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Power Drive and Power Matching
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Abstract—We developed a Doherty amplifier with uneven
input drive and optimized individual matching for the carrier
and peaking cells. In the proposed amplifier, higher input power
is delivered to the peaking cell rather than the carrier cell for
optimized linear power operation, especially for appropriate load
modulation. Both cells are matched differently to further optimize
the performance. We analyzed the efficiency of the proposed
amplifier as a function of the input drive ratio for the two cells.
To interpret the linearity related to the load modulation and
harmonic cancellation mechanisms, we simulated the third-order
intermodulation amplitude and phase of each cell of the proposed
amplifier. For verification, we implemented the asymmetric power
amplifier with uneven drive and optimized power matching using
Motorola’s MRF281SR1 LDMOSFET with a 4-W peak envelope
power. For a 2.14-GHz forward-link wireless code-division mul-
tiple-access signal, the measured drain efficiency of the amplifier
is 40%, and the measured average output power is 33 dBm at an
adjacent channel leakage ratio (ACLR) of —35 dBc, while those
of the comparable class-AB amplifier are 21% and 30.6 dBm at
the same ACLR level, respectively.

Index Terms—Adjacent channel leakage ratio (ACLR), asym-
metric power amplifier, Doherty amplifier, efficiency, linearity,
linear power amplifier (LPA).

1. INTRODUCTION

N CURRENT wireless communication systems, the phys-

ical size of the linear power amplifier (LPA) of a base sta-
tion is becoming more and more compact. It is thus necessary
to develop amplifiers with high efficiency and good linearity to
counteract the thermal problem created by the smaller size. A
Doherty amplifier is the most promising candidate for the ap-
plication [1]-[16].

The simplest Doherty amplifier operation can be achieved
using two cells with a class-AB biased carrier amplifier cell and
a class-C biased peaking amplifier cell. Due to its lower bias
point, the current level of the peaking cell is always lower than
that of the carrier cell. The load impedances of both cells cannot
be fully modulated to the value of the optimum impedance for
a high power match. Thus, neither cell can generate its respec-
tive full power. Bias adaptation for the Doherty amplifier is a
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good approach to solve this problem. As the magnitude of the
instantaneous input signal increases, the gate bias voltage of the
peaking cell increases according to the envelope of the signal.
Therefore, it is possible to achieve a perfect Doherty operation.
However, it needs an external voltage control circuitry, which
adds to its complexity [2], [3].

The objective of this paper is to overcome such a problem
without any external circuitry. We propose an uneven power
drive for the carrier and peaking cells. In the proposed ampli-
fier, the input power is split into two uneven powers, the peaking
cell taking more power than the carrier cell. Similar to the bias
adaptation approach, the fundamental currents of both cells can
be the same at the full power level. As a result, the impedances
of both cells are fully modulated to the value of the optimum
power matching at the high power level and maximum power
is delivered to the common load. We have also found the op-
timal matching impedances of each cell for a highly linear power
operation. We will explain the circuit configuration, operation
characteristics, and optimum efficiency and linearity operation
conditions of the proposed amplifier. For verification, the ampli-
fier is simulated, implemented, and tested at a 2.14-GHz center
frequency. The implemented amplifier is quite simple and its
measurement results show excellent performance.

II. ANALYSIS FOR OPERATION CHARACTERISTICS

A. Current Generation Ratio of Peaking Versus Carrier Cells

The LPA based on the asymmetrical power cells, commonly
called a Doherty amplifier, consists of a class-AB biased carrier
amplifier cell and a class-C biased peaking amplifier cell. Usu-
ally, both cells have identical size, matching circuits, and input
drives. In addition, since the bias point of the peaking cell is
lower than that of the carrier cell, the current of the peaking cell
at maximum input drive reaches below the maximum allowable
current level. Fig. 1 illustrates the current level of a general am-
plifier at the maximum drive as a function of conduction angle.
This figure is given in [1, p. 49, Fig 3.2].

