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Maximizing the Power Conversion Efficiency of
Ultra-Low-Voltage CMOS Multi-Stage Rectifiers

Lucas G. de Carli, Yuri Juppa, AdilsonJ. Cardoso, Carlos Galup-Montoro, and Marcio C. Schneider

Abstract—This paper describes an efficient method to explore
the design space of AC/DC converters for energy harvesting
circuits. A simple analytical model of the rectifier circuit valid
down to ultra-low-voltage operation (input voltage below the
thermal voltage) is proposed. Based on the Shockley diode equa-
tion, the use of an optimization equation that relates the number
of stages of the rectifier to the saturation current of the diodes
is demonstrated. A set of universal normalized curves to guide
the designer regarding the minimum available power from the
AC power source is presented. Three rectifiers with different
numbers of stages and saturation currents along with matching
networks integrated in a 130 nm CMOS technology demonstrated
a conversion efficiency of around 10% for an available power of
around —20 dBm and DC load voltage and current of 1 V and 1
1A, respectively.

Index Terms—AC-DC converters, energy harvesting, power
conversion efficiency, ultra-low-voltage rectifiers, zero-VT tran-
sistor.

I. INTRODUCTION

N THE FUTURE Internet of Things (IoT) most objects will

have a wireless connection, leading to a huge number of
connected devices [1]. The proliferation of sensors connected
to objects will be possible only through the harvesting of en-
ergy from the environment, since battery replacement is im-
practical due to either the enormous number of devices or the
difficulty in accessing the node placement. The ubiquity of ra-
diofrequency (RF) signals makes them one of the most impor-
tant power sources from which sensor networks can be ener-
gized. However, the generation of the supply voltage from the
RF signal is still an open issue, mainly because of both the very
low magnitude of the RF signals and the poor modeling of the
rectifier circuits operating with weak signals.

In effect, the classical analysis of voltage multipliers based on
the concept of constant voltage drop in the diodes [2] is not suit-
able for low-input-voltage applications such as wireless sensor
networks or RFID tag chips. In these applications, the ampli-
tude of the input voltage is usually within hundreds or even tens
of mV [3]-[10]. Consequently, low power consumption, power
conversion efficiency, and operation from low voltage power
sources are of major relevance for devices that harvest energy
from the environment. For ultra-low-voltage (ULV) design, it is
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Fig. 1. Single-stage rectifier.

mandatory to use the correct physical parameter of the device.
For a diode, for example, the saturation current g is the ap-
propriate physical parameter and not the threshold (on) voltage,
which is meaningless for ULV circuit design.

The purpose of this paper is to provide an analysis of recti-
fiers employed for energy harvesting. The proposed analysis is
correct down to input voltages lower than the thermal voltage.
Expressions that can be employed to optimize the efficiency
of multi-stage rectifiers, which directly affects the energy-har-
vesting tag range [7], are shown. Rectifier parameters, namely,
the diode sizes and the number of stages, can be readily deter-
mined by taking into account the load parameters (DC voltage
and load current), the source resistance, the matching network
parameters (the inductance and its quality factor), and the ide-
ality factor of the diode.

This paper presents a set of analytical results to guide the de-
sign of an RF-DC converter. Section II presents the steady-state
analysis and a complete circuit model of multi-stage rectifiers.
Section III provides the relationship between the number of
stages of the voltage multiplier and the diode saturation current
for maximum power efficiency. Section IV analyzes the bene-
fits introduced by a matching network. Section V presents the
design of three integrated rectifiers as well as experimental re-
sults.

II. STEADY-STATE ANALYSIS OF THE N-STAGE RECTIFIER

The performance of multi-stage rectifiers can be inferred
from the analysis of the single-stage rectifier in Fig. 1.

As in [11] and [12], the following assumptions are made: i)
the rectifier operates in steady-state; ii) the load current is con-
stant; iii) all diodes are identical; iv) the impedance of the cou-
pling capacitors is negligible at the frequency of analysis; v) the
diodes are described by the Shockley equation

Vb
Ip = Is (e . 1) (1)

where I is the saturation current, 7 is the ideality factor, and ¢
is the thermal voltage, approximately equal to 26 mV at room
temperature.

