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Abstract—This paper presents a CMOS power amplifier (PA)
system designed with the explicit goal of customizing a high-output
power transmitter for sensor applications, where the supply
voltage from an energy storage element is often time varying.
The PA is intended for use in a long-range sensor transceiver
and can operate directly off a super-capacitor source. A constant
output-power, regulatorless, series power-combined PA with a
fully integrated tunable matching network is implemented in an
attempt to eliminate all energy losses associated with a high-cur-
rent voltage regulator. The PA monitors the output voltage at the
off-chip antenna and digitally modulates the PA load impedance
to maintain a constant target output power as the super-capacitor
discharges. The PA system, integrated in a 90-nm CMOS process,
has a peak output power of 24 dBm with an efficiency of 12% at
1.8 GHz, making it suitable for sensor data communication over
distances of several hundred meters. As the PA supply varies from
2.5 to 1.5 V, the power control loop maintains a constant output
power with an accuracy of 0.8 dB.

Index Terms—CMOS, long-range sensor transmitter, power
amplifier, power control-loop, sensor network, tunable matching
network.

I. INTRODUCTION

T HE realization of single-chip integrated radios, dating
back to the 1990s, has made a profound impact on many

consumer applications, most notably the modern smart phone.
Every improvement in silicon technology seems to motivate
entirely new radio applications from wireless key entry, to
high-frequency, short-range, mm-wave communication sys-
tems. Some of the early work on highly integrated CMOS
radios focused on short-range radios because of the lower
performance associated with these front ends with respect
to sensitivity, selectivity, and power output [1], [2]. Later,
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integrated CMOS radios extended their range with high-perfor-
mance cellular transceivers for mobile phone applications [3],
[4].
In parallel with addressing the consumer handset market,

there has been interest in using single-chip silicon radio front
ends for sensor data communication [5]–[8]. The early wireless
sensors utilized mesh networks to report data; employing
numerous ultra-low-power radios with cell sizes of less than a
few meters between adjacent nodes. For long-distance sensor
transmission of several kilometers, data must hop through
hundreds, if not thousands, of individual nodes along the mesh.
This is convenient for applications requiring a dense coverage
of sensors for data collection. Several advantages are afforded
by the short-range transmission found in a mesh network. First,
the small cell sizes (several meters in diameter) allow fre-
quency reuse, thereby enabling multiple sensor-to-sensor data
links within a small geographical area. The second advantage
of collaborative mesh networks, from a theoretical perspec-
tive, relates to maximizing transmission energy efficiency on
a bit/joule basis by optimizing the node-to-node transmis-
sion distance [8] (depending on the path-loss conditions, and
transceiver characteristics). However, several practical consid-
erations add significant complexity to this class of networks.
Issues such as network self-assembly [9], receiver wake-up
time synchronization [10], scheduling between various cells,
and rerouting around errant nodes, have proven to be a chal-
lenge for long-distance wireless sensor communication.
Any advantage with respect to energy efficiency in short-

range mesh networks assumes an optimal and uniform spacing
between sensor nodes. This assumption of uniformity between
nodes has proven problematic for many applications where de-
ployment is rendered in an uncontrolled and random fashion.
Sensor nodes used in barrier coverage applications to detect in-
truders at the boundary of a battlefield, border, or coastline serve
as examples. Situations arise where rapid deployment of the
“barrier coverage mesh networks ” becomes necessary by drop-
ping sensor nodes via aircraft or artillery ordinance delivery sys-
tems. Accordingly, the position of each node, relative to one an-
other, is random and influenced by many factors including wind
and terrain [11]. To ensure adequate barrier coverage, spatial
redundancy is often achieved through the expense of utilizing
extra sensor nodes. Moreover, complex network self-assembly
[12] and node redundancy further erode the energy efficiency
advantage of mesh networks when long-range communication
becomes necessary.
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Fig. 1. Concept of long-range sensor communication and “network-
scavenging.”

