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Abstract—This paper presents a new approach for power am-
plifier design using deep submicron CMOS technologies. A trans-
former based voltage combiner is proposed to combine power gen-
erated from several low-voltage CMOS amplifiers. Unlike other
voltage combining transformers, the architecture presented in this
paper provides greater flexibility to access and control the indi-
vidual amplifiers in a voltage combined amplifier. In this work,
this voltage combining transformer has been utilized to control
output power and improve average efficiency at power back-off.
This technique does not degrade instantaneous efficiency at peak
power and maintains voltage gain with power back-off. A 1.2 V,
2.4 GHz fully integrated CMOS power amplifier prototype was
implemented with thin-oxide transistors in a 0.13 m RF-CMOS
process to demonstrate the concept. Neither off-chip components
nor bondwires are used for output matching. The power amplifier
transmits 24 dBm power with 25% drain efficiency at 1 dB com-
pression point. When driven into saturation, it transmits 27 dBm
peak power with 32% drain efficiency. At power back-off, effi-
ciency is greatly improved in the prototype which employs average
efficiency enhancement circuitry.

Index Terms—CMOS, efficiency, integration, linearity, power
amplifier.

I. INTRODUCTION

TODAY’S consumers demand wireless systems that are low
cost, power efficient, reliable and have a small form-factor.

High levels of integration are desired to reduce cost and achieve
compact form factor for high volume applications. Hence, the
long term vision or goal for wireless transceivers is to merge as
many components as possible, if not all, to a single die in an in-
expensive technology. Therefore, there is a growing interest in
utilizing CMOS technologies for RF power amplifiers (PAs) [1].
Although several advances have been made recently to enable
full integration of PAs in CMOS, it is still among the most diffi-
cult challenges for achieving a truly single-chip radio system in
CMOS. This is exacerbated by supply voltage reduction due to
CMOS technology scaling and on-chip passive losses due to the
conductive substrate used in deep-submicron CMOS processes.

Efficiency is one of the most important metrics for the
design of power amplifiers. Conventional designs give maximum
efficiency only at a single power level, usually near the maximum
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rated power for the amplifier. As the output power is backed off
from that single point, the efficiency drops rapidly. However,
power back-off is inevitable in today’s wireless communication
systems. First, the need to conserve battery power and to mitigate
interference to other users necessitates the transmission of
power levels well below the peak output power. Transmitters
only use peak output power when absolutely necessary. In
many situations, PAs are operating at 10–20 dB back-off from
peak power. Second, the requirement for both high data rate
and efficient utilization of the increasingly crowded spectrum
necessitates the use of both amplitude and phase modulation.
Furthermore, in a number of wideband applications, robustness
to multipath and SNR optimization over a wide bandwidth
necessitate a large number of carriers with low data rates over
a single carrier with a high data rate. For example, IEEE
802.11a/g uses orthogonal frequency division multiplexing
(OFDM) which employs 52 sub-carriers at maximum data
rate. The resultant composite signal has a large peak-to-average
power ratio.

To date, there has been relatively little research on the design
of a CMOS PA targeting good average efficiency. A new trans-
former combining architecture, which is suitable for designing
highly efficient PAs in CMOS processes, is proposed to address
the efficiency degradation at power back-off. It enables the con-
trol and access to individual amplifiers in a power combined
amplifier. This feature is utilized in this work to improve effi-
ciency at power back-off. A fully integrated CMOS prototype
has been implemented to verify the concept [2]. Here a more
in-depth treatment of the proposed transformer architecture and
the design of the prototype are reported. This paper is organized
as follows. Section II presents the on-chip transformer architec-
ture proposed in this work. Section III describes the design of
the prototype. Experimental results are presented in Section IV.

II. POWER CONTROL AND AVERAGE EFFICIENCY

ENHANCEMENT

Many combining approaches have been developed before,
such as series stack combining [3], [4], and transmission line
based combiner [5]. Among them, transformers have been
widely adopted as a means for splitting and combining RF
power [6], [7]. For example, a circular-geometry distributive
active transformer, known as DAT, functions as an eight-way
power combiner in a CMOS PA implemented with 0.35 m
CMOS transistors [8]. Fig. 1 shows the conceptual diagram
of the proposed transformer architecture. An ideal four-way

power combined class-B amplifier is used here to
demonstrate the concept. It is known that both output power
and DC power of an ideal Class-B amplifier is inversely
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Fig. 1. Conceptual diagram of the transformer based power combining amplifier. (a) Peak power mode. (b) Power back-off mode.

proportional to the load :

