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Abstract—Two 2-stage rectifiers are designed at 950 MHz and
2.45 GHz in 65 nm CMOS bulk technology to provide a 100 pW
output power under 1 V with 79.9% and 76.6% power conversion
efficiency, respectively. A portable and automated design method-
ology is used here based on foundry models. This methodology
is extended to optimize both the cross-coupled and differential-
drive rectifier architectures at UHF by using a derivative-free
optimization algorithm. Transistor and capacitance sizing are
discussed based on the method results and a simple RC-filter
model. A first-order matching network is used to simulate the
overall conversion efficiency of an energy-harvesting system using
a 50 Q) antenna. For 100 pW output power, minimum input
powers of -8.84 dBm and -8.56 dBm are simulated at 950 MHz
and 2.45 GHz, respectively. These low power and high-efficiency
AC/DC power converters can be used as energy harvesters in RF
links to power wearable biomedical devices.

I. INTRODUCTION

Preventive medicine will rely on implantable or wearable
biomedical devices. As part of the Internet-of-Things (IoT)
vision, wireless autonomous sensor nodes could be attached
to patients to monitor their health. A practical and energy-
sustainable implementation of this vision requires ultra low
power (ULP) sensors and microcontrollers [1] powered by
integrated micropower energy harvesters and high-efficiency
power converters [2].

As our target application we consider a biomedical sensor
system requiring 100 uW of power under 1 V and supplied by
nearby electro-magnetic radiation sources at 950 MHz or 2.45
GHz. Both frequencies are investigated as the target application
could interact with portable devices as smartphones for sup-
plying power and retrieving the sensor measurements. Wireless
systems operating in the 100 uW or less harvested power range
require high AC to DC power conversion efficiencies (PCE)
as this determines their maximum operating distance from the
source. This has become a serious bottleneck in implementing
power-hungry intelligent sensors with limited energy storage
capabilities [3].

To rectify the input AC voltage signal and elevate the
output DC supply value, passive AC/DC converters consisting
of cascaded diodes and capacitors are typically used. Vari-
ous architectures have been proposed to achieve ultra low
power operation and CMOS integration with high PCE : the
Full-Wave Bridge rectifier (FWB), the Greinacher/Cockcroft-
Walton rectifier [4], the cross-coupled (CC) [5] and the
differential-drive (DD) [6] rectifiers based on the FWB circuit
topology. The DD architecture is shown in Fig. 1 compared
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Fig. 1.  Circuit of the single-stage differential-drive rectifier based on the
full-wave bridge rectifier in inset.

to the FWB. When removing the coupling capacitors C¢
and connecting directly Vx to Vgry and Vy to Vyp_, the
DD architecture yields the CC architecture. Instead of diode-
connected MOSFETs used in the FWB, the MOSFET gates
in CC and DD are connected to nodes with a higher voltage
swing to increase diode switching effectiveness.

Optimization of the transistors and capacitors design in
these architectures has been discussed using an analytical
approach in [3]. Design trade-offs are provided as well as
design rules to improve power efficiency of the DD rectifier,
but [3] does not provide a straightforward and automated way
to reach the optimal design. The accuracy of the method in [3]
also depends on the complexity of the analytical model used
for the computation and is not necessarily easily portable.

In this paper we present the following contributions:

1) an automated design methodology using foundry
models to design the transistors and reach the optimal
PCE point of both CC and DD rectifier architec-
tures given a target load current (Section II). The
methodology avoids discontinuities at UHF by using
a derivative-free optimization algorithm.

2)  adiscussion of the role of capacitors Cc and C'g and
the design of their capacitance values (Section II).

3) two simulated designs of 2-stage rectifiers in 65 nm
CMOS matched to a 50 2 antenna, delivering 100 uyW
output power at 2.45 GHz and 950 MHz, respectively
(Section III).

Section IV concludes with a comparison of the performances
obtained with those reported in literature.



