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Ab.wracz — A new circuit concept which significantly improves the

power-handling capability of a traveling-wave amplifier by coupling the

active devices to the input gate line through discrete series capacitors is

described. The approach is applied to a l-W, 2–8-GHz monolithic ampli-

fier design.

I. INTRODUCTION

D ISTRIBUTED or traveling-wave amplifiers covering

wide microwave bands have been reported in recent

years [1]-[5].

Designing a traveling-wave amplifier for maximum

power, however, requires several additional considerations

[6]. One is the limitation of input power. With a SO-Q gate
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line and pinchoff voltages on the order of – 4 V, the

maximum power input is about 50 mW. A design allowing

an increase in power input without sacrificing gain must be

utilized.

In this paper, we present a circuit concept which signifi-

cantly improves the power-handling capability of a travel-

ing-wave amplifier by coupling the active devices to the

input gate line through discrete series capacitors. Com-

bined with the gate–source capacitance of the FET’s, these

capacitors act as voltage dividers, allowing us to sample a

desired portion of the input signal from the gate line. In

addition, by varying the divider ratio along the gate line, it

is possible to tailor the input excitation to individual

FET’s. In this manner, the input power can be increased

significantly (typically by a factor of four) and the total

device periphery can be at least doubled. This should result

in increased power output and efficiency,
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Fig. 1. Schematic circuit diagram of capacitively coupled traveling-wave
amplifier.
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Fig. 2. The unit cell of Fig. 1.

II. GENERAL DESIGN CONSIDERATIONS

The concept of capacitively coupling the individual FET’s

to the input gate line in a traveling-wave amplifier is

illustrated in Fig. 1. Discrete thin-film capacitors are in-

serted in series with the FET gate terminals. If we ap-

proximate the input impedance of the FET by its gate

capacitance, it is clear that we are forming a capacitive

voltage divider and only a portion of the RF voltage

excited in the input line will appear at the gate of the

discrete FET’s. This voltage division will be independent of

frequency. Fig. 2 shows the simplified equivalent circuit

diagram for the first cell.

From this figure, when tiC~,r~ <<1, the equivalent capa-

citance loading the gate line is

On

and the voltage drop across the gate junction is

c1

‘=cl+cg.
v

for example, if Cl= Cg,, then

Cg = cg,/2

v
e=—.

2

The reduction in the voltage across the gate junction will

result in this case in a 6-dB gain reduction for the overall

amplifier. However, this can be compensated for by dou-

bling both the periphery of the FET’s and the value of Cl.

If this is done, the equivalent circuit of Fig. 2 can be

reduced to the circuit of Fig. 3. From this figure, we see

\

GATE LINE OUTPUT DRAIN LINE
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Fig. 3. The unit cell in Fig. 1 when the FET periphery is doubled and

the thin-film. capacitor Cl set equaf to the total gate-to-source capaci-
tance.

that a new FET model, including the series capacitance cl,

can be defined. This new FET model is similar to the

original FET we have started with, except for the gate and

drain resistances, which are halved, and the drain–source

capacitance, which is doubled.

This new circuit configuration, illustrated in the example

above, accomplishes the following.

1) In an FET traveling-wave amplifier, gate-line loading

determines the total gate periphery that can be used per

stage [4]. With the present approach, the increased gate

periphery per unit FET does not increase the gate-line

loading. For the example above, although the device pe-

riphery is doubled, the gate-line attenuation, which is pro-

portional to r#C&, is in fact reduced by a factor of two.

This approach thus makes it possible to increase signifi-

cantly the total device periphery per gain stage.

2) In an FET, drain-source capacitance is smaller than

gate–source capacitance. With this approach, drain-source

capacitance is increased, while the effective gate–source

capacitance is kept the same. This makes phase matching

between the input and output lines easier.

3) Increased device periphery makes it possible to bring

the optimum ac load line of each FET closer to the

drain-line impedance for better power match. This, cou-

pled by the fact that input and output power of the
zirnplifier can be quadrupled when the periphery, hence the
dc power requirement, is only doubled, should result in

increased efficiency.

4) The capacitors in series with the FET gate–source

capacitance act as capacitive voltage dividers, reducing the

magnitude of the RF voltage swing at the gate terminal. A
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reduction in voltage by half corresponds to a fourfold

increase in input power-handling capability.