The transformer will transform the load impedance to a lower
value seen by each unit amplifier at the primaries and combine
power generated from each unit amplifier at the secondary, using
stacked 1:1 transformers. The primary sides of the four inde-
pendent unity transformers are driven by four independent but
synchronized sources with the same signal level in parallel. The
secondary sides of the four independent unity transformers are
stacked together in series. Assuming signal levels are equal on
the primary sides, that is:

Because the secondary sides are connected in series, the “ac
ground” of the secondary side of each unity transformer is lifted
so that the AC voltages add on the secondary:

The primary and secondary currents are equal and out of phase
as the secondary side are connected in series:

The impedance seen from the primary side of each unity trans-
former can be derived:

The power delivered to the load is

and the power from each source is

Therefore, it is obvious that power is combined from each unity
transformer and delivered to the load:

The focus of this work is the ability to control the output power
of a transformer power combining amplifier and improve effi-
ciency at power back-off. To do this, the primary side ampli-
fiers must be controlled independently, which requires a new
transformer layout and additional considerations. The proposed
topology provides great flexibility during implementation, and
enables access to and control of each unit amplifier.

As mentioned previously, an inherent problem with all
traditional PA architectures is that one can only achieve max-
imum efficiency at a single power level, usually around the
peak output power. As the output power is backed off from
peak, the efficiency drops sharply. Various techniques have
been proposed to improve efficiency at power back-off. The
improvements are usually achieved by making PAs adaptive,
such as varying bias current [9], supply voltage [10], or load
impedance [5], [11]. Sometime, these techniques are combined
to obtain better improvements in efficiency at power back-off.
The Doherty technique [12] is probably the most well known
technique that varies effective load impedance with power
back-off, requiring a quarter-wave transmission line (or lumped
equivalent) for functionality.

A. Dynamic Load Modulation

The proposed transformer topology has the unique property
of being able to modulate the load seen by each unit amplifier.
The principle of this dynamic load modulation is straightfor-
ward. The unit amplifiers are turned on or off as the required
output power varies, controlled by a digital code (Fig. 2). At the
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peak output power, each unit amplifier is on. Therefore, the load
seen by each amplifier is

The efficiency of each amplifier, as well as the efficiency of the
power combined amplifier, reaches maximum:

The voltage gain of each amplifier is

The total voltage gain of the power combining amplifier is

The output voltage swing of each unit amplifier at peak output
power is

and the peak output power is

When peak output power is not needed, the input drive is re-
duced to lower output power. When power is at 2.5 dB back-off,
the input swing is reduced to . At this point, the
output swing of each individual amplifier is . There-
fore, the efficiency of each amplifier as well as the overall ef-
ficiency of the power combined amplifier drops. However, if
one amplifier is turned off at this point, efficiency is enhanced.
Since there are only three amplifiers contributing to
the output, a four-way power combined amplifier is reconfig-
ured to a three-way power combined amplifier. The load seen
by each active amplifier is now

The voltage gain of each amplifier increases to

The output swing of each active amplifier returns to the max-
imum value

So the efficiency of the individual amplifiers and that of the
power combined amplifier is given by

The total voltage gain of the power combining amplifier is the
same as before:

and the RF output power at this point is

Fig. 2. Four-way power combining amplifier composed of four unit amplifiers.

One important feature is that the voltage gain remains constant
as stages are turned on and off. Since the power is proportional
to and input matching and output load are the same, the
power gain remains constant as well. In practice, input matching
might be affected as the stages are turned on and off. However,
many measures could be taken to solve this issue. For instance,
cascode devices are used in this work to turn on and off stages.
Therefore, input matching remains the same as the power am-
plifier is reconfigured.

One additional unit amplifier could be turned off in order to
improve efficiency at 6 dB back-off. In this case, a four-way

power combined amplifier is reconfigured to a
two-way power combined amplifier. At 12 dB
back-off, only one amplifier need to be on . Therefore,
the efficiency at power back-off is greatly enhanced, while the
constant voltage gain is maintained as the power combining
amplifier reconfigures. Fig. 3 shows the efficiency of a class-B
power amplifier with an ideal power combining transformer.1

As the power combined amplifier reconfigures, the load of
each unit amplifier varies. This is desirable from efficiency per-
spective, but it also raises concerns of reliability. Each transistor
must be stable under the varying SWR presented by the effective
load. From a current perspective, the devices are sized to drive
the smallest load, and so under other conditions they have more
than the needed capability when driving a larger load. More-
over, the advantage of the 1:1 voltage combining is the voltage
on each transistor remains fixed which alleviates the concerns
with voltage breakdown.

