 	0 	Ln 
C 	C 	 CN 	CN 	 ist) 	 rc) 

I 	 I 	 I 	 I 	 I 	 I 
I 	V) 

7 
O 0 
• L- -- 

a - 

	

0 	- 
-"co 

CP V) 0 (I) -0 

_0 

I 	V) 

o 

• 

0 

	

N 	-- 

	

--- 	a - 

	

(1) 	— 
N — m 

• O(/) -o 

O 	Ln 
r') 	CN 

O 	LO 
CN 

— N 
CV —gym 

O (/) 0 (f) -0 

0 

O O 

0 
Ln O 

O 

co 

O 

0 

N 

0 

O 

C 
Q.) 

a) 

Li_ 



0 O 0 O 0 

0 

C 

0 

0 

U 

U- 
1 



	

0 0 	 0 
0 	0 

V) 	CN 
	 0 

_0 

	

I 	V) 

	

0 	(.) 
0 0 

(N 
a • 

O (N1 - CN 
(N - CO 
(/) 0 (/) "C) 

0 

_0 
•-• 	(/) 

	

I 	V) 

0 
0 0 

V -N 

0,  (I) 0 (/) -0 

0 

0 

co 

o o o 
o in 	o 

I 
L) 

CN 
in 	0 	Ln 
CN 	V) 	 r't 

I 	1 	I 



            

            

            

            

            

            

            

            

_0 
V) 

I 	V) 
-•-• 
3 
0 0 

CN 
a 

a) CN — C•4 
D — D 

o+2 o 2 

0 

           

           

            

            

            

             

 

0 O 0 

 

rf) 

 



_0 

	

I 	V 
V 

	

7 	(.) 
O 0 

CN 
O. - 

O - CN 
CN - ■-■ CD 

O+N 0 1/) -0 

V) 

0 

0 0 

LI) 
CN CN 

o 	in 

D 

0 0 
0 0 

0 
0 

0 

CO 

0 

0 

0 

a) 

0 0 0 0 0 0 0 
0 L.0 0 Ln 

CN 

0 

Lc) 
CN 

0 	LC) 
V) 	 r-r) 



0 
0 0 0 0 

_o V) 
0 

O 

C 

C 
a) 

CT 
0) 

LL_ 

1 

1 
1 



C  

0 0 
O 	LI) 

CNI 
O 
CN 

O LC) 
if) 0 

O 

O 

co 

0 

0 O O 

Ln 

0 O 

O 	Lc) O 	 Ln 	 o 	Ln 
CN 	 CN 	 r'") 	V) 

I 	I 	I 	I 	I 	I 
U) 

I 	V) 

o 

• 

0 

a - 
N r_ 

co  
CP (./.) 0 U-) -0 

0 

	

I 	V) 

o 

• 

0 
CN 

a - 

	

4.) 	— (N 
••- N —gym 
CP V) 0 V) -0 

_o 
cri 
U) 

• U 
O 0 r"--. 

CNI 	CN 
▪ a - 
.3) CN — CV 
'4 N --m  

(l) 0 V) 10 

0 



O 0 0 O 

0 

. \ 

C NJ  

_0 

I 	Cr) 
Q) 

• U 
O 0 

O- . 
Q) CV —N 

D — D 
o 

0 



< 4  

_o 

	

cfl 	 0 	0 
I 	U) 

	

V 	 0 	 0 7 

	

0 0 	 CN 	CN cy 
a 

air — N 
CV ---m 

01  V) 0 (f) -0 

O 

O 

Ln 
O 

co 

_O 
03 

I 	cn 
V 

0 0 
CNI 

a - 
— CN 

(N — pp 
W O(J) -0 

0 

0 

N 

0 

U 

a) 
L_ 

O 

O O O 0 
O O u) O 	Ln 	O 	Ln 

CN 	CN 	t'r) 

O 

0 O—
N 

01V) 0 V) -0 



O 

C 

-0 
(t) 

I 	(i) 

(1) 
o 

0 0 
CNI 

O CN — CNI 

o 
D — D 

o 

0 

O 

0 O O O 0 

V) CN 0 



OOZZ 

27270 
0.0000- 

:74A;gii 
000000 tig88888 

oou 
zg??F:Ji 
NO0000. 

300-000 

000UU.30 

.17 TNT; 

i!7=0!::; 
mv...ZZO 
U-00000 

OW.0000 
0.00000 
0-00.1 

00.-0-0 

22.fG,T,56G5 
.0000000 

O 2001 

.0. 
mon.- 
0 • 1 II 

• 

n 0  
0 

n 
• • 000 00 
m11-17. 

0 

m011111 

•.• 	II • • 

• -00? 

•006110 

lo.-0 	3 

n 2 
1 

:442 7.724 u. • . I 

O 001 1 3 

- to • I 0 

n  
- mon 
• co to- N 
.0011 

• 
n 	

'NY 'A: - 02 
to • 

• 
• C'ef. 

in 	
_ 

t " 	7 f  _ c00 NOOD 

.00.. 

.00 • 
nO y .I 

C 

▪ 

 0 
- 000 

- II • 

• 000 
- AA 

- LOO 
meum.. 
.00.. 

O. • 

O 
0 

I-22g 

0 
O 
0 

: .1-3007 
,--- 

em0.. 3 
; goo 2 . 2 !4 	I 
r,-I0 m•u-n 

:0-.1 
- -MB 

.00 m uWS 	0m. 0. 

100 	:12t; 221 ° 
2g7 

• _ 000 
O 

£0 m0. - 	0 	.4■ 
0
1I 11 N 

mwmft 

:0 

-2227 
O. 
00 
.-.. 

0,.. 
7  

- .00-> C

:71 

• 
c n 

	

:02 	
. 

n 

	

.“ 	
cOn . ......I 

y 

▪ 

 NO c 	 u 0 	....11 
0 	. • 

..iy 

m... 7...q:?: ..-, 	 ..I 	 -,-11 0 •  
, 1M 	4-1 	 ...-II 	
C 

....II 	 t 
mg..-  

N. 
o-0 

2ft2 	...I  

uNI 	
..i-11. : 0  • .., 

...• 	0 0.- .f 	I 	
It 	 • . ml I 
mo N . 	-..- 
: 10172e 
IC w4,341 

.7.42 1!.:7 

• N N 
• I .-00 ou-- 

iVIT.t4 
•W•11.11$ 

-L.: n 

c n 
1 
c00 

- .00 
oun 
reed. 

c00 

.04,10 

g 

• 000 

• II 

0 

NI • 

E! 7 0  7/te^  

• 
C 

£00 

• :  

n 

CO 

• 

.0 

0 

n. 

• 

• 
_ .0n 

• n 
0 
 0 
• 

,.. 

- >00 
m.- 

• I I 

001 

	 a* 

0  
2001 

L31113 

-Qua De 

0 
•01  ,•- 
..• 

7 .00 
2g277 

• 00. 

:32:7. 



