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Abstract—This paper presents a power amplifier (PA) design,
which consists of eight class-D PA units on a single 28-nm
CMOS die and a coupled-line power combiner on printed
circuit board (PCB). The PA utilizes tri-phasing modulation,
which combines polar and outphasing components in a way that
eliminates linearity-degrading effects of multilevel outphasing
while maintaining the back-off efficiency. Each PA unit contains a
cascoded output stage with a 3.6-V supply voltage, and multilevel
operation is enabled by on/off logic circuitry. Our analysis shows
that the choice of power-combiner type is vital for reducing PA
supply and ground ripple and thus ensuring reliable operation.
Accordingly, the power combiner is implemented with extended
Marchand baluns, which consist of input transmission lines and
coupled-line sections. Unlike the original Marchand balun, our
new topology is feasible for implementation under the layout
restrictions caused by the multiple-unit PA on a single die.
Measurement results show the PA achieving a peak output
power of 29.7 dBm with a 34.7% efficiency, and operation with
aggregated LTE signals at 1.7-GHz carrier frequency is verified
with bandwidths up to 100 MHz.

Index Terms—CMOS integrated circuits, Marchand balun,
outphasing, power amplifiers, power combiners, radio transmit-
ters, tri-phasing

I. INTRODUCTION

ONE of the long-standing challenges in designing radio
transmitters and particularly their power amplifiers (PA)

is achieving high power efficiency while fulfilling the increas-
ingly demanding standards of linearity and spectral purity.
Meanwhile, the development towards higher integration levels
and system-on-chip (SoC) implementations, along with the
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decreasing supply voltages in the latest CMOS processes, leads
to digital-intensive and time-based solutions being increasingly
favored over analog circuit structures. As a result, there
is growing interest in discarding the conventional Cartesian
transmitter architecture in favor of alternative structures that
employ constant-envelope PA input signals, which enables
using highly efficient but nonlinear switch-mode PA classes.
One technique for producing a phase and amplitude-modulated
signal with such PAs is outphasing [1], [2], in which the output
amplitude is modulated by altering the phase offset between
two constant-envelope signal components. While outphasing
transmitters can achieve a high peak efficiency, they tend to
suffer from declining efficiency in power back-off.

A previously proposed solution for improving the back-off
efficiency is multilevel outphasing, in which the output ampli-
tude is modulated by discrete amplitude levels in addition to
a phase offset [3], [4]. In our earlier work, we have developed
new circuit solutions for phase modulators [5] and PAs [6]
intended for highly integrated wideband multilevel outphasing
transmitters [7]. However, while analyzing the characteristics
of multilevel outphasing, we have found that amplitude-level
transitions inherently cause discontinuities in the harmonic
content of the combined output signal [8]. This appears in the
spectrum as additional noise at a wide range of frequencies,
including the signal band, where it can limit the achievable
adjacent-channel leakage ratio (ACLR). As a solution to this
trade-off between efficiency and linearity, we proposed a new
transmitter architecture called tri-phasing [8]. This technique
combines coarse-amplitude polar modulation with outphasing,
resulting in smooth amplitude-level transitions and thus im-
proved spectral performance, while simultaneously achieving
a back-off efficiency equal to multilevel outphasing.

In this paper, we present a tri-phasing PA consisting of
eight PA units on a single 28-nm CMOS die and a coupled-
line power combiner on the printed circuit board (PCB).
We place particular emphasis on the analysis and design
of the power combiner, which has only been superficially
described by our previous papers focusing on the integrated-
circuit (IC) design details of the PA [9] and the complete
transmitter included on the same die [10]. The combiner is
an essential part of the system, largely defining the available
carrier-frequency range and many characteristics of the wide
spectrum. Furthermore, we present analysis demonstrating that
the choice of power-combiner type is critical for PA reliability
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Fig. 1. Schematic of a generic wire-bonded multiple-unit PA system.

due to its effects on voltage ripple at the PA supply and ground.
This consequential finding justifies our decision to discard
the simple transmission-line combiner structure in favor of a
notably more complex voltage-subtracting type.

The task of designing a coupled-line combiner is further
complicated by the layout restrictions caused by all eight PA
units being on a single die, rendering the Marchand balun [11]
unfeasible in its original form. As a solution, we developed
a new topology, the extended Marchand balun, which is
extensively analyzed in this paper and forms the basis of the
presented combiner design. In addition to the coupled lines,
this structure features input lines of an arbitrary length, making
it suitable for a wider range of applications.

This paper is organized as follows: Section II examines
voltage ripple at the PA supply and ground, motivating our
decision on the power-combiner type. Section III summarizes
the structure and design of the integrated tri-phasing PA. In
Section IV, we analyze the extended Marchand balun and
present the power-combiner design. Measurement results are
reported in Section V, and Section VI concludes the paper.

II. ANALYSIS OF PA SUPPLY AND GROUND RIPPLE

In order to explain why the power-combiner type is critically
important for reliable PA operation, this section analyzes how
the combiner affects voltage ripple at wire-bonded PA supply
and ground nodes. The first part of this analysis examines the
effects of common-mode and differential current at the supply
and ground, and the second part establishes the dependency
between these currents and the power-combiner type. While
we apply the results to an outphasing-based PA, the analysis
is equally valid for any fully integrated multiple-unit PA.

