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ABSTRACT This paper presents a highly efficient InGaP/GaAs HBT power amplifier (PA) implemented
using a proposed high-Q single- and two-winding transformer. A single- and two-winding transformer
is designed with a printed circuit board (PCB) to combine the output power with a reduced passive
loss. Compared to a typical 1:2 two-winding transformer, an additional unit amplifier is connected at the
mid-point of the secondary winding to construct a single-winding transformer without additional windings.
An IMD3 cancellation technique using a single- and two-winding transformer is also proposed to obtain a
high linear output power with high power-added efficiency (PAE) without additional design circuitry. The
IMD3 components of the two input currents in the single- and two-winding transformer are 180◦ out-of-phase
cancelling each other at output. The proposed PA is integratedwith an InGaP/GaAsHBT process using a PCB
transformer. The experimental results demonstrate that the PA achieves a saturated output power of 33.3 dBm,
with a PAE of 61.3% at 0.91 GHz. The proposed PA is also tested with an orthogonal frequency-division
multiplexing (OFDM) 64-quadrature amplitude modulation (QAM) signal having a bandwidth of 10 MHz
and peak-to-average power ratio (PAPR) of 7.8 dB at 0.91 GHz to evaluate the improvement in linearity. The
PA achieves an adjacent channel leakage ratio (ACLR) of−42 dBc up to an output power of 26.0 dBm with
a PAE of 26.8% and current consumption of 297 mA.

INDEX TERMS InGaP/GaAs HBT power amplifier, IMD3 cancellation, single-winding transformer, PCB,
femtocell.

I. INTRODUCTION
There is an increasing demand for high data rates in modern
high-speed wireless communications. However, this requires
an orthogonal frequency-division multiplexing (OFDM) sig-
nal with a high peak-to-average power ratio (PAPR). There-
fore, a linear power amplifier (PA) is required with this signal
to operate in the back-off region from its saturated output
power to satisfy the linearity requirements. The linear output
power is reduced with a large back-off from the saturated
output power, and the power-added efficiency (PAE) also
decreases significantly. To increase the linear output power
of PAs, the saturated output power needs to be increased;
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for instance, the saturated output power of typical femtocell
base-station PAs is more than 2 W [1]–[4].

Power-combining techniques have been actively studied
to increase the output power of PAs. The transformer-based
power-combining technique is a practical method as it can
provide a matching function and a balun function with a
relatively small form factor. Series power-combining trans-
formers (SCTs) [5]–[12] and parallel power-combining trans-
formers (PCTs) [13]–[15] are the most popular itransformers
for combining power from several unit amplifiers. Both
SCTs and PCTs are based on two-winding transform-
ers. In addition, single- and two-winding based transform-
ers have recently been introduced to take advantage of a
single-winding based transformer, which can be implemented
with a low loss and a compact size [16]–[19]. The saturated
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output power and linear output power can be increased using
power-combing transformers.

To achieve an output power more than 2W by using a typi-
cal single-ended topology, the load resistance of the transistor
should be significantly low. For instance, to deliver 2.5 W
(34 dBm) output power (POUT ) using a collector voltage
swing of ± 5 V with a supply voltage (VCC ) of 5 V and a
knee voltage (VKNEE ) of 0.5 V, the required load resistance
(RIN ) can be calculated as

RIN =
(VCC−VKNEE )2

2POUT
=

(5V− 0.5V)2

2× 2.5W
= 4.05� (1)

For a 50-� load impedance, a large impedance transforma-
tion ratio is required. Slight variations in the passive output
circuits may cause significant performance degradation. The
higher the impedance transformation ratio of the passive
circuits, the higher the loss [20]. However, when an addi-
tional amplifier is combined with power-combining passive
circuits, the required impedance transformation is reduced
by half, resulting in an improved passive loss. In addition,
the design sensitivity for the performance variation in the
passive output circuits can be reduced. However, consider-
ing practical implementations, the combining loss from an
additional structure can degrade the passive efficiency of the
passive output circuits. To effectively combine multiple unit
amplifiers, a high-Q single- and two-winding transformer is
proposed in our paper. A low quality factor in an output
transformer can limit the overall performance, such as the
output power and PAE of the implemented PAs. Hence in this
work, a single- and two-winding transformer is implemented
with a printed circuit board (PCB), providing a thickCumetal
layer.

