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Abstract — This paper reports a new double Doherty power
amplifier (DDPA) with a flat efficiency range, which consists of
two-stage amplifiers. When the two-way DPA is used as the main
peaking amplifier, the driving peaking cell with class-C bias
turns the DPA off before the saturation of the main carrier
amplifier. Three efficiency-peaking points are achieved with the
additional Doherty operation by the main peaking amplifier after
the saturation of the main carrier amplifier. For verifications, the
driving and main amplifiers are designed and implemented with
2-W and 10-W GaN HEMTs, respectively, at 2.14 GHz. From the
continuous wave (CW) results, three efficiency-peaking points
are obtained at approximately 9-, 5-, and 0-dB back-off powers
with over 42% drain efficiency. For one-carrier wide-band code
division multiple access (WCDMA) signal, the DDPA shows good
digital predistortion linearization performance.

Index Terms — Doherty amplifier, efficiency, linearization,
power amplifier.

1. INTRODUCTION

Doherty power amplifiers (DPAs) have been widely
investigated and developed as the prime candidate for high
efficiency at a large back-off power (BOP) [1]-[9]. Recently,
modulated signals in the modern communication systems have
a high peak-to-average power ratio (PAPR) of over 9 dB.
Thus, various extended DPAs, such as N-way or multi-stage
Doherty structure, asymmetrical DPA using uneven device
ratio, and so on [2]-[8], have reported to obtain high efficiency
at a large BOP since the conventional DPA shows the peak
efficiency at a 6-dB BOP. However, these extended DPAs
have one of serious drawbacks as shown below.

1) Low power gain by N-way input power divider,

which lays a burden on the drive amplifier.

2) Significant efficiency drop between two efficiency-

peaking points.

3) Different device matching and delay mismatch due to

uneven device ratio or saturation power.

In order to solve these problems, we propose a new double
DPA (DDPA) with a flat efficiency range. By employing the
two-way DPA as the main peaking amplifier, three efficiency-
peaking points can be achieved by double Doherty operation
since the Doherty operation of the main peaking amplifier is
obtained after the saturation of the main carrier amplifier. The
driving peaking amplifier with class-C bias keeps the carrier
cell of the DPA turning off before the saturation of the main
carrier amplifier. We have analyzed the operation and
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Fig. 1.  Schematic diagram of the proposed DDPA.

efficiency of the DDPA. The measured results show clearly
that the DDPA delivers a flat efficiency range and good digital
predistortion (DPD) linearization performance.

II. ANALYSIS OF DOUBLE DOHERTY POWER AMPLIFIER

Fig. 1 shows the schematic diagram of the proposed DDPA,
which consists of two-stage carrier and peaking amplifiers.
The driving and main carrier amplifiers are constructed with
class-AB amplifiers. For the peaking amplifier, a class-C
amplifier and a DPA are employed as the driving and main
peaking amplifiers, respectively. The DPA consists of a class-
B carrier cell and a class-C peaking cell to minimize the
power consumption before the saturation of the main carrier
amplifier. Also, the driving peaking amplifier biased to class-
C plays an important role as a switch to make the carrier cell
of the main peaking amplifier turn on or off.

The operation of the DDPA can be analyzed by regarding
main carrier and peaking amplifiers as ideal current sources
and the driving peaking amplifier as a switch. Fig. 2 shows the
equivalent circuits at various operation regions. Although the
DDPA has a two-way Doherty structure, the operation of the
DDPA can be separated into three regions, which consist of
low-, medium-, and high-power regions.

