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Abstract—In this article, we present a 2.4-GHz differential class-
DE synchronous rectifier. First, we investigate zero-voltage switch-
ing (ZVS), zero-current switching (ZCS), and impedance matching
requirements for the single-ended class-DE rectifier. Then, we pro-
pose a differential topology that achieves near-optimum ZVS, ZCS,
and impedance matching with a reduced number of LC networks.
We use a coupled inductor structure to reduce the cost overhead of
the differential topology and discuss its design considerations. To
maintain the ZVS/ZCS operation within a wide input power range,
we employ an adaptive bias circuit to adjust the gate bias voltages
with the input power. Additionally, we discuss the imperfections
caused by load variation. The chip, fabricated in a 65-nm CMOS
process, measures the peak power conversion efficiency (PCE) of
68.5% at a 9-dBm input power with a 250-€2 load resistance. The
measured input power range when PCE > 40% is 16 dB.

Index Terms—Class-DE rectifier, CMOS differential rectifier,
coupled inductors, radio frequency (RF), wireless power transfer
(WPT).

I. INTRODUCTION

ITH the rapid development of the Internet-of-Things
(IoT), there is an increasing demand to extend battery
lifetime or even design a batteryless wireless sensor node.
Hence, energy harvesting and wireless power transfer (WPT)
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techniques are highly favorable. Among these techniques, radio
frequency (RF) WPT is one of the reliable solutions due to its
insensitivity to environmental variations [1]. Furthermore, the
industrial, scientific, and medical (ISM) bands, especially the
2.4 GHz band, attract the most attention among the RF bands,
because of the compactness and infrastructural reusability to
the matured standards such as Wi-Fi and Bluetooth low-energy
(BLE) [2]-[10].

The power level available in many environments is as small
as several W [1], but there are IoT applications whose load
circuits may consume more than 1 mW [11], [12]. Therefore,
the IoT nodes may have to work with an ultralow duty-cycle
mode. A dedicated power transmitter is a solution to charge the
IoT nodes intensively [6]. Consequently, many rectifiers [3]-[5],
[13]-[16] target a higher input power of 0.1-10mW, which is
also our design target.

In the RF WPT system, the rectifier is the critical building
block to transform the received RF power to dc. One of the
most critical rectifier metrics is power conversion efficiency
(PCE), which affects the wireless power transmission distance.
To achieve a high PCE, discrete components, e.g., Schottky
diode [2], [17] with a low voltage drop, were necessary for
many previous RF rectifiers. However, the Schottky diodes
are incompatible with a standard CMOS process. The off-chip
implementation increases the volume and cost of the system.

There are two major categories for CMOS RF rectifiers. The
first one uses a diode-connected MOSFET as the rectifying de-
vice [18], with gate—source connected for unidirectional current
conduction. However, it suffers from a low PCE because of the
relatively high drain—source voltage drop. To mitigate this, the
work in [19]-[21] proposed threshold compensation techniques,
by adding a compensation voltage between the gate and source.
Large reverse leakage currents can thereby result from the high
compensation voltage [19]. As advanced solutions, the work in
[20] clamped the compensation voltage, whereas the work in
[21] made the voltage programmable.

The second category utilizes MOSFET as a turn-ON/-OFF
switch, which significantly reduces the drain—source voltage
drop. In [13] and [22], the cross-connected (CC) rectifying
MOSFETs provide positive feedback to minimize the turn-ON
resistance. However, a significant reverse leakage current occurs
under a high input power (P1y) because of the switches’ early
turn-ON and late turn-OFF. To reduce the reverse leakage current,
the work in [23]-[25] proposed ac-coupled driving signals with
a lower bias voltage, and the work in [26] tuned the gate bias
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Fig. 1. Schematic of a conventional single-ended class-DE rectifier.

in the CC rectifier to an optimal point that compromises the
turn-ON resistance.

Another solution against the reverse leakage current is the
synchronous rectifier, which can obtain zero voltage switching
(ZVS) and zero current switching (ZCS). Several publications
discuss topologies of synchronous rectifier, e.g., class-E [5],
[27], class-DE [14], and class-F [28]. Among these topologies,
the class-DE rectifier, presented in Fig. 1, manages to achieve
ZVS and ZCS with reduced voltage stress on the rectifying de-
vices [29]. Nevertheless, a conventional single-ended class-DE
rectifier needs multiple inductor—capacitor (LC) networks, to
simultaneously achieve a matched input impedance and syn-
chronous driving signals with a predetermined phase shift. This
solution increases the device cost.