In contrast, single-hop long-range communication would
reduce issues surrounding nonuniform coverage by com-
municating directly with a base station. A small-form factor
transceiver that enables long-range communication has the ben-
efit of addressing many sensor data applications which might
be challenging to realize using a collaborative mesh network.
Measurements in relatively remote locations or applications
where a low density of sensor coverage is sufficient remove
much of the motivation for short-range transceivers that are
coupled with the sensing device. Examples could range from
remote monitoring of temperature, humidity, precipitation, and
rainfall levels to data collection for global warming research or
perhaps homeland security applications. The primary advan-
tage of an extended node range is the potential ability to exploit
existing cellular, WiFi, and PAN network infrastructure, thus
conceivably obtaining coverage in any urban environment.
In addition, if a sensor radio for long-distance communica-
tion is realized in CMOS, highly programmable radio front
ends with multistandard capability could be realized. This
implies that a sensor node could find the most available and
energy-efficient access point, even including collaborative
mesh networks. Thus, as shown in Fig. 1, a single sensor node
could be randomly placed in virtually any environment and left
to “network-scavenge” for the closest and most energy efficient
access point.
Although many issues spanning a broad selection of disci-

plines (including networking, digital signal processing, energy
scavenging, and communications theory) would need to be ad-
dressed to realize the vision of a long-range sensor transceiver,
this paper focuses on one of the most challenging aspects of the
front-end transceiver electronics—the PA. Techniques for cel-
lular (long-range) and sensor (short-range) PAs have developed
independently over the past decade due to the significantly dif-
ferent system specifications (power levels) as well as system
architectures (energy sources). The long-range sensor PA [13]
proposed in this work lies at the intersection of these two fun-
damentally different radio front ends.
Any autonomous sensor transmitter can be separated into

two basic subsystems, as shown in Fig. 2—the energy har-
vesting subsystem (EHS) [14]–[16] and the data transmission
system (DTS). This paper explores techniques towards im-
proving the DTS efficiency. The block diagram of the proposed
sensor transmitter is shown in Fig. 3. The system comprises a
solar cell, super-capacitor, switches , and a CMOS

Fig. 2. High-level system block diagram for a wireless sensor transmitter.

Fig. 3. CMOS power amplifier for long-range sensor TX.

PA. During the charging phase, solar energy is harvested by a
solar cell and stored on a super-capacitor via switch . As
soon as sensor data is available, switch closes to connect
the super-capacitor directly to the PA. In order to maximize
the super-capacitor energy utilization, while concurrently
maintaining constant output power, this work proposes a PA
with a tunable matching network (TMN). The sensor PA also
includes a fully integrated control loop, which monitors the
output power and modulates the TMN in response to variations
in the super-capacitor voltage.
The rest of the paper is organized as follows. Section II high-

lights the important differences between transmitters designed
for long-range and short-range applications. Following this,
Section III describes the desired characteristics of a long-range
Sensor PA. The TMN is described in Section IV. The circuits
in the PA signal path and power control feedback path are
discussed in Section V. Experimental results and a comparison
with prior-art in tunable matching networks are presented in
Section VI. The paper concludes with some summary com-
ments in Section VII.

II. POWER AMPLIFIERS FOR LONG-RANGE/
SHORT-RANGE TRANSMITTERS

To highlight the challenges involved in the long-range sensor
PA, the important differences between cellular and sensor PAs
are described next.

A. Power Levels

Power amplifiers for handset applications face several chal-
lenges with respect to realization in CMOS technologies. A
major difficulty, exacerbated in low-voltage CMOS processes,
is achieving the high output power required by many commer-
cial PA applications. As an example, the GSM standard, which
supports communication between mobile handsets and cell base
stations potentially several kilometers away, requires the PA
output power to be as high as 1 W ( 30 dBm) [17], [18]. While
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amplifiers designed for typical mesh-based sensor systems de-
liver output power on the order of 1–10 mW [19], the proposed
sensor PA needs to be designed to support cellular-like power
outputs.

B. Energy Source

An additional distinction between cellular and sensor
transmitters relates to the PA’s power source. In cellular trans-
ceivers, the PA typically operates directly from a rechargeable
lithium-ion battery [18]. Although the voltage may change
by 20% as the battery discharges, frequent battery recharge is
acceptable. In contrast, a sensor radio must operate as a fully
autonomous unit, requiring some form of energy scavenging
(solar [16], vibrational [16], [20]) coupled with an energy
storage element, typically a super-capacitor [21]. The voltage
across a super-capacitor, in contrast to a relatively constant
battery voltage, decreases under normal transceiver operation.
A key challenge with the proposed sensor PA relates to de-
signing power efficient transceiver circuits that are unique to
the method of energy acquisition, storage, and utilization in
sensor systems.