In Fig. 1, the current level is normalized to the maximum
channel current and the operation regions for classes AB and
C are also indicated. As shown, the fundamental component of
the current is limited by

0.5 ~ 0.536, a=T~2mT
L = { ey

0~ 0.5, a=0~m.
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The fundamental components of the channel currents at the
maximum drive for the cells I ¢ and I; p are given by the fol-
lowing expression [1]:

Tnax . — sin o,
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1o 2 (ac)
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oo
T 1 —cos <%>
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where a is the conduction angle of the carrier cell and «, is the
conduction angle of the peaking cell.

Due to the class-C bias of the peaking cell, it is not fully
driven even at the maximum input for the carrier cell, and we
define the current ratio of the two cells at the maximum drive
for the amplifier as

@

Iip=

Lo

T Thr (1-N) )
where N denotes the portion of the voltage where the peaking
cell starts to conduct. Therefore, I p - (1 — N) describes the
fundamental current level of the peaking cell at the maximum
input drive for the carrier cell.

The output power ratio from the two cells in decibel E7 is
given by

2

1
10logd ——
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heo
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Note that £’ is the criterion to determine the under-drive ratio
of the peaking power, which is related to the load modulation.
If Il,C = 0.52 (Oéc = 20()0) and Il,P = 0.44 (Oép = 1400),
for example, the load could be modulated fully by increasing
the drive power for the peaking cell (in this case, N is 0.5) by
7.6 dB (0 = 2.4), as determined from the (4).
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Fig. 2. (a) Operational diagram of the asymmetric cell amplifier with
uneven power drive. (b) Fundamental currents versus input voltage. (c) Load
impedances versus input drive for even and uneven (¢ = 2.4) drives (carrier
(a. = 200°), peaking (v, = 140°), N = 0.5, Zo = 50 €, and
Zr = 50 Q).

B. Efficiency of the Asymmetric Cell Amplifier With Uneven
Power Drive

The fundamental operation principle and efficiency analysis
of the Doherty amplifier have been well described in previous
literature [1], [4], [9]. To enhance the output power from the
peaking cell, we propose an amplifier with uneven power drive,
applying more power to the peaking cell. Fig. 2(a) shows an op-
erational diagram to analyze efficiency of the amplifier with an
uneven drive o times larger current source for the peaking cell.
It is assumed that each current source is linearly proportional to
the input voltage signal and they contain ideal harmonic short
circuits so that the efficiency analysis can be carried out using
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the fundamental and dc components only. Fig. 2(b) shows the
fundamental currents from the two cells for even and uneven
drives (0 = 2.4). As shown, the carrier is biased at class AB
and the peaking at C, half of the maximum voltage (Vin max)
below class B. As shown in Fig. 2(c), in the case of an uneven
power drive (¢ = 2.4), we can achieve the appropriate load
modulation suggested by Doherty since the cells of the proposed
amplifier generate equal power.

From Fig. 2(b), the currents from the carrier and peaking cells
are given by

Iic

IC = Vvinymax * Vin, 0< Vin < ‘/in.,max (5)
IP,ovcn
Il,P = 07 0 <vip <N - Vvin,max
I
(Vln’j) v —N-I1 p, (6)

N- ‘/in,max <Vip < ‘/in,max
IP,uneven
UII,P = 07

ol p
<V : ) “Uin —N-0oly p, @)
in,max
N- Vvin,max <Win < Vvin,max

0< Vin < N - I/vin,max

where Ip cven 1S the current level of the peaking cell with an even
power drive, and Ip uneven S the current level of the peaking cell
with an uneven power drive.