This article proposes a differential class-DE synchronous
rectifier, aiming at near-optimum ZVS and ZCS operations, with
a simultaneous cost reduction and high-PCE input power range
extension. This article’s organization is as follows. Section II
presents the working principles of the differential class-DE
rectifier. Section III shows the implementation of the proposed
rectifier. Section IV analyzes the effects on load variation. Sec-
tion V presents the measurement results and comparison with the
state-of-the-art works. Finally, Section VI draws the conclusion.

II. WORKING PRINCIPLES OF THE DIFFERENTIAL
CLASS-DE RECTIFIER

This section first analyzes the ZVS, ZCS, and impedance
matching conditions for a conventional single-ended class-DE
rectifier. Then, we derive multiple solutions based on the con-
ditions. The circuit using a differential topology with coupled
inductors minimizes the cost overhead.

A. ZVS and ZCS Conditions of a Conventional
Class-DE Rectifier

Fig. 1 shows the schematic of a conventional class-DE rec-
tifier, where Rg is the source impedance, NM and PM are the
rectifying MOSFETS, Cp is the parasitic capacitance on node Vp,
Co is the output capacitor, and Ry, is the load resistance. Lg and
Cr make a bandpass filter (BPF) to filter the harmonics of I1n
out. For conciseness, we analyze its working principle based on
the following assumptions, similar to [29].

1) All the passive components are ideal.
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Fig.2. Conceptual waveforms of a conventional class-DE rectifier within one

operating cycle, and the required (shown as req.) driving signals for ZVS and
ZCS.

2) The BPF blocks all the harmonics of I;n. Thus, I1n be-
comes an ideal sinusoidal signal I1n(0) = I,,cosfl, where
I, is the magnitude, and 6 = wt is the angular position.

3) The input voltage Vix and the gate-drive signals of NM
and PM (Vg and Vgp) are also sinusoidal. Vgy and Vap
include both the ac and dc components.

4) The switches can fully turn-ON when |Vgs| > |Vry|, with

a negligible turn-ON resistance, and there is no leakage
current with turned-OFF switches.

Fig. 2 displays this conventional class-DE rectifier’s concep-
tual waveforms and the required (shown as req.) driving signals
for ZVS and ZCS. We divide the analysis into four parts.

1) Within the interval of [—7/2, —7/2 4+ o], NM and PM are

both turned OFF. Ity charges Cp, and Vp starts to increase.
Vp within this interval is

4
! / I (6) d6 = 1

VD (9) - wOp /2 N UJCP

(1+5sin#).
(D
For a PMOS ZVS turn-0ON, Vgp should be equal to Vour +

Vrup when Vp = Voyur at an instant angular position —7/2 +
Q. Then, VOUT is

Iy,
Vour = Vb (—7/2 4+ a) = —— (1 — cosa) . )
wCp
2) Within [—7/2 4+ «, /2], PM is ON, while Vp is shorted to
Vour as

Vb (0) = Vour- 3)

Regarding a PMOS ZCS turn-OFF, Vgp should be equal to
Vour + Vrup when Iy = 0 at 7/2. Combining the Vgp
conditions of the ZVS turn-ON, Vgp is m + /2 lagging behind

IIn.
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We solve the output current /oyt by averaging the PMOS
current /pp within a cycle

1 37/2 I,

Iour = — Ix (0)df = == (1 +cosa). (4)
21 J_x/2 2w
With (2), (4), and Vour/louT = Ry, @ becomes
21 — wRy,C
—1 LCp
— e — ) 5
@ (27T + wRLCp > (%)

3) Similarly, within [7/2, 7/2 + «], NM and PM are both
turned OFF. Ity discharges Cp, and Vp starts to decrease
as

1 0
Vo (6) = Vour + —— / Iin (6)d8 = Vour
WCP w/2

Iln .
+ Cr (sinf — 1). (6)

To achieve an NMOS ZVS, Vg should be equal to Vrpn
when Vp = 0 at 7/2 + «.
4) Within [7/2 + «, 37/2], NM is turned ON. Then, Vp goes
to ground

Vb (0) =0.. 7

To achieve an NMOS ZCS, Vi should reach Vpygn when
Irn = 0 at 37/2. Similar to Vgp, Van should be m + a/2 lagging
behind IIN~

B. Conditions of Simultaneous ZVS/ZCS and
Impedance Matching

A conventional class-DE rectifier with ZVS and ZCS can be
designed based on the analysis mentioned above. Another factor
that we need to consider is the input impedance matching. It is
necessary to include a phase shifter (PS) and matching networks
(MN) to fulfill both aspects, as shown in Fig. 3(a).