Fig. 1 depicts the schematic of a generic wire-bonded N -
unit PA system, drawn to highlight the supply and ground
currents. The bonding wires at the supply and ground nodes
are modeled as inductors Ldd and Lss, respectively, and the
on-chip bypass capacitor C is included in order to stabilize
the voltage difference between the internal supply and ground
nodes (Vdd − Vss). However, the capacitor cannot suppress
common-mode ripple at Vdd and Vss. Despite not affecting the

internal operation of the PA, such ripple can nonetheless cause
problems in a larger context. First, in a SoC with multiple
supply domains and separated ground nodes, the PA needs
to operate with input signals that are not yet affected by the
ripple. Consequently, the signals would be distorted by the
PA input stages due to the relative fluctuation between the
two ground levels. This could lead to suboptimal performance
or even failure to produce a recognizable output. Second, the
ripple would appear as an unwanted component in each PA-
unit output voltage, and unless canceled by the combiner, this
component would also degrade the combined output signal.

We begin the analysis by examining the currents shown in
Fig. 1. Only the AC components of all voltages and currents
are included in all following equations. At this point, each
PA unit can be modeled as two current sources drawing
Idd,i from the internal supply node (Vdd) and Iss,i from the
internal ground (Vss), while making no assumptions about the
characteristics of these currents. Furthermore, to obtain more
illustrative equations, we will use common-mode–differential
notation for the total internal supply and ground currents

Idd =

N∑
i=1

Idd,i = ICM + ID (1)

Iss =

N∑
i=1

Iss,i = ICM − ID, (2)

as illustrated in Fig. 1. Similarly, we separate the effects
of the difference between the bonding-wire inductances by
expressing them as

Ldd = L+ ∆L (3)

Lss = L−∆L. (4)

First, we can observe that the output current of the ith PA
unit is

IPA,i = Idd,i + Iss,i, (5)

assuming that its input current is negligible. Thus, the sum of
all PA-unit output currents is

N∑
i=1

IPA,i = Idd + Iss = 2ICM . (6)

This helps to describe some of the factors that affect the
common-mode and differential current components. As (6)
shows, ICM is directly defined by the sum of PA-unit output
currents. Those currents depend partly on the characteristics
of the power combiner, as will be shown in a later part of
this analysis. On the other hand, ID represents the current
that flows through the PA units from supply to ground or vice
versa. This current does not interact with the combiner and is
thus primarily determined by the PA units themselves.

With straightforward circuit analysis, the capacitor and
bonding-wire currents can be solved as

IC =
2ω2C

1− 2ω2LC
(∆LICM + LID) (7)

ILdd = ICM

(
1 +

2ω2∆LC

1− 2ω2LC

)
+

ID
1− 2ω2LC

(8)
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ILss = ICM

(
1− 2ω2∆LC

1− 2ω2LC

)
− ID

1− 2ω2LC
(9)

From these results, we can derive the supply and ground volt-
age ripple. By using the common-mode–differential notation

Vdd = VCM + VD (10)

Vss = VCM − VD, (11)

the voltage components are expressed as

VCM = −jω
[
ICM

(
L+ ∆L

2ω2∆LC

1− 2ω2LC

)
+

∆LID
1− 2ω2LC

]
(12)

VD = −jω∆LICM + LID
1− 2ω2LC

. (13)

In the general case shown in (12) and (13), both VCM and VD
include components induced by both ICM and ID. Increasing
C suppresses the entirety of VD and the part of VCM that is
caused by ID, provided that C > 1/(2ω2L). Thus, the part
of VCM induced by ICM is the most difficult component to
reduce. This component could theoretically be eliminated at a
single frequency by choosing

C =
L

2ω2(L2 − (∆L)2)
, (14)

but given that ∆L is typically much smaller than L, this value
of C would be severely insufficient for suppressing the other
voltage components.

Based on the above analysis, we conclude that in practice,
a large value of ICM prevents effective suppression of supply
and ground voltage ripple. Given that ICM is defined by the
sum of PA-unit output currents, it might seem that reducing
this current always leads to a lower output power. However,
this is only true if all PA-unit output voltages are equal in both
amplitude and phase, which does not need to be the case. For
example, with two fully differential voltages, the output power
only depends on the difference between the currents, not the
sum. Thus, with a well-informed choice of power-combiner
type, it may be possible to design a system in which the PA-
unit output currents are fully or mostly differential, leading to
a small ICM even with a high output power.

In order to further examine the dependency between power-
combiner type and ICM , we will next derive the sum of PA-
unit output currents with two common types of combiners:
a voltage-adding transmission-line combiner [12]–[15] and a
voltage-subtracting Marchand balun [11], [16]–[20]. This anal-
ysis uses arbitrary combiner input voltages and thus applies to
all methods of signal construction.

The generic schematic of a voltage-adding transmission-line
power combiner with N inputs is shown in Fig. 2. Assuming
lossless transmission lines, the combiner input currents (i.e.
PA output currents) are defined by the ABCD parameters of
a quarter-wave line:[

Vi

Ii

]
=

[
0 jZ0

j 1
Z0

0

][
Vout

Io,i

]
, i = 1, 2, . . . , N (15)

We can derive from the sum of combiner input currents that

ICM =
1

2

N∑
i=1

Ii = j
N

2Z0
Vout. (16)
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Fig. 2. Generic schematic of a voltage-adding transmission-line power
combiner.
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When applied to (12), this means that the common-mode
voltage ripple contains a component that is proportional to the
combiner output voltage and cannot be suppressed by a large
on-chip capacitance. Thus, when using this type of combiner,
the aforementioned ripple component can only be reduced by
decreasing the output power.

