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Abstract—We present a new millimeter-wave power-combining
technique using transmission-line baluns which both connect tran-
sistor outputs in series and inductively tune the transistor output
capacitances. The baluns are much shorter than a quarter-wave-
length , hence are more compact and have less insertion loss
than a balun. We introduce one topology providing an even
number of series connections, including 2:1 and 4:1, and a second
topology providing either an even or odd number of series connec-
tions. We then analyze segmented transformer power-combiners
as a set of multi-conductor transmission-lines, and explore the rela-
tionship between transformer and transmission-line balun power-
combiners. We demonstrate the technique with 2:1 and 4:1 series-
connected designs implemented in a 0.25 m InP HBT process. At
86 GHz, a single-stage power amplifier (PA) using the 2:1 baluns
exhibits 30.4% peak PAE, 20.37 dBm output power and
23 GHz 3-dB bandwidth from a 448 816 m die. A two-stage
PA using the 2:1 baluns exhibits 30.2% PAE, and 23.14 dBm
from an 824 816 m die. At 81 GHz, a two-stage PA with 4:1
series output power-combining exhibits 23.4% PAE, and 26.7 dBm
(470 mW) from a 1,080 980 m die.

Index Terms—Balun, mm-wave, power amplifier, power com-
biner, sub-quarter wavelength, transformer, transmission line.

I. INTRODUCTION

T HE mm-wave bands will enable future high speed
wireless communication links and high resolution radars.

Propagation losses are high [1], [2], particularly in foul weather,
hence high power amplifiers (PAs) are needed for long trans-
mission range [3]. High PA efficiency reduces power-supply
and heat-sink costs, while high power per unit die area re-
duces 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
corporate transmission-line power-combiners occupy large die
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area [4]–[6], and the combining losses of these can be signifi-
cant. Power can be combined using on-wafer transformers using
a combination of turns ratio and a segmented primary loop
[7]–[10] with multiple inputs to transform impedances. With
the transformer combiners, the challenges are low inductor Q,
significant parasitic series inductance and inter-winding capac-
itance, and port imbalances. Power can also be combined using
direct transistor series-connection with local negative feedback
[11]–[14]. Series connection enables low-loss power-com-
bining in a small die; with this technique the challenges are
maintaining a uniform voltage distribution and unity current
gain, so that all transistors compress at the same RF drive level,
as is necessary for high linearity and high efficiency. Power
can be also combined on-wafer using baluns, either in
form or using quarter-wave multi-conductor transmission-lines
[15], [16]. Because such quarter-wavelength baluns are long,
power-combiners using them occupy considerable die area.
Further, the associated transmission-line losses can be high.
In [17] we introduced a new power-combining technique

using sub-quarter-wavelength baluns for series-connected
power-combining. 86 GHz PAs using the technique were
demonstrated using a 0.25 m InP heterojunction bipolar tran-
sistor (HBT) technology [18], [19]. A single-stage design using
2:1 series connection exhibited 30.4% peak PAE, 20.37 dBm
output power , while two-stage PA with 2:1 series con-
nection exhibited 30.2% PAE and 23.14 dBm from an
824 816 m die. In [20] we reported an 81 GHz, two-stage
PA with 4:1 series output power-combining exhibiting 23.4%
PAE and 26.7 dBm (470 mW) from a 1,080 980 m
die.
Here we will in greater detail describe the principles of

series-connected power-combining using sub-quarter-wave
baluns. We will extend the technique of [17] to designs pro-
viding an even number of series connections, considering
specifically the 2:1 and 4:1 series-connected cases. Aban-
doning the balanced (balun) structure, we will also describe a
three-port device using three-conductor transmission-lines and
describe a second, related, power-combining topology which
can provide either an even or odd number of series connections.
In transformer power-combiners using segmented primary

windings [7]–[10], multiple transistors drive the transformer
input, hence the voltage driving the primary winding is the
sum of transistor output voltages, i.e. the transistor outputs
are connected in series. We therefore then analyze segmented
transformer power-combiners as a set of multi-conductor trans-
mission-lines, and explore the relationship between transformer
and transmission-line balun power-combiners. In this analysis,
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Fig. 1. Idealized parallel-connected power-combining (a) increases the output power but requires a low load impedance. This low impedance can be obtained
with either a transmission-line transformer (b), or equivalently, a corporate transmission line power combiner (c).

the combination of transformer series winding inductances and
inter-winding capacitances are identified as transmission-line
elements, while port imbalances are seen to arise in part from
transmission-line delays. With appropriate selection of the
transmission-line impedances and of the input phase distribu-
tion, and in the absence of skin-effect losses, the transformer
can provide the desired :1 impedance transformation and
zero insertion loss, i.e. the effects of the transformer
parasitics on efficiency and on the impedance transformation
ratio are eliminated. Designed in this manner, design of an
:1 segmented transformer corresponds closely to that of an
:1 series-connected power-combiner using sub-quarter-wave

baluns.

II. PARALLEL AND SERIES POWER COMBINING

Millimeter-wave transistors have small carrier transit de-
lays, hence mm-wave HBTs have thin collector depletion
regions [21] and mm-wave FETs have short gates and small
gate-drain spacings [22]. Breakdown voltages are therefore
low. Given some maximum (breakdown) voltage and
minimum (saturation) voltage , and with some max-
imum current (proportional to the HBT emitter area
or FET gate width), highest output power and highest col-
lector/drain efficiency in a class-A power amplifier are obtained
if the transistor is loaded by an parallel network where

and where ,
where is the transistor output capacitance.
Increasing by connecting transistors in parallel (or

by increasing the HBT emitter junction area or FET gate width
up to the limits of acceptable parasitics within the transistor)
increases the output power (Fig. 1)

(1)

Unfortunately, as we increase the output power, the optimum
load resistance decreases

(2)

With low , large impedance transformation ra-
tios are required, using combinations of transmission-line
impedance-transformers, and Wilkinson or corporate transmis-
sion-line power-combiners. As the parallel (Fig. 1) power-com-
bining ratio becomes large, skin-effect insertion loss and
die area both increase, while the power-combiner bandwidth
decreases. In combination, the large die area and the degraded
efficiency limit the feasible mm-wave output power per die.

