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Abstract— In this paper, a generic combiner design technique
is developed for class-E outphasing transmitters. The design
procedure starts with calculation of the combiner network
parameters that guarantee high efficiency switch mode operation
of the PAs in each branch. Recently developed continuous classE modes theory is then utilized to create an additional degree
of freedom for calculation of the combiner network parameters.
This additional degree of freedom along with duty cycle control
provides an important possibility for achieving high average
efficiency over a large bandwidth. A CMOS-GaN outphasing
transmitter prototype is realized for experimental verification.
The prototype provides drain efficiencies higher than 60% at 6
dB back-off across 750–1050 MHz band. Further, the peak output
power remains nearly flat versus frequency, where the variation
across the band is ±0.18 dB around 44 dBm.
Index Terms— Chireix, class-E, CMOS, combiner, efficiency
enhancement, GaN, high efficiency, outphasing, power amplifiers,
reconfigurable, SMPA, switching mode, wideband.

I. I NTRODUCTION
NERGY efficiency has been the main driving parameter in radio transmitter research for many years. Much
research has been done addressing efficiency enhancement
techniques to reduce the energy consumption of transmitters
when dealing with high peak-to-average power ratio (PAPR)
communication signals. Nowadays, wide-band operation is
also a very important figure of merit for transmitters due to
the large number of frequency bands allocated in emerging
communication standards.
The outphasing transmitter architecture is considered as one
of the most promising candidates to meet future transmitter
demands [1]–[10]. The architecture consists of a signal splitter,
two power amplifiers (PAs) and an output combiner network,
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Fig. 1.

A block diagram of outphasing transmitter architecture.

see Fig. 1. In outphasing transmitters, the modulated RF
carrier is first decomposed into two phase-only modulated
signals. These constant envelope signals are then amplified
using highly efficient saturated PAs or switch mode power
amplifiers (SMPAs). After power amplification, the signals
are added using a combiner network constructing the desired
signal.
Outphasing combiners can be categorized into two general
groups: isolated lossy and non-isolated lossless combiners. The
first type of combiners ensures that the PAs do not interact with
each other, yielding an ideal outphasing operation. Isolated
combiners therefore provide perfect linearity [11]–[14]. The
instantaneous transmitter efficiency, however, degrades rapidly
as the outphasing angle increases. This is due to increasing
power waste in the isolating resistance/port of the combiner.
Zhang et al. proposed recycling the RF power delivered to the
isolation port using an RF to DC converter circuit [15]. However, at present such converter circuits typically provide very
low efficiencies at microwave frequencies, severely limiting
the achievable improvement [16], [17].
If a non-isolated lossless combiner is used, the PAs loadpull each other. In that case, by proper combiner design,
it can be ensured that the optimal impedances for high
efficiency are presented to the transistors at the peak power
level and at a desired back off level [18]–[20]. The Chireix
combiner is the best known and most used combiner type for
outphasing transmitters [21]. The Chireix combiner enables
the reactive part of the load impedances to be canceled out at
a certain outphasing angle, increasing the back-off efficiency.
However, the main assumption of this combiner is to consider
transistor devices operating as ideal voltage sources. This is
a significantly limiting assumption in practice considering
parasitics and nonlinear device behavior. Furthermore, some
high efficiency operating modes, such as class-E and class-J,
inherently requires reactive optimal load trajectories, which
is another limitation of the conventional Chireix combiner
[22], [23]. In [24], a semi-analytical combiner design technique was developed for class-E based outphasing transmitters.
The proposed technique requires a numerical optimization
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for calculation of the circuit element values. Although it has
been demonstrated that the method may enable high efficiency
operation, a fully analytical design approach would be more
robust and provide a deeper insight on the circuit operation.
Maintaining high efficiency over a large bandwidth is
another open issue in outphasing transmitters. The fundamental limiting factor is related to the conventional Chireix-type
combiners, which contain quarter wave transmission lines and
reactive compensation elements, overall creating a very sharp
frequency response [25]. Recently, transformer type combiners
have been suggested to obtain larger bandwidths [25], [26].
Although significant improvements have been achieved, the
performance still does not meet the bandwidth requirements
of emerging-future communication standards.
In the first part of this paper, a fully analytical combiner
design technique is proposed for realization of class-E based
outphasing transmitters at a single operating frequency. The
design procedure starts with calculation of the combiner
network parameters from the boundary conditions required
for high efficiency switch mode operation of the PAs in
each branch. The combiner is then synthesized to realize the
calculated network parameters. In the second part, by utilizing
the recently developed continuous class-E modes theory [27],
an additional degree of freedom is enabled for calculation of
the combiner network parameters. This additional degree of
freedom along with duty cycle control provides an important
possibility for improving the bandwidth as well. For the
wide-band design case, the combiner topology is still found
using the analytical combiner synthesis method presented
in the first part. However, a numerical optimization is also
needed to achieve final element values. The design approach
anyhow still provides a significant insight on operation over
large bandwidths and is a step forward toward realization of
frequency agile outphasing transmitters.
The organization of the paper is as follows: In Section II, the
fundamental principles of the proposed outphasing combiner
synthesis approach is presented. Sections III and IV cover the
realization of outphasing combiners using the proposed synthesis approach at a single operating frequency. In Section V,
the theory of continuous class-E modes is incorporated into
the synthesis approach for wideband realization. Prototype
transmitter design for experimental verification is treated
in Section VI. The experimental results are presented in
Section VII. Section VIII includes dynamic simulation results.
Finally, the conclusions are presented in Section IX.
II. C OMBINER S YNTHESIS A PPROACH
In this section, the fundamental principles of the new combiner design approach is presented. Considering its potential
for high efficiency operation, it will be assumed that the
combiner is lossless for derivation of the network parameters.
Further, due to its well proven high efficiency and simple
realization, class-E mode of operation is assumed for the
PAs in each outphasing branch. It is therefore important to
understand the load modulation properties of class-E PAs
before starting the derivations.