The Marchand balun, depicted in Fig. 3, is a typical
coupled-line structure used in voltage-subtracting power com-
biners. It consists of two pairs of coupled quarter-wave lines,
which are here assumed to be lossless and symmetrical. The Y-
parameter equations describing the operation, derived from the
general-case equations of coupled lines [21], can be expressed
as 

I1+

I2+

I3+

−IL

 =


0 Y12 0 Y14

Y12 0 Y14 0

0 Y14 0 Y12

Y14 0 Y12 0



V1

0

Vm

Vout

 (17)


I1−

I2−

−I3+
0

 =


0 Y12 0 Y14

Y12 0 Y14 0

0 Y14 0 Y12

Y14 0 Y12 0



V2

0

Vm

Voc

 . (18)

First, we can determine the relation between Vout and Voc
from the two equations for I3+:

Voc = −Vout. (19)

Based on this, we find that regardless of the input voltages,
the balun input currents are

I1+ = Y14Vout (20)

I1− = −Y14Vout. (21)

These equations show that the balun input currents are dif-
ferential and their sum is always zero, even when the input
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voltages are not fully differential. Consequently, ICM is in-
herently zero with such combiners, and all remaining voltage-
ripple components in (12) and (13) can be indefinitely reduced
by increasing the on-chip capacitance. Finally, from (20) and
(21), we can derive the total input power of the balun

Pin =
1

2
Re[V1(Y14Vout)

∗] +
1

2
Re[V2(−Y14Vout)∗] (22)

Pin =
1

2
Re [(V1 − V2)(Y14Vout)

∗] . (23)

This shows that despite the zero sum of input currents,
the input power is not zero, provided that Vout 6= 0 and
(V1 − V2) 6= 0. These results apply to combiners consisting
of any number of Marchand baluns whose output currents are
summed at a single load.

We summarize the key findings of this section as follows:
• The sum of PA-unit output currents defines the common-

mode current at the PA supply and ground, which in turn
causes the supply and ground ripple component that is
not suppressed by on-chip capacitors. Thus, this sum of
currents must be minimized to avoid excessive ripple.

• The PA units can produce a large output power with a
small or even zero sum of output currents, if the currents
are mostly or fully differential. This indicates that the
sum of currents can be minimized by using a voltage-
subtracting power combiner that produces the maximum
output power with differential voltages and currents.

To support this suggestion, we derived the input currents of
two common types of transmission-line-based combiners with
arbitrary input voltages, with the following results:
• With a voltage-adding transmission-line combiner, the

sum of currents is proportional to the output voltage.
• With a voltage-subtracting Marchand-balun combiner, the

currents are always differential, which means that their
sum is zero regardless of output power.

Thus, we conclude that by utilizing a Marchand-balun-based
power combiner and a sufficiently large on-chip bypass capac-
itor, we can minimize all components of the PA supply and
ground ripple without needing to limit the output power.

III. TRI-PHASING POWER AMPLIFIER

This section presents an overview of the integrated tri-
phasing PA. The PA greatly informs the combiner design, and
these circuits can be more meaningfully characterized as a
single entity, which is why this paper covers the entire PA
system. However, instead of repeating all previously published
details of the tri-phasing concept [8] or the PA design [9], this
section only summarizes the main points to provide context
for the combiner work and the measurement results.

The designed tri-phasing PA system, as shown by the block
diagram in Fig. 4(a), contains one always-active outphasing
PA pair and a polar section of three PA pairs. The phase-
modulated input signals are

S0(t) = cos(ωt+ φ(t)) (24)

S1(t) = cos(ωt+ φ(t) + θ(t)) (25)

S2(t) = cos(ωt+ φ(t)− θ(t)), (26)
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Fig. 4. (a) Block diagram of the designed tri-phasing PA system. (b) Time-
domain example of the tri-phasing signal composition, showing a coarse-level
transition (vertical line) with no instantaneous change the combined waveform.
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where φ(t) is the polar phase and θ(t) is the outphasing angle.
The polar section creates coarse-level amplitude modulation,
and the outphasing pair covers the gaps between coarse levels
with high resolution. The signal composition is illustrated by
example waveforms in Fig. 4(b), where Ap is the number of
active polar PA pairs. The waveforms illustrate the main ad-
vantage of tri-phasing: the smooth transitions between coarse
levels, with no harmonic discontinuities. As demonstrated by
analysis and simulations in [8], this can potentially improve
the spectral performance compared to multilevel outphasing,
while maintaining the back-off efficiency benefit.

Fig. 5 depicts the schematic of a single PA unit featuring a
cascoded class-D output stage. In order to switch the output
stage on and off according to the signal A, the XOR and
NAND gates construct the desired signals in both “on” and
“off” states in a manner that allows constant bias voltages [6],
[9]. This solution enables multilevel operation with a relatively
high 3.6-V supply voltage in an integrated system, where all
PA input signals are generated in the 1.0-V domain.

The output-stage transistor sizes were chosen such that
their on-resistances do not cause significant output-voltage
saturation at the peak output power. Building on our analysis
in [6], this means that the vast majority of power loss in
the PA units occurs due to the charging and discharging of
the relatively large drain–source capacitances of the output
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transistors. By assuming that other losses are negligible, we
can thus derive a simple efficiency model in which the loss
in each active PA unit, Ploss, is constant and independent of
output power. According to this model, the total efficiency is

η =
Pout

Pout + 2(Ap + 1)Ploss
, (27)

which is equal between tri-phasing and multilevel outphasing
at any value of Pout.