B. Non-Idealities

To begin, transformer equivalent T-model, which has been
covered extensively in the literature such as in [13], is briefly
reviewed. The flux coupled transformers are often used for

1This topology is also suitable for other PA classes. For class-A biasing, the
efficiency improvement is the same as the improvement obtained through ad-
justing bias current. However, voltage gain will change if the bias current is
adapted. For class-AB biasing, especially for deeply biased class-AB, the effi-
ciency improvement is similar as what can be achieved in class-B. For switching
power amplifier, the efficiency improvement is the same as the improvement in
class-B. Furthermore, this technique can be combined with other efficiency im-
provement techniques.
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Fig. 3. Comparison of efficiency between the PA based on proposed power
combining transformer and the conventional PA.

impedance matching, and on-chip transformers are usually
implemented as coupled inductors. Therefore, non-idealities
such as leakage flux, feed-through capacitance, and various
losses cause real transformers to deviate from ideal behaviors.
Fig. 4 shows the equivalent T-model of a transformer. Here
and are the primary and the secondary inductor respective.

and are resistors in series with the inductors to model
their loss. is the coupling factor and is the effective turn
ratio, which is defined as

In this model, the load, , and a tuning capacitor , are con-
nected on the secondary side. The power efficiency of this trans-
former is of great interest in this work. The maximum efficiency
of the transformer can only be achieved when it is tuned to res-
onance, and it is only determined by the quality factor of the
coupled inductors , , and the magnetic coupling factor :

The maximum efficiency, , can only be obtained when the
inductance of the primary coil is

Ideally the efficiency should return back to its optimum value
at the transition points; however, it inevitably degrades due to
non-idealities of the power combining transformer. In the fol-
lowing discussion, several factors that cause the degradation
will be examined with some proposed solutions.

First, the impact of the varying load on the efficiency of the
power combining transformer is considered. Usually the induc-
tance is chosen for the load condition at peak output power. As
shown previously, the power amplifier is reconfigured at power
back-off. Therefore, the load seen at the output of the unit ampli-
fiers remaining “on” will vary. This will make the transformer

Fig. 4. (a) Transformer equivalent T-model with a load resistor and tuning ca-
pacitor. (b) Transformer T-model after parallel to series conversion at the load.

Fig. 5. Efficiency of an ideal power combining transformer as the load
impedance varies. The transformer was designed to work with 12.5 
 load
(assuming Q = 12:5, k = 0:7, at 2.4 GHz).

less efficient than in the peak power mode. Fortunately, the im-
pact of varying load on the efficiency of the transformer is very
minimal as shown in Fig. 5.

Next, the impact of loading of inactive unit amplifiers on the
efficiency of the power combining transformer is considered.
The power combining transformer is a passive device, which
means it is bilateral. When the unit amplifiers are turned off,
they will load the amplifiers that remain “on”. In this case, the
power transfer efficiency from the secondary to the primary of
the “off” stage should be minimized.

If the amplifiers that are turned off present an ideal open or
short load to the voltage combining transformer, there will be
no power transferred from the secondary to the primary of the
off stages. This is highly desired in order to keep the efficiency
high at back-off. However, in reality, the junction parasitics of
the deactivated transistors are lossy, which will inevitably load
the voltage combining transformer in an open state. This degra-
dation can be minimized by switching out capacitors at the pri-
mary of the off stages to detune the unit transformers, and by
shorting the terminals of the primary inductor. The loading pre-
sented to the secondary winding becomes an inductor in series
with a small resistor. Simulations are used to verify the impact
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Fig. 6. Power efficiency of the implemented power combining transformer
versus the loading from the deactivated unit amplifiers when the combiner is
reconfigured from a four-way combiner to a two-way combiner. The equivalent
loading is to model the effect of on-resistance of “shorting” transistors (results
simulated with the s-parameter extracted from full-wave EM simulations).

Fig. 7. Contour plot of constant power efficiency for a 1:n transformer, as-
suming Q = Q .

of the loading from off stages to the overall transformer power
efficiency. The results are shown in Fig. 6.

The decision to “short” or “open” circuit the primary side
of the off stages should be decided based on the actual imple-
mentation, such as process features, transistor sizes, and trans-
former design. In this work, it was found through simulations
that “short” offers better efficiency at power back-off.

C. Design of a Fully Integrated Power Combining Transformer
in CMOS

The design of the fully integrated transformer is very de-
pendent on the available process. Nonetheless, good power ef-
ficiency of the power combining transformer can be obtained
by increasing the magnetic coupling factor and improving the
quality factor of the coupled inductors (Fig. 7). While increasing
magnetic coupling, capacitive coupling should be minimized
as much as possible. In an RF-CMOS process, thick analog
metal layers are usually available for designing high- passives.
For example, in an RF-CMOS process with dual analog metal
layers, a simple overlay structure can be chosen to implement
the power combining transformer.