A. Load Modulation Properties of Class-E PAs
The load impedances required to satisfy the class-E switching conditions can be calculated using well established design

Fig. 2.
Generic single ended switch mode power amplifier schematic.
Z nS denotes the impedance provided by the load network at nωo , where n is the
harmonic index. The transistor is represented by the idealized switch model
shown in the dashed box.

equations [28], [29]:

(1.52 + j 1.11)R,
S
Zn =
− j 5.45R/n,

n=1
n>1

(1)

where n represents the harmonic index, see also Fig. 2. It is
also important to stress that Z 1S and Z 2S have the highest impact
on the efficiency and output power [29]. Therefore, typically
only the fundamental tone and second harmonic impedances
are controlled in design of RF class-E PAs. The factor R
depends on the output power level, where
R = 0.58

V D2 D
Pout

(2)

The expression for R and (1) indicate that Z nS scales inversely
with Pout . Ideally, the impedances at all harmonics of the
carrier frequency should therefore be modulated to vary the
output power without violating class-E operation. Even so,
in practice, modulating only the fundamental tone impedance
also yields a nearly flat efficiency versus output power profile,
as it will be shown briefly by simulations in Section IV.
Only the fundamental tone impedance load modulation will
therefore be considered for the combiner design.
Upon briefly studying the load modulation of class-E PAs,
next the combiner network parameters will be derived that
guarantee correct load modulation of transistors in each outphasing branch. For the sake of convenience, first the twoport combiner network parameters, Z2P , will be calculated
assuming that the two-port is reciprocal and lossy, i.e., the
load is included inside, see Fig. 3. It is then verified that
the two port combiner network parameters can be realized
with a three-port lossless reciprocal network terminated with
a purely resistive load, Ro , see Fig. 4. The three-port lossless
combiner is represented by two two-port lossless networks as
seen from the figure. Realization of these lossless two port
network parameters, Z2P−a and Z2P−b , will be treated later
on in the following section. It is important to mention that
the same approach was also used for synthesis of a novel
Doherty combiner network in [30], [31]. A generic view of
our combiner design approach and more detailed discussions
on the load modulation properties of switch-mode PAs can
also be found in [32].
B. Derivation of Two-Port Combiner Network Parameters
The derivation of the two-port combiner network
Z -parameters, Z2P , is based on the schematic shown in
Fig. 3. In the schematic, Z nA and Z nB denote the impedances
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Fig. 3. Schematic used for the derivation of the two-port network parameters.
Z nA,B denotes impedances experienced by the switch transistors, where n is
the harmonic index. {Vm , Va } and {Im , I a} denotes the fundamental tone
component of the drain voltage and current waveforms.
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Fig. 4. Realization of the combiner as a three port lossless reciprocal network
terminated with a resistive load. The same topology is also used for realization
of Doherty PA combiners in [31].

seen by the left and right transistors, respectively, where n
is the harmonic index. The outphasing angle between the
fundamental tone of the drive signals is represented by θ , see
Fig. 3. The same drain bias is assumed for both transistors.
The following boundary conditions are further assumed for
the derivation:
1) Optimal impedance at peak power: Both switch transistors are loaded by the optimal class-E fundamental
tone impedance at the peak power level (Ppeak ) which
occurs at an outphasing angle θ = θ1 :
R(θ1 ) = 0.58

V D2 D
Ppeak

Z 1A (θ1 ) = Z 1B (θ1 ) = (1.52 + j 1.11)R(θ1)

(3)
Fig. 5.

(4)

2) Optimal impedance at back-off: Both transistors are
loaded by the optimal fundamental tone impedance
when the output power is backed-off by a factor of γ
corresponding to an outphasing angle θ = θ2 :
R(θ2 ) = γ 0.58

V D2 D
Ppeak

Z 1A (θ2 ) = Z 1B (θ2 ) = (1.52 + j 1.11)R(θ2)

(5)
(6)

It will be shown briefly below that the outphasing angle at
the peak output power level, θ1 , is fixed by the selected γ . It
should also be stressed that, although this paper is devoted
to outphasing of class-E PAs, optimal load impedances at
peak power and back-off can be selected to achieve any PA
operating mode. In fact, the authors have recently designed
an outphasing PA prototype based on the combiner synthesis method presented in this paper but using the optimal
load impedances found from load-pull simulations of the
transistor [33].
The fundamental tone voltages and currents shown in Fig. 3
are related by Z2P :
  
 
V1
Z 11 Z 12 I1
=
(7)
V2
Z 21 Z 22 I2
where Z 12 = Z 21 due to the reciprocity assumption. This leave
three unknown Z -parameters to be determined. Applying the
boundary conditions given in (4) and (6) to (7), results in four
distinct equations. Considering the parameter θ2 also as an
unknown parameter, the solution set is found as:
Z 1A (θ2 ) − Z 1A (θ1 )
+ Z 1A (θ1 )
1 + e j 2θ1

1 A
Z 1 (θ1 ) − Z 1A (θ2 ) sec θ1
=
2

Z 11 =

(8)

Z 12

(9)

Variation of θ1x versus γ for the conventional class-E load case.