Power can also be combined [11]–[14] by using a com-
bination of direct :1 series and :1 parallel connec-
tions (Fig. 2(a)). The output voltage is increased :1, the
output current increased :1, and the output power in-
creased :1. Critically, the optimum load resistance is now

. With similar numbers
of parallel and series connections, the load impedance can be
maintained close to the characteristic impedance of on-wafer
transmission-lines, i.e. 50 . Minimal impedance-tuning,
with its associated loss and die area, is therefore required, and
series-connected PAs can be compact. Gate drive voltages in
the series-connected stack are derived by local voltage nega-
tive feedback (Fig. 2(b)) with
voltage-division ratios, forcing
local voltage gains hence a uniform voltage distribution within
the stack. Inductors tune the combined shunt capacitive loading
of the voltage-dividers and transistor junction capacitances, so
that the current gain of each stage is unity. With direct series
connection, the design challenges are maintaining the desired

local voltage gains and desired unity
local current gains, so that all transistors compress at the same
RF drive level, as is necessary for high linearity and high
efficiency. In contrast, if baluns are used for series-connections,
each transistor driver within the amplifier has an identical
design. Absent significant port imbalances within the combiner,
all transistors will compress at the same RF drive level.

III. THREE-CONDUCTOR TRANSMISSION-LINES AND BALUNS

We connect transistors in series using sub-quarter-wave-
length baluns. Before considering the baluns, we will first con-
sider the properties of the three-conductor transmission-lines
from which the baluns are constructed.
Fig. 3 shows a three-conductor coaxial transmission-line.

Intermediate conductor fully surrounds inner conductor
and shields it from outer conductor . With dielec-

tric constants and conductor radii , and , the line
supports two independent transmission-line modes. The first
corresponds to a voltage between and ground, with char-
acteristic impedance , while
the second corresponds to voltage between and , with
characteristic impedance .
Note that these two voltage modes are excited in series.
For ICs, a three-conductor transmission-line can be realized

in planar form (Fig. 4). The planar and coaxial structures differ
significantly in that there is imperfect shielding between and
. Although an imperfect description of most integrated cir-
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Fig. 2. Power amplifier (a) with combined :1 series and :1 parallel connections providing :1 increased output power and a load impedance transformed
by the ratio :1. Gate drive voltages within the series-connected stack are derived (b) from local capacitive voltage feedback networks with associated inductive
tuning. The figure neglects DC bias.

Fig. 3. Three-conductor coaxial cable supporting independent transmission-
line modes between - and -ground.

Fig. 4. Definition of voltages and currents on the three-conductor transmission-
line.

cuits, we will simplify analysis by assuming that all conductors
are surrounded by a uniform dielectric of permittivity . For
transmission-lines of constant cross-section in the direction of
propagation, this then results in TEM propagation.
Voltage differences and then propagate ac-

cording to

(3)

where the wave currents are related to the wave voltages through
a characteristic admittance matrix,

(4)

As noted by Pozar [23], given TEM propagation, the electrical
characteristics of coupled lines can be completely determined
from the effective capacitances between the lines and the ve-
locity of propagation. This implies that with zero capacitive
coupling between and , there is zero coupling between
the - and - transmission-lines. To simplify anal-
ysis, we assume that the conductor is well-shielded from
the conductor by , hence the coupling terms both vanish,
i.e. . In this case and

become the characteristic impedances of
the two propagating transmission-line modes, one between
and and the second between and . Given the uniform
dielectric, all mode propagation constants and phase veloc-
ities are equal. Again, the two voltage
modes are excited in series.
Fig. 5 shows potential three-conductor transmission-lines for

IC applications. To ensure that is well-shielded from ,
the three-conductor transmission-line of Fig. 5(a) uses upper
and lower microstrip lines with much wider than . If the
vertical separation between the and wiring planes is
small, this then results in a low characteristic impedance
and high skin-effect losses for the associated propagating mode.

can be increased (Fig. 5(b)) by providing an opening in
the ground plane beneath the transmission-line, although
because of the current-crowding at the conductor edges, losses
in the resulting elevated coplanar waveguide line mode between

and remain relatively high. Adding sidewalls, con-
nected to the transmission-line by closely-spaced periodic
vias (Fig. 5(c) and (d)), improves shielding between and .
In the sub-quarter-wavelength balun power-combiner, losses
are dominated by the skin effect. The structure of Fig. 5(d)
provides moderate and low loss at mm-wave frequen-
cies if the vertical separation between the and wiring
planes is at least 3–4 m; otherwise the structures of Fig. 5(c)
is preferable. Fig. 6 shows simulations of the three-conductor
transmission-lines of Fig. 5(b) (upper microstrip line with lower
elevated coplanar waveguide) and Fig. 5(c) (upper microstrip
line with side shields and lower elevated coplanar waveguide).
Each structure has length of at 80 GHz, and ports are de-
fined, as in Fig. 4. The sidewalls increase the isolation between
the - and - transmission-line mode from 23.1 dB
to 33.9 dB.
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Fig. 5. Cross-sections of tri-conductor transmission-lines with (a) upper and
lower microstrip lines, (b) upper microstrip line and lower elevated coplanar-
waveguide, (c) upper microstrip line with side shields (sidewalls) and lower
elevated coplanar-waveguide, and (d) upper microstrip line with side shields
and lower microstrip line.

Fig. 6. Simulation of the three-conductor transmission lines of length ,
with and without sidewalls, i.e. in the geometries of Fig. 5(b) and (c), and with
port connections as in Fig. 4. Cross-sectional dimensions are as in Fig. 11.
At 80 GHz, the sidewalls increase the transmission-line mode isolation from
23.1 dB to 33.9 dB.