A. Output Voltage

In relation to Fig. 1, the average value of the diode current
over a complete cycle of the input signal equals the load current,
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Fig. 2. N-stage voltage rectifier.
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Assuming that the capacitance in Fig. 1 is sufficiently high to
avoid significant changes in the stored charge over a period, i.e.,

V1, is constant, we have
IV IO (n‘bt) -|

1) do=1, ()

Ve Vi, (3)
ngy Ny [1+IL/ISJ
where V4 is the peak of the sine input voltage, and
1 A zcos o
To(2) = — [ ezeos94p @)
27

—T

is the modified Bessel function of the first kind of order zero
[13].

The result in (3) can be applied to the V-stage voltage multi-
plier shown in Fig. 2 if the values for all capacitors C; are suffi-
ciently large so that the voltages across them can be assumed to
be constant. Consequently, for high-frequency analysis all ca-
pacitors behave as short-circuits and, therefore, all diodes are
in parallel (antiparallel) with the input. Noting that the average
current through each diode over a period of the input signal is
equal to the load current and using (3) the voltage V¢; stored in
each capacitor C; is a DC voltage given by

I
Vei . 0 ("¢t)
=iln | ——% 5

ne; 1+1I/1s ©)

Thus, the DC output voltage is
Va
v [ I (n ) ]
L _ N1 ? 6)

ney -

So far both the diode capacitances and the parasitic capaci-
tances of the coupling capacitors are assumed to be negligible.
In a true realization, both of them contribute to reducing the
effective voltage across the diodes [11], which leads to a de-
crease in the DC load voltage. However, in the designs to be
shown later, the diode capacitances are much smaller than the
coupling capacitors. This is because small-area zero-VT transis-
tors were used for the diodes. Also, the use of MIM (metal-insu-
lator-metal) capacitors for the coupling capacitors is appealing
since their parasitic capacitances to the substrate are a very small
fraction of the main capacitance. In the following, the parasitic
capacitances and the diode capacitances will be assumed to be
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Fig. 3. Model of the N-stage voltage multiplier.

negligible in comparison with the value of the coupling capaci-
tance. Descriptions of the analysis of the effects of parasitic ca-
pacitances on the rectifier performance can be found elsewhere

(2], [8], [18].
B. Power Conversion Efficiency

The power loss in each diode can be calculated using the fact
that the voltage across each diode is

Vp = Vicoswt — Vo (7

with Viz given by (3). Using (7) in the Shockley equation, the av-
erage power dissipated in the diode can be found by integrating
the instantaneous power over one cycle. The resulting average
power loss in the NV diodes is given by

Va
—I.Vp + NI + IS)VAZEZ::%
1

Li(z)= o /00506“059(10 (8)

-7

where I (z) is the modified Bessel function of the first kind of
order one [13]. The first term in (8) corresponds to the output
power while the second term corresponds to the input power of
the voltage multiplier. Note that the result of (8) is similar to that
given by expression (13) of reference [11], but here the modified
Bessel functions replace the hyperbolic functions of [11].

The PCE of the N-stage rectifier is

ou VLIL
PCE =22 —
Pzn Ploss + VLIL

Va
w5 ()

T(rE)n(m)

with P, given by (8) and Vj, given by (6).

-Ploss -

K

\%
lo (¥4)

1 +]L/_[5

)

C. Voltage Multiplier Model

The rectifier realized through the voltage multiplier is a non-
linear circuit which, for steady-state analysis, can be represented
as in Fig. 3, in which a power source is connected to the rectifier
input. As it will be shown in Sections III and IV, the electrical
model of the voltage multiplier is essential for the design of the
converter.

To find the model parameters, assume that the peak value of
the sine wave at the rectifier input is V4.