Z 1A (θ1 ) − Z 1A (θ2 )
+ Z 1A (θ2 )
1 + e j 2θ1
θ2 = π − θ1

Z 22 =

(10)
(11)

All the elements of Z2P are now derived in terms of Ppeak ,
V D D and γ .
III. C ONVERSION TO L OSS -L ESS T HREE -P ORT
C OMBINER N ETWORK
It should also be verified that the calculated Z2P can be
realized as a three-port lossless reciprocal network terminated
with a purely resistive load, Ro , see Fig. 4. In [31], using the
conditions for being a lossless-reciprocal three-port network,
it was shown that the following condition is necessary as well
as sufficient for such a realization:
{Z 12 (θ1 )}2 = {Z 11(θ1 )}{Z 22 (θ1 )}

(12)

The condition given above is satisfied for four different θ1
values. Each solution provides the same efficiency profile but
yields different network parameters. The solution set for θ1 has
the form of {±θ1x , ±(π − θ1x )} and the value of θ1x depends
on the γ value. It is a difficult task to derive an analytical
expression for θ1x in terms of γ . However, for a known γ ,
the value of θ1x is easy to find numerically using (8) - (10)
and (12). In Fig. 5, θ1x is plotted versus γ for the conventional
class-E case. Once θ1x is known, all the elements of Z2P are
known. Next, practical realization of Z2P with a lossless threeport combiner and a resistive load is treated.
A. Realization of Lossless Combiner
As mentioned previously, the three-port lossless combiner
can be presented using two lossless two-ports, see Fig. 4. The
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impedance parameters of these lossless networks, Z2P−a and
Z2P−b , should be derived in terms of the calculated Z2P and
load resistance Ro . The network parameters will be presented
in ABC D parameter format for the sake of convenience in
this derivation, where subscripts 2P, 2P − a and 2P − b will
still be used to denote the lossy two-port combiner network
parameters and the lossless network parameters, respectively.
It is further assumed that the calculated lossy two-port network
parameters have the following form:


Ar + j Ai Br + j Bi
T2P =
(13)
Cr + j Ci Dr + j Dr

Fig. 6.  and T-network realization of a two-port network. Each element
represent a reactive component, i.e., a capacitor or an inductor.

According to the schematics in Figs. 3 and 4:
T2P = T2P−a TR T2P−b


Aa
j Ba
1
=
1/Ro
j C a Da

0
1



A b j Bb
j C b Db


(14)

where T2P−a and T2P−b are ABC D network parameters of the
lossless two-port networks seen in Fig. 4. Observe that purely
real values are assigned to the diagonal elements, while purely
imaginary values are assigned to the off-diagonal elements
for T2P−a and T2P−b . This structure guarantees that the twoport networks are lossless and reciprocal. The matrix equality
above and the fact that the two-ports are reciprocal yields
seven equations in total, while there are eight unknowns in
total. This means the system is over-determined. One of the
unknowns can therefore be selected freely. In this case, Aa
is chosen as the free design variable. The solution set then
follows as:
A i Da
(15)
Ba =
Cr
C r − A a C r Da
Ca =
(16)
A i Da
√ √
Cr Ro Ai Bi + Ar Br
(17)
Da = ±
Ai
C r Ro
Ab =
(18)
Da
Br Cr Ro
Bb = −
(19)
A i Da
A a C r 2 Ro
A i Da
Bi C r
Cb =
−
+
(20)
2
B
C
R
B
A i Da
r r o
r Da
Cr (Ai Bi Da + Aa Br Cr Ro )
(21)
Db =
A2i Da 2
With the equations above, a full description of the lossless
two-port networks are obtained. Note from (17) that there are
two sets of solutions for the network parameters. A set of
MATLAB files are also available that can be used for designs
based on the method proposed in this paper [34].
A lumped element realization of a two-port network is
straight forward using - or T-networks, see Fig. 6. Admittance/reactance values seen in the schematics are easily calculated using well-known formulas found in the text-books [35].
As one can independently select a - or T-network realization
for lossless two-port networks, four different realizations are
possible for a given solution. Considering that there are also
two solution sets for the network parameters, in total eight
different realizations of the combiner exist. Typically there is
a trade off between the combiner size and the losses. The
realization that gives the best compromise in terms of losses

and size should be selected. Moreover, the value of Aa should
also be determined for the realization. In principle, Aa should
also be optimized to achieve lowest losses in the combiner.
Our experience with various designs is that, Aa around unity
typically yields the lowest losses. This makes sense since
Aa = 1 reduces the number of elements from two to three
in one of the lossless two-port networks in both - and
T-network realizations. However, it is also interesting to add
that, there are other ways of realizing a two-port network than
classical -T network realizations. One could for instance use
a topology with more than 3 elements and solve the element
values to achieve the required two-port network parameters. In
that case, each new element would create an infinitely many
new solutions which may offer different trade-offs for the
losses and the size.
At microwave frequencies, distributed transmission line
realizations are often preferred over lumped-element realizations. In the schematics seen in Fig. 6, the shunt components
are easily realized using open or short circuited transmission
line stubs. A methodology to exactly realize a series reactance
using only transmission lines can be found in [31].
So far we have developed a methodology for precise load
modulation of SMPAs in outphasing transmitters, which is not
a very well established topic in the literature [22]–[24], [36].
It is also important to stress that device nonlinearities and
parasitics can also be perfectly accounted for in the presented approach by directly incorporating optimal impedances
from load-pull simulations/measurements [33]. A more generic
overview of the combiner design approach presented in this
section can be found in first authors PhD thesis [32]. Next, a
design example is given to demonstrate the combiner design
approach at a single operating frequency. Ideal switches and
ideal passive components are used for the design to be able
assess the intrinsic performance of the novel design approach
presented. Wide-band realization will be treated thereafter.
IV. S INGLE F REQUENCY D ESIGN E XAMPLE
To illustrate the design approach described above, an ideal
900 MHz outphasing combiner will be designed in this
section. The effect of second harmonic termination on the
efficiency and output power dynamic range for outphasing transmitters is also studied through simulations in this
section.
It is assumed that Pout = 15 W, V D D = 28 V and
γ = 7.5 dB corresponding to θ1x = 39.5o. Using expressions
from the previous sections, Z2P is calculated as:


88.16 + j 199.68
−138.32 − j 101.01
Z2P =
(22)
−138.32 − j 101.01
217.04 + j 23.19
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Fig. 8. Fundamental tone load impedance trajectories for each transistor
(blue and green) for two different second harmonic load impedances (Z 2A,B ).
The simulations are performed using a symbolically defined combiner and an
idealized switch model for the transistor. The dashed black line represents the
optimal fundamental tone class-E load trajectory for efficiency as a function
of output power.

Fig. 7. Drain efficiency and output power simulation results for different
second harmonic load impedances (Z 2A,B ). Z 2A,B = − j84 and Z 2A,B =
− j464 corresponds to optimal second harmonic load impedances at peak
power level and 7.5 dB back-off respectively.

In Fig. 7, the efficiency and output power simulation results
are presented using a symbolically defined combiner and an
idealized switch model for the transistor. In simulations, we
swept the second harmonic switch impedances, Z 2A,B , from
− j 30  to − j 600 . According to (1), the optimal second
harmonic impedances at peak power level and at 7.5 dB backoff are − j 84  and − j 464 , respectively. The results
in Fig. 7 indicate that Z 2A,B play an important role for the
efficiency and the output power dynamic range. The efficiency
is rather flat versus output power for Z 2A,B > −84  and the
best dynamic range is achieved for Z 2A,B = −152 . The
effect of Z 2A,B on the dynamic range can be better understood
by studying the fundamental tone load impedances {Z 1A , Z 1B }
trajectories shown in Fig. 8. With second harmonic switch
impedances Z 2A,B = − j 152 , both devices see almost
purely imaginary fundamental tone load impedances at θ =
−250o , therefore delivering very low output powers, see also
Fig. 7(b). However, for Z 2A,B = − j 84 , fundamental tone
switch impedances {Z 1A , Z 1B } never become purely imaginary
simultaneously and the resulting dynamic range is therefore
much smaller. As seen from Fig. 8, even negative resistances
are presented to one of the transistors with Z 2A,B = − j 84 .
It is relevant to mention that negative load resistances in
outphasing transmitters were observed during measurements
in [22]. The effect of second harmonic impedances on the

fundamental tone trajectories is explained by the mixing that
occur in the switching transistors, i.e., the second harmonic
waveforms affect the fundamental tone waveforms and the
output power.
As seen from Fig. 8, both transistors see optimal impedances
at peak power level and at a back-off level. In between these
two power levels, the impedance trajectories deviate from the
optimal load line in opposite directions, similar to the Chireix
combiner case. However, this does not cause a significant
efficiency drop as seen from Fig. 7.
The combiner should present the above network parameters
at the fundamental tone and present − j 152  at the second
harmonic frequency at the drain terminals. The harmonic
control circuitry is implemented using an open circuited stub
that has a length of λ/4 at 2 f o and a transmission line to
transform short circuit impedance to − j 152 , see Fig. 9.
By this topology, it is ensured that what is after the λ/4 stub
will not effect the second harmonic impedance seen at the
device terminals.
The effect of harmonic tuning circuity can be de-embedded
from the calculated combiner network parameters using the
ABC D matrix representations:
−1
T2P = T−1
HC T2P THC

(23)

where THC represents the ABC D network parameters of the
harmonic control circuitry at the fundamental frequency, see
Fig. 9. Now our task is to realize T2P using the approach
presented in the previous section.
The next step is to calculate lossless two-port network
parameters seen in Fig. 4 using (15) - (21). Once, the lossless
two-port network parameters are known, a lumped element
combiner can be realized using - or T-networks. In this
example, the T-network topology is used for both two-port
networks since it gives lower losses and yield a more compact
realization. It should also be mentioned that the positive
root is used for Dm in (17). The resulting lumped element
realization is shown in Fig. 9. This network is easily converted
to transmission line networks using the conversion technique
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Synthesized lumped element outphasing combiner network including second harmonic control circuitry.