The PA was implemented in 28-nm CMOS as an integrated
part of the tri-phasing transmitter presented in [10]. Fig. 6
shows the die micrograph of the PA. The depicted die area,
excluding pads, is 1.31 mm2, of which the PA units occupy
0.44 mm2. Each of the eight PA-unit outputs is connected
to two bonding pads, which are directly wire-bonded to the
power-combiner inputs on the PCB. This configuration causes
the main restriction on the combiner layout, requiring its inputs
to be located within a relatively small area near the die.

IV. EXTENDED MARCHAND-BALUN POWER COMBINER

This section presents analysis and design of the coupled-line
power combiner, implemented as part of the tri-phasing PA. In
this system, the combiner sets the limit for the range of carrier
frequencies, which is why we chose to realize the combiner
on the PCB. This arrangement enables using the same IC
in different products by only changing the PCB, saving the
expenses of fabricating several variants of the IC.

Isolating combiners, such as the Wilkinson combiner [22],
are are beneficial for linearity but inherently lossy at back-
off and thus discarded. Among non-isolating combiners, one
of the simplest types to realize on PCB is the voltage-adding
transmission-line combiner shown in Fig. 2, which is often
accompanied by Chireix compensation for improved back-
off efficiency [12]–[15]. However, we concluded in Section II
that using such a combiner with a relatively high-power wire-
bonded PA may cause excessive voltage ripple at supply
and ground, which can degrade the PA performance or even
inhibit proper operation. Thus, we chose to design a voltage-
subtracting coupled-line combiner, which can also improve the
output spectrum by canceling undesired common-mode signal
components [23]. Voltage-subtracting transformer combiners
have rarely been implemented on PCB [24], and due to their
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Z0i, βili V1+ I1+

I3+
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βclc
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βclc
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Fig. 7. Schematic of the extended Marchand balun. The load resistor is shown
for illustrative purposes only and can be replaced by any non-open circuit.

typical shape, designing the layout for eight inputs connected
to a single IC would be difficult. In contrast, coupled lines
are long but narrow, which enables placing several of them in
a relatively narrow area. Therefore, we chose the Marchand
balun, a widely used coupled-line structure, as the basis of our
combiner development.

As mentioned in Section III, the integrated PA necessitates
locating all combiner inputs within a narrow area. More-
over, the bonding wires are inevitably part of the combiner,
functionally resembling short transmission lines. Under these
circumstances, the Marchand balun in its original form (Fig. 3)
would be difficult to implement. Therefore, we introduce the
extended Marchand balun, shown in Fig. 7, which performs
the same basic function while containing arbitrarily long input
lines before the coupled-line section. The input lines can thus
be utilized to increase line spacing, which reduces unwanted
coupling and creates sufficient space for DC-block capacitors.
By including the input lines, we introduce a degree of freedom
in designing the balun, which will reduce the limitations
of layout design and thus expand the range of potential
applications. The coupled-line length is reduced in a way that
resembles the previously presented method of compensating
for a connecting line between the two coupled-line sections
[25]–[27]. However, the inclusion of the input lines is a distinct
concept that addresses different practical needs, and it has not
been thoroughly analyzed in earlier publications.

A. Analysis of the Extended Marchand Balun

In a voltage-subtracting power combiner with multiple pairs
of inputs, the purpose of a balun is to produce an output
current that is proportional to the difference of its two input
voltages and independent of the output voltage. Thus, the
output currents can be summed by connecting all balun outputs
to a single load resistor. In this section, we analyze the
operation of a single extended Marchand balun, and derive
the rules by which it needs to be designed.

Fig. 7 shows the schematic of the extended Marchand balun.
The original Marchand balun can be considered a special
case of this circuit, in which the line lengths in radians are
βili = 0 and βclc = π/2, where β = 2π/λ. In this case, the
current in any port of the quarter-wavelength coupled lines
is defined by the voltages at the opposite end of the lines.
Therefore, the zero current at the open circuit (Voc) consists
of components induced by V− and Vm, which must cancel
each other, resulting in a Vm that is proportional to −V−. V+
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Fig. 8. Coupled transmission lines as a four-port network.

and Vm affect the output current in the same proportion as V−
and Vm affect the zero current, and thus Iout is proportional
to V+ − V−.

When input lines with non-zero length are included, quarter-
wavelength coupled lines no longer result in the desired
operation, and therefore the circuit is analyzed with general
line lengths. Now Iout depends not only on V1+−V1− but also
on I1+−I1−, both of which are affected by input voltages and
input currents. The goal in designing the balun is to choose
line lengths so that the effect of I± on V1± and the effect of
I± on I1± cancel each other in the output current, resulting
in Iout depending only on V+ − V−.

The dependencies between the voltages and currents at both
ends of a pair of coupled transmission lines, as shown in Fig. 8,
are described by the Y-parameter equation

I1

I2

I3

I4

 =


Y11,c Y12,c Y13,c Y14,c

Y21,c Y22,c Y23,c Y24,c

Y31,c Y32,c Y33,c Y34,c

Y41,c Y42,c Y43,c Y44,c



V1

V2

V3

V4

 . (28)

The derivation of the Y-parameters of a generic coupled-line
pair has been presented in [21] and will not be repeated
here. For simplicity, the following analysis assumes TEM
transmission lines, while the implemented lines operate in
quasi-TEM mode. In addition, the input lines are assumed to
be lossless. As such, the exact results may be slightly different
from the realistic case, but the principles still apply.