Fig. 7. (a) Three-conductor transmission-line and (b) its circuit schematic
symbol.

The three-conductor transmission-lines, whether coaxial
(Fig. 3) or planar (Figs. 4 and 5), are represented in circuit
schematics by the symbol shown in Fig. 7.

IV. SUB-QUARTER-WAVELENGTH BALUNS
FOR SERIES COMBINING

Baluns constructed from the three-conductor transmis-
sion-lines of Figs. 4 and 5 can be used for series-connected

power-combining. These power-combiners are similar to wide-
band Marchand baluns, but unlike the Marchand design which
uses lines [24], the power-combiners reported here use
line sections much shorter than , a quarter of a guide
wavelength. In these sub-quarter-wave designs, power-com-
bining losses are greatly reduced simply because of greatly
reduced transmission-line length. The required die area is sim-
ilarly reduced. The sub-quarter-wave design introduces shunt
inductive loading at the ports connecting to the transistors,
loading which is tolerated by absorbing it into the amplifier
output tuning network, thereby tuning the transistor output
capacitance. To maintain phase balance, an identical balun is
used on the PA input. Note that balun port-port imbalances
will result in different amplifier cell drive levels, and should
therefore be kept small.
First consider [17] a 2:1 series power-combiner, Fig. 8(a),

using tri-plate transmission-lines. The structures of Fig. 5 are
employed; the conductor is much wider than the con-
ductor, shielding from to assure to balance. There
are microstrip lines of impedance between and
and of impedance between and .
The 2:1 power-combiner, Fig. 8(a), is understood using the

equivalent circuit of Fig. 8(b). Signal sources and , voltage
generators of some nonzero output impedance, are connected in
series between conductors and , a 50 transmission-line
connected to the 50 load. and each see a 25 load.
and are also loaded in parallel by the shunt-stub impedance

from the short-circuited transmission-
line stubs between and .
If the sources ( and ) driving the balun are each

parallel-connected transistors of maximum voltage swing
, and maximum current drive , then

each parallel transistor combination should be loaded by an
parallel network with load resistance

and load inductance ,
where is output capacitance of an individual transistor.
The number of parallel transistors, hence , are adjusted
until , and the balun length is adjusted to
set . Each HBT power cell has 2:1
larger junction area, and 2:1 larger , than a device sized
to directly drive 50 with appropriate shunt inductive tuning.
The output power is therefore increased 4:1.
The 4:1 series-connected design, Fig. 8(c), has the equivalent

circuit of Fig. 8(d). The four sources - are connected in se-
ries across the 50 amplifier load. Each source sees a 12.5
load, again loaded in parallel with . Design therefore con-
sists of adjusting the number of parallel HBTs, and hence ,
until , and then adjusting the balun length
until . The HBT power cells now have
4:1 larger junction area, and 4:1 larger , than a device sized
to directly drive 50 , hence the total output power is increased
16:1. The line connecting and must have 25 impedance,
and the phases of must differ those of by the
delay of the line connecting and , the latter requirement
satisfied by using an identical input power-splitter.
A full 2:1 series-connected amplifier (Fig. 9(a)) consists

of an output power-combining network constructed from
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Fig. 8. Sub-quarter-wavelength balun concepts: (a) 2:1 balun structure, (b) 2:1 balun reduced circuit model, (c) 4:1 balun structure, and (d) 4:1 balun reduced
circuit model. Note that in this, and subsequent figures, the transistor outputs are represented as AC generators ( - ); the nonzero output impedance of these
generators is taken to be implicit.

Fig. 9. Detailed circuit diagram (a) of the 2:1 series-connected design showing bias connections, input-matching, and output shunt inductive tuning using the
sub-quarter-wave balun, and (b) its block-level representation. Block level (c) representation of a 4:1 series-connected design with pre-driver stage. Each of the
eight output cells drives 25 .

sub-quarter-wave baluns, a similar input power-dividing
network, an array of transistor power cells, each containing
many parallel transistor fingers, and each with an input
impedance-matching network. Transistor DC bias is provided
through the baluns, with the conductors AC-grounded
by capacitors at the balun terminal ports. Fig. 9(b) shows a
block-level representation of the 2:1 series-connected amplifier,

where the power transistors and their input matching networks
and bias networks are compactly represented by amplifier
symbols. Details of the 2:1 design and experimental results will
be described subsequently.
Fig. 9(c) shows a similar block-level representation of a 4:1

series-connected design [20]. The input driver stage uses 2:1
series splitter and combiners, and has two separate RF outputs
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Fig. 10. Details of balun feed design. With a large series-connection ratio, the transistors occupy a large die area, and long interconnect leads are required (a).
Feed inductances are reduced by separating (b) the two halves of the balun with a transmission-line section, and are further reduced (c) by driving the balun from
both sides.

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 HBTs cells are then connected into four pairs, four
above and four below the output power-combiner of Fig. 9(c),
with each pair driving one port of the output combiner. Each port
of the 4:1 output balun presents a 12.5 load shunted by the
balun - inductive stub. Because each balun port is driven
by two parallel transistor gain cells, each transistor gain cell sees
a 25 load shunted by twice the stub inductance. Regarding
sensitivity to the transistor cell nonuniformity, variations in the
individual amplifier gain of 0.8 dB relative to the main gain
cause less than 0.51 dB variations in the overall amplifier .
Similarly, variations in the individual amplifier phase of 15
degrees cause less than 0.3 dB variations in the overall ampli-
fier . Detail of the 4:1 design, and experimental results, will
again be presented in the next section.
In the 4:1 series-connected designs of Fig. 9(c), short

two-conductor transmission-lines (37.5 and 12.5 ) are
inserted between the left and right three-conductor structures
within the baluns. Further, the 12.5 ports of the balun are
driven in parallel by pairs of transistor power cells. Both these
design details are driven by the need to minimize transmis-
sion-line length, and the associated series inductance, between
the transistor power cells and the balun port (Fig. 10). Par-
ticularly with the 4:1 series-connected design, the balun port
impedances are low, and many parallel transistors are required
to provide the correct to correctly interface to the
balun port. The transistors consequently occupy significant
die area, and the interconnect leads between the transistors
and the balun ports may be long (Fig. 10(a)). The associated
transmission-line series inductance increases the impedance

( vs. ) presented to the transistors, decreasing the
feasible output power. Lead lengths between the transistors and
the balun port can be reduced by separating (Fig. 10(b)) the two
halves of the balun with a matched-impedance two-conductor
transmission-line section, and are further reduced (Fig. 10(c))
by driving the balun from both sides. Both these design features
are indicated in the schematic of Fig. 9(c).