Fig. 10. Synthesized transmission line outphasing combiner network including second harmonic control circuitry. Series inductors are converted to transmission
lines using the technique developed in [31].

presented in [31]. The resulting final three-port lossless transmission line outphasing PA combiner is shown in Fig. 10.
The efficiency and dynamic range simulation results
achieved with the realistic combiner shown in Fig. 9 are
identical to the results presented in Fig. 7 for the relevant
Z 2A,B = − j 152 , and therefore not repeated again. In this
design example we assumed that the transmission lines are
ideal and lossless. On the other hand, our experience with
several realistic outphasing and Doherty combiner designs is
that, using realistic passive devices does not significantly affect
the resulting two-port network parameters [33], [37].
Realization of calculated network parameters at a single
frequency is a straight forward task as demonstrated with the
design example. However, it is not easy to maintain fixed
network parameters over a wide frequency range. In particular,
providing a fixed phase angle for S12 versus frequency is
almost impossible due to the inevitable frequency dependent
phase shift introduced by the reactive components in the
combiner network realization.
V. U TILIZATION OF THE C ONTINUOUS
C LASS -E M ODES T HEORY
As shown in the previous section, the conventional class-E
theory yields a single set of combiner network parameters that
does not provide much possibility for a wide-band realization.
On the other hand, recently the authors have theoretically
proven that the class-E switching conditions can actually be
satisfied for a continuum of fundamental and second harmonic
switch impedances {Z 1S , Z 2S }, see Fig. 2, [27], [38]. This
creates an additional degree of freedom for calculation of
the combiner network parameters, thus providing an important
possibility for wide-band realization. For the wide-band design

case, the combiner topology is still found using the analytical
combiner synthesis method presented in the previous section.
However, a numerical optimization is also needed to achieve
final element values.
High efficiency continuous class-E modes impedance
trajectories from [27] follows as:
(1 + j x 1)π
π + j 2(1 + j x 1) cos2 φ1
S
Z 2 (φ1 ) = j π x 2 R/(π − 4x 2 cos2 φ1 )

Z 1S (φ1 ) = R

(24)
(25)

where
16π cos2 φ1 cot φ1 + 2π sin 2φ1 + 3π 2 − 32
12π cos2 φ1

2

π sec φ1
4 sin 2 tan−1 (2 cot φ1 )
x2 =
24(π − 2 tan φ1 )



+ 3π + 2 cos 2 tan−1 (2 cot φ1 ) − 2 tan φ1
x1 =

R=

8 sin2 φ1 V D2 D
π2
Pout

(26)

The parameter φ1 is a new design variable that denotes the
phase of the fundamental tone load current. In principle, φ1
can take any value in [0, 180o ], however, only for the range
φ1 ∈ [43o , 78o ] the maximum values of the switch waveforms
are comparable to those of the conventional class-E mode
waveforms [27]. In other words, only for the range φ1 ∈
[43o , 78o ] output power levels comparable to the conventional
class-E output power level is achieved.
Impedances Z 1S (φ1 ) are plotted versus output power level
in Fig. 11. Observe that, the resulting trajectories are constant

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
ÖZEN et al.: GENERALIZED COMBINER SYNTHESIS TECHNIQUE FOR CLASS-E OUTPHASING TRANSMITTERS

7

Fig. 12. CMOS inverter circuit for generation of square shaped drive signals.

Fig. 11. Optimal fundamental tone load impedances (Z 1S (φ1 )) versus output
power for different φ1 values.

Q lines, i.e., ratio of the real and imaginary parts of the
impedance is constant along each line.
Using Z 1S (φ1 ), the boundary conditions from Section II-B
for calculation of the outphasing combiner network parameters
are now generalized as:
1) Optimal impedance at peak power:
Both switch transistors see an optimal fundamental tone
impedance at the peak power level which occurs at θ =
θ1 :
p

p
R(θ1 , φ1 )

8 sin2 φ1 V D2 D
=
π2
Ppeak

(27)
p

Z 1A (θ1 ) = Z 1B (θ1 ) = Z 1S (φ1 )

(28)

2) Optimal impedance at back-off power:
Both transistors see an optimal fundamental tone
impedance when the output power is backed-off by a
factor of γ at θ = θ2 :
R(θ2 , φ1bo ) = γ

8 sin2 φ1bo V D2 D
π2
Ppeak

Z 1A (θ2 ) = Z 1B (θ2 ) = Z 1S (φ1bo )

(29)
(30)

Observe that, the boundary conditions assume different φ1
p
values at peak power level (φ1 = φ1 ) and γ dB back-off
bo
(φ1 = φ1 ). In other words, we allow the impedances seen
by the switches (transistors) at the peak power level and at
the back-off level to be on different trajectories in Fig. 11.
This way even two new degrees of freedom are enabled for
calculation of the network parameters. Each combination of
{φ1 p , φ1bo } yields a different set of network parameters in
(8) - (10). This reveals a very large combiner design space,
providing important possibilities for wide-band realization as
experimentally demonstrated in the next section.

Fig. 13.

CMOS-GaN line up as a high power switch.

A. Active Switch Realization
Commercial GaN HEMTs (Cree CGH60015DE) are used as
the active switching devices for the class-E cells. The device
has an approximate output capacitance of Cout = 1.3 pF and
provides a maximum current level of around 2 A.
A single stage of inverter circuit implemented in a commercial 65 nm CMOS process is used as the driver for the GaN
HEMT [39]. The schematic of the driver is shown in Fig. 12.
The inverter driver ensures that the GaN HEMT switches on
and off with short transition times.
The driver also provides duty cycle (d) control. The duty
cycle is adjusted by varying the PMOS and NMOS transistor
gate bias voltages, Vg P and Vg N respectively, in other words
by varying the conduction angle of the saturated transistors in
the inverter driver. This property has been demonstrated via
load-pull measurements in [40], where the achieved d range
was approximately [0.35,65].
The driver use extended drain MOS (EDMOS) transistors
which have a breakdown voltage of 10 V [41]. It can therefore
provide the required voltage swing to switch the GaN transistor
between on and off states. Typically 5 V of peak-to-peak
voltage swing is sufficient to drive the GaN between on and
off. In the final application, several cascaded inverter pre-driver
stages will be used to achieve a high enough gain with no
interstage matching networks in between them. Input of the
inverter driver is therefore directly connected to the RF source
using 50  transmission lines. A photo of the CMOS-GaN
line-up is shown in Fig. 13.