LOW U.- n 
2 	0 • 
goosn c 

Ei7; - Io n 

:2:77 To, 
• 

▪  

00 
n11 

..-.-1_ 
c 	c n .. 	- s 
ft° rIgt eg O  ...-. .....2:1 - . . 

c L-71
4 

n 
co o 

.0. no u-n 
■-ess O  • 

000 

0.1 
.0N-11 

- 11 0 	
Z"1:;7: 

■ J 

n 
0 

• 0 

:,..10W :0 
ft 

■-1 

- 0c00 

	 -'" 

• 

• U VO 

7. 2t°2 --I n • 
1 W20 : 7 

• 
• 000 

• 4 

a z o • 
0 Zoos c n 
: 377. 010,; 

-1-egf..°*  
N 

-1■ C O N m 0u .- 40 
Z:Z1LEI  . 

	

O 	_ .0,„  	• 
E' " 

. _ 	. 	,,. 	,..1.0 
. 	ON.- 	 21'2 	.,.-.. 0 0 = -. 	 ..-... 

	

....• 	 ' 111 -1 

	

ow0 	al..- - -I ...o 

	

14-n 	
ni..-\-....A./.---*- 	 0 

-1- •  

• 0 00 

a 	0 
O=o11 000 • - con 

• un 
.-ess 

• 
• 000 

Zgg7 
. 3..1 

:_10 C 

7 
r; 
0 0 
C. a a U NO 

ggg 
O 0 
100 	 00 VI 

• 0 

7.5 7 C! 

atc10.-40 
• 14 

:gg 	
.2.11111 

• 
moo,. 
.001111 0 

• o001.=. u On,- 
. 0110 

Zg:7117: 
O 0 
awn 
.04 

	

17;.; 	111. 
C 
• 

	

_ atm 	 M 

7,0 tOg 
,0441.• • 0 

• n Oc 
- • 

00 
• 1. - ofe 0 

• • 11 • 000 

O

- 

-11.4 • 

• ▪ n I 102 
.

▪ 

 0 • • 1 .01 

0 0 0 0 
0 2 g:g 

• 

7  7  :2:77 

c 	• 
n 	000 

- 4 0 
.00 -000.4 
we.- • o 	

CD 	0  

n

2  

• C  
• 

OP 

• ouon  
- ft 

• C n 	 -. • 	• 000 

MOO 	 -nc00 •01 11 1 
.0“-ftn • 01 	n 	 •••• 	•••••- NMI .10 • 	• • 	 • • I 

• 
1-104...- 

00 
COO 

.0•11.-ft 
• .-W11 ...L. 	

: n 2 0 
■ 2....11.01, 

- COO 

	

T 	zmv.2 o.-0  ,!:! 

. . . • .. 	.  n 	 ...• 
n 

	

, 	.... 	4 	 0 
- COO 	0 - COO 	 .010....n ..1... 

.1 

EC IG -LOO 

	

sc.& 0.■ 10 	

• 000 

• C• • • II 

• • II 	 • 

0 
• 
• 1 MOO 

▪ 414211 
0011-m 

-2■ 11.1111 
• 011 3 ,011.-010 
...OW • • 0 

O 

• n 
0  

u o - CON 	 0  
.0 

.... 	
1... • • 1 

-,...... 0 	 a - c 	. 

..f-k' 

	I 	I-.  O 	.0  " 
0 	.cop C 
- • 	

- 

	

0 .- Non U.- n .• 	
• C /1 0 

■•1, 1 .., • 11 ° 	 ■ 	C0.11 U 0 L1.-- 1....,-.•••-• o 0 	...No.- 
11  1 	

0.- .... 	...... 	,N. 

7 

• 

• 11 

1 
• 

o 0 
• el WOO 
C .1 	• • 

72t°n -ap 

• 
C 

: 1007 
: 3;7; 
-00000 

• 0 C n 0 

Cn 0 
109 

..•• • I 1 

.10-una 

COO 
:77 

• C n 

.0 0-0 



1 

IIMMIMISIMMOMIM .1■11M 

I 	;I 	pll 	I 	111111 	! 	I1 	II' 

I ,' I I 	:I 	Ill 	I I ••■ 
r 	I] 	111 1, 	1 1 
I 	i; 	!II 	II 	r1;lil 	1'1 	:1,11 	II 	I  

1 
1 



N 

C) 

>, if) 
• 

C 

V 

	0 
1 

fn 

V 

I 	0 

-•-• 

3 D a 
a o — E 
c — a) 

a_ 0 CL -o 

0  

O 
0 

0 

O 
V) 

O 

0 

0 
CN 

O 

O 

O 0 

O 

O 

O 

O 

O 
N  

O 

O 

E C — CD 
• - CL 0 CL 

_o V  
U 

1 	0 

c a 
a  • - — 

0 
C 

0 

0 

O 



N 

0 

>, 0 
• 

C 

V 7 

O O 

O O 
CV 

O 

O 

O O 
	

O 

0 
	

O 
CN 

7 a 
a o — 
c — co 

CI_ 0 CI_ -0 

0 

cn 
.0 

I

▪ 

	0 

3 - C 
a•-  - 
CI- — H m 
•-a 0 a -0 

0 O 

O O 
1st-) 

0 

O 
CN 

O 

O 



0 O O O O O 

O O O 0 0 O 
CN 	 CN 

U) 

41 
41 

I 	0 

3 7 0. 
a0- E 
c — co 

a. 0 a_ 17 

0 

O 

O 

I 

I 
I 

	O 	1  

	 
O I I 
	 0 

O 0 

0 

0 

0 

0 
U) 

	

_0 	CU 
0 

	

I 	0 

C a 

c — co  
0a0 	-0 



Test Setup 

ri4tat le: 	SETtAp 





C-Band Power Amplifier 

Designed & Presented By: 

David Cross 
Chad Wilson 

12/14/98 

For: John Penn & Craig Moore 
525.787 MMIC Design 



Summary: 

Our fundamental task was to design a C-band Power amplifier with a minimum 
of 0.5 Watt output power from 4.5-6 GHz using the Triquint TRX process. Desired 
performance was 1 Watt out from 2-6 GHz. Other key parameters that were specified 
(see performance compliance matrix) include input and output match, gain, and power 
added efficiency. Requirements were not provided for noise figure, constant gain (over 
frequency) or constant 1dB compression points. Additional physical constraints included 
a +9V maximum supply voltage and a fixed chip size of 60x60 mils. All bias networks 
and matching networks were required to be on-chip. As for the active devices, there were 
choices of DFET or GFET devices. 

Early in the design process we made the decision to design an amplifier with at 
least 0.75 Watt output power from 3-6 GHz. A usable die area of 50x50 mils proved to 
be the most limiting factor in the design. Some bandwidth was sacrificed to allow 
matching networks of reasonable size to be constructed. The relatively low breakdown 
voltage of the GFET (approximately 15 V) necessitated a low 6.5V drain voltage which 
prevented a design yielding 1W across the entire 2-6 GHz band. 

Design Philosophy: 

The first step in the power amplifier design process is to design the power stage. 
This requires choosing a device type and sizing it to operate at an appropriate bias point 
for the desired output power. We chose the GFET device because it is optimized for 
higher currents and, thus, more power. The power out is a function of allowable voltage 
and current swings along a particular load line. The voltage swing is determined by 
choosing a bias point and is limited by turn-on and breakdown voltages, which, for the 
GFET, are around 1V and 15V, respectively. This means that maximum voltage swing 
would be about 14V (for a bias of 8V). The current swing is determined by the load 
impedance but is limited by device size. Lower impedances create very large current 
swings (and in accordance, higher power) but are tougher to match to 50 Ohms in a 
broadband design. In addition, the nonlinear modeling of the device proved to be flawed 
for too low of impedance levels. For large values of gate voltage, where the load line 
entered the knee area just above the triode region, the I-V curves started to bend back on 
themselves and caused non-convergence issues in the model. Therefore, we chose a 
slightly higher than optimum load and sized the device a bit larger than actually required. 
It made the modeling more practical and the design a bit easier. We selected two 8x200 
pm (1.6mm) devices in parallel. 