V. 2:1 AND 4:1 SERIES COMBINERS: DESIGN AND RESULTS

High-efficiency W-band 2:1 and 4:1 series power-combined
PAs were designed into a 0.25 m InP HBT process; in this
process, HBTs with a 6 m 0.25 m emitter finger exhibit

V, GHz, and GHz at a
bias condition of V and mA/ m emitter
current density [19]. There are three Au interconnect planes,

, and (top) of 1 m, 1 m, and 3 m thicknesses.
A 5 m thick dielectric separates and , while
1 m of dielectric separates and . The process provides
0.3 fF/ m MIM capacitors and 50 /square thin-film-resistors
(TFR).
The PAs use tri-plate baluns with a transmission-line cross-

section in the form shown in Fig. 5(c). Transistor DC bias net-
works are integrated into the balun itself by providing -
short-circuits through capacitors at the balun ports. Details of
the balun layout are shown in Fig. 11.
The schematic is as shown previously in Fig. 9(a). Design

starts with a previously-reported [25] HBT power transistor
unit cell having four 6 m 0.25 m emitter fingers, with the
emitter, base, and collector leads connected by short lumped
leads. The power transistor unit cell has GHz
and GHz at the PA bias condition of V
and mA/ m . A power cell with is
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Fig. 11. Details of the 2:1 balun physical layout showing (a) metal 1, (b) metal 2 including DC bias capacitors, (c) the transmission-line in metal 3, and (d) the
final structure with sidewalls.

Fig. 12. Measured and simulated 2:1 PA results: (a) S-parameter results for the single-stage PA, (b) PAE and gain vs. output power for the single-stage PA and
(c) PAE and gain vs. output power for the two-stage PA.

formed by connecting in parallel with controlled-impedance
lines and two such four-finger power cells. Note that with 2:1
series connection the impedance presented at the port of the
combiner is 25 .

Transistor inputs are matched by two-section networks,
and an emitter-buffered active bias circuit increases the DC col-
lector current as output power increases [26], this enhancing
thermal stability. Bias is slightly below class-A.
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Fig. 13. Die photograph of an 86 GHz power amplifier IC with 2:1 series
power-combining. On the right is an image of the core of the circuit.

Fig. 12 shows measured 2:1 PA IC performance. The zero-
signal bias conditions are V, mA, and

mA; the collector bias current increases under RF drive.
Small-signal S-parameter measurements (Fig. 12(a)), show a
9.4 dB maximum at 83 GHz with 23 GHz 3 dB bandwidth.
Fig. 12(b) shows the gain and PAE of the single-stage ampli-

fier as a function of output power at an 86 GHz signal frequency.
The single-stage PA exhibits 30.4% peak PAE at 20.4 dBm
(108.8 mW) output power. Fig. 13 shows a die photograph of
the single-stage design. The total chip area is 448 816 m ,
while the IC core area (excluding DC feed lines and RF pads)
is 290 310 m . The power density, i.e. the output power per
unit total die area is 294 mW/mm , while the output power per
unit IC core die area is 1,210 mW/mm .
A two-stage PA IC (Fig. 14) with each stage having 2:1 series

combining was also designed and fabricated. Zero-signal DC
bias points for the first stage are V and mA,
and for the second stage are V and mA.
Under RF signal drive, the instantaneous operating voltage can
exceed the common-emitter breakdown voltage , and
hence the second stage could support a 3.0 VDC bias. Fig. 12(c)
shows the gain and PAE of the two-stage amplifier as a func-
tion of output power, again at an 86 GHz signal frequency. The
PA shows 30.2% peak PAE at 23.14 dBm (206 mW) output
power. The total die area is 824 816 m , while the core area
is 660 310 m . The output power per unit total die area is
307 mW/mm , while the output power per unit IC core die area
is 1,006 mW/mm .
In on-wafer measurements, a separate test structure of the 2:1

series combiner shows 0.52 dB insertion loss at 86 GHz, and less
than 0.68 dB insertion loss between 60 GHz and 105 GHz. Note
again that the 2:1 series connection, at fixed transistor maximum
voltage swing, provides 4:1 power-combining. Note also that
this attenuation includes the losses associated with inductive
tuning of the transistor capacitive output impedance. Further,
electromagnetic simulations of this combiner show less than
0.15 dB amplitude imbalance and less than 2.7 degree phase
imbalance throughout W-band (75 to 110 GHz). The common
mode rejection ratio of the balun, in electromagnetic simulation,
is better than 32 dB over 75 to 110 GHz.

Fig. 14. Die photograph of a two-stage power amplifier using 2:1 series power-
combining.

Fig. 15 shows the measured performance for the PA IC
(Fig. 16) using the 4:1 series-combiner. The zero-signal bias
currents are 60 mA and 400 mA for the 1st and 2nd stages.
The PA exhibits (Fig. 15(a)) 17.5 dB gain at 81 GHz,
11.5 GHz 3-dB bandwidth, and input and output return losses

better than 10 dB over a 10 GHz bandwidth.
In 81 GHz large signal measurements at V
(Fig. 15(b)), the PA IC exhibits 26.7 dBm (470 mW) maximum
output power, 23.4% peak PAE, and 443 mW/mm output
power per unit die area. Excluding the DC feed lines and the
IC pad area associated with RF pads, the output power per unit
die area is 1,020 mW/mm .
Measurements of separate test structures of the 4:1 series

combiner show 0.92 dB insertion loss at 81 GHz, and less than
1.32 dB insertion loss between 75 GHz and 103 GHz. Note
again that the 4:1 series connection, at a fixed transistor max-
imum voltage swing, provides 16:1 power-combining, and that
the losses associated with the series combiner include losses as-
sociated with inductive tuning of the transistor output capaci-
tance.
Tables I and II summarize the comparisons of the recent

millimeter-wave power combiners and power amplifier results.