Next, the load impedances of the two cells are given by

Z
7 0< in<N'I/inmax
AR v ’
= Z2
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Zp- (145
(e 20)
®)
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At the low-power region (0 < vin < N - Viy max), Where
only the carrier cell is active, the RF and dc powers increase
according to the input drive voltage. If we use Zr = Z, and
Z1, = Zy/2, the RF power and dc power are given by

1
Prr = 5Igzc
1 T ?
Vin " 11,C
=—| 2 ">C) .97
2< Vvin,max ) 0

2
Vin
- ILC <Vin,max) Ve

Pyc =I4qc,c - Vace

Vin
=Iqcc (Vin,max) Ve

where V. is the bias voltage of each cell.

(10)

(1)
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From (10) and (11), the efficiency becomes

Iic Vin
x 100 = —=
Idc,C (‘/in,max

_ Prr
K Pdc

) x 100.  (12)

At the higher power region (N - Viy max < ¥in < Vin.max)s
both cells are active. Thus, the RF and dc powers are the sum of
the two cells and are given by (13) and (14). Thus, the efficiency
is given by

1
Prr = B (I%Zc-i-II?;Zp)
I%’C-V3
(Il,C"FUIl,P) -V-N- UIl,P
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' AL ¢
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(13)
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= [lac,c - V+0olaep(V—N)|-Vac (14)

where I4. ¢ is the dc current of the carrier cell and Iq.p is the
dc current of the peaking cell at the maximum drive
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Fig. 3(a) shows the calculated efficiencies based on the above
analysis for a, = 180° ~ 360° and o, = 140° with an uneven
power drive (0 = 2.3 ~ 2.46). At the low-power region, the
load impedance of the carrier cell is two times larger than that of
a conventional class-AB amplifier. The carrier cell reaches the
saturation state at input voltage of Viy max /2 since the maximum
fundamental current swing is half and the maximum voltage
swing reaches to V., as shown in Fig. 3(b) and (c). As a result,
the maximum power level is half of the carrier cell’s allowable
power level, and the efficiency of the amplifier is equal to the
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Fig. 3. (a) Efficiency versus input drive level for the amplifier with uneven
power drive. [, = 180° ~ 360° and ar, = 140° with uneven power drive
(¢ = 2.3 ~ 2.46)] load lines of each cell for: (b) even power drive and
(c) uneven power drive.

maximum efficiency of the carrier cell given by (12). Fig. 3(b)
represents the load lines of the two cells with an even power
drive at a high-power level. It is shown that the voltage swing
of the carrier cell is larger than the allowable maximum voltage
swing of V. due to the high load impedance. The peaking cell
produces a current far less than the full capability with voltage
swing larger than Vj.. Thus, it is clear that the two cells of a
conventional Doherty amplifier are heavily saturated, degrading
the linearity at the full power drive and producing far less power.
However, for equal output current operation by an uneven drive,
the load line of the carrier cell follows the knee current without
producing saturation due to proper load modulation, as shown
in Fig. 3(c). The voltage swing of the peaking cell increases in
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proportion to the power level and reaches the maximum voltage
swing of V. only at maximum power. At the maximum power
level, both cells have optimum matching impedances, as shown
in Fig. 3(c). Therefore, the asymmetric power amplifier with
uneven drive operates more linearly and produces more power
than an even drive.

C. Linearity of the Asymmetric Cell Amplifier With Uneven
Power Drive

The linearity of the amplifier is more complicated than that
of a class-AB amplifier. In the low-power region, the linearity
of the amplifier is entirely determined by the carrier cell. There-
fore, the carrier cell should be highly linear for the high load
impedance.

In the high-power region, the current level of the peaking cell
plays an important role in determining the load modulation of
the amplifier. Fig. 2(c) shows the impedance level through the
load modulation [see (8) and (9)]. For the asymmetric amplifier
with even power drive, the fundamental current of the peaking
cell is insufficient to achieve the full load modulation. The load
impedances of both cells are larger than the optimum values in
the high-power region, as shown in Fig. 3(b). As a result, the
carrier and peaking cells are driven into saturation without either
producing full power. Thus, the amplifier is seriously affected
by linearity, as well as power level.