III. DESIRED CHARACTERISTICS OF THIS SENSOR PA

Two important features of an ideal long-range sensor PA are
long active time and high transmitter efficiency. The system-
level aspects that relate to the aforementioned characteristics are
discussed in the following section.

A. Maximizing Sensor Active Time: Power
Combiner Architecture

The active time of a sensor refers to the duration of time over
which the supply voltage provided by the super-capacitor is suf-
ficient to transmit data at a desired power level. For example, a
sensor TX that can transmit data for a supply voltage ranging
from 2.5 to 1.5 V has a higher active time compared with one
that operates only over the range of 2.5 to 2.0 V. For this imple-
mentation, the PA was designed to operate at as low as 1.5 V.
With the goal of leveraging existing network infrastructure

for sensor communication, the upbanded version of GSM, PCS
1900was used for the initial PA design. Delivering output power
on the order of 1 W from a 1.5-V supply makes the power-
combined implementation [18], [22] attractive. Ideally, in order
to deliver a combined power output , an “ ” element
series power-combined PA requires each PA stage to deliver
only output power.

B. Maximizing Efficiency: Switching PA and Regulatorless
Power Control

In order to optimally utilize the energy stored in the super-ca-
pacitor, it is important to maximize efficiency at both the circuit
and system level. The high-power PA output stage holds a dom-
inant share in the total power consumption of the sensor TX;
thus, a high-efficiency PA can significantly improve the overall
transmitter efficiency. Switching PAs can theoretically achieve
higher power efficiency than linear PAs but are limited to trans-
mitting signals using constant-envelope modulation. However,

Fig. 4. (a) Sensor PA system with voltage regulator and fixed matching net-
work. (b) Power loss due to voltage regulator in the supply path.

the constant-envelope Gaussian mean shift-keying (GMSK)
modulation associated with GSM allows the use of a Class-E
switching PA topology [17].
At a system level, it is important to consider efficient tech-

niques to maintain a constant output power from the sensor PA
as the super-capacitor discharges. Voltage regulators are com-
monly used to minimize fluctuations from a battery or supply
line for a wide range of loading conditions. These regulators
can be categorized either as switch-based regulators, such as a
boost–buck converter, or as linear low dropout (LDO) regula-
tors. The general approach to regulating the PA supply using a
regulator is shown in Fig. 4(a). High-efficiency switching reg-
ulators [23] have been proposed for ultra-low-power body-area
network sensors. For this class of applications, the efficiency
and spectral output of the regulator is relaxed. However, in cel-
lular applications, interaction between the regulator clock
and the RF carrier frequency of the switching PA could
produce unwanted spurious emission at , ultimately
leading to both in-band and out-of-band spectral mask viola-
tions. In addition, both the quality factor and value of induc-
tance used in switching regulators typically requires the use of
off-chip inductors, which runs contrary to the goal of integra-
tion. In contrast, linear regulators avoid the issue of spur gener-
ation, but suffer from a comparatively lower efficiency, which
is particularly true when the supply voltage has a large varia-
tion. To demonstrate the inefficiency of such a regulator in the
Sensor TX, the voltage across the super capacitor, while a con-
stant current is being drawn by the load, is shown as a function
of time in Fig. 4(b). At the beginning of the transmitter opera-
tion, a large voltage drop exists across the linear regulator, in-
troducing an additional power loss directly proportional to the
average current flowing through the PA and the difference be-
tween the unregulated voltage and the regulated PA
supply voltage . The highlighted section in Fig. 4(b) in-
dicates the power lost in the linear regulator as the super-ca-
pacitor discharges, which ultimately degrades the overall trans-
mitter efficiency. Equation (1) describes the reduction in overall
transmitter efficiency as a function of the ratio
(derivation in Appendix I), where is the fully charged
super-capacitor voltage.

(1)
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Fig. 5. Unregulated super-capacitor powered PA with fixed matching net-
works. (a) designed for 30-dBm output power at 2.5 V. (b) designed
for 30-dBm output power at 1.5 V.

