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Abstract — We report a two-stage W-band power amplifier
(PA) using novel 4:1 series power-combining with sub-quarter-
wavelength baluns. The power amplifier, fabricated in a 0.25 um
InP HBT technology, produces 470 mW (26.7 dBm) output
power at 81 GHz, 234 % peak PAE, and >11.5 GHz 3-dB
bandwidth. The compact series power-combining networks
permit a small 1.06 mm? die area and a high 443 mwW/mm?
output power per unit die area.

Index Terms — Power amplifier, sub-quarter-wavelength
balun, series power combining, W-band, InP.

|. INTRODUCTION

The mm-wave bands will enable future high speed wireless
communications links and high resolution radar [1]-[6].
Propagation losses are high, particularly in foul weather,
hence high power amplifiers (PAs) are needed for long
transmission range. High PA efficiency reduces power-supply
and heat-sink costs, while high power per unit die area reduces
IC costs and enables integration into monolithic arrays.

Compact, efficient power-combining is necessary for high
power-added efficiency (PAE) and small die area. Classical
thru-substrate transmission-line power-combiners suffer from
appreciable radiative substrate losses and occupy large die
area [1]-[2]. With transformer combiners, the challenges are
low inductor Q, low coupling factor, and port imbalances [3]-
[4]. Direct transistor series-connection with local feedback
[5]-[6] enables low-loss power-combining in a small die; here
the challenges are maintaining a uniform voltage distribution
and unity current gain, so that all transistors compress at once.
A new compact 2:1 series-connected design using sub-quarter
wavelength (A/4) baluns was proposed in [7]; this showed
>30 % PAE and >20 dBm output power (Po) at 86 GHz with
a2.5V supply.

Here we extend the technique of [7] to 4:1 series combining
for low supply voltage devices (i.e. InP and Silicon). The two-
stage design (Fig. 1) operates at 81 GHz and uses InP HBTSs.
Compact sub-A/4 series baluns connect the output transistors
in series. With a 4:1 series connection, the PA output power is
increased 16:1 over adesign in which the HBTs directly drive
50 Q. The two-stage amplifier is small (1.1 mm? including
pads), and produces 470 mW P, at 23.4 % PAE.
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Fig. 1. Die photograph of the two-stage PA using 4:1 series power
combining (Die area: 1.08 x 0.98 mm?).
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1. SERIES COMBINING USING SUB -A/4-BALUNS

Using two baluns, the output power-combiner connects in
series the outputs of four HBT cells. The amplifier output
voltage is the sum of the voltages at the four HBT cells; each
cell seesa12.5 Q load, and must have 4:1 larger junction area,
and 4:1 larger output current, than a cell sized to directly drive
50 Q. Neglecting losses, the output power is therefore
increased 16:1. The baluns are much shorter than A¢/4 (~A4/16
in this design), a quarter of a guide wavelength, minimizing
combining losses and reducing die area. The sub-quarter-wave
baluns load the transistor with an inductive shunt stub, loading
which tunes the transistor output capacitance.

First consider [7] a 2:1 series power-combiner, Fig. 2 (a),
using tri-plate transmission lines with M; ground plane, M,
intermediate conductor, and M3 upper conductor. The M,
conductor is much wider than the M3 conductor, shielding the
M line from M, to assure P, to P; balance. There are
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Fig. 2. Sub-quarter-wavelength balun concepts: (a) 2:1 balun structure, (b) 2:1 simplified balun model illustrated in [7], (c) new proposed
4:1 balun structure, and (d) 4:1 simplified balun model.
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Fig. 3. A two-stage PA schematic using the series power combining baluns (2:1 baluns in the first stage and 4:1 balunsin the second stage).

microstrip lines of impedance Z, ., between M and M, and of
impedance Z, ».3 between M, and M.

The 2:1 power-combiner, Fig. 2 (a), is understood using the
equivalent circuit of Fig. 2 (b). Voltage sources V, and V, are
connected in series between conductors M, and M3, a 50 Q
transmission-line connected to the 50 Q load. V; and V, each
see a 25 Q load. V;and V, are also loaded in parallel by the
shunt-stub impedance Zgn=jZo1.tand, from the short-
circuited transmission-line stubs between M, and M,.

In classsA power amplifiers, highest output power and
highest collector/drain efficiency are obtained if the transistor
is loaded by an LR paralel network where R op=(Vimax-
Vimin)/ I maxs 1S the ratio of maximum transistor voltage swing to

maximum transistor current, and where jal=-1/j aC,y, Where
Cout IS the transistor output capacitance. The HBT junction
area, hence |y, are adjusted until R_ =25 Q, , and the balun
length 6, is adjusted to set Zg,=-1/j &Cy,. Each HBT power
cells has 2:1 larger junction area, and 2:1 larger |, than a
device sized to directly drive 50 Q with appropriate shunt
inductive tuning. The output power istherefore increased 4:1.
The 4.1 seriesconnected design, Fig. 2 (c), has the
equivalent circuit of Fig. 2 (d). The four sources V,[0V, are
connected in series across the 50 Q amplifier load. Each
source sees a 12.5 Q load, again loaded in parallel with Zgp.
Design therefore consists of adjusting the HBT junction area,
and hence |m, until R =125 Q, and then adjusting the
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TABLE | — SUMMARY OF RECENT W-BAND POWER AMPLIFIERS