The equivalent input resistance of the rectifier can be calcu-
lated from the input power that enters the voltage multiplier, as

in [4], i.e.,
v,
h(3%)

QAV([L + IS) L (%)

Vi Va

(10)
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For large signals, z > 5, Iy(2)/I1(z) ~ 1 and (10) can be
rewritten as

Va
R;,, = 3 (11)

N(IL +15)
whereas for low-level signals, z < 1, Iy(2)/I1(z) ~ 2/z, and
(10) simplifies to

ne:
N(IL + Is)

Thus, the input resistance of the rectifier is highly non-
linear, being proportional to the input signal for large values
of V4 /né;. For low-level input signals the input resistance of
the multi-stage rectifier is equal to the resistance of the parallel
combination of N diodes, each one with a resistance whose
value is equal to the small-signal resistance of the diode.

The converter input capacitance and output resistance are cal-
culated in Appendix A.

In the sequel, it is assumed that the power source can be rep-
resented by an equivalent (peak) voltage V41 and a series re-
sistance R,y , as shown in Fig. 3.

The available power from the source is given by

Rip ~ (12)

2
Vint
SRant
Assuming that the input capacitance of the rectifier C;,, has

a negligible effect on the power transferred from the source to
the rectifier, the KVL for the input circuit in Fig. 3 is
Va
h (%)

b (3%)
(14)
Assuming Vi, Iy, and n¢; as given specifications, one can
use (6) to calculate V4 in (14) in terms of IV and Ig and plot
the required V4 nT, or the required available power using (13),
in terms of the rectifier parameters, /N and Ig. Fig. 4 shows a
family of level curves for some values of the available power in
terms of the rectifier parameters N and Is. As it is clear from the
figure, there is a minimum available power which satisfies the
specifications given in the caption of Fig. 4. This minimum is
around —17.7 dBm (17 ¢ W) or, equivalently, Van7 ~= 82 mV,
which gives an overall conversion efficiency (DC power/RF
available power) of the AC/DC converter of around 5.9%. The
minimum available power is achieved for N & 86 and Is =
3.1 A, which corresponds to V4 &~ 60 mV and R;,, ~ 131 Q.
Low conversion efficiency is typical of a rectifier operating with
ultra-low voltages.

Pav = (13)

V.
Vant =Va+ RamR—f4 =Va+ 2R N(IL + Is)

III. OPTIMIZATION OF THE GENERIC N-STAGE RECTIFIER

The following optimization problem is solved next: given V7,
Iy, and n¢y, determine the number of stages NV and the satura-
tion current I5 of the diodes that minimize the available power
necessary to meet the output specification. Fig. 5 shows the de-
pendence of both PCE and V}, on the load current for some
values of the magnitude of the input signal. Note that the DC
output voltage and the load current are normalized to diode pa-
rameters n¢; and Ig, respectively. As it is clear from Fig. 5,
for a fixed input voltage, for instance, V4 /n¢; = 8, the PCE
reaches a maximum of approximately 47%, for a ratio of the
load current to saturation current I, /Tg a2 4.5.
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Fig. 4. Required available power in terms of number of stages and normalized
diode saturation current calculated from (6), (13) and (14). The design specifi-
cations are Vz, = 1V, I, = 1 pA, with Ry, = 50 2, n¢y = 36 mV.
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Fig. 5. Normalized load voltage given by (6) and power conversion efficiency
of the voltage multiplier, (9), versus normalized load current for values of
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The reason for the existence of this optimum value of the PCE
for a specific value of the load current can be readily understood.
For low saturation current values, the forward voltage drop on
the conducting diodes is the most important cause of power dis-
sipation whereas for high values of /¢ the reverse diode current
is the main cause of the power losses. Thus, there is an optimum
value for I's which minimizes the sum of the forward and re-
verse losses of the diodes and maximizes the PCE.