For femtocell base-station applications, a higher linearity
performance for the adjacent channel leakage ratio (ACLR)
is typically required. The large back-off in typical PA designs
that helps meet the required ACLR levels, leads to a con-
siderable decrease in efficiency. Therefore, various lineariza-
tion methods for HBT PA designs have been proposed to
improve the linear output power. To compensate for nonlinear
distortion, active bias circuits are widely used for typical
HBT PA designs [2], [18], [21]–[24]. A dynamic feedback
Darlington circuit has been proposed in [25]. A pre-distortion
method between the first- and second-stage amplifiers has
been proposed in [21]. In addition, an IMD3 cancellation
method using two parallel-combined transistors has been
introduced [2]. In this work, to enhance the linearity perfor-
mance of the HBT PA, IMD3 cancellation using a single- and
two-winding transformer is proposed. Moreover, an analysis
of the proposed IMD3 cancellation method is presented.

The remainder of this paper is organized as follows.
In Section II, the proposed high-Q single- and two-winding
transformer is analyzed and compared with a typical 1:2 two-
winding transformer and two-way power combining trans-
former to validate its effectiveness. Section III describes the
operation of the proposed IMD3 cancellation mechanism
with a single- and two-winding transformer. In Section IV,

FIGURE 1. Equivalent circuit of a typical 1:2 two-winding transformer.

the measurement results of the implemented PA are pre-
sented. Finally, the conclusions of this work are highlighted
in Section V.

II. HIGH-Q SINGLE- AND TWO-WINDING TRANSFORMER
Fig. 1 shows the equivalent non-ideal circuit of a typical
1:2 two-winding transformer. Each inductor and resistor in
Fig. 1 represent the equivalent circuit parameters for each
turn in the primary and secondary windings. A 1:2 turn ratio
is typically used for an output power more than 2 W; thus,
one turn for the primary side and two turns for the secondary
side are chosen for this analysis. RP and LP are used for the
primary winding, whereas two inductors (LS1 and LS2) and
resistors (RS1 and RS2) are used for the two-turn secondary
winding. Considering the voltages induced at the primary and
secondary windings, the relationship between voltages and
currents can be represented as[
VIN
VOUT

]
=

[
RP+jωLP − jω(M1a+M1b)

jω(M1a+M1b) −(RS1+RS2)−jω(LS1+LS2+2M2)

]
×

[
IIN
IOUT

]
(2)

If RP = RS1 = RS2 = R, LP = LS1 = LS2 = L, and
M1a = M1b = M1 6= M2, VIN and VOUT can be defined as

VIN = (R+ jωL) IIN − j2ωM1IOUT (3)

VOUT = j2ωM1IIN − 2 [(R+ jω(L +M2)] IOUT
= RLIOUT (4)

where RL is the output resistance, which is typically 50 �.
The input impedance ZIN of the transformer is expressed as
follows:

ZIN ≡
VIN
IIN
≡ RIN + jXIN

= R+ jωL +
(2ωM1)2

(2R+ RL)+ j2ω(L +M2)
(5)
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FIGURE 2. Equivalent circuit of a typical two-way power combining
transformer.

where RIN is the real part and XIN is the imaginary part of
ZIN . RIN is expressed as

RIN = R+
(2ωM1)2(2R+ RL)

(2R+ RL)2 + [2ω(L +M2)]2
(6)

The transformer efficiency can be expressed as follows:

ηTwo−windng ≡
PL
PIN
≡
RL |IOUT |2

RIN |IIN |2
(7)

where

IOUT =
j2ωM1

(2R+ RL)+ j2ω(L +M2)
IIN

The equivalent non-ideal circuit of a two-way parallel
power combining transformer is shown in Fig. 2. The two 1:2
two-winding transformers are connected in parallel. The rela-
tionship between voltage and current is represented by (8).[
VIN
VOUT

]
=

[
RP+jωLP − jω(M1a+M1b)

jω(M1a+M1b) −(RS1+RS2)−jω(LS1+LS2+2M2)

]
×

[
IIN
IOUT

]
(8)

If RP = RS1 = RS2 = R, LP = LS1 = LS2 = L, and
M1a = M1a = M1b = M1 6= M2, VIN and VOUT can be
defined as

VIN = (R+ jωL) IIN − j2ωM1IOUT (9)

VOUT = j2ωM1IIN − 2 [(R+ jω(L +M2)] IOUT
= RLI ′OUT = RL2IOUT (10)

FIGURE 3. Equivalent circuit of a single- and two-winding transformer.