Ref Technolo Freq. | f _/f. | BW,, | Max.| P, Pesk | V  or| Area|] mwW Tobolo
' Y1 (GH)| (GHz) | (GHZ)| S,(dB) (dBm)| PAE (%) V (V)| (mm) /mm’ porogy
[1] | 0.24 pm GaN HEMT| 935 | 230/97| ~10 ~18 315 22.0 12 - - -
[2] | 0.14 ym GaN HEMT, 91 - ~7 ~16 | 308 >20 175 | 225| 530 | Classic corporate combiner
[4] | 0.13umBiCMOS 62 - >10 20.6 20.1 18.0 18 0.72 | 142 4-way transformer
294 2:1 sub-A/4 series power
[7 0.25 um InP HBT 86 | 590/350| 23 9.4 20.4 30.4 25 0.37 (723) combiner
) 307 | 2-stage 2:1 sub-A/4 series
[7 0.25 um InP HBT 86 | 590/ 350 175 231 30.2 3.0 0.67 (497) power combiner
THIS| o5 imInPHBT | 81 | 500/350) >115| 175 | 267 | 234 | 275 | 106 | 243 | 2-staged:lsub-A/4 series
work (633) power combiner
balun length 6, until Zgw=-1/jaCy,:. The HBT power cells 20
now have 4:1 larger junction area, and 4:1 larger |, than a 15 — SN
device sized to directly drive 50 Q, hence the total output S22
power is increased 16:1. The line connecting V, and V5 must Q 10 S21
have 25 Q impedance realized by periodically capacitive - 5
loaded transmission lines [8]. The phases of (Vi, V,) must »
differ those of (Vs, V,) by the delay of the line connecting V» ﬁ‘ 0
and V3, the latter requirement satisfied by using an identical ” .5
input power-splitter. A separate test structure measurement = 10
shows the insertion loss of the 4:1 combiner to be 0.92 dB, ?
where the 0.5 dB roll-off bandwidth is between 73 GHz and -15
103 GHz. 2
9‘5 80 85 90 95 100
Frequency (GHz) (a)
[11. PA |C DESIGNS AND MEASURED RESULTS 25

The PAs were designed into a 0.25 um InP HBT process,
which exhibits BVceo=4.5 V, f1=590 GHz, and f,=350 GHz
[9]. There are three Au interconnect planes, M;, M,, and M3
(top) of 1 um, 1 pum, and 3 pm thicknesses. A 5 um thick BCB
(e,=2.7) dielectric separates Mz and M,, while 1 um of BCB
separates M, and M,. The process provides 0.3 fF/um? MIM
capacitors and 50 Q/square thin-film-resistors (TFR).

Fig. 3 shows the schematic. The basic HBT power cell (48
um periphery, 2 x (4 x 6 um)) has R_¢,=25 Q. Details of the
HBT PA unit cell have been reported in [10]. The input driver
stage uses 2:1 series splitters and combiners, and has two
separate RF outputs driving the two inputs of the main PA
stage. In the main power amplifier stage, each RF input is split
by a 4:1 series-connected balun network, dividing the total
input power among eight HBT cells. The HBT cells are then
connected into four pairs, four above and four below the
output power-combiner of Fig. 3 with each pair driving one
port of the output combiner. Each pair of cells requires
R op=12.5 Q, the impedance presented to the pair by each
port of the combiner.

Transistor inputs are matched by two-section LC networks,
and emitter-buffered active bias circuits increase the DC
collector current as output power increases [11], this
enhancing thermal stability. Biasis dightly below class-A.

Fig. 4 shows measured IC performance. The zero-signal
bias currents are 60 mA and 400 mA for the 1% and 2™ stages.
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Fig. 4. Measured PA IC results: (a) small signal s-parameters, and
(b) large signal gain and PAE vs. output powers.

The PA exhibits (Fig. 4 (8)) 17.5dB gain S,; at 81 GHz, >11.5
GHz 3-dB bandwidth, and (Sy1, S») <-10 dB over a 10 GHz
bandwidth. In 81 GHz large signal measurements at Vcc=2.75
V (Fig. 4 (b)), the PA IC exhibits 26.7 dBm (470 mW)
maximum output power, 23.4 % peak PAE, and 443 (633)
mW/mm? power density including (excluding) pads.

25 26

IV. CONCLUSION

We demonstrated a compact high performance W-band InP
power amplifier (PA) using a new 4:1 sub-A/4 balun series
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power combining technique. The PA showed output power of
470 mW and peak PAE of 23.4 % with IC size of 1.06 mm?.
With improved thermal stability and high supply voltage of
3.0V, >28 dBm output power can be expected.
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