The existence of this maximum is essential for the calculation
of both the number of stages N and the saturation current s of
the diodes for an efficient voltage multiplier. For constant input
voltage V4, the derivative of (9) with respect to Iy, /Is gives the
following condition for maximum PCE

n(3%)

I
In (1 N %) (15)

Ei
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Fig. 6. Maximum power conversion efficiency (PCE) and normalized DC load
voltage of the N-stage rectifier versus the magnitude of the normalized input
voltage, calculated from (9), (15), and (16).

or, equivalently, using (6)

1, Vi
L _ 1
Is _ Nnoy (16)

The result in (16) simply shows that the voltage multiplier
achieves its maximum efficiency for a DC load current equal to
the diode saturation current times a factor which is the DC load
voltage normalized to Nn¢,. For each specification of the load
(Vr, Ir,) and of the ideality factor (n) of the diode there is only
one pair of design parameters, namely the number of stages NV
and the saturation current /¢ that maximizes the PCE for a given
value of the input voltage V4.

With (15), we now find the values of I, /I (and Vi, /Nngt)
which maximize the PCE for a given V4. Using expression (9),
along with the result in (15), the maximum PCE for each value
of V4 is found. The curves in Fig. 6 summarize the conditions
for maximizing the PCE and the corresponding maximum PCE
that can be achieved for each input voltage of the multi-stage
rectifier.

Note that the maximum PCE was calculated by assuming that
the value of V4 can be arbitrarily chosen; however, in the case
of a real power source, the voltage at the rectifier input will
be dependent on both the power source and the rectifier input
impedance.

If the rectifier is designed for maximum PCE, (15) holds and
one can write I, /Is in terms of V4. Thus, from (10) and (15)
we can plot the input resistance R;,, of the optimized rectifier in
terms of V4, as shown in Fig. 7.

For the sake of illustration, let us consider the case for which
ng; =36mV,Vy, =1V, I, =1pA and V4 = 60 mV. The
normalized input resistance of the optimized rectifier is, in this
case, around of 0.101, which corresponds to R;,, ~ 131 €.

Under the condition of maximum PCE given by (16), expres-
sion (14) can be rewritten as

Vanr = Va+

2R ViIr I
SR TETEZS (1 (17)

ngs I

I_s> 1 (a)
" n (%)

with the relationship between I's/I1, and V4 given by (15).
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Fig.7. Normalized input resistance of the optimized voltage multiplier in terms
of the normalized input voltage calculated from (10) and (15).
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Fig. 8. Required available power in terms of the number of stages IV (or diode
saturation current Jg) for maximum power conversion efficiency calculated
from (13), (15), and (17). The design specs are Vz, = 1V, I, = 1 pgA, with
Rant = 50 Q, n¢f, =36 mV.

The graph in Fig. 8 shows the available power required to
reach the specifications (Vp, = 1V, Iy = 1 pA) for Ry =
50 €2 and n¢; = 36 mV obtained from (13), (15), and (17).

To conclude this section, note that (17) and (15) can be used
to find the minimum available power required for a rectifier that
complies with the condition for maximum PCE.

In order to generalize the solution to the minimum available
power for a given set of rectifier specifications, let us now define
the N-stage rectifier parameter k¢ [15] as

RantILVL
ke = ———
(ney)?

Note that k- represents the main characteristics of the recti-
fier circuit. It is associated with load requirements (V7,, Iy}, to-
gether with a Shockley diode characteristic (n¢; ), and a power
source characteristic (Rynt).

Similarly to the curve of Fig. 8, the minimum available power
required as well as the normalized values of the saturation cur-
rent (or number of stages) for any value of k¢, are shown in
Fig. 9 [15].
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For the sake of demonstrating the usefulness of Fig. 9, let
us choose the example of a rectifier for which V;, = 1V,
Iy, = 1 pA, with R,y = 50 €, and ng; = 36 mV. This set

—AN—O— Y YL AAN, O
R, L R,
+ ant L +
cin R in
Vanr @ — Va pr— §
Ccomp

+ Rant L R + l C

s = (Cin+Ccomp) ( 1+ #)
c
Var () Va

Fig. 10. Model of the N-stage voltage multiplier with impedance matching net-
work.

of parameters gives ko & 0.039, which, according to Fig. 9,
results in Paypin/Pr /8 16.7 and I5/I;, = Nng:/Vy =~ 3.1.
Thus, for the data given we have P4y pin = 16.7 uW (—17.8
dBm), Is ~ 3.1 pA, and N =~ 86. The remaining parameters
are Ry, ~ 136 Q, Vanr ~ 81.7mV, and V4 ~ 60 mV. The
efficiency of the rectifier can be improved through the insertion
of a matching network, as discussed in the next section.