VI. W IDE -BAND O UTPHASING T RANSMITTER D ESIGN
This section treats design and realization of a
700–1000 MHz 30 watt CMOS-GaN outphasing transmitter
demonstrator. First the active switch realization is treated.

B. Wide-Band Combiner Design
For the combiner design, the first step is to calculate its
network parameters using (8) - (10) and (27) - (30). It is
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Fig. 15. Efficiency simulation results versus frequency for different output
power back-off levels with no duty cycle control. An idealized switch model
is used for the simulations.
Fig. 14. Calculated optimal combiner S-parameters (blue) and synthesized
combiner S-parameters for frequency range of 700–1000 MHz (red). The
green-filled markers denotes the lowest frequency points. The synthesized
and optimal second harmonic impedances, Z 2A,B and Z 2S respectively, are
also presented.

assumed that Pout = 15 W, V D D = 28 V and γ = 7.5 dB.
The resulting network parameters, {Si j }, are plotted in Fig. 14.
Each point in the graph corresponds to a different combip
nation of {φ1 , φ1bo }. As seen from the figure, a very large
combiner design space is now enabled, allowing variation over
frequency, while maintaining high efficiency.
At each frequency point in the range between
700 and 1000 MHz we allow a different set of {Si j }.
The following error function is thus defined for optimization
of the component values in the combiner network:
2

2

=
i=1 j =1

1
max |Si j |

N
p

bo
|Sicj ( fn ) − Si j (φ1n , φ1n
)|

(31)

n=1

p

bo } values are also considered as optimizawhere {φ1n , φ1n
tion variables since we can freely select an Si j from the
design space at each frequency point. The symbol Sicj denotes
the frequency dependent S-parameters provided by the combiner network. The number of frequency points used for the
optimization is N = 4.
Ideally, the combiner should also provide the optimal second
harmonic impedances versus frequency. However, including
this also as an optimization goal causes a very poor fit for the
fundamental tone S-parameters. On the other hand, without
significantly increasing , it can at least be ensured that Z 2A,B
will be almost purely imaginary by also setting the following
constraints for the optimization:
c
c
{|S11
(2 f )|, |S22
(2 f )|} > 0.95

(32)

The constraint above ensures that almost no real power will
be generated in the load at the second harmonic.
Almost the same combiner topology used in Section IV
(see Fig. 10) is also used for the wideband realization.
Topology wise the only difference is that in the wide-band
combiner, T L 5 was eliminated by the optimization process.
Upon optimization of the combiner network component parameters, a very good fit is achieved between the synthesized

and calculated fundamental tone S-parameters, see Fig. 14.
Also, almost purely imaginary second harmonic impedances
are presented to both switching transistors across the band.
The related efficiency simulation results using an idealized
switch model (see Fig. 2) are shown in Fig. 15. As seen from
the figure, the efficiency at peak power level and moderate
back-off levels (3-6 dB) remains fairly high versus frequency.
It is however important to add that, the performance is still
lower than the potential offered by outphasing operation for
most of the frequencies. This is mainly attributed non-optimal
Z 2A,B phase angle values versus frequency. Observe that the
best performance is achieved at 700 MHz where Z 2A,B are
close to the optimal second harmonic impedance. However,
further performance improvement should also be possible
since the design space does not cover all the high efficiency
SMPA modes, such as parallel circuit class-E [42], suboptimal
(variable-slope) [28], [43] and variable-voltage class-E [44].
It is therefore worth applying a gradient optimization on the
combiner element values with high average efficiency as the
goal. Moreover, fine tuning of the switch duty cycle around
50% may also help to improve the performance, noting that
the optimal combination of the impedances strongly depends
also on the duty cycle for SMPAs [28], [45]. It is important to
mention that optimization of the duty cycle versus frequency
was first proposed in [4].
A significant performance improvement is achieved with
post-optimization of the combiner element values and the
duty cycle. The final wide-band outphasing combiner topology
and the elements values are shown in Fig. 16. Using a
realistic nonlinear transistor model provided by the vendor,
the simulated drain efficiency at 7.5 dB back-off is higher than
71% over 700–1000 MHz band, see Fig. 17. The duty cycle
range used in simulations is d ∈ [0.35, 0.6], where d decreases
monotonically versus frequency. It is important to stress that
the duty cycle is not optimized versus outphasing angle
(output power) and therefore held constant at each frequency.
The duty cycle is set to achieve best efficiency at around 8 dB
back-off power level. The related fundamental tone impedance
trajectories at the intrinsic transistor current-source reference
plane are shown in Fig. 18. Observe that, except for the
lower edge of the band, device load impedance trajectories
are mostly within the continuous class-E mode impedance
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Fig. 16. Wide-band outphasing combiner topology to realize the calculated
network parameters. Characteristic impedances and electrical lengths of the
transmission lines at 850 MHz follow as: Z 1 = 68 , Z 2 = Z 4 = Z 5 =
Z 7 = 30 , Z 3 = 62 , Z 6 = 67 , Z 8 = 55 , Z 9 = 59 , E 1 = 37o ,
E 2 = E 7 = 50o , E 3 = 35o , E 4 = 5o , E 5 = 93o , E 6 = 17o , E 8 = 39o ,
E 9 = 47o , C1−4 = 39 pF. Output capacitance of the device is represented
by Cout = 1.3 p F