The input impedance ZIN of the transformer is expressed
as follows:

ZIN ≡
VIN
IIN
=R+ jωL+

(2ωM1)2

(2R+ 2RL)+ j2ω(L +M2)
(11)

In addition, RIN is calculated as follows:

RIN = R+
(2ωM1)2(2R+ 2RL)

(2R+ 2RL)2 + [2ω(L +M2)]2
(12)

The transformer efficiency can be expressed as follows:

ηTwo−way ≡
PL
PIN
≡
RL |2IOUT |2

2RIN |IIN |2
(13)

where

IOUT =
j2ωM1

(2R+ 2RL)+ j2ω(L +M2)
IIN

Fig. 3 shows the equivalent non-ideal circuit of a single-
and two-winding transformer. Compared with the circuit
shown in Fig. 1, only one additional amplifier is connected
to the middle of the secondary winding without increas-
ing circuit complexity. Thus, the geometry of a single- and
two-winding transformer shown in Fig. 3 is the same as
a 1:2 two-winding transformer in Fig. 1. The voltage and
current relationship is represented in (14), as shown at the
bottom of the next page. If RP = RS1 = RS2 = R, LP =
LS1 = LS2 = L, and M1a = M1b = M1 6= M2, then VIN and
VOUT can be defined as

VIN1= (R+ jωL) IIN1 + jωM1IIN2 − j2ωM1IOUT (15)

VIN2= jωM1IIN1 + (R+ jωL) IIN2

− (R+ jωL + jωM2) IOUT (16)

VOUT = 2jωM1IIN1 + (R+ jωL + jωM2) IIN2

− 2 (R+ jωL + jωM2) IOUT = RLIOUT
(17)
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FIGURE 4. Calculated transformer efficiencies for a typical 1:2
two-winding transformer, two-way power combining transformer, and
single- and two-winding transformer.

The input impedances (ZIN1 and ZIN2) of transformer are
given by

ZIN1

=
VIN1

IIN1
= R+ jωL + jωM1

IIN2

IIN1

− 2jωM1
2jωM1 + (R+ jωL + jωM2)

IIN2
IIN1

2R+ RL + 2jωL + 2jωM2
(18)

ZIN2

=
VIN2

IIN2
= R+ jωL + jωM1

IIN1

IIN2

− (R+ jωL + jωM2)
R+ jωL + jωM2 + 2jωM1

IIN1
IIN2

2R+ RL + 2jωL + 2jωM2
(19)

In addition, RIN1 and RIN2 are calculated as follows:

RIN1=R+
4ω2M2

1 (2R+RL)+2ω
2RL (M1L +M1M2)

IIN2
IIN1

(2R+RL)2+(2ωL + 2ωM2)2

(20)

The efficiency of the single- and two-winding transformer
can be represented as

ηSignle−&Two−windng ≡
|Iout |2 � RL

|IIN1|
2 RIN1 + |IIN2|

2 RIN2
(22)

where

IOUT =
2jωM1IIN1 + (R+ jωL + jωM2) IIN2

(2R+ RL)+ j2ω(L +M )

Fig. 4 illustrates the graph of the calculated trans-
former efficiencies for a typical 1:2 two-winding transformer,
two-way power combining transformer, and single- and

FIGURE 5. Calculated transformer efficiencies of a single- and
two-winding transformer for different ratios between IIN1 and IIN2.

two- winding transformer. Here, RL is 50 �, and the induc-
tance (L) and resistance (R) are chosen as L = 3.7 nH
and R = ωL/Q (quality factor Q = 40), respectively,
considering the practical implementation of transformers on a
PCB. The mutual inductance (M ) is given byM1 = k1