The operation of the extended balun is described by two
Y-parameter equations, both related to one input line and one
pair of coupled lines:

I+

I2+

I3+

−Iout

 =


Y11,e Y12,e Y13,e Y14,e

Y21,e Y22,e Y23,e Y24,e

Y31,e Y32,e Y33,e Y34,e

Y41,e Y42,e Y43,e Y44,e



V+

0

Vm

Vout

 (29)


I−

I2−

−I3+
0

 =


Y11,e Y12,e Y13,e Y14,e

Y21,e Y22,e Y23,e Y24,e

Y31,e Y32,e Y33,e Y34,e

Y41,e Y42,e Y43,e Y44,e



V−

0

Vm

Voc

 . (30)

The analysis is kept generally applicable by examining the out-
put current and voltage as two independent variables instead
of assuming any specific dependency between them, such as
the load resistor (RL) shown in Fig. 7. In order to derive these
Y-parameters, we apply the coupled-line Y-parameters in (28)
and the ABCD-parameters of the input line[

V1±

I1±

]
=

[
A′ B′

C ′ D′

][
V±

I±

]
, (31)

[
A′ B′

C ′ D′

]
=

[
cos(βili) −jZ0i sin(βili)

−j 1
Z0i

sin(βili) cos(βili)

]
. (32)

By solving the currents, taking into account that Ymn,c =
Ynm,c, the following equations are obtained:

Y11,e =
A′Y11,c − C ′

D′ −B′Y11,c
(33)

Y1m,e = Ym1,e =
Y1m,c

D′ −B′Y11,c
, m = 2, 3, 4 (34)

Ymn,e =
B′Y1n,cYm1,c

D′ −B′Y11,c
+ Ymn,c, m, n = 2, 3, 4 (35)

In general, Ym1,c = Y1m,c [21], and thus (34) and (35) show
that the Y-parameter matrix is symmetric, i.e. Ymn,e = Ynm,e.
Hereafter, Ymn,e and Ynm,e are both expressed as Ymn,e,
where m < n.

Next, we derive the condition for the output current depend-
ing only on input voltages and not on input currents. From (29)
and (30), we obtain the equation for the output current

Iout =

(
Y11,eY44,e
Y14,e

− Y14,e
)

(V+ − V−)− Y44,e
Y14,e

(I+ − I−).

(36)
The coefficient of I+ − I− has to be zero, which is true if
Y44,e = 0. By using (35) to express Y44,e, this leads to the
general condition for the input-line length

tan(βili) =
j

Z0i
· Y44,c
Y11,cY44,c − Y 2

14,c

. (37)

Beginning from this point, the analysis is simplified by
assuming that the coupled lines are lossless and symmetrical.
Thus, the Y-parameters of the coupled lines are

Y11,c = Y22,c = Y33,c = Y44,c = −j (Ye + Yo) cot(βclc)

2
(38)

Y12,c = Y21,c = Y34,c = Y43,c = j
Ye + Yo

2 sin(βclc)
(39)

Y13,c = Y24,c = Y31,c = Y42,c = j
(Yo − Ye) cot(βclc)

2
(40)

Y14,c = Y23,c = Y32,c = Y41,c = j
Ye − Yo

2 sin(βclc)
, (41)

and the condition of (37) can be written as a function of the
coupled-line length and admittances with the help of (38) and
(41):

tan(βili) =
2

Z0i
· (Ye + Yo) sin(βclc) cos(βclc)

(Ye − Yo)2 − (Ye + Yo)2 cos2(βclc)
. (42)

Having defined that Y44,e = 0, we will finally derive the Y-
parameters of the whole balun, describing I+, I−, and −Iout
as functions of V+, V−, and Vout. This requires solving Vm
and Voc first. Two equations for Vm can be obtained, one from
the sum of I3+ and −I3+, and the other from the open-circuit
zero current:

Vm = − Y13,e
2Y33,e

(V+ + V−)− Y34,e
2Y33,e

(Vout + Voc), (43)

Vm = −Y14,e
Y34,e

V−. (44)
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Fig. 9. (a) Magnitude and (b) phase of the input currents of an ideal extended
Marchand balun in outphasing.

From these two equations, we can derive

Voc = −Y13,e
Y34,e

V+ +
2Y14,eY33,e − Y13,eY34,e

Y 2
34,e

V−−Vout. (45)

Now we can write the equations for I+, I−, and Iout in (29)
and (30) substituting Vm from (44) and Voc from (45). After
deriving from (38), (39), (40), and (41) that Y13,cY34,c =
Y14,cY33,c, the resulting Y-parameter equation simplifies into I+

I−

−Iout

 =

 Y11,e −Y13,eY14,e

Y34,e
Y14,e

−Y13,eY14,e

Y34,e
Y11,e −Y14,e

Y14,e −Y14,e 0


 V+V−
Vout

 .
(46)

This leads to the equations for the output current and the sum
of the input currents:

Iout = −Y14,e(V+ − V−) (47)

I+ + I− =

(
Y11,e −

Y13,eY14,e
Y34,e

)
(V+ + V−). (48)