For the amplifier with uneven power drive, the linearity of
the amplifier is improved due to proper power operation without
severe saturation. The linearity is further enhanced by the har-
monic cancellation of gm3 from the two cells at appropriate
gate biases [6], [7]. The carrier cell, which is biased at class
AB, has the gain compression at high output power levels, while
the class-C biased peaking cell has the gain expansion. Hence,
the gain expansion of the peaking cell can compensate the gain
compression of the carrier cell. Specifically, the third-order in-
termodulation (IM3) level from the carrier cell increases and the
phase of IM3 is decreased because the gain of the carrier cell
is compressed. By contrast, when the gain of the peaking cell
is expanded, both the IM3 level and phase increase. To cancel
out IM3s from the two cells, the components must be 180°
out-of-phase with the same amplitudes. Therefore, the peaking
cell should be designed appropriately to cancel the harmonics
of the carrier cell.

D. Optimum Matching Impedances for the Two Cells

As shown in Fig. 2, the fundamental current level of the
peaking cell is insufficient to fully modulate the load impedance,
and both cells see larger load impedances than the design ones.
To achieve a highly linear amplifier, the load impedances of
the carrier and peaking cells must be reduced appropriately for
better linearity and also for proper power matching. Especially
because the bias point of the peaking cell is lower than that of
the carrier cell, the load impedances of the peaking cell must be
reduced more than that of the carrier cell, as shown in Fig. 3(c).

For the amplifier design, each cell must be highly linear
minimizing the IM3 levels because IM3 cancellation is limited.
For the cancellation, the IM3s of both cells must be 180°
out-of-phase with the same amplitudes over the appropriate
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power level. Thus, in the high power region, the load imped-
ances of the cells must be reduced for highly linear operation.
However, biases of the cells have to be properly adjusted (lower
value than normal) for optimal cancellation and improved
efficiency.

III. SIMULATION RESULTS

In Section II, we analyzed the efficiency and linearity of the
proposed amplifier. The analysis was simplified by using ideal
current sources and it does not include detailed behaviors of
real devices. To search for the exact behaviors of the ampli-
fier, we performed on ADS simulation using Ericsson’s model
PTF10107 LDMOSFET. The uneven input drive was adjusted
by an ideal two-way power splitter with uneven power ratio of
1:1.6and 1:2.5. A quiescent current of the carrier cell was set
to 70 mA, and the gate voltage of the peaking cell was fixed at
1 V. The drain bias voltage was Vpp = 26 V.

A. Continuous Wave (CW) Test of the Proposed Amplifier

Fig. 4(a) shows the fundamental currents of the two cells as a
function of the output power level for the even input drive (1: 1),
the uneven inputdrive (1 : 1.6, 1 : 2.5) and the optimum matching
for the even drive. As the uneven power drive ratio increases, the
current of the peaking cell increases and that of the carrier cell de-
creases, resulting in an operation more like an ideal Doherty am-
plifier. For the optimum uneven power drive, the currents from the
two cells become equal at approximately P1 dB. As the load im-
pedances of both cells are reduced for optimum power matching,
the currents of both cells also increase slightly.

We also explored the load impedances of the two cells as a
function of output power [shown in Fig. 4(b)]. In the low-power
region, the impedance of the carrier cell is approximately 100 {2,
and the load impedance of the peaking cell is very high at the
conduction starting point. The load impedances of each cell are
reduced as the power level increases. At the uneven power drive
ratio of 2.5, the load impedances of the two cells approach close
to 50 €2 at approximately P1 dB. The optimum load impedances
of the cells for the even drive also move closer to approximately
50 Q. As the uneven power drive ratio increases, the carrier cell
is compressed early and the peaking cell expanded early and the
region is wider than the usual Doherty amplifier, as shown in
Fig. 4(c). Therefore, the asymmetric amplifier with an uneven
drive generates more linear power because the early gain ex-
pansion of the peaking cell compensates the gain compression
of the carrier cell over the wide power range.