VI. SERIES-COMBINING WITH AN ODD NUMBER OF STAGES

The power amplifier designs of Fig. 9 rely on the symmetric
balun structure of Fig. 8; these designs demand series-com-
bining with an even number of stages. Power-combining with
an arbitrary number of stages, even or odd, can be obtained by
abandoning the symmetric balun (Fig. 8) and instead using its
constituent three-conductor elements as voltage-summation de-
vices.
Fig. 17 shows the basic voltage-summation three-port. The

device is formed (Fig. 17(a)) from a three-conductor line, gener-
ally much shorter than a quarter of a guide wavelength, with one
port short-circuited. A transistor with output capacitance
(Fig. 17(b)) will be connected to (but not ) of the voltage
summation three-port. The short-circuited stub between and

can be represented by its inductance (Fig. 17(c)). At
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Fig. 15. Measured and simulated results for the power amplifier with 4:1 series power combining: (a) S-parameter results for the two-stage power amplifier, and
(b) PAE and gain vs. output power for the two-stage power amplifier.

Fig. 16. Die photograph of the two-stage power amplifier using 4:1 series
power-combining.

the amplifier center frequency, and are in resonance
and the port signal generators and , voltage generators of
some nonzero output impedance, drive the transmission-line el-
ement in series.
Using the voltage-summation three-ports of Fig. 17(a),

a power amplifier with 3:1 series-connections can be
formed (Fig. 18(a)). In the equivalent-circuit representation
(Fig. 18(b)), each transistor power cell - is connected in
series across the 50 load; the load impedance for each power
cell is 16.7 shunted by the parallel network formed from
the stub inductance and the transistor output capacitance

.
Fig. 19 compares the performance of the 3:1 series-con-

nected designs of Fig. 18 with the 4:1 series-connected designs
of Fig. 9(c), with Fig. 19(a) and (b) showing the gain-frequency
characteristics and the transistor load impedance, inclu-
sive of loading by , of the 3:1 series-connected design.
Similarly Fig. 19(c) and (d) show and the transistor load

TABLE I
SUMMARY OF RECENT MM-WAVE POWER COMBINERS

impedance of the 4:1 series-connected design. In the simu-
lations of the 3:1 design, the transistor is treated as an ideal
unilateral gain element with matched 16.7 input impedance,
and unity power gain when loaded with a
load impedance, while simulations of the 4:1 design assume a
matched 12.5 output impedance. Because for power transis-
tors is typically small in comparison with the transistor
small-signal output impedance, both simulations assume a
transistor small-signal output impedance of . In these
simulations . The simulations with lines
correspond to fF, while the simulations with
lines corresponds to fF for the both 3:1 and 4:1
cases.
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Fig. 17. Three-conductor transmission-line as a three-port voltage-summation device: (a) three-conductor line with one port short-circuited, (b) device with tran-
sistor output capacitance resonating with the stub inductance, and (c) equivalent circuit with shorted - line represented by . The port input voltages
and drive the line input in series.

TABLE II
SUMMARY OF RECENT MM-WAVE POWER AMPLIFIERS

VII. BALUN AND TRANSMISSION-LINE TRANSFORMERS

In addition to either direct series connection or series con-
nection using baluns, transistors in power amplifiers can also
be connected in series using transformers with a segmented pri-
mary winding driven by multiple transistors [7]–[10]. Design of
power amplifiers using such segmented transformers is closely
related to that using baluns.
Fig. 20 examines the design of a segmented transformer

with four inputs, similar to that of [10] but lacking the added
windings which compensate port imbalances. The transformer
has an upper winding above a segmented winding in .
The ground plane, in , has an opening beneath the structure.
We now describe the structure in terms of transmission-line
modes on a three-conductor transmission-line, assuming for
clarity and simplicity that the conductor is sufficiently
wide to shield from . With this simplifying assumption,
we have two isolated transmission-line modes, i.e. with zero

Fig. 18. Power amplifier with 3:1 series-combining using two-port voltage
summation devices (a). Equivalent-circuit representation (b) of the output net-
work. Each transistor cell is loaded by 16.7 in parallel with an LC resonant
network. The simulations of Fig. 19 assume a simplified transistor equivalent
circuit model (c).

off-diagonal elements in the characteristic admittance matrix of
(4); The first mode is between and and has characteristic
impedance , while the second is between and and
has characteristic impedance . Driven by the four signal
sources - , each a voltage generator with some nonzero
output impedance, with the indicated polarities, the upper and
lower central points on the winding are at zero volts, and
are virtual if not physical grounds.
The transformer is represented by the equivalent circuit

of Fig. 20(b), where the sources - are interconnected
by four three-conductor transmission-lines. There are four
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Fig. 19. Simulations, of the gain-frequency characteristics (a) and transistor load impedances (b), of a 3:1 series-connected design. Similarly (c) and (d) show the
gain and transistor load impedances of a 4:1 series-connected design. The Smith charts of (b) and (d) are normalized to 16.7 and 12.5 .