In the special case that the input voltages are fully differential
and the output is connected to a load resistance RL, the
impedance seen at each input is

Zin =
1

Y11,e + Y13,eY14,e/Y34,e − 2RLY 2
14,e

. (49)

The output current is proportional to the difference between
the input voltages, as seen in (47). This is the most important
result of this analysis, as it demonstrates that the extended
Marchand balun performs its intended function regardless of
the input-line length as long as the condition of (42) is met.
The input-current behavior is more complex and is therefore
illustrated graphically in Fig. 9. In this example, Z0i = 50 Ω,
βili = 28.5◦, Ze = 125 Ω, Zo = 20 Ω, βclc = 70◦, and
RL = 50 Ω. The magnitude of both input voltages is Vin =
1 V, and their phase difference is defined by the outphasing
angle θ as

V± = ±Vine±jθ. (50)

The results show that the magnitudes of the input currents
are not equal and their phase difference is not precisely
180◦, unless the input voltages are purely differential, i.e. the
outphasing angle is zero. This is the most notable effect caused
by the additional input lines, compared to the conventional
Marchand balun. The shorter the input lines are, the closer to
differential the input currents become at all outphasing angles.
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Fig. 10. The sum of combiner input currents in tri-phasing with (a) an
extended Marchand-balun combiner; (b) a transmission-line combiner with
equal output power.
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Fig. 11. Calculated balun characteristics as a function of frequency, based on
(36): (a) input-voltage-to-output-current transadmittance; (b) input-current-to-
output-current multiplier. The design-parameter values are shown in Table I.

The mismatch between currents does not directly affect the
combiner output, but in a realistic case it can have an indirect
effect by changing the PA-unit output voltages due to non-zero
transistor on-resistances. However, the effect on linearity is
minor, provided that the PA is designed to tolerate sufficiently
large currents without significant effect on output voltage. As a
general design guideline, an excessive input-line length should
nonetheless be avoided, because the mismatch also leads to a
non-zero sum of PA-unit output currents and thus common-
mode supply and ground ripple.

Finally, Fig. 10(a) depicts the sum of combiner input
currents in tri-phasing operation, using a power combiner
consisting of four ideal extended Marchand baluns with pre-
viously stated example parameter values and input-voltage
magnitudes. While individual input currents up to 157 mA ap-
pear, they are fully differential in the polar section and mostly
differential in the outphasing pair, such that the sum of all
currents is at most 10.3 mA. For comparison, Fig. 10(b) shows
the equivalent results with a voltage-adding transmission-
line combiner (Fig. 2) that produces equal output voltage.
This comparison shows that although the total PA-unit output
current is not precisely zero with extended Marchand baluns,
its maximum value is only 0.8% of the maximum with an
equivalent transmission-line combiner. Thus, with regard to
supply and ground voltage ripple, the effect of the input lines is
insignificant compared to the advantage over a voltage-adding
combiner.

To analyze the frequency-dependent effects of the input
lines, Fig. 11 compares the compares key characteristics of
the extended Marchand balun, based on the output-current
equation (36), in three example cases. Fig. 11(a) shows the
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TABLE I
DESIGN PARAMETERS USED IN THE FREQUENCY-DOMAIN COMPARISON.

50 Ω

50 Ω

Fig. 12. Schematic of the designed power combiner.

(a)

19.0 mm

10.2 mm

(b)

Fig. 13. Layout of the designed power combiner. (a) Top layer. (b) Middle
layer.

absolute value of the transadmittance of (V+−V−), and 11(b)
depicts the multiplier of (I+ − I−), both as a function of
frequency. In all compared cases, Ze = 125 Ω and Zo = 20 Ω.
Three different values are chosen for βili, including 0◦ which
corresponds to a conventional Marchand balun. The remaining
variables are shown in Table I, defined such that Y14,e at the
center frequency is equal between all cases. Based on the
results in Fig. 11, the bandwidth effect of the input lines is
minor, especially if the lines are relatively short.

B. Power-Combiner Design

Fig. 12 shows the schematic of the designed power com-
biner, which consists of four extended Marchand baluns
with DC-block capacitors between the input lines and the
coupled lines, and an output line with a 50-Ω characteristic
impedance connected to the load. As indicated by the analysis
of Section IV-A, the output-current behavior of each balun is

(a)

(b)

Fig. 14. Photographs of (a) the power combiner on PCB; (b) the bonding
wires connecting the PA to the combiner.

independent of its effective load impedance, which is 200 Ω
at the peak output power. The layout is presented in Fig. 13,
including the top metal layer in Fig. 13(a), the middle layer
in Fig. 13(b), and the vias connecting these two layers to the
ground plane below them (light-grey circles in both figures).
The photograph of the fabricated power combiner on PCB
is shown in Fig 14(a). The input lines are implemented as
equally long microstrip lines with the middle layer used as the
ground plane, and they are followed by surface-mounted 10-pF
DC-block capacitors. The coupled-line section is realized with
broadside-coupled lines, with coupling between the baluns
reduced by ground lines between them on both layers. The
balun outputs are connected together on the middle layer, and
the combined signal is brought to the SMA connector with a
coplanar waveguide.