As observed, two parallel paths are connected to the input—
one is the power path to Vp, the other is the gate drive path to
Vi. In [5], an LC matching network (MNy), reused from BPF,
transforms the Vp impedance to Z; = Rg. In addition, another
LC matching network (MNy) transforms the Vg impedance to
a high resistance Z,, by canceling the imaginary part. Then,
the PS network fulfills both Z3 = Z, and the required ™ + a/2
phase shift between Vg and Vin. Hence, the combined input
impedance becomes Rg, matching the source impedance.

However, as derived in detail in Appendix A, the design in
Fig. 3(a) can only achieve impedance matching and ZVS/ZCS
simultaneously when Ry, = Ry, opT, where

R 27 (1—T—7wCpRs)
L.OPT = wCp (1 + 41— chpRs) '

Fig. 4 plots the calculated Ry, opt versus Cp under Rg =
50€2 and the 2.4-GHz frequency, where Ry, opt increases with
Cp. As a general design consideration, the size of the rectifica-
tion devices (or Cp) should increase with the targeted Py level
to reduce the conduction loss, indicating an increase in Ry, opr
as well. However, Ry, should decrease with an increasing Pin

®)
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Fig. 3. BPE PS, and MN of (a) conventional single-ended rectifier,

(b) possible simplified single-ended rectifier with an extended Ry, opT range,
and (c) differential rectifier with coupled inductors and an extended Ry, opT
range. The phase value is included in the brackets.
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Fig.4. Ry oprt versus Cp with a matched impedance, under Rs = 50 €2 and
2.4-GHz frequency.

level to prevent a high Vour to overstress the transistors. To
address this contradiction, another LC matching network [grey
block MN, as shown in Fig. 3(a)] may be added, facilitating
another design freedom for simultaneous impedance matching
and ZVS/ZCS.
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Fig.5. Phaserelationships among I1n, ViN, and Vg of the topologies in Fig. 3.

Subsequently, the synchronous driving signals Vgn and Vgp
should be carefully designed to meet ZVS/ZCS, as in Fig. 5.
Complying with /15 having a zero phase (on the real axis of the
complex plane), as well as the matched input impedance, Vin
should also be on the real axis of the already matched input
impedance. Then, Vgn, Vgp should lag Iy by m + /2 as
previously derived, which is generated by PS.

In summary, to achieve ZVS, ZCS, and impedance matching
simultaneously, the conventional class-DE single-ended rectifier
can be designed as follows.

1) Select the sizes of NM, PM, the value of Ly, and Ry, and

estimate the parasitic capacitance Cp from simulation.

2) Calculated o and Cr from (5) and (18), respectively.

3) Cancel the imaginary part of Zy with MNs.

4) Design PS to obtain a m + /2 phase delay.

5) Design the bias circuit to obtain the Vg, Vgp duty cycle

of (m — «v) / (2m) according to Fig. 2, as discussed next.

6) Design MN in case Ry, # Ry, opT.

C. Single-Ended Rectifier With an Extended R, Range

Fig. 3(b) shows an improved solution to reduce the number
of LC networks, where ZVS/ZCS condition is maintained with
two PS networks: PS; (reused as BPF) shifts Vi a —a/2 radians
from Iy, while PSs shifts V¢ a —7 radians from Viy. Based on
the Vin expression from Appendix A, the —a/2 phase shift (or
Im[Vin]/Re[Vin] = tan(—a/2)) in PS; [see Fig. 3(b)] requires

wCp

7w2CpLly +sina — a’

€))

Crab =

On the other hand, PS,, easily achieves the 7 phase shift by de-
signing its cutoff frequency higher than the working frequency.

To match the input impedance, we add a matching network
MN before Vin. Then, it allows an arbitrary Ry,, but the number
of LC networks is reduced to three.

