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Abstract—There is pent-up demand in the fields of RFID,
wireless sensors, and Internet-of-Things devices for enhanced
RF energy-harvesting at low received signal levels. In this
paper, we build on previous work to derive the fundamental
limits of RF energy-harvesting. We then show that current
RF harvesting technologies, developed primarily in the RFID
industry, still operate many orders-of-magnitude away from these
fundamental limits. The possibilities of enhanced devices for
emerging applications promises a rich research field for many
years to come.

I. INTRODUCTION

The energy required to sense, compute, and communicate
electronically continues to drop, which is enabling what
seemed like pure science fiction not long ago: a world where
smart, connected objects are woven into the fabric of everyday
life, free from the constraints of batteries and tethered charg-
ing. The power consumption of electronics is now at levels
where RF energy-harvesting from deliberately transmitted
waveforms or even the ambient radio signals of everyday life
is a viable source of power for limited applicaitons.

While electronics continue to require less and less power,
there are several critical barriers to RF power harvesting and
scavenging. Of all the technologies in the last few decades, it
is passive UHF RFID that has most aggressively pushed the
boundaries of RF energy harvesting and illuminated some of
these fundamental barriers.

In this paper, we explore the trends of passive RFID chips
and highlight a critical barrier that has been reached with
today’s technology. We then compare the state-of-the-art UHF
RFID and harvesting technology with fundamental thermo-
dynamic limits for low-powered RF harvesting. It becomes
apparent that current technology is operating many orders-of-
magnitude away from theoretical limits. Furthermore, there
may be numerous pathways towards improving the current
state-of-the-art performance of RF energy harvesters.

II. COMPUTATION AND RF HARVESTING TRENDS,
SIDE-BY-SIDE

The dramatic reduction in computational power consump-
tion has been one of the great technology development sto-
ries of the last century. Koomey published an informative
summary of these trends specifically for computer platforms,
demonstrating how the energy-per-computational operation
consumed by microprocessors has been exponentially decreas-
ing for over 70 years [1]. This trend is illustrated in the
left-hand graph of Figure 1, showing the average decline as
a function of year. Remarkably, this empirical trendline is
nearly constant whether vacuum tubes, discrete transistors,

microprocessor integrated circuits, or multi-core processors are
being used for the computation.

Passive UHF RFID is another example of an industry where
energy-efficiency gains in computation and communication are
exponential. In passive RFID, an RFID tag that has no on-
board power source communicates back to a reader that is
illuminating the tag with RF power – but only if a minimum
amount of power is received. This minimum power required is
the RFID tag’s sensitivity. On the right-hand side of Figure 1
is an illustration of how the sensitivity of passive RFID tags
has decreased since the mid-1990s, with selected data points
adapted from Nikitin’s observations in [2]. Methods of achiev-
ing these gains have included a reduction of CMOS device
size [3], [4], incorporation of low-threshold RF Schottky diode
conversion circuitry [5], [6], and implementation of power-
stingy logic and memory architectures [3]. As the sensitivity
drops, a passive RFID tag can operate further and further from
the reader under fixed illumination conditions. Estimates of the
tag-reader separation distance using a typical reader operating
in an ideal radio channel are included next to the selected data
points of Figure 1.

Nikitin’s Trend in Figure 1 again illustrates the potential
for further reductions in sensitivity and energy-efficiency of
passive RFID tags. Sensitivity, S, for these types of devices
can be estimated as a function of year, Y , using regression
and resulting in applying this simplified empirical expression:

S =

(
6

5

)1989−Y

milliWatts (1)

Compare Equation (1) to a simplified empirical expression of
Koomey’s Trend, also found with regression:

E =

(
14

9

)1964−Y

Joules/operation (2)

Both trends indicate a future where extraordinarily low-
powered devices can perform basic sensing, computation,
and radio communication over distance using extraordinarily
limited amounts of energy.