II. RECTIFIER DESIGN METHODOLOGY

The input voltage V;,, considered to explain the methodol-
ogy in this section is a 0.675 V peak amplitude sinusoid at 2.45
GHz. The target output load is a 100 pA DC current source
(I1044)- Circuit steady state is reached after 2 us in the SPICE
transient simulations used to compute the PCE that is retrieved
by MATLAB during optimization. Power conversion efficiency
for a rectifier is defined in steady state conditions by (1), where
T is the period of source V;,,. The n-stage voltage conversion
efficiency (VCE) is defined as VCE = Vi po/Vout,DCideals
where Vout,DC,ideal = nmax| VRF,Jr - VRF,f | = n‘/in,peak'

T
Pout - % fo Vout(t) dt - Iload

PCE = =
3 T
P L [T Vin(t) - Ln(t) dt

ey

A. Transistor design

To avoid leakage due to the parasitic junction diodes the
transistor body nodes in Fig. 1 are connected to node V),
for NMOSFETs and node V,,; for PMOSFETs [6]. The PCE
of a single-stage Greinacher rectifier is shown in [4] to be a
concave function of the diode transistor sizes. Similarly, using
circuit symmetry, the PCE of the CC rectifier is also shown
in Fig. 2 to be a concave function of NMOS transistor widths
W,, and PMOS transistor widths W, as defined in Fig. 1.
The trade-offs leading to this concave function in the CC and
DD architectures turn out to be comparable to those of the
Greinacher architecture and are discussed in Section II-C.
The same gradient-based optimization method is applicable as
a consequence. However, as seen in Fig. 2, the function is
slightly discontinuous due to the parasitic capacitance abrupt
changes here associated with the obligatory use of an integer
number of MOSFETSs with fixed maximum width. Hence, the
Greinacher rectifier design methodology presented in [4] is
modified to use a derivative-free optimization (Nelder-Mead
simplex method) and is applied to maximize the objective
function PCE(W,,,IW,,) for a single stage. Optimization of
transistor lengths L has in addition also been considered. For
the initial widths optimization, the minimal length L,,;, for
each transistor type was chosen to reduce channel resistive
voltage drop. The lengths (L,,,L,) were thereafter optimized
separately using the same algorithm. Widths and lengths were
then iteratively optimized until convergence was achieved.

B. Capacitance design

Using the effective resistances for the two MOS transistors,
an RC filter model equivalent to the DD rectifier is shown in
Fig. 3 to highlight the different roles of capacitors C'c and Cl.

Coupling capacitances Cc have a high-pass filtering role
as is observed in Fig. 4 (top) for a single-stage DD rectifier as
a threshold value for capacitance exists below which the AC
signal cannot couple to the transistors. The value C'c = 10 pF
is shown to be a good choice considering both PCE and
VCE. This role of Cc is moreover confirmed by replacing
this capacitance by a wire leading to the CC architecture.
Optimization of the CC rectifier stage is thus equivalent to
optimizing the DD rectifier when the coupling capacitance
values C'c are appropriately chosen.

Output capacitance C's is associated with low-pass filtering
and output voltage ripple attenuation as shown in Fig. 4
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Fig. 2. Simulated PCE of the single-stage cross-coupled rectifier under a 100
UA load as a function of transistor widths W, and W, at 2.45 GHz for a
1.35 Vjp input voltage. Negative PCE values due to fixed I;,,4 Were forced
to 0 for clarity. The curve is projected on both side-planes as black lines.
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Fig. 3. Single-stage DD rectifier (a) modeled as an RC filter (b).
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Fig. 4. Simulated behavior of the single-stage DD rectifier under a 100
VA load as a function of capacitance Cc at 2.45 GHz for a 1.35 V,, input
voltage (top). The behavior of the same DD rectifier without Cc (equivalent
single-stage CC rectifier) is then simulated as a function of capacitance C'g
(bottom). The peak-to-peak ripple is normalized with respect to the DC output
voltage.