IV. MATCHING NETWORK

In this study, the output impedance of the RF power source is
assumed to be fixed. Thus, the overall efficiency of the AC-DC
converter is dependent only on the rectifier PCE and on the
power transferred from the source to the rectifier. Since we have
previously evaluated the rectifier PCE, the power transfer to the
rectifier can now be improved.

The judicious choice of a matching network between the
power source and the rectifier leads to an improved converter
efficiency due to both an increase in the power transferred to
the rectifier and an increase of the rectifier input voltage V4.
As seen in Fig. 6, the PCE of the voltage multiplier increases
for higher input voltages. In order to achieve simultaneously
a more efficient power transfer from the source to the rectifier
and an improvement in the rectifier efficiency, the L — Coonmp
network shown in Fig. 10 is connected between the source and
the rectifier. The series resistance Ry represents the inductor
losses. The series inductor resonates out the input capacitance
of the rectifier [8], which sometimes includes an additional
capacitor (Cooprp) for improved matching.

In order to better understand the role of the matching network,
the equivalent circuit of the rectifier input is represented as a
series association of a resistor (Rg) and a capacitor (Cs). Note
that the value of ()¢, the rectifier ), is given by

Qc = w(Cip + Coomp)Rin = (18)

wC'gRS

where w is the signal frequency. The squared magnitude of the
voltage transfer function at resonance (w?LCs = 1) is

( Va )2_ 1+(%>
Vant )  [1+ (Rant + R1)/Rs)?

_ 14 Q% (19)
[]- + (Rant + RL)/-RS']2
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Noting that

Pav = VjNT; in = vd ;
8Rani 2R,
Rin =Rs (14 Q%) = Rs {1 + %} (20)
one can find, from (19), that
P _ e (1)

[1+ (Ran: + R1)/Rs]’

The maximum power transferred to the rectifier, achieved for
RS = Rant —+ RL, I given by
F;

PA‘/

1

— 22
Pav e 1+ Br/ R 22
and (19) becomes
Va1 [ wl r
—— =/l + | 23
VANT 2 \/ (Rant + RL) ( )

The benefits of the inclusion of the matching network can be
analyzed as follows. Start with the assumption that the inductor
is lossless, i.e., Ry, = 0. In this case, for Bg = Rg,; all of
the available power is transferred to the rectifier. Additionally,
the rectifier input voltage can be increased by using high induc-
tance values, which, in most cases, is not an affordable solution
for full integration of the AC/DC converter. For a non-negli-
gible Ry the power transferred to the rectifier input is reduced
as long as Ry is a significant fraction of the source resistance
R n:. Summarizing, a high inductance value is beneficial to the
increase in V4, the input voltage of the rectifier, but it can have
a deleterious effect on the input power of the rectifier due to the
inductor losses.

The simulation of the Q-factors of some inductors of a 0.13
pm technology for the operating frequency of 900 MHz indi-
cated that the inductors present a Q-factor in the range of 7 to
12. The reactance and the Q-factor of the 41 nH inductor at 900
MHz are 232 2 and 11, respectively, which implies a series re-
sistance of 21 3.

Let us now resort to the previous design (Vy, = 1V, Iy =
1 pA, Ry = 50 2, ngy = 36 mV, which give ko ~ 0.039)
to show the usefulness of the matching network. If no matching
network is used, we find from Fig. 9 that the available power
required is around 16.7 uW, N = 86 and Is ~ 3.1 uA.