5) The capacitors added in series with the gate inputs

can each be made different. Thus, it is possible to vary the

amount of RF voltage sampled from the input line and, in

this way, compensate for the gate-line attenuation. When

all the gate capacitors are of equal value, the first cell

would saturate before the rest of the cells due to this

attenuation.

Different coupling capacitors along the gate line, how-

ever, lead to phase differences for signals passing through

different FET’s. Phase correction can be accomplished by

varying the length of transmission-line sections connecting

the drain terminals to the output transmission line.

Some of the advantages described above, such as the

increased input power capability or reduced gate loading,

can also be achieved by simply lowering the gate-line

impedance level. To get a fourfold increase in input power,

similar to the example given above, the gate-line imped-

ance must be lowered to 12.5 Q. For comparison, we have

also considered this approach. At this input impedance

level and with the same 4800-pm total periphery, gain

which is virtually identical to the coupled capacitor case

was obtained. However, the design had two disadvantages.

First, there is no way to compensate for gate-line at-

tenuation to get equal FET cell excitation. Second, to go

back to the 50-Q impedance level, a transformer (4:1 ratio,

in this case) would be required at the input port capable of

operating over the bandwidth of the amplifier. The size,

insertion loss, and interaction of the transformer with the

amplifier mismatch rendered this approach unacceptable.

III. DESIGN EXAMPLE

A capacitively coupled traveling-wave amplifier concept

has been applied to a traveling-wave amplifier design in the

2–8-GHz frequency band. A similar approach has also

recently appeared in the literature with a 2–21-GHz design

[7].

In our design example, a bandwidth of 4:1 was required.

The highest frequency of operation was 8 GHz, which

allowed a maximum periphery of about 2400 pm without

the discrete gate capacitors. After the addition of the

capacitors, the total periphery was increased to 4800 ~m.

For a given total periphery, too few cells will require

long gate transmission lines for a matched condition. When

these lengths approach a quarter wavelength at the highest
frequency of operation, the gate line is no longer an

effective slow-wave structure. To minimize the number of

interconnecting lines, the minimum number of cells should

be used. Designs of 4, 6, and 8 cells were tried, with 6- and

8-cell designs yielding best results. The 6-cell design was

chosen for simplicity and minimum chip area over the

8-cell design. The gate transmission-line sections are ap-

proximately A/8 long at 8 GHz.

In an attempt to excite all cells equally, the gate-line

attenuation can be compensated by increasing the values of

the gate capacitors for cells farther down the gate line.

There is a tradeoff here, however, as the gate-line attenua-
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Fig. 4. (a) Capacitor tapering along the gate hne to compensate for the

gate-line attenuation. (b) Variation of the RF voltage at the FET gate

terminafs for each cell at various frequencies.

tion for the higher frequencies is greater than that of the

lower frequencies. A gate capacitor profile must be reached

that allows approximately constant gate voltages that do

not exceed V,. /2 at any frequency. The least attenuation is

at the lowest frequency so the largest voltages along the

gate line will exist at this frequency. This frequency of least

attenuation is modified, however, by the input blocking

capacitor, so that the frequency of least attenuation is

typically elevated to midband. Because of this variation of
attenuation with frequency, it is impossible to excite all the

cells equally at all frequencies. The best that can be done is

to excite all cells equally at midband, which results in

slowly increasing excitation at low frequencies and slowly

decreasing excitation at high frequencies along the gate

line. The tapering of the capacitor values and the resultant

voltage distribution along the gate line is shown in Fig. 4.

For the power amplifier design, drain-line impedance

also becomes a consideration, for two reasons. First,

gate–drain reverse breakdown limits the maximum peak-

to-peak drain-line RF voltage swing, which is determined

by the drain-line impedance for a given output power level.
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TABLE I
MAXIMUM POWER EXPECTED (APPROXIMATELY) FOR 200 mW

INPUT POWER (23 dBm)
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Fig. 5. Drain-voltage distribution at various frequencies

Second, with increased total device periphery, the drain-line

attenuation becomes significant and needs to be mini-

mized. The 6 x400-pm single-stage design yields 10-dB

gain. When dividing the input voltage in half and doubling

the periphery to retain the gain, 10-dB gain was not

achieved. The reason for this lies in the drain-line attenua-

tion increase. When doubling the periphery per cell, Cd,

and gd are doubled. This increased loading causes a gain

reduction of about 2 dB at the 50-L! level. Reducing the

impedance level of the drain line would reduce the effect of

this loading.