The layout design was finalized using Momentum for elec-
tromagnetic (EM) simulations, and the resulting S-parameters
were utilized to simulate the combiner together with the
PA. The 16 bonding wires connecting the PA directly to
the combiner, as shown in Fig. 14(b), were included in the
simulations by using the model included in Keysight ADS
[28], which considers the length and approximated shape of
the wires and also models mutual coupling between them.
The capacitors were modeled by S-parameters provided by the
manufacturer. In the designed combiner, the input-line width
and length are 0.2 mm and 7.0 mm, respectively, and the
coupled-line width and length are 0.25 mm and 17.2 mm,
respectively. To examine the effects of undesired coupling,
the combiner was also simulated without the grounded lines
between baluns, showing a maximum output-power mismatch
of 0.38 dB between two baluns when ideal voltage sources are
used. When the grounded lines are included, the mismatch is
reduced to 0.17 dB.

In order to verify the theoretical design rules, we calculated
the characteristic impedance of the input lines (45.1 Ω) with
ADS and obtained the Y-parameters of a single coupled-line
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Fig. 15. (a) Verification of the theoretical design rules by comparing the left
and right side of (37). (b) Calculated input-line length as a function of desired
operation frequency.
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Fig. 16. CW measurements of (a) output power and (b) PA efficiency as a
function of frequency.

pair with an EM simulation. With the help of the bonding-
wire model, we also determined that the average bonding-
wire pair can be approximated as a 3.4-mm extension of the
input line. Based on these results and the actual line lengths,
Fig. 15(a) compares the left and right sides of (37), which
should be equal to ensure the desired operation. The imaginary
part of the right side is negligible, and its real part crosses
tan(βili) at 1.78 GHz, which is very close to the desired
center frequency of 1.8 GHz. Fig. 15(b) depicts the calculated
dependency between the input-line length and the operation
frequency based on (37) and the simulated line characteristics.
The dashed line shows the direct result of the calculation, and
the solid line represents the actual line length without the 3.4-
mm extension modeling the bonding wires.

V. MEASUREMENT RESULTS

All measurements presented in this section were conducted
using the on-chip phase modulators [10] to generate the PA
input signals. The 1.0-V supply domain is shared with the
modulators, which dominate the power consumption in that
domain. Therefore, the power-consumption figures used in PA-
efficiency calculations include all circuitry in the 1.8-V and
3.6-V supply domains but not the XOR gates. The presented
output-power figures are measured at the combiner output.

A. Continuous-Wave Measurements

Fig. 16 depicts the peak output power and corresponding PA
efficiency as a function of frequency in continuous-wave (CW)
operation. The dependency between output power and fre-
quency, shown in Fig. 16(a), demonstrates the power-combiner
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Fig. 17. CW measurement results at 1.7 GHz: (a) efficiency as a function of
output power; (b) output power as a function of outphasing angle.

frequency response, which is the primary limiting factor for the
operation frequency. The highest output power of 29.7 dBm
(0.93 W) is achieved at 1.77 GHz, with an efficiency of 34.7%.
This frequency matches well with the value calculated from
(37) and illustrated in Fig. 15 (1.78 GHz). The 3-dB bandwidth
is 476 MHz, ranging between 1.48–1.96 GHz (fractional
bandwidth 28%) as illustrated by the dotted lines. Within this
range, the PA efficiency remains above 19.8%, as shown by
Fig. 16(b). The bandwidth is considerably wider than what
was seen in simulations, while the peak output power is lower.
Although this resembles the simulated effects of changing the
characteristic impedances, we were not able to confirm such
inaccuracies in the PCB manufacturing. On the other hand, the
measured efficiency is higher than simulated. This is at least
partly explained by power loss on IC, which in simulations is
larger than the total measured power loss of the IC and the
combiner. The measured insertion loss of the combiner without
bonding wires is 1.0 dB at the optimal operation frequency. For
subsequent measurements, we selected the center frequency of
1.7 GHz, which is near the middle of the 3-dB band.

Tri-phasing operation is demonstrated with CW signals in
Fig. 17. The PA efficiency as a function of output power is
depicted in Fig. 17(a), comparing the results in outphasing and
tri-phasing modes. This figure shows that the back-off effi-
ciency is significantly improved by tri-phasing, being at most
3.9 times the efficiency with outphasing at the same output
power. The measurements are also compared to the results of
the constant-loss efficiency model in (27), where the PA-unit
power loss of 228 mW is chosen to match with the measured
peak output power and efficiency. The model is unrelated to the
simulation results shown in Fig. 16. Close agreement between
the model and measured efficiency confirms the validity of
the model and supports the claim of equal efficiency between
tri-phasing and multilevel outphasing.

Fig. 17(b) depicts the output power as a function of the
outphasing angle at all four coarse amplitude levels. The
theoretical output power

Pout =
Ppeak

16
(Ap + cos θ)2 (51)

is also shown for comparison, with a peak value equal to
measurements. The minimum output power of each coarse
level is slightly lower than the maximum output power of
the previous level, which means that there are no gaps in
achievable levels of output power. This result differs from
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Fig. 19. Measured spectra and constellations of (a) 20-MHz LTE and (b)
60-MHz aggregated LTE signals. The PAPR has been limited to maximize
output power and efficiency within the 8% EVM specification.