Fig. 8. Simple power combining transformer. Nonoverlapping segments of the
primary and secondary reduces the coupling factor. The flow of current in op-
posite directions in these segments reduces the inductance and degrades the Q
factors.

Fig. 9. Power combining transformer with reduced magnetic coupling between
adjacent windings.

Fig. 10. Power combining transformer with oval-like high-Q inductors.

A simple transformer layout is shown in Fig. 8. In this de-
sign, the adjacent windings have current flowing in opposite di-
rection, and thus do not contribute as much flux and coupling
to the secondary winding, reducing the power efficiency. More-
over, since the primaries will have different magnetic coupling
to the secondary, a different load is seen at each primary which
could severely degrade the performance.

Several measures can be taken to minimize coupling of the
adjacent windings. One of them is to leverage the fact that or-
thogonal lines have negligible magnetic coupling as shown in
Fig. 9. This layout still has one flaw, which is the degraded
quality factor in the inductors arising from 90 corners. A com-
promise can be made as shown in Fig. 10, where the primary
inductors are oval in shape and are physically separated further
apart to minimize internal flux cancellation. This transformer
was implemented with the prototype presented in Section III.

In a typical digital CMOS process, only one thick top metal
layer is provided. Usually, this metal layer is thinner than the
analog metal layer in an RF CMOS process. Therefore, a lat-
eral coupling structure has to be employed which potentially
degrades power efficiency from two aspects. First, the magnetic
coupling is reduced compared to the overlay structure. Second,
the inner inductor will suffer from current crowding which re-
sults from the proximity effect, just like in a multi-turn inductor.
Consequently, the resistance of the structure increases and de-
creases.

A new “figure-8” style layout which can be implemented with
a single thick top metal layer (Fig. 11) has been proposed to
address these issues [14]. An interleaved structure is used for
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Fig. 11. Power amplifier with “figure-8” transformer power combiner.

TABLE I
COMPARISONS AMONG STATE-OF-THE-ART

POWER COMBINING TRANSFORMERS

the primary windings, to reduce losses and enhance magnetic
coupling. An important additional benefit comes from the al-
ternating direction of the secondary winding. The secondary
winding is immune to common mode disturbance from a dis-
tant source, because the incoming magnetic flux induces cur-
rents of opposite directions across each “figure-8” section, as-
suming there is an even number of sections. The EM simulation
of this structure shows an efficiency of 0.752 ( 1.35 dB) at
5 GHz, with only one thick top metal in a 90 nm digital CMOS
process.

In Table I, the performance of several power combining trans-
formers are compared. Transformers composed of single-turn
inductors demonstrate high power efficiency, comparable to
transformers composed of microstrip line inductors. The ease
of implementation, the compatibility with CMOS processes,
and the ability of accessing individual amplifiers to improve
average efficiency make transformers composed of single-turn
inductors very appealing.

III. FULLY INTEGRATED CMOS POWER AMPLIFIER PROTOTYPE

To verify the concepts outlined in this paper, a prototype
power amplifier was designed and tested. There are generally
many challenges associated with power amplifier design. Nat-
urally, the output stage is the most challenging part of the de-
sign. Thus, the prototype is a single-stage CMOS PA utilizing
standard thin-gate-oxide transistors in a 0.13 m CMOS tech-
nology. This process offers two thick upper metal layers, 3 m
and 4 m thick respectively, over a conductive substrate (about
1 cm). The of the process is around 60 GHz. The top two

Fig. 12. Simplified schematic of a pseudo-differential pair.

metal layers are used to implement the integrated transformer.
High-density MIM capacitors are also available in this process.

A. Pseudo-Differential Pair

A pseudo-differential pair serves as the main building block
for the power amplifier. A single-ended topology is avoided to
allow more robust integration. This topology creates an ac vir-
tual ground at the common source node and supply node
for the fundamental frequency and odd-order harmonics, min-
imizing the impact of package parasitics on amplifier perfor-
mance. Each side of the pair drives a load down-transformed
by a factor of two without incurring any additional loss. This is
very important, since the on-chip matching network is usually
lossy.