We used the Cripps method to design our power stage. The Cripps method 
concentrates on developing an output matching network (OMN) which transforms the 
system characteristic impedance (in our case 50 Ohms) to a load which maximizes power 
out of the amplifier. Initially taking an OMN with ideal elements, nonlinear models 
predicted output power approaching 1W (30dBm) at < 1dB compression. It turned out 
that we chose a moderate impedance level (20 Ohms) which happened to be very close to 
that of our device output. Figure la shows the dynamic load line. What that means is 
that not only should we get very good power out, but the OMN should provide good 
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output match as well! Figure lb shows the progression of the OMN as well as the final 
output match of the OMN & GFETs. 
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a) DLL of 2 8x200um GFETS with 20 Ohm Load 
	

b) OMN design progression 

Figure 1: OMN Design 

After the power stage was designed, the power and gain parameters required for 
driver stages were available. Chip size constraints forced the use of a single driver stage. 
We chose a 10x 100µm DFET device for this stage because a linear scalable model at 
appropriate bias conditions was available. To generate between .75W and 1W of power 
from the GFETs, up to 23 dBm of drive power is needed. The driver amplifier was 
designed with an emphasis on high gain and efficiency rather than noise performance. 
Stabilization is accomplished by 400 pH source inductors. The input matching network 
for the driver amplifier was designed to match 50 ohms to the Available Gain (GA) 
circles generated by Libra for the linear DFET model. Next, the nonlinear model was 
used to estimate available linear output power. The driver circuit was iterated several 
times to ensure adequate gain and power potential. The Smith chart shown in Fig. 2 
indicates the progression and final performance of the input matching network. 

The interstage matching network was another simple matching problem. We 
created S-paramater data (S 1P) files of the output of the driver stage (IMN w/ DFET) and 
input of the power stage (GFETs w/ OMN). We attempted to use ESYN (a filter 
construction program) to match the two impedances in a minimum number of elements. 
We were not able to effectively tweak the allowable ripple of the response (which 
sacrifices some level of match) to find a solution with a minimum number of elements. 
So we went back to simple Smith Chart matching and chained a shunt C, series L, shunt 
L, series C together and optimized the match. Finally we chained the entire circuit 
together and optimized the interstage circuit only to sacrifice a little overall match to get 
appropriate gain levels. 
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Figure 2: IMN Design 

It was our intention to do the RF design initially, add the necessary bias networks 
and DC blocking capacitances and then go back and tweak the networks as required. 
This was assuming that the added circuitry would be insignificant to RF performance for 
the most part. In other words, we assumed we would be able to use large blocking C's 
which aren't too low in impedance and large L's to produce high impedance shunt bias 
networks. As it turned out, this was not the case in most areas. The IMN and interstage 
networks had to be designed with these extra components as a part of the networks, but 
the OMN was a bit more insensitive to these additions. 

Circuit Descriptions and Performance: 

The power stage consists of two 1.6 mm (8x200gm) GFETs. Bias circuits, 
consisting of large value RF chokes with bypass capacitances, were included on the chip 
as well. DC blocking capacitors were placed in several locations to isolate the bias 
voltages of each stage and to ensure that DC is not present of the MMIC output. All bias 
networks are incorporated into the MMIC model for accurate prediction of s-parameters. 
A schematic diagram of the power stage is shown below in Figure 3. The -0.8V nominal 
gate bias yields a typical drain current of around 540 mA. Figure 4 shows the output 
match and output power possible from the power stage alone. 



22 4 6 8 10 12 14 16 18 20 

Fin (cell 
4.0 

Frequency 0..`. GHz/DIV 

4-- - 

I
f

I  

.. 

1 
1 I 

-4- 4.5 alz 
-s- 5 at 

P.  5.5 atz 

6 G-42 

A 

0 . 0 
35 

0 

3) 

- l 0 0 

—10 0 

—20.0 4 11 

15 

—_5.0 

—30.0 

10 

0 

+6.5V 

-0.8V 

Figure 3: Schematic for Power Stage 

a) linear S-parameters 
	

b) potential output power 

Figure 4: Performance of Output/Power Stage 
(Ideally matched IMN used for simulation purposes) 

A schematic of the DFET driver amplifier is shown in Figure 5. DC isolation is 
provided by several 10 pF blocking capacitors. The +0.4V nominal gate bias generates a 
quiescent bias current of 210 mA. The design shown in Figure 5 can provide > 15 dB 
input return loss from 3-6 GHz. Driver power output at 2,4 and 6 GHz as predicted by 
the TOM2 nonlinear model is shown in Figure 6. 
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Modeled Performance: 

Table 1 summarizes the design specifications for the power amplifier MMIC. As 
shown, targeted performance for this MMIC meets or exceeds the required performance. 

Table 1. Specification Compliance Matrix 

Required Desired Targeted 

Frequency 4.5-6 GHz 2-6 GHz 3-6 GHz 

Output Power 0.5 Watt 1 Watt 0.75 Watt 

Gain >15dB 18dB 15dB 

Efficiency - 25% 20% 

Input VSWR < 2:1 <1.6:1 
(Return Loss) (-9.5dB) (-12.5dB) 

Output VSWR <2.2:1 <1.9:1 
(Return Loss) (-8.5dB) (-10dB) 

Bias Check: 

A DC bias test was conducted on the final circuit. It turns out that the line losses 
of the Drain inductors require that we use a slightly larger supply voltage of 7.2V to bias 
the devices at 6.5V. The drain currents are 210mA for the driver stage and 540mA for 
the power stage. The gate voltages are 0.4V for the driver stage (DFET) and -0.8V for 
the power stage (GFETs). Seeing that the gate currents are negligible, the DC power in 
can be approximated by 7.2V x 750mA or 5.4 W. 

Final Simulated Performance: 

A complete schematic and layout for the Power Amplifier MMIC is included in the 
appendix. The graphs below in Figure 7 illustrate final simulated performance of this 
device. Note the low gain simulation of the nonlinear model caused the 5.5GHz curve to 
fall slightly above the others. Also, drain bias (Vd) was at 6.5 V and models with higher 
bias levels show slightly greater power out levels. 
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Figure 7: Performance of Final Amplifier 

Power Amplifier Test Plan: 

1) Required Equipment: 
spectrum analyzer, HP8510 network analyzer, RF signal generator, 3 independent 
DC power supplies, RF wafer probe station, DC and RF cables, 20 dB attenuator. 

2) DC Bias and RF Stability / Power Test Procedure: 
Configure the RF generator to 2 GHz, 0 dBm output, RF off 
Set the two gate power supplies to -2 VDC 
Set the drain power supply to + 7 VDC, current limit 1A 
Connect the circuit as shown in the following diagram. CONNECT THE DRAIN 
SUPPLY LAST! 