(51), in which switching an additional polar PA pair on and
changing the outphasing angle from 0 to 90◦ has no effect on
the output power. The cause of this nonideality is illustrated by
Fig. 18, which shows simulated waveforms of the outphasing
PA pair with a 90◦ outphasing angle while all polar PA pairs
are active. Due to the non-isolating power combiner, rising and
falling edges under these circumstances occur when the output
current is positive in one PA unit and negative in the other.
This causes mismatch in rise and fall times, leading to a non-
zero contribution to the combined output voltage and reduced
output power. Nevertheless, the overlap between coarse levels
is significantly smaller than in multilevel outphasing, where
an outphasing angle of 90◦ always corresponds to a zero
output power. Furthermore, this nonideality has been taken into
account in the following measurements by performing signal-
component separation according to the measured minimum
and maximum output powers at each coarse level.

B. Measurements With Modulated Signals

The modulation performance of the PA was evaluated with
64-QAM LTE signals at a carrier frequency of 1.7 GHz. Apart
from using measured CW power figures in signal-component
separation, no digital predistortion was used in any of the
presented measurements. Fig. 19 depicts the output spectra
with 20-MHz LTE and 60-MHz aggregated LTE signals. In
these measurements, the peak-to-average power ratio (PAPR)
is reduced with iterative clipping and filtering, which increases
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Fig. 20. Measured spectrum and constellations of a 100-MHz aggregated
LTE signal.
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Fig. 21. Wide-span spectra of 20-MHz LTE and 60-MHz aggregated LTE
signals.

the output power with virtually no effect on the ACLR, while
gradually increasing the EVM. To maximize output power
and efficiency, we chose the lowest PAPR that maintains an
EVM of at most 8% in each carrier, in accordance with LTE
specifications. With a 20-MHz bandwidth, the PA achieves
an average output power of 23.1 dBm with an efficiency of
15.3% and an ACLR of -37.6 dBc. By increasing the PAPR,
an EVM of 2.4% is achieved at an output power of 21.4 dBm
and an efficiency of 12.3%. With a 60-MHz bandwidth and
an 8% EVM, the average output power is 22.4 dBm, the
efficiency is 13.8%, and the ACLR is -32.5 dBc. The PA is
also demonstrated to operate with a 100-MHz aggregated LTE
signal in Fig. 20, with an output power of 19.0 dBm and an
efficiency of 9.0%.

The wide-span spectra of the 20-MHz and 60-MHz signals
are shown in Fig. 21. The small bumps on both sides of the
signal band can be explained by supply ringing arising from
sudden current-consumption changes at coarse amplitude-
level transitions, which results in some unwanted amplitude
modulation [30]. In future work, this ringing could be sup-
pressed for example with damping legs [36]. Phase-modulator
nonidealities are another source of noise near the signal band
[10]. In PA simulations of a 20-MHz LTE signal without
the aforementioned effects, tri-phasing improves the ACLR
by 3.0 dB and reduces the noise at a 40-MHz offset from
the signal band (ACLR2) by 9.1 dB compared to multilevel
outphasing. Both spectra in Fig. 21 display a peak around
460 MHz, which is a local maximum in noise level caused
by the power-combiner frequency response. While the second
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TABLE II
COMPARISON OF MEASUREMENT RESULTS.

harmonic is clearly visible, the third harmonic has been con-
siderably attenuated, although the combiner does not contain
any structures specifically intended for harmonic filtering.

Table II summarizes the presented measurement results
and compares them to previously published CMOS PAs that
integrate all of their PA units on a single die. While many
of them report a higher efficiency than our PA, most of these
ones either have a significantly lower output power or use
PA classes that are generally more efficient than class D but
feature other limitations. Some of them also use flip-chip
packaging [29], [31] or probing at the output [32], which
reduces losses compared to wire-bonding. The insertion loss
of our combiner is lower than the simulated values reported by
other compared papers, which is expected due to the off-chip
implementation but nonetheless indicates viability for high-
efficiency systems. The most outstanding result of our circuit is
the widest reported signal bandwidth of 100 MHz, in contrast
to other compared PAs only presenting results at bandwidths
up to 20 or 40 MHz. The EVM of 2.4% is also among the best
figures reported with polar and outphasing-based techniques.
Our results were achieved without predistortion, which is used
by most of the compared circuits.

VI. CONCLUSION

In this paper, we have presented an eight-unit class-D tri-
phasing PA implemented in 28-nm CMOS, with a coupled-
line power combiner on the PCB. The PA utilizes tri-phasing
modulation, a newly developed technique that eliminates the
inherent harmonic discontinuities of multilevel outphasing,
thus potentially improving the spectral performance without
compromising the back-off efficiency. Each PA unit contains a
cascoded output stage supporting a 3.6-V supply voltage, and
on/off logic circuitry that enables multilevel operation with
low-voltage input signals.

The essential outcome of the analysis presented in this
paper is that the choice of power-combiner type is critical

in terms of minimizing voltage ripple at the PA supply and
ground. Accordingly, we chose to design a voltage-subtracting
coupled-line combiner instead of a simpler voltage-adding one.
In order to enable PCB implementation with eight narrowly-
spaced inputs, as dictated by the integrated PA, we developed
and analyzed the extended Marchand balun, which forms the
basis of the combiner. This new coupled-line structure with
arbitrarily long input lines introduces an additional degree
of freedom to the balun layout, which expands the available
applications and thus enables the advantages of a voltage-
subtracting combiner in the context of this work.

The measurement results of the complete PA system demon-
strate a peak output power of 29.7 dBm at 1.77 GHz, with an
efficiency of 34.7%. Operation with modulated signals is also
verified at bandwidths up to 100 MHz, which is the widest
reported bandwidth among similar PAs and demonstrates the
suitability of tri-phasing for wideband operation.
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