B. Cascode

To avoid degradation of RF performance, only standard thin-
gate-oxide devices are used. The cascode configuration is used
to improve reliability. The transconductor device (M1) and the
cascode device (M2) have the same size (2400 m/0.16 m), so
that they can easily share a junction to minimize the parasitic
capacitance at the cascode node, improving the efficiency of
the amplifier. The cascode gate is connected to the supply node
when the individual amplifier is on, and it is grounded to turn
off the individual amplifier for power back-off. Fig. 12 shows
the simplified schematic of a pseudo-differential pair designed
in this work. The simplified schematic of the prototype is shown
in Fig. 13, in which four pseudo-differential amplifiers are com-
bined.

C. Biasing

Class-AB biasing is chosen because both power efficiency
and linearity are of primary concern in advanced wireless com-
munication systems. In this work, the of input devices is the
major source of nonlinearity. It is known that when MOS de-
vices are biased from the weak inversion region to the moderate
inversion region, changes polarity (from positive to nega-
tive). The input transistors are biased slightly above threshold to
leverage this behavior. To reduce the inter-modulation products
from mixing with the inputs and even-order harmonics, a large
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Fig. 13. Simplified schematic of the prototype.

Fig. 14. Die microphotograph of the prototype.

on-chip bypass capacitor connects the center-tap of the trans-
former with the common source node. This significantly reduces
even-order harmonics, and minimizes second-order interaction
products from significantly contributing to the odd-order distor-
tion [17]. For each unit amplifier, 60 pF bypass capacitor is used
to reduce ripple on the supply nodes, implemented with MIM
capacitors and finger capacitors.

D. Transformer and Matching Network

The transformer used in this work plays two roles. First, it is
used to transform the 50 load. Second, it converts a differen-
tial signal into a single-ended signal so that it can be connected
to the antenna directly. High efficiency of the transformer is the
prerequisite in order to achieve high efficiency of the entire PA.
High component and tight magnetic coupling are crucial to
reduce the loss in the transformer. One-turn “hairpin” style in-
ductors are implemented to construct the primary and the sec-
ondary coils of the transformer. To improve the magnetic cou-
pling, an overlay structure is adopted wherein the secondary coil
is put directly on top of the primary coils.

The power amplifier implemented in this work requires an
eight-way power combining amplifier, to transmit 24 dBm
linear power with 1.2 V supply voltage. Since pseudo-differ-
ential topology is adopted to implement the amplifiers, four
pseudo-differential amplifiers and four 1:1 transformers are
needed to construct an eight-way power combining amplifier
(Fig. 10). Assuming that the achievable quality factors of both
primary and secondary inductors are 12.5 and coupling factor
is 0.7, the optimal inductance is around 400 pH at 2.4 GHz.
A metal shield (M1) is used to reduce capacitive coupling to
the conductive substrate. Fixed MIM capacitors are put on the
secondary side to resonate out the secondary inductance to
maximize efficiency. Switched MIM capacitors are put on the

primary side. When the stage is on, those capacitors are used
to present an optimum tuned load to the transistors. When the
stage is turned off, the capacitors are switched out to detune the
unit transformer to improve overall efficiency. The “shorting”
devices are implemented with nMOS transistors,2 and are sized
to give about 0.5 of on-resistance. The efficiency of the
on-chip transformer is approximately 80%, simulated indepen-
dently with Agilent ADS Momentum and Ansoft HFSS. The
simulation results are in close agreement.

IV. EXPERIMENTAL RESULTS

A microphotograph of the prototype is shown in Fig. 14. Fab-
ricated using a 0.13 m CMOS process, it features an eight-way

independent power combining amplifier, in which the
inputs of the unit amplifiers are connected together and driven in
parallel. The chip area is 2 mm 1 mm, including pads. During
measurements, the chip was directly glued to the printed circuit
board using conductive adhesive. All the pads, including input
and output pads, were wire bonded on the board. Each pad was
bond-wired to the test board with only one bondwire, although
multiple bondwires can be employed to minimize lead induc-
tance. No off-chip impedance matching elements are needed
or used in this design. The input is driven by a commercial
driver amplifier through an off-chip balun. Since the input is
not matched, power gain is not known exactly. It was estimated
around 10 dB. The amplifier was tested with a 1.2 V power
supply. The cascode node was tied to the power supply. The am-
plifier draws 114 mA DC current without RF signals applied.

A. CW Signal Test

The output was directly connected to a power meter with two
6 dB attenuators for power measurements. All system losses
were calibrated out, while the measured results included losses
of the PC board and bondwires. Output power and drain effi-
ciency versus input power (read from the signal generator) for
a single-tone test is shown in Fig. 15. The PA transmits up
to 24 dBm linear power with 25% drain efficiency, centered
at 2.4 GHz. When driven into saturation, it delivers 27 dBm
power with 32% drain efficiency. Under the same bias condi-
tions, a two-tone test was performed at 2.4 GHz with 1 kHz
tone spacing. Little sideband asymmetry was observed during
testing. The results are shown in Fig. 16. When the average
output power per tone is 18 dBm, measured IM3, IM5, and IM7
are 29 dBc, 36 dBc, and 42 dBc, respectively.