To power on the amplifier, bring the VG1 (Driver) voltage up slowly while 
monitoring drain current. The voltage should be increased until the drain current 
reaches 210 mA. The final gate voltage should be approximately +0.4 V. Next 
bring up the VG2 (Power stage) voltage until an additional 540 mA is measured 
on the drain supply. 

3) RF Gain Test: 
Perform a 2 port calibration on the 8510 with a 20 dB pad on port 2 
Connect the circuit as shown in Figure 9. CONNECT THE DRAIN SUPPLY 
LAST! 

Power the amplifier on as described in the previous Bias / Stability / Power Test. 
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Conclusion and Recommendations: 

This report details our work during the MMIC design course EE525.787 to design 
and simulate a C band power amplifier using the Triquint TRX process. We would 
consider our effort a success based upon the simulated results presented here. The final 
MMIC design meets most of the given performance guidelines. Several compromises 
were necessary to produce a working design in the time and die area allocated to us. As 
stated earler, low breakdown voltage of the GFET device and small 50x50 mil die area 
ultimately limited the power and bandwidth, respectively, of this device. Design time 
was not available to attempt more complex feedback topologies which may have 
increased bandwidth or gain flatness. 
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1. Summary 

This report presents a design for a one-bit digital (binary) 90-degree phase shifter based on the Triquint 
TQTRx Monolithic Microwave Integrated Circuit (MMIC) process. The design approach follows the 
methodology described in chapter 6 of reference 1. The circuit topology defined in this reference uses the 
"on-state" low resistance and "off-state" source-to-drain capacitance of a MESFET device as an electrical 
component in two parallel switched-filter structures which have a 90-degree phase difference in the 
forward S-parameter across the design frequency band. Engineering work to implement this circuit 
topology in a functional MMIC design is documented with performance simulation results, schematic 
diagrams, dc bias analysis, a wafer probe station test plan, and recommendations for further design 
enhancements. Simulation data indicates that the amplitude and phase shift design requirements are met 
across a frequency span of 3.3 GHz to 6.0 GHz. The design goal for VSWR of 1.5:1 is met from 3.7 GHz 
to 5.05 GHz, and the VSWR held to less than 2.3:1 across 3.3 GHz to 6.0 GHz. Harmonic balance 
simulation of the complete MMIC circuitry verifies the design functionality and phase shift. Test data will 
be collected on a fabricated MMIC wafer based on this submitted design at a future date. 

2. Introduction 

The principle of operation of this 90-degree phase shifter is based on switching between paths in a 
parallel combination of high pass and low pass filters. This type of topology has the benefit of not 
requiring long transmission lines needed to implement distributed elements, and therefore, conserves 
MMIC substrate area. A low pass filter provides phase lag to signals passing through it, while a high pass 
filter provides phase advance. The low pass filter is made up of series inductors and shunt capacitors and 
the high pass filter is made up of series capacitors and shunt inductors. The MESFET switches are 
realized by employing the GFET device in the Triquint process. The gate controls the ON and OFF state 
between the source and drain of the GFET. In comparison to a reverse-biased PIN diode, the total 
capacitance of the GFET switch in the OFF state is large. To achieve a broad bandwidth, this capacitance 
is absorbed into the design of the low pass and high pass filters. 

The parallel filter circuit topology incorporating the GFETs is shown in Figure 1. There are six GI+, I s, 
connected into two sets of T-network filter configurations. The series elements of one T network and the 
shunt element of the other T network are connected from a single gate control voltage. When the control 
voltage V1 is zero, and V2 is beyond the pinch-off voltage, the circuit of Figure 1 can be simplified to the 
low pass filter circuit in Figure 2 (a). In the opposite switch state, the circuit of Figure 1 can be simplified 
to form the high pass filter circuit shown in Figure 2 (b). It is obvious that the GFET OFF state 
capacitance is no longer an undesired parasitic, instead it has been used as an integral component in the 
realization of the filter network. 

A critical factor for successful implementation of this design is an accurate model for the GFET device 
when used as a switch. The standard TOM-2 model is outside the suggested range of accuracy for use in 
this application, but appears to provide simulation results which are in close agreement with the linear 
model described in the references. The linear model used in this design is shown in Figure 4, which is 
adapted from the last page of class handout #4. Figure 3 (a) shows that when the GFET is in the ON state, 
it can be modeled as a single resistor. The resistance value is derived from the IV curve of the GFET. It is 
computed from the slope of the kiss curve when Vds is close to zero volts. For the OFF state, shown in 
Figure 3 (b) the gate-to-source and gate-to-drain model is a resistor and capacitor in series. The 
capacitance Cg represents approximately half of the gate capacitance with the channel fully depleted. 
Note that all element values in the model can be scaled to a realizable FET size from the standard 300 µm 
(6 X 50) FET. This scaling is suited to adjusting the capacitance incorporated into the filter networks. 



The schematic diagram for the TTL driver circuit is shown in Figure 4. This circuit takes one TTL voltage 
range input and produces the two MESFET drive signals needed to switch between the two filter paths. 
The second driver output signal is the complement of the first. Positive and negative five volt supplies are 
used. 

The control signal is applied to the gate of an enhancement mode DFET in the first stage through a 
resistor voltage divider. Hysteresis provided by the bias-dependent equivalent series gate resistance of this 
device provides noise immunity to the TTL driver circuit first stage. Two depletion mode DFETS serve as 
constant current sources at the source and drain of the enhancement mode device and limit the voltage 
across the device. The source connects to the current source through a level-shifting diode to complete the 
first stage. 

The output from the level-shifting diode switches the voltage level applied to the gate of a depletion mode 
amplifier where the design follows the circuit example in the handout supplement to lecture #5. This 
second stage is completed by a depletion DFET serving as a constant current source connecting to the 
positive supply. 

The output driver stage has a larger DFET output transistor driving a level shifting network consisting of 
five Schottky diodes in series with a DFET constant current source connecting to the negative supply. The 
complementary output is generated by tapping the level shifting diode network to drive a second gain and 
output circuit block, essentially identical to stages 2 and 3 used to generate the first output. 

In the actual circuit implementation used in the MMIC design, the transistors employed as diodes by 
shorting the source and drain together shown in Figure 4 are replaced by Lap diodes to conserve layout 
area. For the same reason, the transistor gate lengths used in stages 1 and 2 were made a small as possible. 
The stage 3 output transistors were scaled up to 4 gate fingers by 36 micron gate length in order to 
provide current drive capability. A dc bias bench simulation indicates that the transition voltage at the 
input needed to induce switching between states at the driver outputs is between 1.5 and 1.9 volts. The 
outputs used to drive the switching GFET gates have a voltage swing range of —2.45 volts to +0.3 volts, 
to provide the pinch-off and saturated states, respectively. 

3. Modeled Performance 

A specification compliance matrix which indicates the design requirements, goals and simulation results 
for the 90 degree phase shifter design is provided in Table 1. The phase shift difference between the two 
signal paths exceeds 95 degrees below 3.25 GHz. The loss of the HPF network signal path increases to 
more than 1 dB of the LPF network path loss for frequencies less than 2.8 GHz. The VSWR design goal 
of 1.5:1 is met within the frequency range of 3.7 GHz to 5.05 GHz. Simulation data available for the 
finished design layout is summarized in the list of plots below. 