From (1), it can be noted that for a 3 , the max-
imum achievable transmitter efficiency is limited to 50% due
to the power lost in the linear regulator. Thus, a regulatorless
approach in the sensor PA is desirable from an efficiency stand-
point.
Eliminating the regulator and connecting the sensor PA di-

rectly to the super capacitor makes the design of the output
matching network quite challenging. The dynamic nature of the
supply voltage for sensor PAs leads to a unique relationship be-
tween the PA matching network and the variable super capac-
itor voltage, which is best understood by considering a GSM
30-dBm transmit signal. For example, consider the two ex-

treme voltages on the super capacitor: the first being when the
super capacitor is fully charged to , and the other when
the storage element has discharged to a value . By ap-
plying realistic and values of 2.5 and 1.5V, respec-
tively, the impact of this supply variation on the PA performance
can be explored. If a matching network is designed for max-
imum output power ( 30 dBm) with a (2.5 V),
as shown in Fig. 5(a), then as the capacitor discharges to
(1.5 V), the PA output power would drop to 26 dBm; this as-
sessment assumes a switch-based PA in which the output power,

, is proportional to . Conversely, if a matching net-
work is designed for a ( 30 dBm) at (1.5 V),
as shown in Fig. 5(b), then the output power would now be too
high ( 34 dBm) when the capacitor is fully charged (2.5 V).
To maintain constant output power, a TMN that tracks the

large variation in the supplied super-capacitor voltage is pro-
posed. As shown in Fig. 6, when the super-capacitor discharges
and the supply voltage decreases, in order to maintain
a constant output power, the PA load has to scale down at a rate
proportional to . The TMN transforms the fixed an-
tenna impedance into a variable load, , at the PA output over
the range of supply voltage. The circuit details of the fully inte-
grated TMN are described next.

IV. TUNABLE MATCHING NETWORK

The desired function of the TMN is to modulate the real part
of the PA load impedance. Furthermore, it is critical to maintain
the PA output resonant tuning as close to the carrier frequency
as possible. The realization of the TMN implemented in this

Fig. 6. (a) Regulatorless approach with the super-capacitor connected director
to the PA. (b) Plot of supply voltage and tuned load resistance as a func-
tion of time.

Fig. 7. Series to parallel RC transformation.

chip is best described by starting with a series RC as shown in
Fig. 7. The series RC network with can be
transformed into an equivalent parallelRC network at frequency
; this transformation is defined by

(2)

(3)

To demonstrate the implications of the above equations and
explore the impact of variable , consider and set
to 7 and , respectively. Fig. 8 shows ,
, and as changes from 3 to 20 pF.

Qualitatively, as increases, the of the RC network
reduces and asymptotically approaches . For this particular
example, varies by as much as 12 over the swept range of

. However, for large values of , the slope of ,
shown in Fig. 8(b), reduces.
Consider the case where is modulated by a factor

from to in order to obtain a 5
variation in the shunt resistance. From (2), it can be shown that

(4)

To obtain insight on the relation between the tuning range and
, (4) can be expressed as

(5)

As shown in Fig. 8(a), a low is desired in circuits where
. However, from (5), one observes that reducing

necessitates a larger (capacitance tuning range) in order to
obtain the same shunt resistance variation. Thus, on the higher
side, the value of is constrained by and the target
variation. For , additional increases in the value of
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Fig. 8. (a) Shunt resistance , (b) derivative of shunt resistance, (c) shunt
capacitance , and (d) derivative of shunt capacitance versus tuning capac-
itance, .

achieve a negligible change in . As an example, if
, a 5 variation can be obtained with
.

Next, to select the optimal tuning range of , which
minimizes the variation in , consider the derivative as
a function of . From (3) the following expression is
obtained:

(6)

From (6) and Fig. 8(d), one notes that for ,
. In Fig. 8(c), is relatively indepen-

dent of around this operating point. Thus, if the TMN
is designed with , the variation in the resultant
shunt capacitance is minimized.
Consider the example presented earlier where the 5 resis-

tance variation was obtained with and .
From Fig. 8(c), the maximum is obtained when .

(7)

For modulated within a tuning range of
, the shunt

capacitance varies from

(8)

(9)

Equations (7)–(9) reveals that a TMN designed with a
, produces a desired 5 variation in the shunt resis-

tance while restricting the variation of the shunt capacitance to
less than 30%, helping to reduce any variation in the resonant
frequency as the shunt resistance changes.
The TMN, which relies on the discussed principles of se-

ries-to-parallel transformations, consists of an integrated trans-

Fig. 9. Half of the power combiner used tomodel the tunablematching network
(TMN).