√
L · L

(k1 = 0.57) and M2 = k2
√
L · L (k2 = 0.41). All parameters

are selected based on the values extracted from the results
of electromagnetic (EM) simulation. As shown in Fig. 4,
the calculated transformer efficiency of the single- and two-
winding transformer is higher than efficiencies of the typical
1:2 two-winding transformer and two-way power combining
transformer. As shown in Fig. 5, efficiency performances of
a single- and two-winding transformer for different ratios
between IIN1 and IIN2 are plotted. Efficiency of the single-
and two-winding transformer decreases with an increase the
ratio of IIN1 to IIN2. However, the efficiency of the single-
and two-winding transformer is still higher than the efficiency
of the two other transformers. Fig. 6 shows the calculated
transformer efficiencies of the single- and two-winding trans-
former for different values of Q; it can be seen that a higher
transformer efficiency can be achieved by increasing Q.
Therefore, a low passive loss can be realized using a high-
Q transformer design with a PCB.
Fig. 7 offers a 3-D view of the proposed high-Q single-

and two-winding transformer with a four-layer FR-4 PCB.
The primary and secondary windings are implemented using
18-µm-thick M2 and M1 layers, respectively. The metal
width of each winding is 100 µm. The spacing between the
turns in the secondary winding is 100 µm, considering the
minimum spacing rule for PCB implementation. The size
of the proposed transformer is 2000 µm × 2400 µm. The
EM simulations were performed using the Keysight ADS
momentum.

 VIN1
VIN2
VOUT

 =
 Rp + jωLp jωM1b − jω(M1a +M1b)

jωM1b RS2 + jωLS2 − (RS2 + jωLS2 + jωM2)
jω(M1a +M1b) (RS2 + jωLS2 + jωM2) − [RS1 + RS2 + jω(LS1 + LS2)+ j2ωM2]

 �

 IIN1
IIN2
IOUT

 (14)
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FIGURE 6. Calculated transformer efficiencies of a single- and
two-winding transformer for different Q values.

FIGURE 7. Layout of the single- and two-winding transformer using PCB.

Fig. 8 presents the Q values for each winding in the
single- and two-winding transformer. The Q values for the
primary winding (LP) and secondary winding (LS1, LS2) are
32 and 46, respectively, at 0.91 GHz. Fig. 9 shows the pas-
sive efficiencies obtained via EM-simulation for the typical
1:2 two-winding transformer and the single- and two-winding
transformer. Insertion loss is defined as the inverse of the
maximum available gain, which is typically used to character-
ize the transformer efficiency [8], [9], [13]–[15], [17]–[19].

FIGURE 8. EM simulated Q of the single- and two-winding transformer.

FIGURE 9. EM simulated transformer efficiencies for a typical 1:2
two-winding transformer and single- and two-winding transformer.

The EM simulated insertion losses are converted to efficiency
performances to compare with the calculated results. As indi-
cated in Fig. 9, a high-efficiency performance can be achieved
using a single- and two-winding transformer. There is a minor
difference between the calculated and EM simulated results.
However, the trends from the EM simulated results agree
with the trends from the calculated results. Through EM
simulation, the transformer efficiency of the 1:2 two-winding
transformer is found to be 92.1% at 0.91 GHz. A trans-
former efficiency of 96.7% is achieved using the single-
and two-winding transformer at 0.91 GHz. Therefore, a PA
capable of achieving high output power and high efficiency

RIN2 = R+
ω2 (L +M2)

2 (2R+ RL)− 2ω2R (L +M2)
2
+ 2ω2M1 (L +M2)

2 (2R+ RL)
IIN1
IIN2

(2R+ RL)2 + (2ωL + 2ωM2)
2

−
R2 (2R+ RL)+ 2ω2R (L +M2)

2
+ 4ω2RM1 (L +M2)

IIN1
IIN2

(2R+ RL)2 + (2ωL + 2ωM2)
2 (21)
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FIGURE 10. IMD3 cancellation using a single- and two-winding
transformer.

FIGURE 11. Total schematic of the proposed HBT PA with a single- and
two-winding transformer.

can be implemented using the proposed high-Q single- and
two-winding transformer.