space presented in Fig. 11. At the lower edge of the band,
it seems that the PA, however, operates in some other high
efficiency SMPA mode at back-off. This is attributed to the
post optimization performed, as discussed previously.
The overall transmitter efficiency simulation results are not
included here since no model was available for the CMOS
driver circuit. The measured overall transmitter efficiency
results are, however, presented in the following section.
VII. S TATIC M EASUREMENT R ESULTS
A. Outphasing Transmitter Realization
A schematic block diagram of the complete outphasing
transmitter is presented in Fig. 19. The combiner network is
implemented on a Duroid 5870 substrate that has a relative
dielectric constant of 2.3 and thickness of 15 mil. Electromagnetic simulations of the transmission lines and the bond wires
were also performed using Keysight’s Momentum and finiteelement-method (FEM) simulators, respectively, to guarantee
good agreement between measurements and simulations across
the band.
Finally, the manufactured driver boards, the GaN HEMTs
and the combiner network are mounted on a brass fixture
which is also used for overall grounding. A photograph of
the prototype transmitter is shown in Fig. 20 (see Fig. 13
for a close up photo of the CMOS and GaN interconnect).
In the transmitter measurements, the RF input port of the
CMOS drivers, R Fin in Fig. 12, are directly connected to 50 
RF signal generators with no input matching in between. The
output of the CMOS drivers are connected to the gate of the
GaN HEMTs using very short bond wires, see Fig. 13. This
ensures that square shaped signals can be generated across the
gate of the GaN HEMTs at RF. The output of the CMOS driver
is DC decoupled which allows the gate of the GaN HEMTs
to be biased near its pinch off voltage at -2.5 V. The biasing
is implemented with an L-C network connected to the gate of
the GaN HEMT with a relatively long bond wire.
B. Measurement Setup
A block-diagram and a photo of the measurement setup is
shown in Fig. 21. A vector signal generator (VSG) (Keysight
83650A) and an RF synthesizer (Keysight E4438C), that are
synchronized with the same 10 MHz reference signal, were

Fig. 17.
Cut-ready simulation results using an in-house GaN HEMT
model [46]. The duty cycle range used in simulations is d ∈ [0.35, 0.6], where
d decreases monotonically versus frequency. (a) Drain efficiency versus backoff at different frequencies. (b) Drain efficiency versus frequency for different
back-off levels. Efficiency results at peak output power level and 6 dB back-off
with fixed 50% duty cycle (dashed-lines) are also included for comparison.

used for generating the drive signals. The input signals were
captured using a real time sampling oscilloscope (Keysight
54854A) for phase calibration and also for efficiency calculations. The phase difference between the branches was
controlled by changing the phase of the VSG output. The
output power was measured using a power meter (Keysight
E4419B) after an attenuator and a low-pass filter.
C. Measurement Results
The CMOS drain bias, V D D1, was set to 6 V and the GaN
HEMT devices were operated at a drain bias of 30 V. The
gate bias of the GaN HEMTs, Vg , was set to -2.5 V. The
duty cycle is controlled by varying the gate bias voltages
of the NMOS and PMOS transistors in the driver circuit,
Vg N and Vg P respectively, see Fig. 12. The available source
power applied to the CMOS drivers was kept constant at
Pav = 22 dBm during the measurements.
The drain efficiency of the Class-E stages (η) and the overall
line-up efficiency (ηt ot ) were both measured. The efficiency
definitions follow as [1]:
Pout
(33)
η=
PDC1
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Fig. 18. Simulated fundamental tone load impedance trajectories at the intrinsic current reference plane for the two GaN HEMT switch transistors (blue and
green) versus frequency.

Fig. 19. A block-diagram of the wide-band outphasing transmitter. For details
of the CMOS driver and the wideband combiner network see Fig. 12 and
Fig. 9, respectively. The bias voltages Vg N and Vg P are changed at each
frequency, where Vg N ∈ [0.6, 1.4] V and Vg P ∈ [4.8, 5.4] V.

Fig. 21. (a) A block diagram of the measurement setup for characterization
of the wide-band outphasing transmitter prototype. VSG stands for vector
signal generator. (b) A photo of the setup

Fig. 20.
A photo of the constructed wide-band outphasing transmitter
prototype. Dimensions are 11x8 cm.

ηt ot =

Pout
PDC1 + PDC2 + Pav−t ot

(34)

where PDC1 and PDC2 are the DC powers drawn by the GaN
HEMT devices and the drivers, respectively. Pav−t ot is the
total available RF power applied to the CMOS drivers.
During the measurements, the duty cycle was optimized at
each frequency for the best average line-up efficiency performance. The corresponding measurement results are shown in
Fig. 22(a)–(d). The measured drain and line-up efficiencies at

7.5 dB back-off are above 52% and 45%, respectively across,
750–1050 MHz, see Fig. 22(b)–(c). The peak power remains
fairly flat versus frequency at 44 dBm, i.e., the variation across
the band is 0.18 dB, see Fig. 22(d). Gain at the peak power
resembles the output power curve shown in Fig. 22(d) with
25 dB offset and therefore not included here. Furthermore,
although the efficiency remains high even frequencies beyond
1.05 GHz, the peak output power sharply drops already at
1.075 GHz. Measurements beyond 1.05 GHz are therefore not
included here.
The measured back-off efficiency for the frequency range
of 700–800 MHz is lower than the simulation results, which
might be attributed to the model inaccuracies and the fabrication tolerances. It is also observed that the center frequency
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Fig. 22. Measurement results using V D D = 30 V, Vg = −2.5 V, V D D1 = 6 V, Vg N ∈ [0.6, 1.4] V and Vg P ∈ [4.8, 5.4] V. (a) Drain efficiency versus
back-off at different frequencies. (b)–(c) Drain and line-up efficiencies versus frequency for different back-off levels. (d) Peak output power versus frequency.