short-circuited stubs in the - transmission-line, these
load (Fig. 20(c)) the sources - with shunt inductive reac-
tances . As in the balun designs, these shunt inductances
can tune in whole or in part the transistor output capacitances.
There is a fifth short-circuited stub in the - transmis-
sion-line; this appears as a series stub reactance . The
four sources - are connected in series across the 50
load, interspersed with three series transmission-line sections
of characteristic impedance .
Unless appropriately designed, the transformer parasitic el-

ements of Fig. 20(c) will introduce port-port imbalances and
will cause the impedance presented to the generators to deviate
from the 12.5 which would arise in the absence of transformer
reactances. The impedances of lines B-D load the four
sources with series inductance and shunt capacitance. There is
a delay imbalance between the generators and the
generators arising from transmission-lines B and C be-
tween these pairs of generators. Finally, the short-circuit stub
impedance associated with the - mode of line A
is in series with the generators .
These high-frequency impairments can be eliminated by

modifying the transformer design (Fig. 21(a)). There are

four modifications. First, in line section A, the - trans-
mission-line is eliminated, with the end of the winding
connected by a via to at the connection point to the gener-
ator . The transformer secondary winding is consequently

of a turn. Second, in line sections B and C the widths of
are adjusted such that the - transmission-line mode

has characteristic impedance . Third, in line
section D the width of is adjusted such that .
With these modifications, in the transformer equivalent circuit
(Fig. 21(b) and (c)) the parasitic series stub impedance
is eliminated, the four - shunt-stub inductive reactances

again tune the transistor output capacitances ,
and at the amplifier center frequency the - characteristic
impedances of lines B, C, and D are all matched to
the surrounding circuit and introduce neither series inductive
nor shunt capacitive parasitic reactances. With these design
decisions, the transformer equivalent circuit (Fig. 21(c)) is
identical to that of the 4:1 series-connected balun power-com-
biner (Fig. 21(d)).
To add in phase, and must be delayed by , the trans-

mission-line delay of line sections B and C, relative to and
. This is accomplished by using an identical transformer as
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Fig. 20. Segmented power amplifier output transformer (a), equivalent-circuit
representation using three-conductor transmission-lines (b), and reduced equiv-
alent circuit (c) with the short-circuited stubs represented by inductive reac-
tances.

an input power-splitter (Fig. 21(d)). Fig. 21(e) shows the re-
sulting amplifier schematic; design is similar to the 4:1 series-
connected amplifier of Fig. 9(c). Designs using these principles
have been reported by Daneshgar [27].

VIII. CONCLUSION

Power amplifiers of 0.1–1 W output power will enable
long-range and high-capacity millimeter-wave radar and
imaging systems. High power-added efficiency results in low
system DC power and heat-sinking costs, while high output
power per unit die area reduces power amplifier cost and enables
high output power in phased arrays. Given the low breakdown
voltage of millimeter-wave transistors, series power-combining
techniques permit increased output power per unit die area.
Series power-combiners using sub-quarter-wave baluns com-
plement direct series connection as a compact, area-efficient
combining technique. Analysis of the propagating transmis-
sion-line modes on segmented transformer provides insights
into the high-frequency parasitics associated with these series
power-combiners. Given appropriate design, balun-based
series combiners and segmented transformer are similar in their
operation.

Fig. 21. Modified segmented transformer (a) with a controlled-impedance
and stepped-impedance -turn secondary winding, equivalent-circuit rep-
resentation using three-conductor transmission-lines (b), reduced equivalent
circuit (c) with the short-circuited stubs represented by inductive reactances,
(d) power amplifier with a similar input transformer providing appropriate
phase-matching, and its equivalent circuit (e). The output power-combiner is
similar to that of Fig. 5(c), while the power amplifier equivalent circuit (e) is
similar to that of Fig. 9(c).

ACKNOWLEDGMENT

The authors would like to thank Teledyne Scientific Company
for the PA IC fabrication.



PARK et al.: MILLIMETER-WAVE SERIES POWER COMBINING USING SUB-QUARTER-WAVELENGTH BALUNS 2101

REFERENCES

[1] R. Olsen, D. Rogers, and D. Hodge, “The relation in the calcula-
tion of rain attenuation,” IEEE Trans. Antennas Propag., vol. 26, pp.
318–329, Mar. 1978.

[2] H. Liebe, T. Manabe, and G. A. Hufford, “Millimeter-wave attenuation
and delay rates due to fog/cloud conditions,” IEEE Trans. Antennas
Propag., vol. 37, pp. 1617–1612, Dec. 1989.

[3] M. Rodwell, “Sub-mm-wave technologies: Systems, ICs, THz tran-
sistors,” in 2013 Asia-Pacific Microwave Conf. Proc. (APMC), Nov.
2013, pp. 509–511.

[4] A. Brown, K. Brown, J. Chen, K. C. Hwang, N. Kolias, and R. Scott,
“W-band GaN power amplifier MMICs,” in 2011 IEEE MTT-S Int. Mi-
crowave Symp. Dig. (MTT), , Jun. 2011, pp. 1–4.

[5] M. Micovic, A. Kurdoghlian, A. Margomenos, D. Brown, K. Shi-
nohara, S. Burnham, I. Milosavljevic, R. Bowen, A. Williams, P.
Hashimoto, R. Grabar, C. Butler, A. Schmitz, P. Willadsen, and D. H.
Chow, “92–96 GHz GaN power amplifiers,” in 2012 IEEE MTT-S Int.
Microwave Symp. Dig. (MTT), , Jun. 2012, pp. 1–3.

[6] T. Reed, Z. Griffith, P. Rowell, M. Field, and M. Rodwell, “A 180
mW InP HBT power amplifier MMIC at 214 GHz,” in Proc. 2013
IEEE Compound Semiconductor Integrated Circuit Symp. (CSICS),
Oct. 2013, pp. 1–4.

[7] I. Aoki, S. Kee, D. Rutledge, and A. Hajimiri, “Fully integrated CMOS
power amplifier design using the distributed active-transformer archi-
tecture,” IEEE J. Solid-State Circuits, vol. 37, no. 3, pp. 371–383, Mar.
2002.

[8] I. Aoki, S. Kee, D. Rutledge, and A. Hajimiri, “Distributed active trans-
former: A new power-combining and impedance-transformation tech-
nique,” IEEE Trans. Microw. Theory Tech., vol. 50, no. 1, pp. 316–331,
Jan. 2002.