Performance Parameter Requirement Goal Design Simulation Result 
Frequency Range 4.5 GHz to 6.0 GHz 2.0 GHz to 6.0 GHz 3.25 GHz to 6.0 GHz 
Phase Difference 90 degrees +/- 5 deg. Yes, freq. range given above. 

Insertion Loss -1.0 dB -2.1 dB max. 
VSWR (50 ohms nom.) < 1.5:1.0 <2.3:1.0 

Control Voltage TTL Level Threshold at 1.75 volts 
Supply Current +5 volts 24.0 mA 
Supply Current —5 volts 23.0 mA 

Size 60 x 60 mil Anachip Yes, with test structure. 

Table 1. Specification Compliance Matrix 

1 



List of Figures containing plots of performance data: 

Figure 	Performance Data 

	

5 	Phase shift and forward S-parameters 

	

6 	Input and output reflection coefficients 

	

7 	Worst-state VSWR 

	

8 	End-to-end simulation at 4.5 GHz 

	

9 	DC bias bench simulation of driver output voltages and input current as a function of 
control voltage 

	

10 	Current consumption from +1- 5 volt supplies 

4. List of Figures for schematic diagrams and layout 

Figure 	Circuit Function 

	

11 	Phase shifter with layout items 

	

12 	TTL driver with layout items 

	

13 	Driver-to-phase shifter interconnections 

	

14 	Complete phase shifter MMIC layout 

5. DC Analysis 

Bias check results for the -rn, driver circuit are presented in Figure 9. Current consumption for the driver 
circuit is estimated to be close to 24 mA each for the positive and negative supply voltages. This plot is 
presented in Figure 10. A summary of critical component DC current stress values is presented in Table 2. 

Critical Part Value Max. Design Current Minimum Feature Size 
Lap diode voltage drop 20 mA 36 pm 

G- res. at GFET gate 5.0 lcf2 0.1 mA 4.0 pm 
NiCr res. driver output 400 f2 6.25 mA 20 pm 
G- res. at driver input 2.0 kfl 1.2 mA 40 pm 

G- res. input shunt to gnd 6.0 Icf2 0.5 mA 20 pm 

6. Test Plan — diagram of test setup provided in Figure 15. 

1) Calibrate the 8510 network analyzer for 2-port measurements using GSG die probes across a 
frequency span of 2.0 to 6.0 GHz. 

2) Connect GSG probes on wafer test station to the DUT RF Input and RF Output pad areas. Use dc 
blocking capacitors external to the DUT die. 

3) Connect needle probes to +5.0 vdc and —5.0 vdc pads on the DUT die. 

4) Connect needle probe to TTL input control line and make connection to an adjustable voltage 
source. 

5) Provide measurement capability for +5 and —5 volt supply currents. Apply power to the device 
and verify that the current drawn from each supply is less than 25 mA. 

1 

1 

1 6) Set adjustable voltage source connected to the input control line to zero volts. Measure indicated 
DUT phase shift on the 8510 network analyzer. 



7) Increase the control voltage to 3.0 volts and measure the phase shift on the 8510. Do not allow 
the control voltage to exceed 4.0 volts at the TTL control input, unless the current drawn into this 
port is held to less than 1 milliampere. 

8) If a change in the amount of phase shift provided by the DUT is not evident, use the TTL driver 
circuit monitoring pads to check the gate drive voltage levels applied to the phase shifter GFET 
elements. 

9) If necessary, drive the gate voltages to zero and —3.0 volts from the monitoring pads. Exchanging 
complementary drive voltages should cause the DUT to produce desired phase shift. 

10) Measure phase shift from 2.0 GHz to 6.0 GHz with at least 401 steps with the control input 
voltage applied to the GFET switch gates held to at least 0 volts for the ON state and below —2.0 
volts for the OFF state. 

11) Use s-parameter data collected from test structure measurements to evaluate simulation model 
accuracy. 

7. Conclusions and Recommendations 

Experience with tuning this design in the simulator shows that the total phase shift difference 
between the two signal paths can be adjusted by scaling the inductor values and GFET total gate 
lengths. Applications intended for use at a specific frequency range will benefit from selecting a 
combination of values which provide optimal performance over the specific band of interest. To 
maintain proper small-signal performance of the phase shifter, a designer with more die area 
available may want to add dc blocking capacitors on the input and output paths. 

Further analysis can be performed to determine the input power damage threshold, sensitivity of the 
design to process variation in component values, and sensitivity of the TTL driver circuit to power 
supply voltage variation. Monte Carlo simulation of shifts in component parameters would have 
particular value in assessing yield sensitivity to process variations. 

One area specifically requiring the attention of a designer is to obtain necessary measurement data to 
characterize more accurately the linear switch model parameters for the GFET device. A test 
structure is incorporated on the wafer for this purpose. Unfortunately, the limited chip area precluded 
providing GSG ports for both the source and drain. A compromise solution of providing one GSG 
port to connect to the source while terminating the drain with a 50 ohm resistor was adopted. A 
separate pad connects to the gate through a large resistor to provide a control input. A simple 
theoretical investigation should be performed to determine the level of accuracy with which the off-
state capacitance and on-state resistance can be extracted from reflection coefficient measurements 
made with the network analyzer connected to this one-port test structure. 
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1. 	SUMMARY 

A MMIC general-purpose amplifier designed to cover the frequencies ranging from 30 MHz to 

1500 MHz can serve many applications. One application is as an element in an intermediate 

frequency (IF) amplifier chain. The amplifier described in this manuscript is intended to complete 

a series of chips designed for the emerging C band wireless applications that were the focus of the 

1998 Johns Hopkins University MMIC course (EE 525.787). The chips are designed based on 

the TriQuint TRx process -- a 0.6 urn gate length. GaAs process — with a maximum chip area of 

60 mil by 60 mil. In designing the general-purpose amplifier, the chosen topology was a DC 

coupled, bias stabilized FET design with feedback tuned for broadband gain and good VSWR 

across the entire operating band. As a goal, the amplifier is to achieve a gain of 18 dB, greater 

than 12 dBm output power, a third-order intercept point of +25 dBm, input and output VSWR 

(into 50 Ohms) of less than 1.5:1, and operate from dual 5 Volt supplies. Our simulations, based 

on the TriQuint TRx models and 5 Volt supplies, show a gain exceeding 20 dB from 30 MHz to 

above 2 GHz, an output power near 8 dBm, a third-order intercept greater than 25 dBm, input and 

output VSWR of 1.3:1 (or better) across the band. The only specification not met is on output 

power, however, greater power can be achieved by simply increasing the supply voltages at the 

possible expense of increased DC at the input and output ports. 



2. 	INTRODUCTION 

The amplifier described here is intended to operate from 30 MHz to 1500 MHz and may serve as 

an element in an IF amplifier chain. The design philosophy is based on the concept of active 

loads to realize a very wide-band amplifier for which the operating frequency range spans over 

six octaves. Using active elements as loads offers additional benefits other than wide-band 

performance; for example, with current sources taking the place of bias chokes, chip area is 

significantly reduced. In addition, the current source offers a degree of bias stabilization that is 

difficult to obtain with purely passive elements. The active load bias topology is not without 

some drawbacks, however, since amplifiers designed around such a topology usually display high 

noise figure and require dual supplies. Never the less, to obtain the desired performance, this 

topology seems most attractive. 