Fig. 10. and variation as a function of the tuning capacitance.

former along with a tunable series capacitance, , im-
plemented with a switch-capacitance bank. A simplified circuit
model of the TMN is shown in Fig. 9. If the primary and sec-
ondary capacitances, and , are selected to resonate with
the leakage inductance of the primary and the self-inductance
of the secondary at the carrier frequency, , then (as derived
in Appendix II) the input impedance of the transformer is de-
scribed by

(10)

The load on the PA, which now simplifies to in series with
(resistance of the switch) and , can now be analyzed

using the series-parallel transformation described earlier. The
input impedance of the TNM , or the effective load on the
PA, is then controlled via ,

(11)

where

(12)

In Fig. 10, the model derived for input admittance, (11) and
(12), is compared with simulation results using an extracted
model of the power combiner laid out in the 90-nm TSMC
process. These plots show close agreement between the model
and the simulated admittance values. As shown in Fig. 10, by
varying from 10 to 30 pF, approximately 400% varia-
tion in the parallel equivalent resistance is achieved, while the
capacitance variation is limited to less than 40%.
A key challenge with respect to realizing the TMN in CMOS

is the implementation of . This capacitor can be real-
ized as either a varactor or a bank of discrete capacitors. Var-
actor-based tuning techniques [24], [25] allow for high-capac-
itor resolution, and the value of capacitance can be modulated
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Fig. 11. Series capacitance-bank-based TMN shown in relation to the power
combiner.

Fig. 12. Layout of the TMN switch on high-impedance substrate.

by an analog voltage control loop. However, the addition of a
varactor to the output of a switching Class-E PA adds a highly
nonlinear element to the signal path, potentially contributing
to spectral regrowth and degradation of the modulation spec-
trum. For the implementation shown in Fig. 11, a metal–insu-
lator–metal (MiM) based capacitor bank was used to realize

.
Voltage excursions greater than 2.5 at the TNM input

make the implementation of the switches in the capacitor bank
challenging. To address reliability issues of these switches,
a bootstrap technique was employed by attaching a resistor,

and to the source and bulk device terminals,
respectively. The addition of is straightforward, with
a physical resistor placed in series with the switch gate. How-
ever, the realization of in standard CMOS relies on
increasing the distributed resistance of the substrate in the
immediate vicinity of the switch. The switches in the capacitor
bank exploit the high-resistivity property of the native silicon to
realize a high-impedance path between the device bulk terminal
and ground [26]. The layout of the capacitor bank switches
shown in Fig. 12 is similar to the switch implemented in
[27].

V. PA CIRCUIT IMPLEMENTATION

A block diagram of the sensor PA is shown in Fig. 13.
The power-combined PA architecture utilizes two parallel
signal paths. The PA consists of an injection locked LC-os-
cillator based predriver (DR) stage cascaded with a pair of
common-source switching devices in the output driver stage,
followed by the TMN and an on-chip power combiner. A

Fig. 13. Block diagrams of the long-range sensor transmitter.

Fig. 14. Injection-locked oscillator driver and PA output stage.

digital power-control feedback loop, which digitally modulates
the switches in the TMN, is also integrated with the PA core.
Further design details of the individual blocks are described in
the following section.

A. PA Forward Path

1) Switching PA: Switch-based PAs operate the active de-
vice in an ON–OFF fashion, in contrast to a linear amplifier
which utilizes an active device as a transconductance stage, in
order to achieve higher efficiency. The PA implemented for
this sensor TX most closely matches the traditional Class-E
topology in which the load matching network is designed to
meet a zero-voltage switching (ZVS) condition [28]. However,
unlike a traditional Class-E PA which utilizes a series LC filter
at the output, this PA implements a parallel resonant network
with a transformer and series tuning capacitance to realize the
TMN; this is shown in Fig. 14.
2) Injection Locked Predriver: The PA predriver stage ex-

ploits the constant-envelope nature of a GMSK signal by using
an injection-locked oscillator (ILO), which drives the gate of
the output stage rail-to-rail [17]. The ILO is designed with a
free running frequency and lock range such that

(13)

B. PA Feedback Path and Power Control Loop

The block diagram and algorithm for the power-control
loop (PCL) are shown in Figs. 15 and 16, respectively. The
on-chip logic requires only two explicit external control signals:
CAL and . CAL is a trigger signal to initiate the operation
of the PCL while is an external reference voltage, which
maps to a desired output power level. The PCL includes a
three-bit counter that controls the switches in the TMN. A peak
detector detects the voltage swing at the antenna and maps
it to a voltage , which goes to the feedback loop. The
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Fig. 15. Power control loop block diagram.