The above two reasons prompted a study of operating

into a lower drain Zo. From the gain expression, it is clear

that lowering the input or output impedance reduces gain

directly in proportion to the impedance reduction. An

optimum impedance level was determined by considering

all the above variables. The gain reduction due to the lower

drain Zn is a stronger function than the gain increase due

to less d;ain-line attenuation. Therefore, lowering drain Z.
will decrease gain in all cases. This is shown in Table I. The

tradeoff between reduced gain and increased power seems

optimum at the 40-0 drain impedance level. It was decided

that transforming this to 50 Q was not worthwhile, and a

50-Q drain line would be maintained with its associated

8.4-dB total gain. The limiting factor on power output now

X—X EOUAL LENGTH LINES
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x
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FREQUENCY (GM)

Fig. 6. Effects of adjusting drain lines and drain tuning lines to com-
pensate for differing phaseshifts in each cell. Each case is an optimized
result.

Fig. 7. SEM micrograph of a ten-open-gate FET used as a 200042

resistor.

is clearly the breakdowg voltage of the devices used. The

drain voltage distribution is shown in Fig. 5.

The gain was optimized to the 8.5-dB level by correcting

for the phase differences across each cell due to the graded

profile of the gate capacitors. Several” methods of accom-

plishing this were looked at, including decreasing gate- and

drain-line lengths, but the best method was phase align-

ment within each cell by adjusting the length of the drain

tuning lines as can be seen in Fig. 6.

The transmission lines connecting each cell remain equal,

although they are different lengths and widths for gate and

drain.

IV. EXPERIMENTAL RESULTS

The circuit described above has been fabricated on a

100-pm-thick GaAs substrate.

The design uses six FET’s, each with 800-pm gate pe-

riphery with nominal l-pm gate lengths. The channel is

1 x 1017 cm-3 doped VPE material. Each FE~ gate is

individually biased through 2 K!J resistors connected to a

common-gate bias bus. These high-value resistors and the

35-Q gate- and drain-line matching resistors are realized

using the floating-gate FET resistors shown in Fig. 7. The

thin-film capacitors use 0.5-pm-thick Si ~Nd as the dielec-

tric medium. In this way, the fabrication process is quite

simplified, to no more than the regular FET process plUS

plasma-assisted chemical vapor deposition of silicon nitride
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Fig, 8, Schematic illustration of the gate-biasing arrangement, The di-

mensions are not to scale and some details are omitted for simplification.

10 I
5 ‘DESIGN B4ND

0
(2345 6783,0

FREQUENCY [G Hz)

-10

:LLX.

Fig. 9. Predicted performance of the 2–8-GHz amplifier

film. The thin-film capacitor and the floating resistor are

configured as shown in Fig. 8 to eliminate de/RF cross-

overs.

The predicted gain and return-loss performance of the

amplifier is shown in Fig. 9. The gain is very flat and

slightly less than 8 dB in the 2–8-GHz design band. The

return loss is 12 dB at 2 GHz, and better than 15 dB above

2.5 GHz.

The finished chip is shown in Fig. 10. Its dimensions are

3 X 3.1 mm. The top plates of the capacitors on the gate

pads are proportional to their capacitance. Notice the

increase in the area of the top plates as we move along the

gate line away from the input terminal. This increase

compensates for the attenuation of the gate line.

Typical small-signal measured performance of the

amplifier in the 0.5 –10-GHz frequency band is shown in
Fig. 11. The gain is lower than the design by 1.2 dB at the

low end and by 2.6 dB at the high end of the band. Input

and output return loss is very close to predictions. Power

performance of the amplifier is shown in Fig. 12. Near

l-dB compression, the power output is 30+ 0.5 dBm with 5

dB of gain across the 2–8-GHz band.

Measured amplifier efficiency varies between 5.2 to 8.5

percent. This is about half of what is expected. We find

that this discrepancy is partially due to the dc voltage drop

along the on-chip de-bias circuitry and partially due to the

loading on the output drain line.

Fig. 10. The finished chip
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Fig. 11. Small-signal performance of a typical amplifier.
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Fig. 12, Measured power performance of the amplifier.
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V. CONCLUSION

A new circuit approach to increase the power amplifica-

tion capability of distributed or traveling-wave amplifiers

has been introduced. The validity of the approach has been

demonstrated by designing a 1-W amplifier in the 2-8-GHz

frequency band.
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