It is interesting to note in Figure 1 that little progress has
been made in enhanced sensitivity for passive UHF RFIDs
since 2013. After becoming voltage-limited around 2010, pas-
sive UHF RFID tags have now reached fundamental limits of
how much voltage and power their Schottky diode-based RF-
to-DC conversion devices can achieve [7], [8]. A significant
paradigm shift is needed to add sensitivity to RFID chips and
subsequent RF energy-harvesting technology. We will show in
the next section what the fundamental conversion limits are of
signals with bandwidth.
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Fig. 1. Trends from two different industries demonstrating exponential reductions in computational efficiency. Koomey’s trend for improved computational
energy efficiency for computer platforms is illustrated on the left [1], while Nikitin’s trend for improved sensitivity and range of passive UHF RFID tags is
illustrated on the right [2].

III. LIMITS OF RF THERMOELECTRIC ENERGY
CONVERSION

In this section, we review the thermodynamic limit that
ultimately restricts how much power can be converted through
an RF-to-thermal-to-DC process. Although the analysis is
specific to the AC-thermal-DC conversion pathway, the lower-
bounds provided by this limit may govern most other types of
conversion pathways since even “all-electrical” pathways rely
on thermodynamic processes to provide the nonlinear behavior
required to convert power. Whether the RF-to-thermal-to-
DC pathway provides an absolute limit is an open research
question, however.

In a previous work, it was shown that an optimal thermo-
dynamic efficiency, (ηT )max, exists for an antenna connected to
a resistor that converts excess heat to work [9]:

(ηT )max =

[
1 +

PN

2PR

(
1−

√
1 + 4

PR

PN

)]2
(3)

which are functions of input power PR and background
thermal noise PN = kBTCB (kB is Boltzmann’s constant,
1.38×10−23 J/K; TC is the background temperature in Kelvin;
and B is bandwdith). It is intuitively satisfying that this RF
harvesting limit is ultimately expressible in signal-to-noise
ratios, underscoring the connection between thermodynamics,
energy, and information theory.

In Equation (3), when received power PR drops to lev-
els comparable with the noise power, the maximum total
conversion efficiency drops significantly. At this point, there
is a paradox. One could enhance the efficiency by pulsing
the received power, concentrating the power with respect to
time. However, short-scale time variations require increased
bandwidth, which also lowers the efficiency of the transfer.

The strong dependence on received power in this region
suggests that the conversion efficiency for this system would
benefit from a power optimized waveform approach [10].
That is, the received RF signal is constructed as a non-zero
banwidth signal with high peak-to-average power ratio so that
most of the waveforms energy is concentrated in brief periods
of high received power. This temporal focusing of power
ensures that most of the waveform’s power is contained in
regions of higher conversion efficiency.

Consider an RF signal pulse input x(t), centered at t = 0.
We can define the RMS width of this pulse in the time and
frequency domains as

trms =

√√√√√∞∫
0

t2x2(t) dt

Es
s B =

√√√√√∞∫
0

(f − fc)2s2(f) df

Es
(4)



where Es is the energy of the pulse:

Es = 2

∞∫
0

s2(t) dt (5)

The time-bandwidth product must satisfy the following uncer-
tainty principle inequality:

trmsBrms ≥
1

4π
(6)

For an arbitrary shaped pulse of time trms, one may approxi-
mate the overall efficiency by using a biomodal received power
level:

PR =

{
Es/trms |t| < trms

2

0 |t| ≥ trms

2

(7)

In this model, the pulse is equivalently modeled as a square
pulse with an average power level over period trms that deliv-
ers the same overall energy as the original pulse s(t). Outside
of the RMS pulse width trms, the equivalent amplitude is 0
and no energy is converted by the system.

By the time-bandwidth inequality of Equation (6), the upper
bound for the RMS amplitude governing energy transfer in
Equation (7) is

Es

trms

<∼ 4πEsBrms (8)

Under this bound, the maximum achievable efficiency of Equa-
tion (??) becomes independent of bandwidth, only depending
on the signal energy and the ambient temperature TA:

(ηT )max ≤

[
1 +

kBTC
8πEx

(
1−

√
1 +

16πEx

kBTC

)]2
(9)

The expresson in Equation (3) assumes that the bandwidth
of the antenna system has been reduced to the bandwidth of
the pulse to allow maximum efficiency (B = Brms). Thus,
Equation (3) may be regarded as the fundamental limit for RF
thermoelectric energy conversion.