B. Two-Tone Test of the Proposed Amplifier

Fig. 5(a) show the amplitude characteristics of IM3 verse
the output power, and Fig. 5(b) represents the phase difference
(phase of the peaking cell—phase of the carrier cell) of IM3
verse output power. First, we explored the typical class-AB am-
plifier. The phase and amplitude variations are rather slow and
IM3s from the two cells add up, as shown in Fig. 5(c). Second,
for an asymmetric amplifier with even drive, IM3 amplitudes
and phases of the carrier and peaking cells are quite different
at a low power. As the output power increases, the phase of the
carrier cell increases, while that of the peaking cell decreases.
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Fig. 4. Simulated results for the amplifier with even and uneven power drives
and optimum power matching. (a) Normalized currents. (b) Load impedances.
(c) Power gains.

Above some high output power level, the phases from the two
cells are maintained and the difference is approximately 180°.
Thus, IM3s from the two cells are cancelled. However, the phase
difference of 180° can be achieved through only a small dy-
namic range and IM3 levels in the range are a little different.
Third, we investigated an amplifier with uneven drive. As the un-
even power drive ratio increases, IM3s have a phase difference
of 180° even at low output power levels. Besides, IM3 levels are
quite similar at the low-power level. Thus, the proposed ampli-
fier can cancel IM3 better and have better linear characteristics.

Finally, we inspected the characteristics of an amplifier with
even drive for power-matching variation. We could find the load
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Fig. 5. Two-tone simulated results of the amplifier with various conditions.
(a) Amplitude of IM3. (b) Phase difference of IM3. (c) Third-order
intermodulation distortion (IMD3).

-60

that produced more favorable phase and amplitude characteris-
tics. As expected, the impedance is lower than the normal Do-
herty amplifier matching impedance. We emphasized that, for a
linear amplifier, the carrier cell should be highly linear, as well
as have an appropriate load modulation. Since this IM3 cancel-
lation is limited, it is also important to reduce IM3 levels of the
two cells.

IV. IMPLEMENTATIONS AND EXPERIMENTAL RESULTS

In Section III, we proposed an asymmetric cell amplifier
with an uneven power drive. Fig. 6 shows a schematic diagram

1807
Carrier Amp.
Attenuator HH
ROAH
Input R £90°
0
Peaking Amp. Output
HLH
1 ﬁ[[ R0 Rz 90°
Offset Lines 7= %y W2

Fig. 6. Schematic diagram of the proposed amplifier.
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Fig. 7. Measured performance of the amplifier with uneven power drive and
class-AB amplifier for a 2.14-GHz forward-link WCDMA signal. (a) ACLR.
(b) Drain efficiency.

of the proposed amplifier, which is composed of an uneven
power divider adjusted by an attenuator, fully matched carrier
and peaking cells, offset lines, and a quarter-wave transformer.
A hybrid coupler and w-attenuator are employed to create
the uneven drive. We have fabricated the amplifiers with the
power-matching variation to inspect the linearity and efficiency.

The carrier and peaking cells were designed using Motorola’s
MRF281SR1 LDMOSFET with a 4-W peak envelope power
(PEP). The matching impedances for source and load are, re-
spectively, Zg = 3.10 — 53.50 2 and 7 = 11.36 + ;7.94 Q.
In the experiments, the suitable offset line for the peaking cell
is 12.6° and the transformed output impedance is 344Q) [6],
[11]. A quiescent bias for class AB is set to Ipg = 20 mA and
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Vbp = 26 V, and the amplifier is tuned for the best perfor-
mance at the bias. The efficiency and linearity are optimized by
adjusting the bias point of the peaking cell for each attenuation
ratio.