D. Differential Class-DE Rectifier

PS, in Fig. 3(b) provides a 7 phase shift, while a natural
and more solid alternative to provide this phase shift is to use a
differential topology, as shown in Fig. 3(c). Similar to Fig. 3(b),
the PS determines the /2 phase shift between /1 and Vi,
while the other differential input node Vi’ defines the 7 phase
shift between Vg and Viy. In this case, PSs in Fig. 3(b) for
m phase shift is eliminated. Although two BPF (PS) networks
are needed, the differential currents flow through these two
networks (/1x and I1n’), making it possible to design the two
inductors with a coupled structure. The solution significantly
reduces the cost overhead of the differential topology. The
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Fig. 6. Schematic of the proposed differential class-DE rectifier.

design procedure of the conventional single-ended rectifier (in
Section II-B) is still valid, by replacing Ry, with Ry, grr, which
equals Vout/(Iout/2) = 2Ry, with half-output current flowing
through each branch as follows.

1) Select the sizes of NM, PM, the value of Ly, and Ry, to
estimate the parasitic capacitance Cp from simulation.

2) Calculate o and Cg by (5) and (9).

3) Design the bias circuit to obtain a Vgn, Vgp duty cycle
of (m — a)/(2m).

4) Design the MN.

The advantages of the proposed differential topology are as

follows.

1) Reduces the number of LC networks to two, comparing
to four and three in Fig. 3(a) and (b). The use of coupled
inductors increases almost no silicon area overhead.

2) Lowers the power loss. Under the same silicon area,
the coupled inductors in a differential topology should
route with approximately half-metal width of the single
inductor. Hence, each inductor in the differential topology
should have about twice serial resistance (Rinxp). Then,
the overall power loss in the coupled inductors is about
2 X (IIN/2)2 X (2RIND) = IINZ X RINDs which is compa-
rable to that from the single-ended rectifier. And the loss
of V¢ path phase shifter is eliminated in the differential
structure. Hence, the total power loss should be lower than
the single-ended design.

3) Reduces the output ripple, which is an inherent benefit of
the differential topology.

The disadvantage of the proposed scheme is that the differ-
ential input requires a Balun to fulfill the single-differential
transformation, as shown in Fig. 3(c). However, a differential
fed antenna may incorporate the Balun [7], [30], which is widely
used in a high-efficiency rectenna.

III. IMPLEMENTATION

Fig. 6 presents the full schematic of the proposed rectifier,
with the NM and PM ac-coupled through Ccn, Cop, and biased
with NBias and PBias, respectively. The design parameters of
NM, PM, C¢n;, and Ccp are also shown in Fig. 6. In this design,
Co =60 pF and Ry, =250 2 are chosen for the targeted Py level
(—10to 10dBm). This section presents the design considerations
of Ly, bias circuit, matching network, and Balun. The circuit is
simulated with a TSMC 65-nm GP model, using Cadence.
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Fig. 7. Two ways of the differential coupled inductors routing, with Csyys
distributed between the (a) differential-mode signals and the (b) common-mode
signals.

A. Design of the Coupled Inductors

To avoid the substrate loss of the coupled inductors, we used a
patterned ground shield. Fig. 7 shows the two possible routings
of the coupled inductors. The sidewall capacitance (Cgyy) dis-
tributions, determining the self-resonant frequency (SRF), are
different between the two routings.

For Routing-1, as in Fig. 7(a), the two inductors are inter-
twined, and their Cgws locate between the differential-mode
signals. By contrast, the Cgws of Routing-2 [31] are between
common-mode signals, as sketched in Fig. 7(b). The Miller
effect predicts that the equivalent capacitance to ground at the
input node V; is (1 — A)Csw, where A = V,/Vy, and V; is the
voltage of the other plate of Csw. We observe that A ~ —1
for the differential mode while A ~ 1 for the common mode.
Therefore, Routing-1 has a larger equivalent input capacitance,
degrading the SRF and quality factor Q. A low SRF indicates
a weak blocking on high-frequency harmonics, whereas a low
Q denotes a large series resistance. Both aspects are detrimental
for a good PCE. Consequently, this work chooses Routing-2.

The electronic-magnetic (EM) simulation of Ly and Q from
Ansys HFSS verifies the advantages of Routing-2, as plotted
in Fig. 8. The two routings have the same dimension. Hence,
they achieve a similar Ly at 2.4 GHz. Nevertheless, Routing-2
enjoys a higher Q and SRF as predicted. Concerning the coupled
inductors mismatch, the inductance mismatch is small, while the
Q mismatch is slightly larger, resulting from one inductor having
additional windings with low-layer thin metal.