Note that the limit expressed in Equation (3) is cast in terms
of energy rather than power. Because a signal with unlimited
banwidth could be pulsed and concentrated in time with an
arbitrarily high instantaneous amplitude or power level, a
continuous power signal has no lower limit for conversion
efficiency. Realistic bandwidth and electronic parameters ulti-
mately place practical limits on RF-to-DC conversion of power
signals.

IV. RF THERMOELECTRIC GENERATORS AND
ACHIEVABLE LIMITS

The most straight-forward implementation of an RF-to-
thermal-to-DC energy converter is the use of an RF Ther-
moelectric Generator (RFTG) [9]. For an ideal RFTG, RF
power is coupled capacitively or inductively into a thermally-
insulated restistor, which is connected to a thermoelectric
element capable of converting heat to power. The structure and
overall flow of power and electricity is shown in Figure 2.

In Figure 2, the device performance is largely characterized
by a critical power, Pc, which itself depends on the electrical
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Fig. 2. Illustration of a Seebeck effect thermoelectric cell.

conductivity, thermal conductivity, and Seebeck efficiency of
the cell. The overall theoretical efficiency for an RFTG with
input power PR is given by

ηc =
2PCRDC

PR(RS + 2RDC)

(√
1 +

PR

PC
− 1

)2

(10)

where RS is the internal DC resistance of the device and
RDC is the load connected to the RFTG. Equation (??) exibits
the same kind of diminished efficiencies at lower input power
levels that the fundamental limit in Equation (9) predicts. To
get competitive RFTG performance to today’s Schottky diode-
based converters, nano-scale RFTG cells must be employed.

An example paper design of a nano-scale RFTG cell using
today’s most optimistic thermoelectric numbers. The conver-
sion efficiency for a sinusoidal excitation is shown in Figure 3,
which reports ideal RF-to-DC conversion efficiency as a
function of logarithmic input power. The markers in Figure 3
are a collection of UHF 915 MHz conversion efficiencies
taken from the research literature, reported in [11]. As a point
of comparison, the fundamental thermodynamic limit of pure
sinusoidal RF conversion, as given by Equation (3) for a 30
MHz bandwidth collection device, is also provided. Note how
both the hypothetical RFTG and the current state-of-the-art
UHF conversion circuits are many orders of magnitude way
from the theoretical CW conversion limit.

V. CONCLUSIONS

There are many conclusions to take away from this dis-
cussion. First, current state-of-the-art technology development
in RF energy-harvesting – as best embodied by passive UHF
RFID – is not operating anywhere near fundamental physical
limits.

Second, although current RFID technology appears “stuck”
at input sensitivities of -22 dBm received power, this is an
artificial barrier due to Schottky diode technology. Schot-
tky diodes are part of standard silicon CMOS processesing
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and lend themselves to low-cost, widespread semiconductor
manufacturing processes. If additional devices outside of the
standard silicon CMOS suite are incorporated into RFID tags,
sizeable efficiency gains are possible.

Third, as the RFTG demonstrates, transducing the input RF
electrical energy to an alternate form of intermediate energy –
thermal, accoustic, vibration, chemical, etc. – may pay big,
enabling dividends for RF harvesting at low power levels.
This runs highly counter-intuitive to conventinal thinking in
engineering: once power is electrical, it must stay electri-
cal to remain efficient. Although these intermediate energy
states introduce inefficiencies, they still can outperform our
best conventional solid-state devices, which suffer terrible
inefficiencies at low power levels. Intermediate conversion
forms have the added benefit of often boosting output DC
voltage, which is the actual current bottleneck in passive RFID
technology.

Ultimately, we are confronted today with a useful technol-
ogy (RF harvesting) that is underperforming theoretical limits
of physics by potentially six or seven orders of magnitude.
There is pent-up need felt in emerging technologies (RFID and
IoT) that would greatly benefit from innovation in this field.
Nanotechnology innovations have opened up considerable
pathways to incorporating numerous, radically new devices
to solve this problem. All of these factors indicate that the
field of low-powered RF harvesting will enjoy a long period
to come of remarkable innovation and excitement.
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