Fig. 16. Algorithm for regulatorless power control loop.

relative values of and determine the operation of
the feedback loop and control the state of the three-bit counter.
Upon receiving the CAL signal, the counter resets the TMN

to 000. In response to the 000 counter state, the TMN presents
a large resistive load and extracts minimum power from the
PA. The resultant swing at the antenna is measured at the peak
detector output and compared with . If

, then the counter increments by one, changing the state
of the TMN and impedance, to drive the output power higher.
As described in Fig. 16, this process continues until the com-
parator detects that , a condition which signifies
the target output power has been reached. The optimal resistance
[29] detector monitors for nonmonotonic variation in
the voltage swing at the antenna as the counter increments at
each clock cycle. A switched-capacitor comparator monitors the
slope of ; when a change in the sign of the slope is detected,
the PCL operation stops. In the case where the TMN is inca-
pable of achieving the target output power specified by ,
the feedback loop stops at the maximum output power setting.
The counter, latch and all other digital blocks were realized

using standard static-CMOS logic. A description of the re-
maining PCL blocks, the peak and detectors, are given
next.
1) Peak Detector: A differential source follower [30], shown

in Fig. 17, is used for the peak detection circuit. The detector
maps power levels in the range of 20–30 dBm to a voltage,

, at the detector output. Two design challenges exist for
this detector. First, should monotonically increase with in-
creasing power levels, and second, the voltage mapping of
needs to be supply independent as there is no regulator for this
chip. While delivering 30 dBm of output power to a 100- dif-
ferential antenna, the single-ended voltage swing of the PA can

Fig. 17. Peak detector circuit.

Fig. 18. Comparator schematic and timing diagram.

reach 7 V. To protect the input devices of the detector, a capac-
itor divider is used between the antenna and the detector input.
The capacitance values are selected to minimize the loading on
the secondary side of the power combiner.
2) Detector: While the PCL modulates the TMN, the

output of the peak detector is monitored by the
detection circuitry (RDC). The output of the RDC tog-
gles its state when the slope of changes from positive to
negative, or vice versa. A change in the slope of indi-
cates that the output power of the PA is no longer monotoni-
cally increasing as the PA load resistance reduces. In response
to the RDC, as shown in Fig. 16, the PCL stops the counter, and
the TMN is maintained in a state that extracts maximum output
power from the PA.
A switch-capacitor comparator lies at the core of the RDC.

The timing diagram and schematic of the comparator that con-
tain the sampling capacitors, preamplifier, and latch are shown
in Fig. 18. To determine the slope of , the difference of
the two consecutive samples of the peak detector, and

, is stored on a sampling capacitor.
is compared with zero to detect a positive or neg-

ative slope. The output is stored in a flip-flop. Simi-
larly, in the next cycle, is determined by comparing
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Fig. 19. Sensor PA chip micrograph.

with zero. Finally, (
XOR ) is computed to detect a change in the slope of

.
Nonoverlapping clock generation circuitry is used to gen-

erate the clock phase signals . The falling edges of
and are slightly advanced in time as compared

with and ; this helps to reduce charge-injection ef-
fects. The comparator’s preamplifier has diode-connected cross-
coupled PMOS loads in order to increase the gain. A preampli-
fier output stage is connected to a dynamic latch which generates
full swing digital levels.

VI. MEASUREMENT RESULTS AND COMPARISON

The PAwas implemented in a standard 90-nmCMOS process
with a nine-metal stack, including one ultra-thick metal (UTM)
layer; the die photo is shown in Fig. 19. All passive components,
including the TMN and the finite choke inductance [31], [32],
have been integrated on chip. The core measures 1.92 mm
1.92 mm.
On-chip wafer probing was done to measure the PA’s perfor-

mance. There are twomodes of operation to characterize this de-
vice: open-loop and closed-loop power control. In the open-loop
mode, the switches in the TMN are controlled with off-chip dig-
ital codes; for the closed-loop mode, the TMN settings are con-
trolled by the PCL. For the PCL to function, a one-time cal-
ibration is required for the on-chip peak detector. Performed
in open-loop mode, this calibration consists of measuring
while the TMN is cycled through the different power settings
to generate an output power versus detector-voltage table. The
external reference voltage , indicating the target output
power, is then selected based on this table.
The power modulation curves as a function of the TMN

switch settings, for three different supply voltages, are shown
in Fig. 21. This plot shows that the power monotonically in-
creases as the TMN switch-control cycles through the settings
000 to 111. These results verify that the shunt-load resistance
and the PA output power can be modulated by varying .
The output power regulation as a function of the variable supply

Fig. 20. Extra routing introduced by switches on high-resistivity substrate.