The circuit schematic is shown in Figure 4-1 and layout in Figure 4-2; as can be seen, the circuit 

contains seventeen inherently nonlinear devices, eleven of which are depletion mode FETs, and 

the remaining six are overlap diodes. The only other circuit elements on-chip are two bypass 

capacitors and a feedback resistor; off-chip we require additional bypassing and a matching 

resistor at the input. As shown in the schematic, the circuit can be considered as a cascade of two 

stages with the differential pair (Q4 and Q5) at the front-end of the second stage. The two stages 

are similar in their use of active loads for current sources, but differ in the type of intra-stage 

feedback employed. The first stage uses resistive feedback (R3), while the second stage uses a 

common-source differential pair. For the differential pair, the feedback element (Q5) is made 

smaller than the input element (Q4) to allow for gain and still have high input impedance. 

Design of the circuit began by first choosing the approximate sizes of the FETs (based on the IV 

curves) to handle the desired output power of +12 dBm. Then, since Q1 is to serve as a match to 



50 Ohms, its gate size was chosen around 150 urn. The diode chains seen in both the first and 

second stage take the place of inter-stage coupling capacitors and drop the DC level to zero volts 

for proper DC coupling at the ports. The feedback resistance (R3) in the first stage was chosen as 

a tradeoff between input match and gain. After setting all the initial values for each stage, the 

stages were designed independently for good input and output matching, high gain, and high 

third-order intercept. By changing the sizes of various FETs in the circuit it is possible to find 

values that make the gain large with little output power and also values with less gain and more 

output power. The chosen design values seem to be a good compromise between these extremes, 

with more emphasis on higher gain than on greater output power. If more output power is 

desired---and with similar gain—the best solution may be to simply increase the operating 

supplies a few volts. With the models available, we are unable to determine the noise figure of 

the amplifier, although we expect that it will be worse than a narrow-band conventional amplifier 

circuit due to the increased shot noise and high 1/f noise of the active load current source 

components. 



3. 	MODELED PERFORMANCE 

Table 3-1 shows the specification compliance matrix for the amplifier design. The results were 

obtained from the LIBRA simulation of the Pre-Layout and Post-Layout configurations. Refer to 

TABLE 3-1 Specification Compliance Matrix 
Specification 
Description 

Requirement Pre-Layout 
Simulation 

Result 

Post-Layout 
Simulation 

Result 

Compliance 

Frequency 30 to 1500 MHz 
(2 GHz, Goal) 

30 to 2000 MHz 30 to 2000 MHz Meets 
Requirement 

Gain > 15 dB > 20 dB > 20 dB Exceeds 
Requirement 

Output Power 
 	Compression 

> 12 dB @ 1 dB ...• 8 dBm z 8 dBm Below 
Requirement 

Output 1P3 +25 dBm (Goal) 25.8 dBm 24.96 dBm Meets 
Requirement 

VSWR, 50 ohms 
 	Output (Goal) 

< 1.5:1 Input / < 1.32:1 < 1.32:1 Exceeds 
Requirement 

Supply Voltage ± 5V (Goal) ± 5V ± 5V Meets 
Requirement 

Layout Size 60 x 60 mil. 
ANACHIP 

NA 60 x 60 mil. 
ANACHIP 

Meets 
Requirement 

Figures 3-1 through 3-4 for the pre-layout modeled circuit simulation results and Figures 3-5 

through 3-8 for the post-layout modeled circuit simulation results. All of the requirements were 

either met or exceeded with the exception of the output power. The output power requirement 

will be re-evaluated during chip testing by attempting to increase the DC bias voltage with the 

intentions of yielding a higher output power. 
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4. 	SCHEMATIC DIAGRAMS 

Figure 4-1 shows the schematic diagram used in the pre-layout simulations. It also gives a 

representation of some of the off chip components that are required to make the circuit work. 

These components include the input 50 ohm terminating resistor (designated as RI in the 

schematic), supply line decoupling capacitors, and DC power supplies. The simulation was 

performed with large decoupling capacitors due to the frequency of interest. Capacitors of this 

magnitude can not be implemented on chip due to the physical size of the capacitor and the layout 

size design constraints. Figure 4-2 shows the on chip layout. Smaller decoupling capacitors were 

implemented on chip. External decoupling capacitors mounted in parallel on chip capacitance 

will be implemented during testing to make up for the additional capacitance. 
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5. 	TEST PLAN 

The following parameters will be evaluated under the test plan: 

• Frequency Range 
• Gain 
• Output Power 
• Output IP' 
• VSWR 

The following outlines the test configurations and test procedures that will be used to verify the 

performance of the amplifier against the modeled simulations. 

	

5.1 	Frequency Range 

Figure 5-1 shows the test equipment configuration for measuring the frequency range. 

Figure 5-1 Frequency Measurement Configuration 

The following outlines the procedure for performing the measurement: 

1. Setup the Signal Generator to step the frequency in 100 MHz steps (approximately 20 

measurements) from 30 MHz to 2000 MHz . 

2. Set the output power of the signal generator to —20 dBm. 

3. Step the generator frequency and note the output power level on the spectrum analyzer. 

Record the results and continue increasing the frequency until the —3 dB point is measured. 

4. Graph results and compare to simulated data. 



	

5.2 	Gain 

1. Using the graph from 5.1 calculate the mid band gain (at approximately 1000 MHz) by 

subtracting the input power level from the measured output power at the particular frequency. 

2. Compare to simulated data. 

	

5.3 	Output Power 

1. Using the same test configuration as Figure 5-1, set the generator to a nominal frequency of 

1000 MHz. 

2. Setup the frequency generator to step its output power from —60 dBm to + 20 dBm in +5 dBm 

steps. 

3. Step the generator power and record the power level at the spectrum analyzer for each step. 

Note the point at which the amplifier output power is compressed by 1 dB. 

4. Graph Pout vs. Pin and compare with the simulated results. 

5.4 	1P3  

Figure 5-2 shows the test equipment configuration for measuring the IP3. 

Figure 5-21P3  Measurement Configuration 



1 

1 

The following outlines the procedure for performing the measurement: 

1. Select frequency 1 and frequency 2 to perform the two-tone 3rd  order intermodulation 

distortion measurement. The frequencies should be selected close enough together so that the 

intermodulation terms fall within the passband of the amplifier. 

2. Setup frequency generator #1 to step its output power from —60 dBm to + 20 dBm in +5 dBm 

steps. 

3. Set Frequency 1 to 1000MHz. 

4. Setup frequency generator #2 to step its output power from —60 dBm to + 20 dBm in +5 dBm 

steps. 

5. Set Frequency 2 to 1000 MHz + (0.01)1000 MHz. 

6. Step the generator powers simultaneously and record the power level at the spectrum 

analyzer, for each step, for the fundamental frequency and the 3'd  order term. Plot, on the 

same graph, Pout vs. Pin for the fundamental and Pout vs. Pin for the 3I-d  order term. 

7. On the graph, extend the linear region of the two measurements and note the corresponding 

value of the intersection. 

5.5 VSWR 

Figures 5-5.1 and 5-5.2 shows the test equipment configuration for measuring the VSWR. 