is up-shifted from 850 MHz to 900 MHz. Despite these discrepancies, the prototype provides a very large RF bandwidth
performance for outphasing transmitters.
In order to study the importance of duty cycle control on
the performance, the efficiency is also measured with fixed
gate bias voltages for the CMOS drivers, Vg N = 1.2 V,
Vg P = 5.2. These settings correspond a duty cycle of around
50%. The results indicate that the duty cycle control provides
4-8% back-off efficiency improvement at the band edges, see
Fig. 23. Note also that optimization of the duty cycle yields
less improvement at lower frequencies, i.e., 750–800 MHz.
This may partly explain the lower efficiency achieved at the
lower band edge.
The results are also compared with the performance of
other published wide-band outphasing transmitters in Table I.
As seen from the table, the efficiency-bandwidth performance
of the prototype stands-out, confirming the robustness of the
proposed wide-band combiner design approach.
VIII. DYNAMIC S IMULATION R ESULTS
The proposed class-E outphasing transmitter prototype provides a very large efficiency-bandwidth performance as shown
in the previous section. The achieved output power dynamic
ranges are, however, not sufficient for amplification of modern
communication signals with low distortion.

The simulation results presented in Section IV in Fig. 7
show that the dynamic range is sensitive to the combination
of fundamental tone combiner network parameters and second
harmonic terminations. Although it is possible to achieve the
optimal combination for a high dynamic range at a single
operating frequency, it is difficult to provide specific network
parameters and second harmonic impedances over a wide
range of frequencies. It is thus inherently difficult to achieve
high dynamic range versus frequency in outphasing transmitters. Low dynamic range versus frequency was also observed
in conventional Chireix outphasing transmitters in [4], [49].
More robust approaches should therefore be considered to
achieve large dynamic ranges and thus a good linearity versus
frequency.
Switching to linear mode of operation, i.e., controlling the
output amplitude by varying the input amplitude rather than
varying the outphasing angle, is one approach for improving
the dynamic range. The feasibility of hybrid linear-outphasing
operation was experimentally demonstrated in [19], [50], [51]
for narrow-band outphasing systems.
The feasibility of the hybrid linear-outphasing scheme is
investigated through simulations for the wide-band outphasing
PA prototype in this work. The simulations are performed with
the transmitter schematic in Fig. 19, excluding the CMOS
drivers, using Keysight’s ADS envelope simulator and a 6.7 dB
PAPR single-carrier W-CDMA signal. A square-wave signal
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TABLE I
C OMPARISON W ITH S TATE - OF - THE A RT O UTPHASING PAs

Fig. 23. Measured drain efficiency versus frequency with no duty cycle
control (solid lines). Measurement results achieved with duty cycle control
are also included as reference (dashed lines).

Fig. 25. The amplitude of the input drive signals and the phase-offset value
between the PA branch signals at 850 MHz.

Fig. 24. Block-diagram of the simulation setup used for characterization of
the wide-band outphasing transmitter prototype with the modulated signals.
TABLE II
DYNAMIC S IMULATION R ESULTS

source was unfortunately not available in the envelope simulator and sinusoidal drive signals are used in the modulated
simulations. Duty-cycle control was therefore not possible in
modulated simulations, which might cause a slight degradation
in the average efficiency at the band edges (see Fig. 17). The
PA branch input signals are derived from the static-inverse
model constructed from harmonic-balance simulations, see
Fig. 24, following a similar procedure as for the RF pulse
width modulation (RF-PWM) transmitter presented in [52].
The amplitude of the input drive signals and the phaseoffset between them for 850 MHz are shown in Fig. 25
and looks similar at other frequencies. The simulated output

Fig. 26. Envelope-simulated output spectrum at different center frequencies
with hybrid linear-outphasing linearization.

spectrum for different frequencies are shown in Fig. 26. The
simulated adjacent-channel-leakage-ratio (ACLR) and average
efficiency performance is summarized in Table II. The average
efficiency and ACLR are better than 56% and -41 dBc across
the band. These results clearly prove that the hybrid linearoutphasing operation scheme enables good linearity and high
efficiency also for the large RF bandwidth combiner case
presented in this work. The linearity may be further improved
by using a digital pre-distortion block before the static splitter
(see Fig. 24) to correct for residual nonlinearities caused by
memory effects.
IX. C ONCLUSIONS AND F UTURE W ORK
Maintaining proper load modulation versus frequency is
necessary for a good efficiency-bandwidth performance in
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outphasing transmitters. In this work we have demonstrated
that this can be achieved by mapping the inherent variation of the combiner network parameters to optimal network
parameters calculated using the continuous class-E modes
theory. A generic wide-band combiner design approach was
thus developed based on this principle. The proposed design
approach enabled a prototype outphasing transmitter with an
excellent efficiency-bandwidth performance. The theory and
results obtained clearly demonstrate the potential of outphasing transmitters for realization of highly efficient and wideband
transmitters.
Although the ideal class-E load impedances are used for the
calculations in this work, the combiner network parameters
could as well be calculated using the optimal impedances
found via load-pull simulations/measurements. This would
allow device nonlinearities and parasitics to be perfectly
accounted for. A load-pull based outphasing combiner design
approach is therefore worth investigating further for an even
better efficiency-bandwidth performance.
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