To verify the concept of the average efficiency enhancement
technique, two PAs are compared. They use the same devices
and the same power combining transformer, with the exception
that one employs the efficiency enhancement circuitry. Fig. 17
shows the measured results, in close agreement with simula-
tion results.3 With 1.2 V power supply, a peak power of 27
dBm is measured with 32% drain efficiency, when all of four
amplifiers are “on”. When output power is at 2.5 dB back-off
from peak power, in the PA employing average efficiency en-
hancement circuitry, one amplifier is turned off and the other

2PMOS transistors are preferred since source and drain are tied to V .
3In the high output power region, the measured result differs from the sim-

ulated result because of the rise of chip temperature. All simulations are done
with 25 C temperature setting.
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Fig. 15. Measured output power and drain efficiency from single-tone test.

Fig. 16. Measured output power and IM3 from a two-tone test with 1 kHz tone
spacing. The two input tones are combined using a combiner. The null of IM3
is from class-AB biasing [18].

three remain “on”. The drain efficiency is measured as 31.5%
at 24.5 dBm, very close to the drain efficiency at peak output
power. In contrast, drain efficiency is 5% lower in the conven-
tional PA at 2.5 dB back-off. In fact, as shown in Fig. 18, fur-
ther enhancements of efficiency in the back-off region can be
obtained by turning off the remaining amplifiers sequentially,
when output power is at 6 dB and 12 dB back-off. In this work,
further improvements cannot be verified with experiments due
to a design/layout mistake.

B. Modulated Signal Test

Although the prototype was not designed to meet any partic-
ular standard, it was tested with EDGE and 802.11g signals to
observe its linearity with modulated signals. Because automatic
power control circuit was not implemented with the prototype,
the improvement on average efficiency cannot be tested with
modulated signals. However, the proposed technique, in prin-
ciple, can potentially be used to enhance efficiency of a power

Fig. 17. Simulated and measured drain efficiency of the proposed PA, in com-
parison with those for the conventional PA.

Fig. 18. Simulated drain efficiency of the proposed PA with power back-off, in
comparison with that for the conventional PA.

Fig. 19. Output spectrum with GSM/EDGE signal. Measured PSD at offset
frequencies: at�200 kHz, �30.75 dBc,�30.3 dBc (spec:�30 dBc); at�400
kHz,�55.3 dBc,�55 dBc (spec:�54 dBc); at�600 kHz,�64.4 dBc,�63.9
dBc (spec: �60 dBc).

amplifier when transmitting signals with high peak-to-average
ratio (PAR).4

First, the PA was tested with GSM/EDGE signal, which pro-
vides high data rate over 200 kHz carrier bandwidth. In addi-
tion to Gaussian minimum shift keying (GMSK), EDGE uses

4In principle, the proposed structure can be used as a DAC. Issues such as
quantization noise and clock feed-through need to be addressed to make the
proposed structure work for high PAR signals.
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Fig. 20. Measured at P = 14.5 dBm with 4.48% EVM. (a) Output spectrum. (b) Rectangular constellation diagram.

Fig. 21. Measured EVM versus output power.

8-phase-shift keying (8PSK) for the upper five of its nine modu-
lation and coding schemes to achieve higher date rate than GSM.
It has PAR of 3.2 dB, and peak-to-minimum ratio of 17 dB.
The measured peak output power while still meeting the spec-
tral mask is 21.75 dBm after calibrating out 1.25 dB cable loss
(Fig. 19). The drain efficiency is 20%.

The prototype was also tested with 2.4 GHz 802.11g WLAN
signal. Since the 802.11g OFDM symbol consists of 52 carriers
(four pilot carriers), its amplitude PAR can be as high as 17 dB

17 dB . However, such extreme peaks are in
practice rare and brief. It is not necessary to preserve these ex-
treme peaks in order to demodulate the signal correctly. The
test signal from the signal source has 12 dB PAR at the date rate
of 54 Mb/s using 64QAM modulation. The signal source was
intentionally distorted with 1% EVM. The prototype delivers
maximum output power 14.5 dBm with 4.48% EVM (Fig. 20).
The drain efficiency is around 9%. Fig. 21 illustrates measured
EVM with the PA output power. Simple AM-to-PM predistor-
tion can improve the performance considerably, and allow op-
eration closer to the compression point.