By using the 41 nH inductor ( By, = 21 §2) we find that, under
matching conditions, Rs = Rant + Bz = 71 Q, Py, /Pav =
0.7 from (22), and V4 /Vynr = 1.71 from (23). The value of
R;, 1is calculated from

(wL)? 2322
i =Rg |1 =711 ~ 830 O
R RS[ R 711+ |~ 830

The normalized value of R;,, is given by

Ry 830 Q2
= ~ U. 4
[(nm? } 1296 06
(ViIp)

From Fig. 7, which gives the normalized input resistance
of the optimized voltage multiplier in terms of the normalized
input voltage, it is found that V4 /(n¢:) ~ 2.8. For this value
of Vi/(n¢), Fig. 6 shows that the maximum PCE is equal

to around 16.5%, with N & 35 and Is ~ 1.25 pA. Since
P;,,/Pav = 0.7, the overall converter efficiency 7 is

P PP
"= Pyy Py, Pav

or, equivalently, the required available power is 8.7 4W, which
is less than one-half of the available power without a matching
network. Using the Friis formula [16] for the far field, a com-
parison of the above results shows that the range is augmented
by a factor of around 43% due to the insertion of the matching
network.

To conclude this section, it should be noted that the total ca-
pacitance at the rectifier input is

Cs 1 1
1+1/Q%  w?L1+ R%/(wL)?
The compensation capacitance can be calculated after the

evaluation of the rectifier capacitance C;,, &~ NCp, where Cp
is the average diode capacitance.

~ 16.5% x 0.7 = 11.5%

Cin+Coomp = ~0.7 pF

V. EXPERIMENTAL RESULTS

Notable results for the AC-DC converter obtained in our ex-
periments are those related to the design of the voltage mul-
tiplier and the matching network. A signal generator with an
output impedance (R,y,:) of 50 2 was used for the measure-
ments. Readers interested in the co-design of a CMOS rectifier
and antenna are referred to [17].

The strategy to design the rectifiers was based on both the
inclusion of a matching network to increase the power transfer
from the source to the voltage multiplier and the use of the con-
dition in relationship (16), which maximizes the PCE. Although
higher inductance values can be employed, for the purposes of
this study the inductances were limited to the range of 10 nH-60
nH. The reasons for this are twofold. Firstly, the quality factors
of inductances outside this range at the operating frequency of
900 MHz are relatively low for the technology of choice. Sec-
ondly, the silicon real-estate for realizing large inductances in-
creases more than linearly with the inductance.

The optimization process applied to find an appropriate
number of stages and the value of the diode saturation current
for the rectifier was started from a simple assumption: the
equivalent series resistance &g = R,n¢ + R, which is the
condition required to maximize the power transferred from the
source to the rectifier. Our choice for one of the designs was
L = 38 nH, which corresponds to a reactance of X = 215 Q
and to a series resistance of Ry, = 20 2. Using the relationship
between the equivalent series resistance and the input resistance
of the rectifier yields

(wL)? 2152
R;,, = Rs |1 =701 =730%1
s [ + R2 + e
The normalized value of R;,, is
R, 730
G 5

For the normalized value of R;,, it is found from Fig. 7 that
Va/nés = 2.66 or, equivalently, V4 ~ 96 mV. Using Fig. 6,
the maximum PCE for this input voltage is around 15.5%, which
is achieved for I,/Is = Vi /Nn¢y ~ 0.75; for the design
specifications this corresponds to N =z 37 and Is ~ 1.33 pA.
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TABLE I
RELEVANT DESIGN PARAMETERS OF THE INTEGRATED RECTIFIERS. THE
DESIGN SPECIFICATIONS ARE Vi, = 1V, I = 1 pA, Ryne = 50 0,

nd:s = 36 mV
N LQ Ccomp Is(nA) W (um) | L (um)
18 42 nH (~ 10) 190 fF 650 4 0.5
24 | 38nH(=10) | 150fF | 780 48 05
36 | 2nHE10) |0 1300 78 0.5

Theoretically, the overall efficiency of the AC-DC converter is
n= PCE - P;,/Pav ~ 15.5% - 50/(50 + 20) ~ 11.1%.