At low-power regions (0 < Vi, < Vy), only the main carrier
amplifier is turn-on since the driving peaking amplifier biased
to class-C is in the OFF state and, therefore, the carrier cell of
the DPA is turned off and the main peaking amplifier is
regarded as an open circuit, as shown in Fig. 2(a). When the
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Fig.2.  Equivalent circuits of the DDPA at each operation region;

(a) low- (b) medium-, and (c) high-power regions.

main carrier amplifier is saturated, the switch of the driving
peaking amplifier transits to the ON state. At medium-power
region (Vy < Vi < Vinax/2), therefore, the main carrier amplifier
is saturated and the carrier cell of the main peaking amplifier
is turned on, as shown in Fig. 2(b). At high-power region
(Vimax/2 < Vin < Vimax), the main carrier amplifier and the carrier
cell of the main peaking amplifier are both in the saturation.
The peaking cell of the main peaking amplifier is turned on
and then all amplifiers are saturated, as shown in Fig. 2(c).
Finally, the double Doherty operation is achieved by the
additional Doherty operation of the main peaking amplifier
after the saturation of the main carrier amplifier. Also, a flat
efficiency range can be obtained by the double Doherty
operation. Fig. 3(a) and (b) show the fundamental voltage and
current characteristics and the load impedances of the DDPA
according to input drive voltage, respectively. The efficiency
of the DDPA at each region in Fig. 3(c) can be given by
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Fig. 3.  (a) Fundamental voltage and current, (b) load impedance,
and (c) efficiency of the DDPA according to input driving voltage.
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The v, and V,___are the input voltage and the maximum input
voltage, respectively, and is the saturation power difference
between the main carrier and peaking amplifiers.

III. IMPLEMENTATION AND EXPERIMENTAL RESULTS

Fig. 4 shows the full schematic of the proposed DDPA.
Compared to multi-stage DPA with specific impedances of A/4
impedance transformers as the power combiner [3], [7], the
power combiner of the DDPA is simply implemented with
offset line ( ,,) and A/4 impedance transformers (50 Q and 35
Q). The driving carrier and peaking amplifiers have been
implemented using RFHIC RT233 2-W GaN HEMTs. The
gate bias voltages of the driving carrier and peaking amplifiers
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Fig.4.  Full schematic of the proposed DDPA.

T
Ul e%
Amp.
“Driving Carrier Amp. 5 ;
e - g
Dode T B ALy P
voe9l PPovermaws )
3090
R i
Driving Peal
= -ro

1 &
Carrier Cell (:*’ ]|
& ) B

Fig.5.  Photograph of the fabricated DDPA.

(Vespe and Vi) have been set to a class-AB bias of -1.60V
(quiescent current, /pg=50 mA) and a class-C bias of -3.46 V,
respectively, with a drain bias voltage (V) of 28 V. The main
carrier and peaking amplifiers have been fabricated with Cree
CGH40010 10-W GaN HEMTs. The V of the main carrier
amplifier has been set to a class-AB of -2.31 V (Ipg=50 mA)
with a V| of 28 V. The V; of the carrier and peaking cells of
the DPA used as the main peaking amplifier (V. and V)
have been set to a class-AB bias of -3.36 V (Ipq=10 mA) and a
class-C bias of -4.01 V, respectively, with a Vj of 28 V to
reduce power consumption when the carrier cell of the main
peaking amplifier is turn-off. To reduce the memory effects,
the drain bias circuits incorporated a A/4 bias line and several
decoupling capacitors. The optimum lengths of the , and ,
were the 0.28\ and 0.36\ of the 50 Q transmission lines,
respectively. Fig. 5 shows the photograph of the fabricated
DDPA. The implemented DDPA has been tested using a
continuous wave (CW) and a one-carrier WCDMA signal with
a PAPR of over 9 dB at 2.14 GHz. The efficiency and linearity
of the DDPA have been optimized at approximately 9-dB
BOP region to satisfy the needs of the WCDMA systems.

Fig. 6 shows the measured drain currents of the DDPA for a
CW at 2.14 GHz. Since the driving peaking amplifier is used
as a switch to control the main peaking amplifier, the driving
peaking amplifier is turn-on at a 9-dB BOP. From the results,
the carrier and peaking cells of the main peaking amplifier are
turn-on at near 9-dB and 6-dB BOP. The measured drain
efficiency and gain characteristics of the DDPA for a CW are
shown in Fig. 7. The DDPA delivers three efficiency-peaking
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Fig. 6. Measured drain currents of the DDPA for a 2.14-GHz CW.
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Fig.7. Measured drain efficiency and gain characteristics of the
DDPA for a 2.14-GHz CW.