III. IMD3 CANCELLATION WITH SINGLE- AND
TWO-WINDING TRANSFORMER
To achieve high linearity without increasing the design com-
plexity, an IMD3 cancellation mechanism using a single- and
two-winding transformer is proposed, as shown in Fig. 10.
Each unit transistor in PA1 and PA2 includes a ballast resistor
Rb to prevent thermal runaway. A bypass circuit with Rb1
and Cb1 is added to the unit transistor to compensate for
the decrease in the base bias voltage [23]. Change in Rb,
Rb1, and Cb1 causes a significant change in the phases of
the IMD3 current components but do not cause a significant
change in the phases of the fundamental current compo-
nents [2]. The two PAs (PA1 and PA2) are connected through
the single- and two-winding transformer, and different values
for Rb, Rb1, and Cb1 are selected to cancel the IMD3 current
components from PA1 and PA2. Based on the voltage and

FIGURE 12. Simulated results of the proposed PA. (a) Phases of
fundamental currents, (b) phases of IMD3 currents, and (c) total IMD3 of
the proposed PA.

current relationship for the proposed transformer expressed
in (14), the output current IOUT is given by

IOUT =
2jωM1IIN1 + (R+ jωL + jωM2) IIN2

(2R+ RL)+ j2ω(L +M )
(23)

The currents IIN1 and IIN2 from PA1 and PA2 are summed
at the output. Therefore, if the phases of the fundamen-
tal currents from PA1 and PA2 are the same, the output
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FIGURE 13. Simulated 1 phase results for variations of Rb, Rb1, and Cb1.
(a) Rb of PA1, (b) Rb1 of PA1, and (c) Cb1 of PA1.

fundamental current increases. In contrast, if the IMD3 cur-
rents from PA1 and PA2 are 180◦ out-of-phase, they are
cancelled each other at the output resulting in reduced IMD3
distortion. For the InGaP/GaAs HBT PA design, a two-stage
configuration including a drive amplifier (DA) is used to
provide sufficient gain of more than 30 dB. Fig. 11 shows
the total schematic of the proposed PA with the single- and
two-winding transformer for application in a femtocell base
station. Multiple unit transistors are combined in the DA

FIGURE 14. Simulated 1 phase results for variations of Rb, Rb1, and Cb1.
(a) Rb of PA2, (b) Rb1 of PA2, and (c) Cb1 of PA2.

and PA, and an active bias circuit including a linearization
capacitor Cbypass, is adopted for nonlinear distortion [2], [22],
[23]. The unit HBT comprises of an emitter of length 20 µm
and width 2 µm. The 14-unit HBT and 20-unit HBT are used
for PA1 and PA2, respectively. On-chip inductors and capac-
itors are used for the input and inter-stage matchings. For
the configuration of the proposed single- and two-winding
transformer, PA1 is connected to the primary winding of the
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FIGURE 15. Simulated bias currents of PA1 and PA2 as a function of
output power.

proposed transformer. Meanwhile, PA2 is connected to the
middle of the secondary winding, which is the configura-
tion of the single-winding transformer. The series capacitors
CS are added for the dc block of the output of PA1 and
PA2. In addition, off-chip inductors and capacitors are added
between PA1 and the primary winding to consider the addi-
tional tuning of output matching. To achieve IMD3 cancel-
lation at the output, different values for Rb, Rb1, and Cb1 are
chosen through careful iterations of the ADS harmonic bal-
ance simulations. Fig. 12 shows the simulated results for the
proposed two-stage HBT PA with IMD3 cancellation using
a single- and two-winding transformer. A two-tone signal
simulation was performed at a center frequency of 0.91 GHz
with a tone spacing of 10 MHz. As shown in Fig. 12(a),
the phases of the fundamental current components of the two
input currents in the single- and two-winding transformer are
almost identical. In contrast, the phase difference between the
IMD3 components of the two input currents is approximately
180◦ until the output power reaches 28 dBm. To evaluate the
linearity improvement with the proposed IMD3 cancellation
method, the IMD3 results from the proposed PA are compared
with the results from the PA design without IMD3 cancel-
lation method under the same values for Rb, Rb1, and Cb1.
As shown in Fig. 12(c), the total IMD3 of the PA is improved
after applying the IMD3 cancellation method using a single-
and two-winding transformer.