1 

Figure 5-5.1 Input VSWR Measurement Configuration 



Figure 5-5.2 Output VSWR Measurement Configuration 

The following outlines the procedure for performing the measurement: 

1. Configure the 8510 Network Analyzer. 

2. Measure S 11 and S22 and determine the input and output VSWR. 

3. Compare with simulated results. 



6. 	CONCLUSIONS 

The MMIC general-purpose amplifier design presented in this report can serve as the IF amplifier 

for a broad range of wireless products; one application is as a part of a wireless chip-set designed 

for C band. With no tunable elements and small size, this chip offers a very attractive solution for 

providing low cost elements for hand-held and portable communications products. Our design 

met all but one of the requirements set forth in the specifications; we were unable to provide the 

specified output power using the suggested supply voltages. As a recommendation, if increased 

IF power is required, the supply operating voltages can be increased. Additionally, it would be 

interesting to consider a design of this amplifier using a single ten or twelve volt supply to relieve 

the burden of having two supplies. 
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0.05433 0.13429 179.236 21.5964 	-4.42736 0.00007 	-66.5171 0.08807 
0.05669 0.13428 179.250 21.5954 -4.56142 0.00007 	-65.4468 0.08800 
0.05914 0.13428 179.263 21.5944 	-4.70384 0.00007 	-64.3383 0.08794 
0.06170 0.13427 179.275 21.5932 	-4.85485 0.00007 -63.1903 0.08788 
0.06438 0.13426 179.285 21.5919 -5.01470 0.00006 	-62.0019 0.08782 
0.06717 0.13426 179.294 21.5905 	-5.18369 0.00006 	-60.7718 0.08777 
0.07008 0.13425 179.301 21.5890 	-5.36208 0.00006 	-59.4989 0.08773 
0.07312 0.13424 179.307 21.5874 	-5.55019 0.00006 	-58.1822 0.08769 
0.07628 0.13423 179.312 21.5856 -5.74835 0.00005 	-56.8207 0.08765 
0.07959 0.13422 179.316 21.5836 -5.95692 0.00005 	-55.4135 0.08762 
0.08304 0.13421 179.318 21.5815 	-6.17624 0.00005 	-53.9597 0.08759 
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0.09039 0.13418 179.319 21.5767 -6.64875 0.00005 	-50.9094 0.08753 
0.09431 0.13417 179.317 21.5739 -6.90276 0.00005 	-49.3114 0.08751 
0.09840 0.13415 179.315 21.5710 -7.16921 0.00004 	-47.6642 0.08749 
0.10266 0.13414 179.311 21.5678 	-7.44858 0.00004 	-45.9671 0.08747 
0.10711 0.13412 179.306 21.5643 	-7.74134 0.00004 	-44.2199 0.08746 
0.11175 0.13410 179.300 21.5605 -8.04803 0.00004 	-42.4221 0.08745 
0.11659 0.13407 179.293 21.5564 -8.36919 0.00004 -40.5736 0.08743 
0.12164 0.13405 179.284 21.5519 -8.70539 0.00004 	-38.6741 0.08743 
0.12692 0.13402 179.275 21.5470 -9.05724 0.00004 	-36.7233 0.08742 
0.13242 0.13399 179.264 21.5417 -9.42534 0.00004 	-34.7213 0.08741 
0.13815 0.133'96 179.252 21.5360 -9.81036 0.00004 	-32.6678 0.08741 
0.14414 0.13393 179.238 21.5298 	-10.2130 0.00003 	-30.5626 0.08741 
0.15039 0.13389 179.224 21.5230 -10.6339 0.00003 	-28.4057 0.08741 
0.15690 0.13385 179.208 21.5157 	-11.0739 0.00003 	-26.1966 0.08741 
3.16370 0.13380 179.191 21.5077 -11.5337 0.00003 	-23.9351 0.08741 
3.17080 0.13376 179.173 21.4990 -12.0142 0.00003 	-21.6207 0.08741 
3.17820 0.13370 179.154 21.4896 -12.5162 0.00003 	-19.2528 0.08742 
).18592 0.13365 179.134 21.4793 	-13.0406 0.00003 	-16.8305 0.08743 ).19398 0.13358 179.112 21.4682 	-13.5882 0.00003 	-14.3527 0.08744 
).20238 0.13352 179.089 21.4561 	-14.1602 0.00003 	-11.8184 0.08745 
).21115 0.13344 179.066 21.4430 	-14.7574 0.00003 	-9.22598 0.08747 
).22030 0.13336 179.041 21.4287 	-15.3809 0.00003 	-6.57381 0.08749 
).22985 0.13328 179.015 21.4132 	-16.0318 0.00003 	-3.86001 0.08751 
).23981 0.13318 178.988 21.3963 	-16.7113 0.00003 	-1.08253 0.08753 
).25020 0.13308 178.960 21.3780 	-17.4205 0.00003 	1.76080 0.08755 
"26104 0.13297 178.931 21.3581 	-18.1606 0.00003 	4.67217 0.08758 
L27235 0.13285 178.901 21.3365 	-18.9329 0.00003 	7.65371 0.08761 
'.28416 0.13272 178.871 21.3131 	-19.7387 0.00003 	10.7073 0.08765 
.29647 0.13258 178.840 21.2876 	-20.5795 0.00003 	13.8345 0.08769 
.30932 0.13242 178.808 21.2599 	-21.4565 0.00003 	17.0362 0.08773 
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1. Introduction 
Optical communication requires a way to convert optical signals to electrical signals. This is typically 

done with PIN photodiode, which is essentially a high impedance current source. The long distances 
between transmitter and receiver often mean that the signals at the receiver are small and need 
amplification. Modern high-speed digital communication also requires large bandwidths to accommodate 
the information flow. These requirements are a good match to MMIC MESFET design that uses high-
input- impedance active devices with large gain bandwidth products. 

In this report I'll present a deterministic method to design a maximally flat transimpedance amplifier 
using FET width and feedback resistance as the only design parameters. I'll also present a method to 
indirectly measure the transimpedance using a vector network analyzer. 

2. Design Examples and Simulation 
The following sections discuss the design and simulation of two different amplifiers. Because there are 

no inductors in the circuit there was plenty of room on the 1500x1500gm anachip for two amplifiers. I 
decided to put both a standard Van Tuyl-Hornbuckle based transimpedance amplifier and a common-source 
common-gate cascode based amplifier. Section 2.1covers the Van Tuyl-Hornbuckle design and Section 2.2 
covers the cascode design. 

2.1. SA-1 Trans-impedance Amplifier 

Figure 1 shows the schematic of the Van Tuyl-Hornbuckle transimpedance amplifier design. The 
amplifier consists of a common source FET (CSF) amplifier followed a source-follower buffer stage. Both 
stages have active loads that are nominally' the area of the respective FETs. The diodes provide a DC 
level shift so that the output node is approximately at ground potential and are bypassed by a capacitor to 
provide better high-frequency performance. I have also shown feedback resistor, which sets the 
transimpedance of the amplifier. An additional source-follower-buffer stage has been added as well as a 
biasing resistor to the gate of Q1. The additional source-follower buffers the feedback path from the 5051 
load impedance and is sized (124i.tm) for an output-impedance of 5052. The biasing resistor (Rg) has been 
added to provide a —0.2V gate bias to Q1 so only two bias voltages are required, Vdd which is +4V, and Vs, 
which is —2V. 
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Figure 1 shows the schematic of the Van Tuyl-Hornbuckle transimpedance amplifier design. 