B. Inductance Selection

The use of 10nH or larger Ly blocks the /1y harmonics well
[5], [8], making the Ity waveform ideally sinusoidal, as shown
in Fig. 2. Additionally, a large Lr may beneficially reduce the
MOSFET conduction loss [or the root mean square (rms) value
of Ipn]. However, a large Ly not only consumes a significant
silicon area but also induces a higher loss because of the larger
series resistance.
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Fig. 9. Simulated IpN waveforms with 2.2, 5.1, and 9.6 nH Ly that are EM
simulated.

TABLE I
LOSSES COMPARISON WITH DIFFERENT Ly

L@2.4GHz | MOSFETs | Inductors Total
2.2nH 19.9% 3.3% 23.2%
5.1 nH 12.6% 4.6% 17.2%
9.6 nH 12.9% 5.7% 18.6%

Fig. 9 plots the simulated /py with three EM-modeled Ly (2.2,
5.1, and 9.6 nH). As observed, 2.2nH Ly results in the highest
rms Ipn, while that of 5.1 and 9.6 nH Ly are comparable. Table I
summarizes the losses of the MOSFETs and coupled inductors,
with the three Ly values. As predicted, a medium Ly value is
a proper choice, being a tradeoff between the rms value of Ipx
and inductor series resistance. Hence, in this work, we select
Lr = 5.1 nH, and then, design Cr to be 1.04 pF.

C. Adaptive Bias Circuits
To achieve ZVS and ZCS, according to Fig. 2, Vgn should

be a sinusoidal wave

Van (0) = Vben + Vi cos (9 - %) (10)

where Vpen is the de bias of Vgn and Vi, is the magnitude
of the input voltage. To achieve ZVS, as shown in Fig. 2, Von
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Fig. 11.  (a) Overall adaptive bias circuits of NM. Adaptive bias for NMOS at
(b) low, (¢) medium, (d) high, and (e) very high Pxn.

should be equal to Vopn at 8 = 7/2 + «, then the optimum
Vpoen (Vpen, opT) becomes

Vbon,opt = VTN — Vi sin% (11)
indicating that Vpcn,opT should adaptively follow the Vin (or
Prn) variation. Fig. 10 plots the Vpon,opT from circuit-level
simulation. By sweeping the PCE versus Vpcn under a certain
Pin, the Vpen corresponding to the peak PCE is regarded as
Vpen,opt. The simulated Vpen opt does not strictly follow
(11), because the MOSFETS in the rectifier do not turn ON/OFF
ideally at Vy. The resultant Vour is also plotted in Fig. 10.
The design target of the bias circuits is to generate a Vpcn that
adaptively emulates Vpcn,opr. Since Vpen,opt far exceeds
the generated Voyr at a low Py, it is necessary to boost Vour
to a higher internal voltage VinT to generate Vpen.

The proposed adaptive bias circuits are given in Fig. 11(a),
generating Vpcn by dividing Vint with a variable resistive
divider: Vpen = Vint X Rn1/(Rn1+R2). VinT is generated by
a voltage doubler with NMg and NM7, and filtered by a bypass
capacitor Cg;. The low threshold devices NMg and NM7 allow
a reduced voltage drop. Fig. 10 also shows the simulated VinT.
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Fig. 12.  Vpcn/Vpcep and PCE comparison, between the optimum, proposed

bias schemes, and fixed bias scheme with PVT variations.

The variable resistive divider in Fig. 11(a) consists of resistors
RN1, Rno, Rns and diode-connected NM3, whereas NM, and
NM; are the switches controlled by Vou (as a Pyy indicator).
The operation of the bias circuits under different Py is based
on the following.

1) Low Pix: Vour is not sufficiently high to turn ON NMy

and NMs5, and Vintr directly biases Vgn, as shown in
Fig. 11(b).

2) Medium Pin: Vour is high enough to turn ON NM5 with
a low threshold voltage, but not for NMy with a standard
threshold voltage. In this case, from Fig. 11(c), Rs = Rnws
+ Rn2 + Rns, where Ryrs 1S the equivalent resistance of
the diode-connected NM3.

3) High Pin: Both NMy and NMj5 turn ON, shorting Rns. As
illustrated in Fig. 11(d), R = Rxwms + Rne-

4) Very high Pix: The diode-connected NM3 will clamp the
peak voltage of Vg, as depicted in Fig. 11(e), and the
equivalent resistance Ryys will decrease, as explained in
[23].

A similar bias circuit obtains the PMOS bias voltage Vpcp,
which is the dc component of the PMOS Vgg. An off-chip
variable resistor makes Ryn; (Rp1), which can be tuned when
Vbeon (Vpep) deviates too much from the optimum value.