After this initial guess, some fine tuning through simulation
was used to find the maximum converter efficiency. We finally
arrived at the values of N & 24 and Is ~ 780 nA, which,
according to Fig. 6, result in V4 /n¢; ~ 3.2 and PCE = 20%.
From Fig. 7, Va/n¢; ~ 3.2 results in a normalized value of
the rectifier input resistance of approximately 1.0, which gives
R;, &~ 1296 Q. Finally, using the relationship between the input
resistance and the equivalent series resistance, it is found that
Rs ~ 37 ). Therefore, the ratio F;,, /P4y, according to (21),
is approximately 0.65. Consequently, the overall efficiency of
the AC-DC converter is 1 ~ 20% - 0.65 = 13%.

Three different rectifiers were integrated in a 130 nm CMOS
technology. Relevant data on the three designs are shown in
Table I. The intended voltage, V1., and current, Iy, at the load are
1 Vand 1 A, respectively. Owing to their high drive capability
at low voltages [12], zero-VT transistors (bulk connected to the
most negative voltage) were used for the diodes (their width W
and length L are given in Table I).

MIM capacitors, when needed, were used for the compensa-
tion (Coonmp) capacitors. The parasitic capacitances of MIM
capacitors (on the topmost metal levels) to the substrate are typ-
ically a few percent of the main capacitance. For all three cases,
the total input capacitance (Cc + Cooarp) of the voltage mul-
tiplier is around 0.8 pF.

Fig. 11 shows measurements taken for 9 samples of the
24-stage voltage multiplier for P4y = —20 dBm. The average
DC value of the output for an AC signal at 900 MHz is around
920 mV. It should be noted that a limiter composed of a stack
of five off-the-shelf diodes was connected to the output to avoid
excessive overvoltage. The limiter is responsible for a small
reduction in the converter efficiency.

Measurements taken on the three rectifiers described in
Table I showed that their responses at the nominal frequency of
900 MHz are quite close to each other (Fig. 12), which means
that the design is not very sensitive to the number of stages N,
provided that IV is close to the optimum value (Nopiimum = 24
in this example) and the diodes are resized to keep the efficiency
high.

The 24-stage rectifier presents the best performance of the
three circuits. In order to meet the output specifications (Vi =
1V, Iy = 1 pA), the average value of the available power is
—19.6 dBm. This corresponds to an overall converter efficiency
17 = 9.1%, against the theoretical value of 13% previously cal-
culated in this section.

The input impedance of the 24-stage converter measured for
Pay = —19.8 dBm (DC output voltage = 1 V) at 900 MHz
equals (50 + j 12.7) €2, which is close to the nominal theoretical
value of 60 Q2 (Rg+ Ry a 40 2420 €). The imaginary part not
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Fig. 11. DC voltage at the multiplier output versus input signal frequency

(Pav = —20 dBm). Measurements were taken for 9 samples of the 24-stage
rectifier for a load resistance of 1 M£2.
2.2 | | | | ]
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Fig. 12. Experimental average (taken over 9 samples of each voltage multi-
plier) DC voltage at the multiplier output versus available power at the input.
Measurements were taken with a load resistance of 1 M€2. The solid line indi-
cates the theoretical values of the output voltage calculated for N = 24, using
nominal parameters of the technology.

equal to zero indicates that a fraction of the 38 nH inductance
equal to 2.26 nH is not compensated by the capacitive input of
the rectifier.

Fig. 13 shows a micrograph of the 24-stage rectifier, which
occupies an area (excluding the measurement pads) of around
0.25 mm?.

VI. CONCLUSIONS

A general analysis of the AC-DC converter powered by an RF
signal and composed of a matching network and a voltage mul-
tiplier has been presented. A universal method for the optimiza-
tion of the power conversion efficiency (PCE) for specified load
voltage, load current, and source impedance has been described.
The essence of this method is the use of the Shockley equa-
tion to represent the I-V characteristic of the diode. Using both
a PCE-optimized rectifier along with a matching network, we
have proposed an efficient method to explore the space of pos-
sible designs for multi-stage rectifiers. Starting from the model
derived in this study along with the results of the PCE and
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Fig. 13. Micrograph of the 24-stage AC-DC converter.

matching network analysis, three rectifiers designed in a 130
nm technology were able to meet the desired specifications, load
voltage and current of 1 V and 1 A, respectively, from an input
power of around —20 dBm with an overall efficiency of 10%.
The experimental results obtained for the 18-stage, 24-stage,
and 36-stage rectifiers are quite close to each other. This con-
firms that there is a broad minimum for the required available
power which satisfies the converter specifications. To finish, it
should be emphasized that the analysis and graphs presented
in this paper constitute a powerful design tool for energy har-
vesters powered by RF signals.