Fig. 21. Output power as a function of TMN switch settings for different supply
voltages.

Fig. 22. Power control as a function of the supply voltage.

voltage is shown in Fig. 22. As the super-capacitor discharges
from 2.5 to 1.5 V, the total variation in output power delivered
to the antenna is limited to 21.5 dBm 0.8 dB. The power can
be controlled within 0.2 dB over the voltage range of 2.1 to
1.6 V.
To test the functionality of the power control loop, an external

CAL signal was applied to the PCL. Based on the voltage output
power versus detector-voltage table, a suitable value of is
selected. The PA output, which could initially be at any arbitrary
power level, is reset to its low-power state for each calibration
period. The plot in Fig. 23 shows the output of the peak detector
as the PA power is modulated. The steps in time correspond
to switching states in the TMN series capacitor bank, .
The loop eventually locks to the desired output voltage which
corresponds to the target output power. The PCL can operate
up to speeds of 1 MHz. At this frequency, the loop can take up
to 8 clock-cycles, or 8 s, to achieve either the target output
power, or highest output power possible using the given TMN.
In this example, the target output power is achieved after five
clock-cycles.
While the PCL and the TMN have been experimentally

verified, the sensor PA’s output power is approximately 5 dB
lower than the designed value. The source of this loss has been
traced back to the high bulk-impedance switches in the TMN.
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Fig. 23. Oscilloscope screen capture of the PCL reaching the target output
power.

Fig. 24. Measured PA output power (including the 2.5-dB cable loss) with a
1.8-GHz single-tone input, 2.5-V supply voltage, and TMN in the maximum
output-power state.

As mentioned in Section IV, in order to obtain a large ,
the spacing between the switches and the surrounding substrate
contacts were an important consideration. The NMOS switches
in the TMN consumed 0.4 mm 0.4 mm as indicated in
Fig. 20. This large spacing introduces significant area overhead
and parasitics in the signal path. The capacitance bank intro-
duces approximately 600 m of additional routing between the
PA and the power combiner. While extensive simulations were
performed to capture the effects of distributed resistance in
the substrate and metal routing, inaccurate modeling resulted
in lower peak efficiency (12%) compared with design. After
de-embedding the 2.5-dB cable loss, a peak output power, as
shown in Fig. 24, of 24 dBm is measured.
Finally, to observe the linearity with modulated data, the

sensor PA is tested with a GSM input signal. The PA is set
to its peak output power state, with all the switches of the
TMN turned on. The resolution bandwidth in the spectrum an-
alyzer was set to 30 KHz for the power spectral density (PSD)
measurement. The spectrum, shown in Fig. 25, was averaged
over 500 samples. The measured PSD at offset frequencies of

Fig. 25. Measured PA output spectrum at peak output power with a GSMmod-
ulated input signal.

200 KHz, 250 KHz and 400 KHz meet the GSM spectral
mask requirements.

A. Comparison to Prior Art

Impedance tuning networks have gained widespread interest
in recent years [33]–[36]. However, a fair quantitative compar-
ison between the different approaches is difficult because the
prior art has been implemented in diverse technologies and for
different applications. The TMN proposed in this paper com-
pletes the integration of the tuning network and power control
loop on-chip. Thus, a qualitative comparison between the rela-
tive merits of the different techniques is provided.
To date, tunable elements at the output of the PA have been