2.1.1. Design Examples 

I'll discuss three design examples using a maximally flat magnitude (MFM) design. I'll present the 
design calculations and linear circuit simulator results. The MFM design procedure is very good for an 
amplifier followed by an ideal buffer amplifier that has high input impedance with only capacitive loading 
and an output impedance that is exactly 5051 throughout the band of interest. Any practical source follower 
has output impedance that is 5012 for only a portion of its useful band and thus will affect the flatness of the 
previous amplifier. What this means is that the MFM design gives a good starting point for the design and 
the middle FET (Q3) must be tuned (usually smaller in width) to re-flatten the response with the output 
buffer added. With this in mind, I'll shows the transimpedance of only the first two stages and with the 
output buffer after tuning. Table 1 shows the design parameters of the various design examples. The first 
example is based on measurements of the photo diode I intend to use and the target transimpedance. This is 
the design I'll actually layout and submit for fabrication. The other two examples are only to illustrate the 
utility of the design equations. 

ARL technical report, A Maximally Flat Magnitude MMIC Transimpedance Amplifier, (not yet 
published) 
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Example Transimpedance (Zro) Diode Capacitance (Ca) 
1 250052 27.5fF 
2 100052 27.5fF 
3 250012 50fF 

Table 1 shows the design parameters of the various design examples. 

I 
1 
I 
1 

Parameter Design Ideal Simulated Tuned 
Wf  9.673 gm 9.673 gm 9.673 gm 

Wfb,MFM 31.883 p.m 31.883 gm 21 gm 
Rf  741611 741651 7616f 

kmai 2.947 GHz 3.07 GHz 3.14 GHz 

Table 2 shows the circuit values calculated using the MFM design procedure for Example 1. 

Table 2 shows the circuit values calculated using the MFM design procedure for Example 1. and, 
Figure 2 shows the response of the circuit of Example 1. The case of the CSF amplifier followed by a 
single source-follower is shown in blue, while the case of the SA-1 gain block followed by a 5052 source 
follower buffer is shown in red and brown. The red line shows the SA-1 with buffer circuit with the circuit 
parameters from the design equations and the brown line shows the response after tuning the middle FET 
width from 32p.m to 21gm and Rf  from 741652 to 7616f2. The results are summarized in Table 2. Table 3 
and Figure 3 give similar results for the Example 2 design parameters. 

Parameter Design Ideal Simulated Tuned 
WI 15.75gm 15.75gm 15.75gm 

WJb,MFM 33.776gm 33.776gm 27gm 
R1  3112n 31120 32000 

fcmFm 4.659GHz 4.85GHz 4.45GHz 

Table 3 shows the circuit values calculated using the MFM design procedure for example 2. 

The simulation results for example three are shown in Table 4 and Figure 4. 

Parameter Design Ideal Simulated Tuned 
Wf 12.8p.m 12.81.tm 12.8gm 

Wfb,MFM 59.111gm 59.111gm 54gm 
Rf- 72500 725012 745011 

fc,MFM 2.081GHZ 2.14GHZ 2.44GHZ 

Table 4 shows the design for example 3. 
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Figure 2 shows the response of the circuit of Example 1. 
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Figure 3 shows the circuit simulator results of example 2. 
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Figure 4 shows the circuit simulator results of example 3. 
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Figure 5 shows the transimpedance of the circuit in Figure 10. 
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2.2. Cascode Transimpedance Amplifier 
Figure 10 shows the schematic of the cascode transimpedance amplifier. A common-gate FET (Q2) 

has been added to the drain of Q1 to extend the bandwidth of the circuit. The FETs Q1 and Q2 are both 
13ptm and the active load Q3 is 71.1m. Each FET has been biased for a drain-to-source voltage of 2V and, 
except in the case of the active load, a gate-to-source voltage of —2V. FET Q9 and diodes D13-D18 provide 
the gate bias of the cascode FET (Q1). Diodes D4-D5 and D9-D11 have been added to adjust the bias of the 
source-follower stages for +6V Va. 

The behavior of the circuit is similar to that of the previous design. That is, by tuning Rf I can adjust 
the DC transimpedance and by tuning Cf  I can adjust the high-frequency transimpedance. Figure 5 shows 
the transimpedance of the circuit in Figure 10. The bandwidth of the circuit has been extended to 3.4GHz 
compared to 2.9GHz for the previous circuit. Also there is about a ±100W (0.7dB) ripple that is not 
present in the previous circuit. I have no explanation for the ripple at this time. 
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3. Layout 
Figure 7 shows the final layout of the circuit. The SA-1 based design is in the upper right corner of the 

chip and the cascode based design is in the lower left corner. The SA-1 based design is marked as TIAMP 
and the cascode-based design is marked as TIAMP CASC. The input and output ports are marked on the 
chip as are the bias voltages for each amplifier. 

Figure 7 shows the final layout of the circuit. 
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4. Test Plan 

4.1. SA-1 Trans-impedance Amplifier 

4.1.1. Bias Connections 
Connect +4V and —2V bias voltages to the pads marked on the chip using needle probes. 

4.1.1.1. Measure Output Voltage 
Place a GSG probe on with the signal electrode on the pad marked OUT. Measure the output 

voltage using a multi-meter. The voltage should be within a few tenths of a volt of ground potential. If this 
is not the case the bias circuit is faulty and a spare needle probe should be used to check the bias at several 
key positions to troubleshoot the circuit. 

4.1.2. S Parameter Measurement 

4.1.2.1. Calibrate 
Remove the transimpedance amplifier and place a calibration substrate on the probe station. 

Calibrate the probes for a frequency range of 45MHz to 5045MHz using an SOLT calibration. Check the 
calibration by observing that there is a dot at the short and open locations on the Smith chart view when the 
appropriate standard is connected. 

4.1.2.2. Measure S Parameters 
Remove the calibration substrate and place the transimpedance amp back on the probe station. 

Connect the +4V and —2V to appropriate pads on the chip. Connect the port 1 GSG probe to the pad 
marked in and the port 2 GSG probe to the pad marked out. Observe that the S21 magnitude response is 
similar to that displayed in Figure 8. 
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Figure 8 unloaded S21 magnitude response of the transimpedance amplifier. 

Set up the network analyzer to display S11 and S22 on the Smith chart view. Observe that the response is 
similar to that displayed in 	Figure 9. 
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— Smith Chart 
' S 1 1 
' S22 

Figure 9 unload Si! and S22 response of the transimpedance amplifier. 

4.1.3. Download S Parameters and Calculate the Transimpedance. 
If the S parameters are as expected, down load the full S parameter matrix to an instrument 

controller or to the floppy disk. Import the data into Mathcad, Matlab, or a spreadsheet program 
and calculate the Y matrix using the follow equation. 

Y=Y0(I-S)(I-ES)-1  

Load the Y parameter matrix with a virtual capacitor of the same value as the 
diode capacitor as follows. 

1 0 \ 
Y

loaded =Y+j •2.ref.Cd
. 0 0 

Calculate the transimpedance of the loaded circuit using the following equation. 

Y loaded , 21 
Z

r
= 	  

/ 	> 
det Y. 

loaded ) Y loaded , I I Y1  
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