(bottom) for a single-stage CC rectifier with identical transistor
sizes. The value Cs = 10pF is again shown to be a good
choice at 2.45 GHz when considering output voltage ripple.

The objective at the target frequency is to reduce the ripple
on each capacitor to avoid useless charge transfers resulting
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Fig. 5. Simulated PCE of the single-stage CC rectifier optimized for a 0.675
Vpeak input voltage and a 100 pA load current at 2.45 GHz.

TABLE 1. PERFORMANCE OF DESIGNED SINGLE-STAGE RECTIFIERS

Frequency || Wy | Ln | Wy | Lp | Vinmyp | PCE | Vour | Cs
MHz um nm um nm mV % mV pF
950 12.77 | 79.5 | 2035 | 60 | 522/-517 | 79.9 553 50

2450 13.85 | 67.5 | 19.99 | 60 522/-517 | 76.6 537 25

in PCE degradation. Lowering the cut-off frequencies of both
filters by choosing sufficient capacitance values ensures proper
circuit operation. To avoid effects of MIM capacitors process
variability on circuit operation, values Cc = C's = 25 pF were
chosen for the 2.45 GHz circuit simulations in section III.

For multiple-stage rectifiers the role of Cc capacitors is
essential as for each stage in operation, nodes Vx and V3 will
charge up to a common mode voltage with respect to their
Vi and V,,; nodes as shown in [6]. If all stages have their
Vx and Vy nodes respectively connected together at Vipy
and Vpp_, no voltage multiplication is observed. The C¢
capacitors allowing DC decoupling of the cascaded stages must
at least be used from the second stage on as in Fig. 7. If DC
decoupling from the antenna is necessary, the first stage should
be equipped with these capacitors as well.

C. Discussion

The PCE of the single-stage rectifier designed at 2.45
GHz in this section is shown in Fig. 5 as a function of Vj,
(top) and of Ij,qq (bottom). After transistor widths, lengths
and capacitance optimization by the method, and for the
appropriate choice of threshold voltages, the peak PCE is
shown to match the target input voltage V;,, = 0.675 Vjea and
load current I;,,4 = 100 pA. Table I shows that differences in
the MOSFETs characteristics are automatically compensated
by the method, resulting in different W, and W, values.

Given the MOS overdrive voltages associated with the fixed
input voltage conditions, the widths and lengths optimization
process adjusts the current-carrying capacity of the transistors
and adapts it to provide the target load current. Hence, for
smaller overdrive voltage conditions (i.e. for V;, < 0.675V)
the transistors are thus undersized compared to the same load
current and this reduces the PCE as seen in Fig. 5 (top) and
results in a high startup voltage. Conversely, the transistors are
oversized compared to the high overdrive voltages applied for
Vin > 0.675V and the ensuing high leakage reduces the PCE.

The physical reasons for the PCE concavity observed in
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Fig. 6. Equivalent parallel resistance and capacitance model of the rectifier
used to obtain the Cyy, and Ly, values of the matching network.

Fig. 2 thus arise from the existing tradeoff between increasing
the forward currents (favoring a high W/L) and diminishing
the parasitic capacitance currents and reverse leakage currents
(favoring a low W/L) for all transistors as discussed in [4].

III. RECTIFIER MATCHED TO AN ANTENNA

The rectifier PCE results presented in the previous sections
were obtained based on a pure monochromatic sinusoidal input
wave produced by the voltage source V;,, from Fig. 1, without
any source resistance. To assess whether these high conversion
efficiencies could be maintained when coupling the rectifier
circuits to an antenna, a hybrid CC/DD 2-stage rectifier was
matched to an antenna with unit gain and real impedance
Ra = 509 The rectifier used the parameters of table I
to reach the target 1 V output voltage. The first-order LC
matching network used is shown in Fig. 6 and Fig. 7.