proposed for efficiency and linearity improvement [33], [34], as
well as multimode [35], [36] and multiband operation [24]. Cir-
cuits addressing the issue of high-voltage standing wave ratio
(VSWR) variation at the antenna–PA interface also exploit tun-
able matching techniques. While the work in this paper has been
presented in the context of a sensor TX for long-range transmis-
sion, the PA load impedance tuning techniques are easily ex-
tended to the aforementioned applications. A majority of the so-
lutions previously proposed use discrete, off-chip components
[37], [39], MEMS [25], [40] or nonstandard CMOS processes
like silicon-on-sapphire [41] and SOI [42]. In contrast, the PA,
TMN, and digital PCL described in this paper are fully inte-
grated in a standard CMOS process. More recently, [43] in-
troduced a transmission line actuator to perform tuning in an
output matching network for a 28-GHz self-healing PA. How-
ever, the area overhead associated with transmission lines at
lower RF frequencies would preclude their use in a fully in-
tegrated solution. Reference [36] explores the use of a trans-
former-based matching network with shunt-capacitance-based
tuning for dual mode (low-power and high-power) operation.
The multibit series capacitance bank used in conjunction with
the transformer-basedmatching network proposed in the current
work allows for finer-resolution control of the output power.
Finally, the feedback to control the tuning network is another
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TABLE I
COMPARISON WITH PRIOR ART

important component in this system, which has received at-
tention in recently published work [40], [43]. In this work, an
up–down counter-based power control loop that exploits the
monotonic nature of the shunt-resistance/output-power relation-
ship in switching PAs has been proposed.

B. Future Directions

The voltage-mode Class-E type PA, implemented in this chip,
experiences large voltage swings, up to 2.5 , at the drain of
the power NMOS switch. Therefore, to ensure transistor relia-
bility, the capacitor bank was implemented using high-
bulk impedance switches. As noted earlier, the considerable area
overhead of these switches resulted in high insertion loss. An al-
ternate PA topology, whichmight bemore suitable for this appli-
cation, could include zero-voltage switching, current-mode in-
verse Class-D topologies [45]. In the current-mode PA topology,
the PA output voltage is limited between VDD and ground,
thereby obviating the need for high-voltage switches and the
excessive routing throughout the capacitor bank.

VII. CONCLUSION

To complement existing ultra-low-power short-range, mul-
tihop mesh-network based sensors, a sensor PA designed with
the explicit goal of enabling long-range single-hop data trans-
mission has been presented in this paper. To enable efficient
utilization of harvested ambient energy, a regulatorless PA has
been proposed. An impedance tuning network and feedback-
loop to autonomously regulate the output power with a variable
supply voltage are presented. A prototype circuit fabricated in a
90-nm CMOS process achieves a peak output power of 24 dBm
and power regulation within 21.5 0.8 dB for a variation in the
supply voltage variation from 2.5 to 1.5 V. A comparison with
other tunable matching network PAs is given in Table I.

APPENDIX I

Consider a system with a switching PA with a linear regulator
in the supply path [Fig. 4(a)]. The matching network is
assumed to be ideal with 0 dB of insertion loss. The energy
delivered to the load over a time interval is

(14)

where is the regulated supply voltage across the PA and
is the fixed current drawn from the power supply via the

linear regulator. Considering this simplified model, the linear
regulator has a time-varying voltage drop described
by

(15)

where is the initial super capacitor voltage and
is the time instant, where .

(16)

The energy loss associated with an LDO is determined by in-
tegrating the power dissipation of the regulator over the entire
transmission burst:

(17)

Based on (14) and (17), the total energy efficiency of the system
can be described by

(18)

APPENDIX II

The input admittance model for the TMN can be derived
through a sequence of series-to-parallel transformations. Con-
sider the model shown in Fig. 9. The loss in the primary and
secondary inductors are modeled by series resistance and

, respectively. The load resistance presented by the antenna
is assumed to be real . The imaginary component of the
load impedance is absorbed into the secondary tuning capaci-
tance . The effective load resistance on the secondary of the
transformer can be shown to be

(19)

where

(20)
If capacitance resonates with at the carrier frequency,

, the real part of the admittance at the primary
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[46] of a transformer with turn ratio and mutual-coupling coef-
ficient is given by

(21)

The input impedance of the transformer appears as a series
– circuit of in series with the leakage in-
ductance . A series-to-parallel transformation on
this – circuit results in shunt inductance

, where .
A resonating capacitor at the primary of the transformer,
chosen such that , results in input shunt
resistance

(22)

The resistance now appears in series with the
tuning capacitance . The final series-to-parallel trans-
formation leads to the net shunt resistive load on the PA

(23)
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