Fig. 12 compares the simulated Vpcon/Vpep and PCE with
the proposed bias circuits, the optimum biases, and fixed biases
(Vben = Vpep = 0) under different process, voltage, and
temperature (PVT) conditions. We choose Rx1 (Rp1) to obtain
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Fig. 13.  Schematic and parameters of the Balun and the matching network.

a maximum PCE at 27 °C and the typical (TT) corner, and
maintain the values under different conditions in this simulation.
At 27 °C and the TT corner, the proposed scheme extends the
dynamic range (defined as Pin range when PCE > 40%) by
7 dB compared with the fixed bias scheme. Moreover, there is
only a 3% PCE degradation from the optimum bias when Py
is higher than —8 dBm. The adaptive bias circuits can partially
compensate for the PVT variations, since the resistances of the
NM3, NMy, and NMj; also change with the PVT variations.
Then, Vpon and Vpop should roughly track the optimum biases,
as shown in Fig. 12. The worst case occurs at the low Py,
—40 °C slow (SS) corner, where the NM’s and PM’s Vys
become higher, whereas the achievable bias voltages generated
from the doubler are lower. An automatic bias calibration [26]
can further improve the performances with the PVT variation.

D. Matching Network and Balun

The matching of the proposed rectifier to a 100-Q2 source
impedance requires a matching network. This circuit uses mi-
crostrip lines for a low insertion loss. Fig. 13 exhibits the
schematic and parameters of the microstrip lines. For the conve-
nience of measurement, we replace the open-circuit lines of the
microstrip lines with an external capacitor C;. Consequently, it
is possible to adjust the input impedance with the value of C;
and the geometry (lengths of the coupled lines CL;/CLs). The
modeling of the parasitic, bonding wires, etc., in the matching
network design follows the procedure proposed in [6]. Mean-
while, a 50-100 €2 Balun is designed with a rat-race coupler.

IV. EFFECTS ON Rp, VARIATION

Generally, with active control circuits, a perfect ZVS/ZCS
can be achieved at a low frequency. Nevertheless, the control
becomes difficult for a high-frequency rectifier. As discussed in
this section, the variation of Ry, will degrade the accuracy of
ZCS and change the input impedance.

The ZVS/ZCS accuracy under Ry, variation is reinvestigated
here, based on the assumptions made in Section II-A. Without
changing the design parameters, NM and PM are turned ON
within [7/2 4+ «g, 37/2] and [—7/2 + «g, ©/2], where «g
stands for the implemented phase shift o with specific LC and
bias values, under a predefined Ry. The Ry, variation from
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Fig. 14.  Simulated I1n, Vp, and Vg versus Ry,. A near ZVS is achieved as

predicted, but ZCS condition is violated.

the predefined value introduces a phase shift ¢grr, as Iin =
I,cos(0+pRr,). Then, Iy at w/2 and 37/2 are not equal to 0
for prr, # 0, indicating the violation of ZCS. As derived in
Appendix B

12)

Ttan &

UJCPRL (%))
2 2

PRL = tan~! <

Besides, Appendix B shows that the Vp at turn-ON instant
(—7/2 + g and /2 + ) is

{ Vb (—7T/2 + ao) = Vour
Vb (m/24 ) =0

indicating that the ZVS is maintained under Ry, variation.

Fig. 14 plots the simulated /1n, Vp, and Vgn versus Ry,. As
predicted, different values of Ry, achieve near ZVS, but the ZCS
conditions are violated. To regain ZCS for other value of Ry, o
should be redesigned from (5) to make Ry, = 0.

The input impedance of the rectifier is Zin = Vin/I1n, Where
the expression of Vi results from (23) and (24) of Appendix B,
and Ity = I,cospr1,+jlmsinpry,. Fig. 15 shows the calculated
and simulated Zjn and S;; versus Ry, when the rectifier is
purposely designed for 250 €2 Ry,. As observed, Ry, variations
cause an input impedance mismatch, but the reflected power is
acceptable (< —10dB) with Ry, ranging from 100 to 450 2.

13)

V. MEASUREMENT RESULTS

Fig. 16 presents the prototype PCB and the photographs of
the proposed differential class-DE rectifier chip, fabricated in
a 65-nm CMOS process. The chip occupies a core area of
420 x 300 pm?, excluding pads and ESDs. We implemented
both the matching network and Balun on a Rogers RO4003
substrate with a thickness of 0.813 mm.