The values for lumped capacitance C), and lumped in-
ductance L,, given in table II were determined based on an
analysis of the transfer function H = V;,/Va of Fig. 6.
The rectifier is modeled by input resistance I, in parallel
with capacitance C). Using a phasor representation, the input
impedance of the matching network can be written as

R L
Zm = — 1+ jw— — w? Ly (Cp + Gy
1+ jwRy(Cr + Cp) [ ’ Ry ( »)
where matching is obtained for Z,, = R4. The matching
frequency is obtained by canceling the imaginary part of Z,,
and yields the relation Ry = % The following
expressions for C),, and L,, are then obtained

1 1/&_ _Cp Lm:\/RA'(RprA)

wWo Rp R A wo

Cn =

where wy is the target frequency to be matched. As seen from
these expressions, existence conditions arise as C,, and L,
must both be real and positive values. Hence, this matching
network cannot be used to match any rectifier.

The values of R, and C), are iteratively recomputed for the
matched rectifier to fine-tune the values of L,, and C,,. The
linear approximation model of the rectifier (using impedance
Zin) yields Z,, values close to R4 but not exactly equal due
to the overall non-linear behavior and higher-order harmonics
present at node V;,, in Fig 6. Hence, the complex reflection
coefficient I' = (Z,, — Ra)/(Zm + Ra) resulting from
the matching network has to be taken into account when
computing the overall system efficiency PCE,,.

Pout _ Pout
Pant Pin,m

PCE,, ;s = (1-[T?) )
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Fig. 8. Simulated system efficiencies at 25 °C of the 2.45 GHz and 950 MHz
2-stage rectifier designs matched with a 50 €2 unit-gain antenna. The antenna
input power Pgp¢ includes impedance mismatch. The load current is 100 pA.

TABLE II. CHARACTERISTICS AND PEAK PERFORMANCE OF THE
SIMULATED MATCHED RECTIFIERS
Frequency Loy Cm Pant PCE,y s Vout
MHz nH fF dBm % mV
950 48.14 372 -8.54 77.9 1091
2450 18.88 73 -8.24 73.4 1101

PCE,,; is defined by (2) where P, is the available power
at the antenna and P, ,, is the averaged input power of the
matching network. The overall system efficiency has been
evaluated in Fig. 8 as a function of antenna received power.
The peak performances obtained are reported in table II.

IV. CONCLUSION

The presented automated design methodology for transistor
and capacitance sizing of the DD and CC rectifier architectures
provides a more systematic design approach to compare archi-
tectures than in [7]. The method is applied to design 2-stage
CC/DD rectifiers in 65 nm CMOS at 950 MHz and 2.45 GHz
with 79.9% and 76.6% PCE, respectively. These have been
matched with lumped elements to a unit-gain 50 ) antenna to
assess overall system efficiency. The rectifiers designed at 950
MHz and 2.45 GHz provide 100 uW output power at -8.84 and
-8.56 dBm, respectively, resulting in overall power conversion
efficiencies of 76.5% and 71.8%. These results are comparable
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Hybrid CC/DD 2-stage rectifier matched with a first-order LC matching network to an antenna of real impedance value R4 = 50 €.

TABLE IIIL RESULTS COMPARED WITH UHF LITERATURE
Passive rectifiers 20019 2013 This 2013
[61° [8] work [91¢
Improvement B Auxiliary optimized Referenced
stages CC/DD biasing
Frequency MHz 953 950 950 [ 2450 2400
No. of stages 1 3 2 3
Load 10 k2 20 k2 100 A 30 k2
Output power W 100 100 100 100
Output voltage Vv 1 1.41¢ 1 1.73%
VCE % - 64.7¢ 76.2 75.6 667
Input Power dBm | -7.17°¢ -8.38¢ -8.84 | -8.56 -8.24¢
PCE % 52.2¢ 69 76.5 71.8 66.7
CMOS Tech. nm 180 130 65 130
a estimated from available data b measurements ¢ post-layout simulations

with reports at 100 uW in literature as shown in table III.
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