Fig. 7(a) shows the measured adjacent channel leakage ratio
(ACLR) of the amplifier with uneven drives and class-AB am-
plifier at offset 2.5 MHz for a 2.14-GHz forward-link wire-
less code-division multiple-access (WCDMA) signal. For the
4-dB attenuation at the carrier cell, the ACLR is improved by
6.5 dB compared to the class-AB amplifier at the output power
of 32 dBm. Fig. 7(b) shows the measured drain efficiencies
for the same condition and the drain efficiency is improved by
12.0%. As the attenuation ratio increases, the optimum gate
bias voltage of the peaking cell is decreased. This result clearly
shows that the proposed amplifier with uneven drive can pro-
vide good linearity, as well as high efficiency. The asymmetric
cell amplifier with uneven power drive also generates full power
from both cells.

The matching impedances of the cells are further optimized
and the measured results for the ACLR and drain efficiency
are depicted in Fig. 8. The optimized matching impedances are
changed from Zr, = 11.36437.94Qto Zr ¢ = 8.144352.49Q,
Zr.p = 7.55+74.88€), where Z1, ¢ and Z,_p are, respectively,
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TABLE 1
MEASURED PERFORMANCES AT ACLR = —35 dBc FOR
FORWARD-LINK WCDMA SIGNAL

Output
Power | Efficiency ‘a,p
[dBm] [%] [V]
3.89V
Class AB 30.6 21 /392V
(20mA)
Uneven drive
with 4dB 33 38.38 ov
attenuation
Optimum Matching | 31.9 33 1.65V
3.4dB att. and
Optimum 33 40 ov
Matching

the output load impedances of the carrier and peaking cells.
Fig. 8(a) shows the measured ACLRs of the amplifiers with
the optimum power matching for the even and uneven drives,
and class-AB amplifier at offset 2.5 MHz for a 2.14-GHz for-
ward-link WCDMA signal. In comparison with the class-AB
amplifier, the proposed amplifier with the uneven drive and op-
timum matching delivers significantly improved performances,
the ACLR is reduced by 6.6 dB, and the drain efficiency is
enhanced by 13.3% at an output power of 32 dBm. Addition-
ally, the linearity specification of the base station is typically
—55 dBc and, usually, the linearity is improved approximately
20 dB by linearizer such as feed-forward or digital predistorter.
Thus, at an ACLR of —35 dBc, we have optimized the proposed
amplifier for maximizing the efficiency and output power, and
the results are summarized in Table I. The maximum average
output power and efficiency of the amplifier applying both tech-
niques is enhanced to 33 dBm and 40%, which represent 2.4 dB
and 19% improvements over the class-AB amplifier. These re-
sults show that the proposed amplifier is suitable for the main
amplifier of an LPA. Consequently, it is clear that our new am-
plifier is far superior to previous similar amplifiers.

V. CONCLUSIONS

For the optimized operation of the asymmetric amplifier, we
have analyzed the fundamental current as a function of conduc-
tion angle and load modulation behavior. We have also derived
the efficiency in terms of the reduced conduction angle. We have
indicated the inappropriate load modulation for the conventional
Doherty amplifier and have proposed an asymmetric power am-
plifier applying uneven power drive with matching impedance
lower than usual amplifier. Besides, to investigate the mecha-
nism for linearity improvement, we have clearly visualized IM3
cancellation behavior using a simulation of the amplifier.

To validate performances of the proposed amplifier experi-
mentally, we have implemented the amplifier at 2.14 GHz using
Motorola’s MRF281SR1 LDMOSFET and have optimized it
for the maximum average output power and drain efficiency at
an ACLR of —35 dBc using a forward-link WCDMA signal.
The maximum power and efficiency of the amplifier applying
both techniques was enhanced to 33 dBm and 40%, which rep-
resent 2.4 dB and 19% improvements over the class-AB ampli-
fier. For the proper operation of the amplifier, the carrier cell
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should be highly linear for power operation, each cell should
be optimally matched, and the load impedance should be fully
modulated.

These experimental results clearly demonstrate the superior
performance of the proposed amplifier. The proposed amplifier
is the most suitable one for an application requiring high lin-
earity and efficiency.
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