V. CONCLUSION

In this paper, a simple yet elegant technique was described to
achieve high efficiency at peak power as well high average effi-
ciency. Topologies suitable for implementation in CMOS tech-

nologies are studied. A prototype fabricated with only thin-gate-
oxide transistors in a 0.13 m CMOS technology demonstrates
the concept. With 1.2 V supply, it transmits linear power up to
24 dBm with 25% drain efficiency. When driven into satura-
tion, it transmits 27 dBm peak power with 32% drain efficiency.
As one of the four amplifiers is turned off for 2.5 dB power
back-off from 27 dBm, drain efficiency is improved from 26.5%
to 31.5%, very close to instantaneous drain efficiency at peak
power.

REFERENCES

[1] K.-C. Tsai and P. Gray, “A 1.9 GHz, 1-W CMOS Class-E power am-
plifier for wireless communications,” IEEE J. Solid-State Circuits, vol.
34, no. 7, pp. 962–970, Jul. 1999.

[2] G. Liu, T.-J. K. Liu, and A. M. Niknejad, “A 1.2 V, 2.4 GHz fully
integrated linear CMOS power amplifier with efficiency enhancement,”
in Proc. CICC 2006, Sep. 2006, pp. 141–144.

[3] J. G. McRory, G. G. Rabjohn, and R. H. Johnston, “Transformer cou-
pled stacked FET power amplifiers,” IEEE J. Solid-State Circuits, vol.
34, no. 2, pp. 157–161, Feb. 1999.

[4] M. Shifrin, Y. Ayasli, and P. Katzin, “A new power amplifier topology
with series biasing and power combining of transistors,” in IEEE Mi-
crowave and Millimeter-Wave Monolithic Circuits Symp., 1992, pp.
39–41.

[5] A. Shirvani, D. K. Su, and B. A. Wooley, “A CMOS RF power amplifier
with parallel amplification for efficient power control,” IEEE J. Solid-
State Circuits, vol. 37, no. 6, pp. 684–693, Jun. 2002.

[6] W. Simburger, H.-D. Wohlmuth, P. Weger, and A. Heinz, “A mono-
lithic transformer coupled 5-W silicon power amplifier with 59%
PAE at 0.9 GHz,” IEEE J. Solid-State Circuits, vol. 34, no. 12, pp.
1881–1892, Dec. 1999.

[7] T. S. D. Cheung and J. R. Long, “A 21–26 GHz SiGe bipolar power
amplifier MMIC,” IEEE J. Solid-State Circuits, vol. 40, no. 12, pp.
2583–2597, Dec. 2005.

[8] I. Aoki, S. Kee, D. B. Rutledge, and A. Hajimiri, “Fully integrated
CMOS power amplifier design using the distributive active-transformer
architecture,” IEEE J. Solid-State Circuits, vol. 37, no. 3, pp. 371–383,
Mar. 2002.

[9] J. Deng, P. S. Gudem, L. E. Larson, and P. M. Asbeck, “A high average-
efficiency SiGe HBT power amplifier for WCDMA handset applica-
tions,” IEEE Trans. Microw. Theory Tech., vol. 53, no. 2, pp. 529–537,
Feb. 2005.

[10] G. Hanington, P.-F. Chen, P. M. Asbeck, and L. E. Larson, “High-
efficiency power amplifier using dynamic power-supply voltage for
CDMA applications,” IEEE Trans. Microw. Theory Tech., vol. 47, no.
8, pp. 1471–1476, Aug. 1999.

[11] F. H. Raab, “High-efficiency linear amplification by dynamic load
modulation,” in IEEE MTT-S Dig., Jun. 2003, vol. 3, pp. 1717–1720.

[12] W. H. Doherty, “A new high efficiency power amplifier for modulated
waves,” Proc. IRE, vol. 24, pp. 1163–1182, Sep. 1936.



LIU et al.: FULLY INTEGRATED CMOS POWER AMPLIFIER WITH EFFICIENCY ENHANCEMENT AT POWER BACK-OFF 609

[13] I. Aoki, S. D. Kee, D. B. Rutledge, and A. Hajimiri, “Distributed ac-
tive transformer-a new power-combining and impedance-transforma-
tion technique,” IEEE Trans. Microw. Theory Tech., vol. 50, no. 1, pp.
316–331, Jan. 2002.

[14] P. Haldi, G. Liu, and A. M. Niknejad, “CMOS compatible transformer
power combiner,” Electron. Lett., vol. 42, no. 19, pp. 1091–1092, Sep.
2006.

[15] S. Kim, K. Lee, J. Lee, B. Kim, S. D. Kee, I. Aoki, and D. B. Rutledge,
“An optimized design of distributed active transformer,” IEEE Trans.
Microw. Theory Tech., vol. 53, no. 1, pp. 380–388, Jan. 2005.