[9] T. Cheung, J. Long, Y. Tretiakov, and D. Harame, “A 21–27 GHz
self-shielded 4-way power-combining PA balun,” in Proc. 2004 IEEE
Custom Integrated Circuits Conf., Oct. 2004, pp. 617–620.

[10] Y. Zhao and J. Long, “A wideband, dual-path, millimeter-wave power
amplifier with 20 dBm output power and PAE above 15% in 130
nm SiGe-BiCMOS,” IEEE J. Solid-State Circuits, vol. 47, no. 9, pp.
1981–1997, Sep. 2012.

[11] M. Shifrin, Y. Ayasli, and P. Katzin, “A new power amplifier topology
with series biasing and power combining of transistors,” in 1992 IEEE
Microwave and Millimeter-Wave Monolithic Circuits Symp. Dig. Pa-
pers, Jun. 1992, pp. 39–41.

[12] M. Rodwell and S. Jaganathan, “Series-connected microwave power
amplifiers with voltage feedback and method of operation for the
same,” U.S. Patent 5,945,879, Aug. 31, 1999.

[13] S. Pornpromlikit, H.-T. Dabag, B. Hanafi, J. Kim, L. Larson, J. Buck-
walter, and P. Asbeck, “A Q-band amplifier implemented with stacked
45-nm CMOS FETs,” in Proc. 2011 IEEE Compound Semiconductor
Integrated Circuit Symp. (CSICS), Oct. 2011, pp. 1–4.

[14] A. Agah, J. Jayamon, P. Asbeck, J. Buckwalter, and L. Larson, “A
11% PAE, 15.8-dBm two-stage 90-GHz stacked-FET power amplifier
in 45-nm SOI CMOS,” in 2013 IEEE MTT-S Int. Microwave Symp.
Dig., Jun. 2013, pp. 1–3.

[15] K. Niclas, “A 400 mW 11–18 GHz GaAs MESFET amplifier using
planar power combining techniques,” in 1979 IEEE Int. Solid-State
Circuits Conf. Dig. Tech. Papers, Feb. 1979, vol. XXII, pp. 122–123.

[16] W. Bakalski, A. Vasylyev, W. Simburger, R. Thuringer, H.-D.
Wohlmuth, A. Scholtz, and P. Weger, “A fully integrated 7–18
GHz power amplifier with on-chip output balun in 75 GHz-
SiGe-bipolar,” in Proc. 2003 Bipolar/BiCMOS Circuits and Tech-
nology Meeting, Sep. 2003, pp. 61–64.

[17] H. Park, S. Daneshgar, J. Rode, Z. Griffith, M. Urteaga, B. Kim,
and M. Rodwell, “30% PAE W-band InP power amplifiers using
sub-quarter-wavelength baluns for series-connected power-com-
bining,” in Proc. 2013 IEEE Compound Semiconductor Integrated
Circuit Symp. (CSICS), Oct. 2013, pp. 1–4.

[18] M. Urteaga, R. Pierson, P. Rowell, V. Jain, E. Lobisser, and M. Rod-
well, “130 nm InPDHBTswith THz and THz,”
in Proc. 69th Annual Device Research Conf., Jun. 2011, pp. 281–282.

[19] M. Seo, M. Urteaga, J. Hacker, A. Young, Z. Griffith, V. Jain, R.
Pierson, P. Rowell, A. Skalare, A. Peralta, R. Lin, D. Pukala, and
M. Rodwell, “InP HBT IC technology for terahertz frequencies:
Fundamental oscillators up to 0.57 THz,” IEEE J. Solid-State Circuits,
vol. 46, no. 10, pp. 2203–2214, Oct. 2011.

[20] H. Park, S. Daneshgar, J. Rode, Z. Griffith, M. Urteaga, B. Kim, and
M. Rodwell, “An 81 GHz, 470 mW, 1.1 mm InP HBT power am-
plifier with 4:1 series power combining using sub-quarter-wavelength
baluns,” in 2014 IEEE MTT-S Int. Microwave Symp. Dig., Jun. 2014,
pp. 1–4.

[21] M. J. W. Rodwell, M. Le, and B. Brar, “InP bipolar ICs: Scaling
roadmaps, frequency limits, manufacturable technologies,” Proc.
IEEE, vol. 96, pp. 271–286, Feb. 2008.

[22] M. Rodwell, W. Frensley, S. Steiger, E. Chagarov, S. Lee, H. Ryu, Y.
Tan, G. Hegde, L. Wang, J. Law, T. Boykin, G. Klimek, P. Asbeck, A.
Kummel, and J. Schulman, “III-V FET channel designs for high current
densities and thin inversion layers,” in Proc. 2010 Device Research
Conf., Jun. 2010, pp. 149–152.

[23] D. M. Pozar, Microwave Engineering, 4th ed. New York, NY, USA:
Wiley, 2005.

[24] W. K. Roberts, “A new wide-band balun,” Proc. IRE, vol. 45, pp.
1628–1631, Dec. 1957.

[25] Z. Griffith, M. Urteaga, P. Rowell, R. Pierson, and M. Field, “Multi-
finger 250 nm InP HBTs for 220 GHz mm-wave power,” in Proc.
2012 Int. Conf. Indium Phosphide and Related Materials (IPRM), Aug.
2012, pp. 204–207.

[26] Y. Yang, K. Choi, and K. Weller, “DC boosting effect of active bias
circuits and its optimization for class-AB InGaP-GaAs HBT power
amplifiers,” IEEE Trans. Microw. Theory Tech., vol. 52, no. 5, pp.
1455–1463, May 2004.

[27] S. Daneshgar, H. Park, Z. Griffith, M. Urteaga, and M. Rodwell,
“High efficiency W-band power amplifiers using ring-shaped
sub-quarter-wavelength power combining technique,” in 2014 IEEE
MTT-S Int. Microwave Symp. Dig., Jun. 2014, pp. 1–4.