In addition, graphs of the 1 phase for different values
of Rb, Rb1, and Cb1 of PA1 and PA2 are compared in
Figs. 13 and 14, respectively. No discernible change is visible
in the phase difference of fundamental current components
of the two input currents in the single- and two-winding
transformer due to change in the values of Rb, Rb1, and Cb1.
The phase difference between the IMD3 components of the
two input currents changes with changes in the values of Rb,
Rb1, and Cb1.
As shown in Fig 15, the bias conditions of PA1 and

PA2 change with changes in the values of Rb, Rb1, and Cb1.
The change in Rb, Rb1, and Cb1 is related to the dc boosting

FIGURE 16. Simulated power gains of PA1 and PA2.

FIGURE 17. Photograph of the implemented PA.

effect. Moreover, the slope of the dc variation gets steeper
for PA2 than for PA1 with an increase in the output power.
As shown in Fig. 16, the gains of PA1 and PA2 are plotted.
The gain difference between PA1 and PA2 is approximately
2 dB.

IV. MEASUREMENT RESULTS
The integrated PA was fabricated using Winsemi’s
InGaP/GaAs HBT process. The chip size, including the
bond pads, is 3.24 mm2. Fig. 17 shows photographs of the
implemented PA including proposed transformer and off-chip
elements. Measurements were performed using a supply volt-
age of 5 V. The measured S-parameters of the proposed PA
are shown in Fig. 18. Fig. 19 depicts the measured power gain
and PAE for a continuous-wave (CW) signal at 0.91 GHz.
The measured saturated output power PSAT is 33.3 dBm,
with a PAE of 61.3%. By adopting the proposed low-loss
high-Q single- and two-winding transformer, a high output
power of more than 2W is achieved with high efficiency. The
measured power gain is 34.3 dB at 0.91 GHz. A two-tone
signal measurement was performed at a center frequency
of 0.91 GHz with a tone spacing of 10 MHz. As shown
in Fig. 20, IMD3 values of less than −37 dBc have been
obtained for output power up to 28 dBm. The proposed PA
was also tested using an OFDM 64-quadrature amplitude
modulation (QAM) signal with a bandwidth of 10 MHz and
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TABLE 1. Performance comparison with linear PAs using PCB transformers.

FIGURE 18. Measured small-signal performances.

FIGURE 19. Measured power gain and PAE.

PAPR of 7.8 dB at 0.91 GHz. Fig. 21 shows the measured
ACLR and PAE with respect to the output power. The PA
yields an output power of 26.0 dBm, with a PAE of 26.8% and

FIGURE 20. Measured IMD3 results.

FIGURE 21. Measured ACLR and PAE for the 64-QAM OFDM signal with
10-MHz bandwidth.

current consumption of 297 mA, while achieving an ACLR
of less than −42 dBc. Using the IMD3 cancellation method,
a high linear output power with high efficiency is obtained.
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TABLE 2. Comparison with linear femtocell PAs.

FIGURE 22. Measured ACLR for the 64-QAM OFDM signal with a
bandwidth of 10 MHz at output power of 26.0 dBm.

Fig. 22 shows the measured ACLR at an output power
of 26.0 dBm.

Table 1 presents a comparison of the measured results with
the previously reported results of linear PAs using a PCB
transformer. Among the PAs in Table 1, the proposed PA
achieves the highest saturated output power, with the highest
PAE. The reported performances of the linear femtocell PAs
are summarized in Table 2. Compared with the reference PAs,
the proposed PA achieves the highest PAE with an ACLR of
less than −42 dBc.

V. CONCLUSION
A linear HBT PA is implemented using a single- and
two-winding transformer. The proposed high-Q single- and
two-winding transformer combines multiple unit amplifiers
with low loss and compact form factors. An IMD3 cancel-
lation technique is also proposed to cancel the nonlinear

components from the two-unit amplifiers. The measurement
results prove that the proposed PA achieves the highest linear
PAE of 26.8% at an average output power of 26.0 dBm with
an ACLR of −42 dBc at 0.91 GHz.
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