APPENDIX A
INPUT CAPACITANCE AND OUTPUT RESISTANCE OF THE
RECTIFIER

Assuming, as before, that the coupling capacitances C;, ¢ =
1, N are much higher than the diode capacitances, the input
capacitance C},, is approximately equal to NCp, where C'p is
the average diode capacitance [4].

The values of V, and R, calculated from (6) are

n¢t n¢t o 0 nQSt ( )
and
. Vo — Vi _ Nngy ln[l + IL/IS]
Ro = =0t = S 25)

Is
For the optimized rectifier, the output resistance becomes
_ Ve[l +1;,/Is]

A
Iy, -

It is interesting to note that, for V4 /ne¢, < 1, Iy, /Ig < 1.
Thus, the output resistance becomes equal to V7, /1;,.
APPENDIX B
RECTIFIER DIODES

Ro (26)

Schottky diodes, low-VT or zero-VT (native) transistors con-
nected as diodes are generally employed for the AC-DC conver-
sion of energy harvesters. In the experiments reported in this
paper diode-connected zero-VT transistors were used for the
diodes of the rectifier. The main reason for this choice is that
these transistors have a much higher current drive capability as
compared to standard or low-VT transistors with the same gate
area. The consequent small capacitance of the diodes is advan-
tageous since it avoids the deterioration of the performance ob-

10* T T
— Simulation zero-VT
10_5 B =*= Simulation standard /= 800 nA s
""" Shockley equation
T n=1.6 /
£ 10 / e
§ 10 e /
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: \ / )
2 10
3 \ ( Pl
< ”
o 10 el
-g A
-‘é = Re
--------- R4
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= N, /
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Diode voltage (mV)

Fig. 14. Simulated Ip vs. Vp characteristics of the standard and zero-VT tran-
sistors available in the 130 nm technology, both connected as diodes (Vp = Vg,
Vs = Vg = 0) with W = L = 4.2 pm /420 nm. The dashed line represents
the Shockley equation for n = 1.6 and a saturation current of 800 nA.

served when the diode capacitances are a significant fraction of
the coupling capacitances.

For the sake of comparison, the DC characteristics of both a
zero-VT transistor and a standard transistor connected as a diode
are shown in Fig. 14. The saturation current of the zero-VT tran-
sistor is more than two orders of magnitude higher than that of
the conventional transistor available in the IBM 130 nm process
for the same gate area. Fig. 14 shows the approximation of the
I-V characteristics of the diode-connected zero-VT transistor
by the Shockley equation in the range of —150 mV < Vp <
150mV. In this voltage range the approximation of the I-V char-
acteristic of a zero-VT transistor by the Shockley equation is
acceptable. It should be mentioned here that the voltage drop
across the diode varies between Vs — V7, /N and —V4 — Vi, /N,
with Vi, /N given by (6). If the available power is of the order
of —16 dBm or less, Vayr < 50 mV (for R,,: = 50 ).
Typically, the value of V4 will not exceed 3 V47 in an in-
tegrated circuit implementation. This means that the forward
voltage across the diode will not exceed a certain value (e.g.,
150 mV) whereas the reverse voltage will not exceed a some-
what larger value (e.g.,250 mV). As can be seen in the graph, the
reverse current of the diode-connected zero-VT transistor does
not change to a significant extent for reverse voltages higher
than 100 mV. Thus, the Shockley equation provides a good ap-
proximation of the I-V characteristics of the diode-connected
device for the usual range of voltages across the diodes of the
rectifier.
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