Fig. 17 shows the measurement setup. A vector network
analyzer (Keysight ES071C) measures the S of the rectifier. For
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Fig. 15.  Calculated and simulated (a) input impedance versus Ry, and (b) S11

versus Rr,, when the rectifier is designed for 250 2 Ry,.
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Fig. 16.  Photographs of the proposed rectifier chip and the prototype PCB.

the PCE measurement, a signal generator (Keysight N5172B)
provides the 2.4-GHz RF input signal, and a multimeter mea-
sures the output dc voltage Vouyr.

Fig. 18 shows the measured Sy versus Py, under 100, 250,
and 500 €2 Ry,. As observed, a good Si; is achieved at a high
P1n, but it degrades when Py becomes low. The reason is that
the fully turn-ON assumption in Section II-A no longer stands at
a low Pin, and Zin will deviate from the calculated value.

Figs. 19 and 20 show the measured Voyr and PCE under
100, 250, and 500 2 Ry,, where PCE is calculated as

pep - Vour

. (14)
Ry Pin

Fig. 17.

Fig. 18.

Fig. 19.

Vector network
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Photograph of the measurement setup.
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TABLE IT
PERFORMANCE COMPARISON WITH STATE-OF-THE ART WORKS
This work [10]2019 [13]2017 [23]2018 [14]2018 [5]2016
Technology 65 nm 65 nm 130 nm 180 nm 65 nm 130 nm
Matching Network Included Included Not included Not included Not required* Not required*
Active Area 0.126 mm? 125 um? 0.029 mm? 8800 um? 0.205 mm?** 0.371 mm?**
Frequency 2.4 GHz 2.45 GHz 2 GHz 900 MHz 5.8 GHz 2.4 GHz
Load 250 Q MPPT Module 2kQ 100 kQ 400 Q 250 Q
Differential class- Cross-coupled with | Cross-coupled with Single-ended Single-ended
Topology DE with adaptive Cross-coupled . . class-DE with class-E with fixed
. substrate bias clamped gate bias . . .
gate bias adaptive gate bias | gate bias
Peak PCE @ Pin 68.5% @ 9 dBm 48.3% @ -3 dBm | 73.9% @ 4.34dBm | 66% @ —19 dBm 52% @ 5 dBm 30% @ 12 dBm
Dynamic Range [=7,9] dBm [-7,0] dBm [0, 11] dBm [-24,-13] dBm [0, 17] dBm N.A.
*Ry, is limited as explained in Section II. **Estimate from the micrograph.
70 70 T r . :
60 [ 60 - .
50 50 .
g 40 + / J
w
30t |
= chip 1
20 F —RL=1OOQ g chip 2|7
—R =2500 ===chip3
10+ L . ~ == chip 4|1
RL =500 0 chip 5
0 1 1 1 I I 0 L L L L
-10 -5 0 ] 10 -10 -5 0 5

P,y (4Bm)

Fig. 20. Measured PCE versus Pry with 100, 250, and 500 2 Ry,.

The measured value of Voyr is from 50 mV. It could be
the minimum start-up voltage for the loading circuits, e.g., the
cascaded dc—dc converter [32]-[34]. Under R;, = 250 €, a
1.17-V Vour and 68.5% peak PCE are achieved at 9 dBm Px. A
protection circuit can be added in a future design to extend Py to
a higher level. Thanks to the adaptive bias scheme, the dynamic
range is from —7 to 9 dBm. With an Ry, of 100 and 500 2, the
peak PCE is 60.3% and 61.9%, respectively, comparable to the
targeted Ry,.

Fig. 21 shows the measured PCE versus Py with five different
chips, indicating good consistency. They use Ry, = 250 €2 and
the same off-chip bias resistors.

Table II compares the proposed differential class-DE rectifier
with both the previous CC and class-E/DE rectifiers. When
compared with the class-E/DE rectifiers with a similar or larger
R1, [5], [14], the proposed design consumes a smaller silicon
area due to the implementation of the coupled inductors and the
reduced LC networks. Meanwhile, this work achieves a better
peak PCE since the reduced LC networks will further enhance
the PCE.