[28] M. Thian, M. Tiebout, N. Buchanan, V. Fusco, and F. Dielacher, “A
76–84 GHz SiGe power amplifier array employing low-loss four-way
differential combining transformer,” IEEE Trans. Microw. Theory
Tech., vol. 61, pp. 931–938, Feb. 2013.

[29] J. Chen and A. Niknejad, “A compact 1 V 18.6 dBm 60GHz power am-
plifier in 65 nm CMOS,” in 2011 IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, Feb. 2011, pp. 432–433.

[30] C. Law and A.-V. Pham, “A high-gain 60 GHz power amplifier with
20 dBm output power in 90 nm CMOS,” in 2010 IEEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2010, pp. 426–427.

[31] D. Zhao and P. Reynaert, “A 0.9 V 20.9 dBm 22.3%-PAE E-band
power amplifier with broadband parallel-series power combiner in 40
nm CMOS,” in 2014 IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig.
Tech. Papers, Feb. 2014, pp. 248–249.

[32] A. Niknejad, M. Bohsali, E. Adabi, and B. Heydari, “Integrated circuit
transmission-line transformer power combiner for millimetre-wave ap-
plications,” Electron. Lett., vol. 43, pp. 47–48, Mar. 2007.

[33] J.-X. Liu, C. Y. Hsu, H. R. Chuang, and C. Y. Chen, “A 60-GHz mil-
limeter-wave CMOSMarchand balun,” in Proc. 2007 IEEE Radio Fre-
quency Integrated Circuits (RFIC) Symp., Jun. 2007, pp. 445–448.

[34] K. Hamed, A. Freundorfer, and Y. Antar, “A monolithic double-bal-
anced direct conversion mixer with an integrated wideband passive
balun,” IEEE J. Solid-State Circuits, vol. 40, no. 3, pp. 622–629, Mar.
2005.

Hyun-chul Park (S’10) received the B.S. and M.S.
degrees in electrical and computer engineering from
Sungkyunkwan University, Suwon, Korea, in 2006
and 2008, respectively. Currently, he is working to-
ward the Ph.D. degree in electrical and computer en-
gineering at the University of California, Santa Bar-
bara, CA, USA.
His past research interests include high efficiency

and power amplifier designs. He is currently
focusing on high speed IC designs for optical links
and microwave and mm-wave wireless communica-

tion systems.
Mr. Park received a Second Place Award in the Student Paper Competition

of the 2014 IEEE MTT-S International Microwave Symposium for his work
on high power, high efficiency and compact mm-wave power amplifiers using
sub-quarter-wavelength baluns.



2102 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 49, NO. 10, OCTOBER 2014

Saeid Daneshgar (S’08–M’10) received the B.Sc.
and M.Sc. degrees in electronics engineering from
Amirkabir University of Technology and Sharif
University of Technology, Tehran, Iran, in 2002 and
2004, respectively. In 2010, he received the Ph.D.
degree in microelectronics engineering from the De-
partment of Microelectronic Engineering, University
College Cork, and Tyndall National Institute, Cork,
Ireland, working on nonlinear circuits and systems.
From 2010 to 2013, he was a postdoctoral re-

searcher at High Speed and nm Electronics Group in
the ECE Department of the University of California, Santa Barbara, CA, USA,
where he was working on mm-wave circuit design. Since 2013, he has been
with the High Speed Integrated Circuits Group at the ECE Department of the
University of California, San Diego, CA, USA. His research interest is in the
area of mm-wave circuits and systems.

Zach Griffith (SM’14) received the Ph.D. degree in
electrical engineering from the University of Cali-
fornia, Santa Barbara, CA, USA, in 2005.
He is an RFIC Design Engineer with the Teledyne

Scientific Company. From 2006 to 2008, he was a
project scientist at UCSB, continuing the research
from his Ph.D. designing and fabricating record
bandwidth InP DHBTs. Since joining Teledyne
Scientific in 2008, his efforts shifted to MMIC
design, using the Teledyne InP technology for circuit
and amplifier applications. These circuit research

efforts include MMICs designed and characterized for mm-wave op-amps for
highly linear ( 55 dBm OIP3) amplification at low-GHz operation with low
power consumption, high mm- and sub-mm wave solid-state power amplifiers,
and other benchmark circuits having demonstrated record performance. He has
authored and co-authored over 95 publications in these fields.

Miguel Urteaga received the M.S. and Ph.D. degrees in electrical engineering
from the University of California, Santa Barbara, CA, USA, in 2001 and 2003,
respectively.

His research is focused on the development of ultra-high speed transistor tech-
nologies, primarily in the InP material system. He has led the development of
Teledynes high performance InP HBT IC technologies. These technologies have
been used to demonstrate state-of-the-art high speed mixed-signal and digital
ICs. He is currently the programmanager at Teledyne for the DARPA THz Elec-
tronics and Diverse Accessible Heterogeneous Integration (DAHI) programs.
He has authored or co-authored over 70 conference and journal publications.

Byung-Sung Kim (S’96–A’98–M’03) received
the B.S., M.S., and Ph.D. degrees in electronic
engineering from Seoul National University, Seoul,
Korea, in 1989, 1991, and 1997, respectively.
In 1997, he joined the College of Information

and Communications, Sungkyunkwan University,
Suwon, Gyeonggi-Do, Korea, where he is cur-
rently a Professor. He was a Visiting Researcher at
University of Santa Barbara in 2013. His research
interests include high-frequency device modeling
and RF/mmwave integrated circuit design.

Mark Rodwell received the Ph.D. degree from Stan-
ford University, Stanford, CA, USA, in 1988.
He holds the Doluca Family Endowed Chair in

Electrical and Computer Engineering at UCSB. He
directs the UCSB node of the NSF Nanofabrication
Infrastructure Network (NNIN). His research group
develops nm MOSFFETs, THz transistors and
mm-wave/THz ICs.
Prof. Rodwell received the 2010 IEEE Sarnoff

Award, the 2012 IEEE Marconi Prize Paper Award,
and the 1997 IEEE Microwave Prize.