TABLEI
MEASURED RESULT SUMMARY OF THE PROPOSED ADPA
ACCORDING TO EFFICIENCY-PEAKING POINTS FOR A CW.

Contents First Second Third

P, [dBm] 36.1 39.8 44.8

Drain Efficiency | Main Amp. | 419 44.6 442
[%] Total 35.0 38.2 39.6

Gain [dB] 26.6 232 213

points by the double Doherty operation, and the the measured
results are summarized in Table I. The first efficiency-peaking
point is obtained at an average output power (P,) of 36.1
dBm with a total drain efficiency of 35.0 % and a total gain of
26.6 dB. The second and third points are achieved at a Py, of
39.8 dBm and 44.8 dBm, respectively.

IMS 2010



978-1-4244-6057-1/10/$26.00 ©2010 IEEE

2 =
— ||AM/AM - AM/PM
fd i »
- . . _
3 Predistorted Signal ‘?o 25 "]
808 : H '." 3
2 |2
] 5
0.6 4 = 0
g £
a
Foe ‘DDPA A
= % 5 . S—
g & . .
202 Predistorted Signal @ e,
i gy
o 50 H H H H
0 0.2 04 06 038 1 0 02 04 06 08 1

Normalized Input Amplitude [V] Mormalized Input Amplitude [V]
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We have employed the memory DPD technique to satisfy
the linearity specification. The 11™-memoryless polynomial
characterizes the behavioral model of the DDPA and the
entries in the AM/AM and AM/PM lookup tables (LUTs) and
the coefficients of the memory system are determined by the
recursive least square (RLS) algorithm via MATLAB [9]. Fig.
8 shows the measured AM/AM and AM/PM of the DDPA and
predistorted signal for a one-carrier WCDMA signal. Fig. 9
depicts the measured power spectral densities (PSDs) before
and after DPD linearization at a P, of 34.5 dBm. The ACLR
at +5 MHz offset after linearization is below -51 dBc, which

satisfy the linearity specification (an ACLR of below -45 dBc).

The measured results are summarized in Table II. After DPD
linearization, the DDPA delivers a total drain efficiency of
27.6 % and a total gain of 27.6 dB.

IV. CONCLUSIONS

We propose a new DDPA with a flat efficiency range,
which consists of two-stage carrier and peaking amplifiers. By
employing the two-way DPA as the peaking amplifier, three
efficiency-peaking points are achieved since the additional
Doherty operation of the main peaking amplifier is obtained
after the saturation of the main carrier amplifier. The driving
peaking amplifier with class-C bias keeps the carrier cell of
the DPA turning off before the saturation of the main carrier
amplifier. To verify our methods, the driving and main
amplifiers were designed with 2-W and 10-W GaN HEMTs,
respectively, at 2.14 GHz. For a CW, three efficiency-peaking
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TABLEII
MEASURED RESULT SUMMARY OF THE DDPA BEFORE AND
AFTER DPD LINEARIZATION.

Contents Before After
Gain [dB] 274 27.6
Drain Main Amp. 342 33.6
Efficiency [%] Total 28.3 27.6
-/+2.5MHz Offset | -26.9/-26.2 -46.9/-47.7
ACLR [dBc]
-/+5MHz Offset | -36.2/-35.9 -50.9/-51.6

points were at about 9-, 5-, and 0-dB BOPs with a drain
efficiency of over 42 %. For one-carrier WCDMA signal, the
DDPA delivers good DPD linearization performance. Thus,
the proposed DDPA can be a promising solution to deliver a
flat efficiency characteristic over a wide output power range.
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