In general, the class-DE rectifiers occupy a larger silicon area
than the CC ones, but trade with a smaller reverse leakage cur-
rent, and thus, higher efficiency. As in Table II, the peak PCE of

P, (dBm)

Fig. 21.  Measured PCE versus Prn with five chips, with the same Rn1, and
Rp1 values under Ry, = 250 Q.

this article is higher than the CC rectifier with matching network
[10], and comparable to those CC rectifiers without considering
the loss from the matching network [13], [23]. With the adaptive
bias scheme, the proposed rectifier can achieve near ZVS and
ZCS, and maintain a reasonably good PCE within a wide Prx
range, better than previous works [10], [13], [23]. Future work
may focus on reducing the cost overhead by codesigning the
phase shifter and matching network and the automatic bias
tuning.

VI. CONCLUSION

This article investigated a differential class-DE rectifier. Com-
pared with the CC rectifier, the class-DE rectifier trades the
silicon area with PCE. To minimize the design complexity
and cost overhead, we proposed a differential topology with
coupled inductors, reducing the number of LC networks. After
that, we investigated the design considerations of the coupled
inductors and the inductance selection. Moreover, we proposed
the adaptive gate bias circuit to fulfill the near ZVS and ZCS
requirements and extend the dynamic range. Then, we discussed
the imperfection caused by the load variation, which degrades
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the accuracy of ZCS and changes the input impedance. The
measured peak PCE of the prototype rectifier is 68.5%, and the
PCE is higher than 40% over 16 dB input power range.

APPENDIX A

This appendix derives the design parameters to meet the
impedance matching requirement of the single-ended class-DE
rectifier in Fig. 3(a)

Vin can be written as

) 1
Vin = IIn (ijR + > + Vb1 (15)

JwCRr
where Vp 1 is the fundamental component of Vp, with high-
order harmonics filtered out by BPF. Vp ; derives from the
Fourier series of the time-domain waveforms of Vp(#) com-
bining (1), (3), (6), and (7)

1 37/2 3m/2
Vb1=— / Vb (6) cosfdf — j/ Vb (6) sinddo

71' w/2 e
_ _m [sin®v + j (sinacosa — )] (10
TwCp |

Combining (15) and (16), Viy is rewritten as

1 n sinacosa — «
wCR '

sina

‘/iN:Im|: +]<WLR_

7TwCp TwCp

7)
To achieve impedance matching, the imaginary part of (17)
should be nullified by designing Cg in Fig. 3(a) to be

7TCP
mw?Cp LR + sinacosa — o

CR,30 = (18)
The real part of (17) should meet sin?a/(mwCp) = Rs. Then,
« becomes

a = cos /1 — mwCp Ry

which defines o from the perspective of impedance match-
ing, and (5) from the perspective of ZVS/ZCS. Consequently,
to meet (5) and (19) simultaneously, the value of Ry, should
be (8).

19)

APPENDIX B

This appendix derives the waveforms of the class-DE rectifier
considering the variation of Ry,. By keeping Vix unchanged and
assuming that the input current becomes I1x = I;,c08(0+¢Rr,),
the previously derived (1), (4), and (6) should change to
(20)—(22) as follows:

1 0
VD (9) = pr /7r IIN (9)d9

m

= oCo [sin (6 + ¢Rrr) + cos YRr1]

(20)

1 3z I
Iour = o /% Iin (0) dO = o [cosprr, + cos (ag + ¢rL)]
21

9873
Vb(0) = V +if"1 (0) do
p(f) = Vour wCp /5 1IN
I .
=Vour + —— [sin (6 + pr1) — cos prL] - (22)
WCP
I.R
Re [Vin] = TL [cos prr, + cos (ap + ¢r1)] cos ag
Ly 1cos (2c0 + ) — 2cos v oS
7wCp |2 0 T YRL 0 ¥RL
3 . .
+ 3 cos ¢Rr, + sin g sin @RL} (23)
I.R .
Im [Vin] = _TL [cosprr, + cos (ag + ¢rr)] sin ag
I, |1 . (200 + ) . 1.
— — sin —cos 5in ovg — — sin
woCr |2 s Qo +PRL) —CO8 PRSI — 5 SN PR

(24)

The real part and imaginary part of Viy can be written as in
(23) and (24) from (15) and (16). Substituting (23) and (24) into
Im[Vin]/Re[Vin] = tan(—a/2), @Ry, 1S written as (12).

By (12),(21),and Ry, = Vour/IlouT, the relationship between
I, and Vour can be written as

wCpVour

e . (25)
cos r1, — cos (g + YRL)

By substituting (25) into (20) and (22), Vp at turn-ON instant
(—7/2 + ag and /2 + «) is written as (13), indicating that
ZVS is maintained.
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