[16] J. Kang, A. Hajimiri, and B. Kim, “A single-chip linear CMOS power
amplifier for 2.4 GHz WLAN,” in IEEE ISSCC Dig. Tech. Papers, Feb.
2006, pp. 208–209.

[17] V. Aparin and L. E. Larson, “Linearization of monolithic LNAs using
low-frequency low-impedance input termination,” in Proc. ESSCIRC,
Sep. 2003, pp. 137–140.

[18] C. Fager, J. C. Pedro, N. B. de Carvalho, H. Zirath, F. Fortes, and M.
J. Rosario, “A comprehensive analysis of IMD behavior in RF CMOS
power amplifiers,” IEEE J. Solid-State Circuits, vol. 39, no. 1, pp.
24–34, Jan. 2004.

Gang Liu (M’07) received the B.E. degree from Tsinghua University, China, in
1998, and the Ph.D. degree from the University of California, Berkeley, in 2006.

Since 2006, he has been with Marvell Semiconductors, Santa Clara, CA. His
research interests include integrated circuits and systems.

Peter Haldi received the M.S. degree in electrical en-
gineering from the Swiss Federal Institute of Tech-
nology (ETHZ), Zurich, Switzerland, in 2006.

In 2005, he was with Infineon AG, Munich, Ger-
many, as an integrated circuit designer for wireless
communications. During the winter of 2005–2006,
he was a visiting student at Berkeley Wireless Re-
search Center where his research focused on power
combining techniques for 90 nm CMOS power am-
plifiers. He is currently a Management Consultant at
Simon-Kucher & Partners, Zurich, Switzerland.

Mr. Haldi received the first place of the Best Student Paper Award at the RFIC
Conference in 2007.

Tsu-Jae King Liu (SM’00–F’07) received the B.S.,
M.S., and Ph.D. degrees in electrical engineering
from Stanford University, Stanford, CA, in 1984,
1986, and 1994, respectively.

She joined the Xerox Palo Alto Research Center
as a Member of Research Staff in 1992, to research
and develop polycrystalline-silicon thin-film tran-
sistor technologies for high-performance flat-panel
display and imaging applications. In August 1996,
she joined the faculty of the University of California
at Berkeley, where she is now Professor of electrical

engineering and computer sciences (EECS), and Faculty Director of the UC
Berkeley Microfabrication Laboratory. Her research activities are presently in
nanoscale integrated-circuit devices and technology, and thin-film materials
and devices for integrated microsystems and large-area electronics.

Dr. Liu is a Fellow of the IEEE, and has served on committees for many
technical conferences including the International Electron Devices Meeting and
the Symposium on VLSI Technology. She was a member of the IEEE EDS VLSI
Technology and Circuits Technical Committee from 2000 to 2001, and an Editor
for the IEEE ELECTRON DEVICE LETTERS from 1999 to 2004. She has been a
member of the Process, Integration, Devices, and Structures Working Group for
the International Technology Roadmap for Semiconductors since 2004.

Ali M. Niknejad (S’93–M’00) was born in Tehran,
Iran. He received the B.S.E.E. degree from the Uni-
versity of California, Los Angeles, in 1994, and the
Masters and Ph.D. degrees in electrical engineering
from the University of California, Berkeley, in 1997
and 2000. During his graduate studies, he authored
ASITIC, a CAD tool that aids in the simulation and
design of passive circuit elements such as inductors
into silicon integrated circuits. ASITIC is actively
used by industry and academic research and devel-
opment centers. After graduation from Berkeley, he

worked in industry focusing on the design and research of analog RF integrated
circuits and devices for wireless communication applications. He is currently
an Associate Professor in the Electrical Engineering and Computer Sciences
(EECS) Department at UC Berkeley and co-director of the Berkeley Wireless
Research Center and the BSIM Research Group. His research interests lie
within the area of wireless and broadband communications, including the
implementation of integrated communication systems in silicon using CMOS,
SiGe, and BiCMOS processes. Focus areas of his research include analog
and RF circuits, device physics and modeling, and numerical techniques in
electromagnetics, with an emphasis on the analysis and modeling of active and
passive devices at microwave frequencies for IC applications.

Prof. Niknejad has served as an associate editor of the IEEE JOURNAL OF

SOLID-STATE CIRCUITS and is now serving on the TPC for CICC and ISSCC.
He was co-recipient of the Outstanding Technology Directions Paper at ISSCC
2004 for co-developing a modeling approach for devices up to 65 GHz.


